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Abstract

In the past few decades, wireless/contactless power transfer technologies have become 

increasingly popular owing to their capability to deliver power to movable loads without 

direct electrical contacts between the primary transmitter and secondary pickups. Inductive 

Power Transfer (IPT) technology has been the most successful wireless power transfer

solution, which has been commercialized in many domestic, industrial, and biomedical 

applications. However, because IPT is based on magnetic field coupling, it is unable to 

transfer power through metal barriers. In addition, the ferrite materials commonly used in 

IPT systems increase the system cost and size. Recently, Capacitive Power Transfer (CPT) 

has been proposed as an alternative wireless power transfer technology based on electric 

field coupling, which has the potential to transfer power through metal barriers, as well as 

other advantageous features such as low EMI and small volume. Some fundamental

research on the CPT system has been conducted for understanding its working principle

and improving its performance, but more advanced compensation and control methods are 

necessary to enhance its power transfer performance. 

In this thesis, a general circuit model is developed to characterize the capacitive coupling 

interface of CPT with cross coupling. The model consists of an input capacitor, an output 

capacitor, and an ideal transformer with a turns ratio, which can be used to significantly

simplify the design process of CPT systems. Furthermore, based on the charge balance 

principle, a new term named capacitive coupling coefficient has been defined to quantify 

the mutual coupling between the primary and secondary coupling plates. The proposed 

model and the defined term are based on rigorous mathematical derivation and also 

validated by experimental results.

Another significant contribution of this research is a development of a Z-impedance 

compensation network to cancel out the capacitive reactance of the capacitive coupling 

interface. The new compensation network can eliminate high voltage spikes suffered by 

conventional CPT systems with series inductor compensation when the secondary side 

plates are suddenly moved away. It also brings advantages such as short-circuit immunity 

and voltage boost capability. Based on thorough comparative study on three typical soft 
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switching converters, a half bridge resonant converter is selected to drive a practical CPT 

system with the proposed Z impedance compensation network. Simulations and practical 

results have demonstrated the Z-impedance network can effectively compensate for the

effective reactance of the capacitive coupling interface with short-circuit and open-circuit 

immunity.

To achieve a controllable output power, a new power flow control method by switching 

the shunt capacitors of a CPT system is proposed. The system is designed to operate in a 

new sub-optimum mode of Class E converter, which is able to maintain soft-switching 

condition while controlling the output power according to the load requirements. 

Simulations and experimental results have indicated that the proposed control method can 

control the output power of CPT system with zero-voltage switching (ZVS) condition 

guaranteed.
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1 Introduction

1.1 Background of Wireless Power Transfer

The idea of wireless power transfer can be traced back to the early work by Heinrich Hertz 

[1]. He conducted a series of experiments to demonstrate the existence of electromagnetic

waves predicted by Maxwell’s theory. A century ago the world-famous American inventor 

Nicolas Tesla, who was interested in the broad concept of resonance at that time, did

amazingly great pioneering work on wireless high power transmission. He attempted to 

transfer a significant level of electrical energy without using cables [2-4]. In his proposed 

system, the active terminal of the transmitting device is subjected to such a high voltage 

potential with respect to the ground that it is capable to ionize the air molecules around it, 

which act as good conductors. Due to the extremely high voltage involved, this system 

currently has become a scientific demonstration of discharge sparks or serves for 

entertainment purposes, namely the Tesla coil. In 1921, inspired by the Tesla coil, an

interesting experimental demonstration of wireless power transfer proved the feasibility of 

transmission of power across an air gap without galvanic contacts (illustrated in Fig. 1-1). 

Much later, in 1961, this concept was applied in a medical application which transferred

electric energy through the skin to power an implanted pump [5]. In the 1980s, a research 

group at the University of California, Berkeley, charged the battery of an electric bus en 

route through coils buried beneath the road [6, 7]. A few years later, the power electronic 

group at the University of Auckland successfully commercialized a technology termed 

Inductive Power Transfer (IPT), which is based on the same principle, and successfully 

applied it to various industrial applications [8-25].
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Fig. 1-1: The diagram of set-up of wireless power transfer in 1921 [26].

To date, several technologies have been investigated to achieve wireless power transfer. 

Table 1-1 briefly summarizes existing available techniques, some of which have already 

been applied in commercial products [8, 9, 20].

Among these wireless power transfer technologies, IPT is the dominant solution until now 

because of a better understanding of magnetic fields and widespread applications of this 

principle, for example, in transformers and motors. A typical IPT system consists of three 

main parts: a primary power supply, magnetic coupling coils, and secondary pickups, as 

shown in Fig. 1-2. The power converter generates an alternating current in the primary 

track, which induces a voltage in the secondary coils via magnetic coupling, thus 

delivering the required power to the load across an air gap. Compared with the 

conventional conduction method with wires, IPT is clean, spark-free, and impervious to 

dust and water. Furthermore, it offers a flexible configuration of multiple loads and 

requires lower maintenance [8].

Despite offering these unique advantages, IPT technology still has limitations on some 

special occasions due to its inherent operating principle. For example, it cannot transfer 

power across metal barriers, which is required in some situations such as machine tools or 

powering implanted medical devices with metallic shields. In consumer electronics 

applications, due to the small profiles of devices, IPT solutions require ferrite cores to 

enhance the magnetic coupling in order to increase the power transfer capability and 

power density, which add extra weight and cost to the system. In addition, the use of

ferrites limits the highest operating frequency since core losses become significant during
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high frequency operation, deteriorating the overall efficiency. Besides this, IPT systems 

require magnetic shielding in compliance with EMI/EMC regulations and health & safety 

requirements. 

Aiming to overcome the aforementioned difficulties, Capacitive Power Transfer (CPT) 

technology has been proposed recently as a promising wireless power transfer technology

offering unique features such as simple and flexible coupling designs, low EMI since 

most electric fields are confined within the coupling structure, and the ability to transfer

power through metal barriers if the electric field is not fully shielded [27-29].

Power Supply

3Φ Input

Primary Track

Power
Conditioner

Loosely
Magnetic
Coupling

Load1

Power
Conditioner

Loadn

Pickup Coil

Alternating Current

Fig. 1-2: A typical IPT system.

1.2 Fundamentals of Capacitive Power Transfer (CPT)

Capacitive Power Transfer (CPT) is a wireless/contactless power transfer technology

based on the principle of electric field coupling (or capacitive coupling). At first CPT was 

considered to be impractical to deliver a usable amount of power due to the very
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Table 1-1  Wireless Power Transfer Techniques

Near Field Wave Propagation

Types Electric

Field

Magnetic

Field

Acoustic 

Wave

Electromagnetic Wave

Typical 

Techniques

Capacitive 

Power 

Transfer 

(CPT)

Inductive 

Power 

Transfer 

(IPT)

Acoustic 

Energy 

Transfer 

(AET)

Energy

Harvesting

Microwave

Power

Transmission

Power Levels mW~W mW~kW mW~W μW~mW kW

Transmission 

Range

short medium medium long

Typical 

Features

Small 

volume

Low 

EMI

Ability 

to power 

through 

metal 

barriers

Relatively 

mature 

technolog

y

High 

power 

capability

Ability to 

power 

through 

metal 

barriers 

[30]

Strong 

dependen

ce on 

Long transmission 

distance [31]
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low permittivity of air (ε0 ≈ 8.8542×10-12 C2∙N-1∙m-2) compared to its permeability (μ0 = 

4π×10-7 N∙A-2) [10]. For a long time, capacitive coupling has been mainly used for power 

isolation and signal transmission [32-35]. Although it involves power exchange, the power 

level is limited to a few tens or hundreds of milliwatts. However, with the fast

development of semiconductor devices, the switching frequencies of power converters 

nowadays can approach hundreds of kHz or even several MHz levels, which enables CPT 

to transfer high power wirelessly. 

1.2.1 Basic Configuration and Operating Principle of CPT
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Fig. 1-3: Basic configuration of a typical CPT system.

A block diagram of a typical CPT system is shown in Fig. 1-3. It is composed of a DC 

source, a power converter that generates high-frequency voltage, an electric field 

(capacitive) coupling interface, and pickups. The DC source can be generated by 

rectifying a low frequency AC source, or it can come from a battery directly. Then a DC-

AC inverter transforms the DC voltage/current to a high frequency AC voltage, driving the 

capacitive coupling interface. The capacitive coupling interface consists of two primary 

side conductive plates and two secondary side conductive plates – all of them should be 

insulated for safety. When the two pairs of plates are close to each other, they form two 

“capacitors” in series so that a closed loop is created for energy transfer. In most cases, the

conductive plates of the capacitive coupling interface can be made of aluminium sheets,

copper foils or other conductive materials. The plates can be of any shape rectangular, 
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circular, and cylindrical, depending on specific applications. For instance, when designing

the capacitive coupling interface for a smartphone charging platform, a planar rectangular 

shape is preferred. For rotatory applications like robot joints, a cylindrical or a multi-layer 

disk structure is preferred [36-39]. The secondary side plates are attached to the secondary 

pickup circuit, which usually involves combination of a rectifier and a filtering network 

for a DC load.

It can be seen that, compared to the IPT system, the most distinctive part of the CPT 

system is the coupling interface. As the only energy transfer channel, it can affect the 

overall performance of the system. The properties of dielectric materials have an important 

impact on the power density and efficiency. The alignment of plates determines the 

complexity of the CPT analysis. The large reactive impedance introduced by the 

capacitive coupling interface needs to be cancelled out by a proper compensation network, 

the design of which varies for different applications.

1.2.2 Features

Compared with IPT technology, CPT offers the following unique features:

Ability to transfer through metal barriers
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(a) IPT system
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(b) CPT system

Fig. 1-4: (a) An IPT system and (b) a CPT system with a metal barrier existing in the 
coupling part.
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Due to the inherent working principle, IPT systems have the limitation that they cannot 

transfer power across metal objects. Fig. 1-4(a) shows that when a metallic slab is placed 

between the induction coils, it will weaken or block the magnetic coupling between the 

primary and secondary coils, thus reducing the power transfer capability significantly. For 

metallic materials such as iron and steel with high permeability (about 200), the magnetic 

field is rerouted or “blocked” away from the metallic slab. Besides this, the power losses 

related to hysteresis and eddy currents heat up these metals, presenting a safety issue to 

users. In addition, the generated heat increases the ambient temperature, which 

deteriorates the system operating performance. For copper and aluminium, which have

high conductivity, they act as an intermediate coil that is short-circuited; this will also 

prevent the energy from being transferred to the secondary side [10]. They can be heated

as well due to eddy currents. However, when a metallic slab is inserted between coupling 

plates in a CPT system as shown in Fig. 1-4(b), the electric fields can still penetrate 

through the metallic slab. Moreover, it can even help increase the power transfer capability. 

As shown in Fig. 1-5, the primary plate, the metallic slab, and the secondary plate form 

two capacitors in series. Without taking account of the thickness of the metal slab, the 

effective value of the two split capacitors should be equal to the original capacitance, 

meaning that the insertion of the slab has no effect on the power transfer. But in practical 

systems, the slab has physical thickness which has an equivalent effect of reducing the 

effective distance between the plates, thus yielding a larger coupling capacitance. It is 

noted that the ability of CPT systems to transfer power through metal barriers is achieved 

on the precondition that the metal slab does not fully cover the primary plates, which will 

shield the electric field completely. 
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Metal barrier

Primary
plate

Secondary
plate

Fig. 1-5: Equivalent circuit of the capacitive coupling when a metal slab is inserted in 
between.

Simple coupling structure

The design and manufacturing of the capacitive coupling interface does not require as 

much complexity as IPT systems. In wireless power systems based on IPT solution, the 

design of the coupling coils is not a trivial task [6, 8, 40]. The inductive coupling coils 

usually have a spiral shape. To mitigate power losses caused by the skin effect and 

proximity effect at high frequency, Litz wires are widely used to wind the coils, and these

increase the cost. In CPT systems, the coupling interface is made of planar conductive 

plates. They can be of any shape depending on specific applications. In addition, they can 

be very thin, such as aluminium foils or copper pad in a printed circuit board (PCB). 

Compared to IPT systems, the capacitive coupling of CPT systems is cost-effective and 

easy to manufacture.

Low EMI emission

Electromagnetic interference (EMI) is an important issue to be dealt with and great care is 

required when designing electrical systems. For IPT systems, the magnetic fields 

emanating from the coupling coils need to be carefully shielded to avoid making nearby 

electronic circuits malfunction. Since the magnetic field lines tend to spread in all 

directions to form closed-loops, the shielding design is not a trivial task. Unlike magnetic

fields in IPT systems existing in closed-loops, the electric field is mostly confined between 

the coupling plates since the distance between primary and secondary plates is quite small 
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in most CPT applications. Therefore, harmonic radiation and EMI are significantly 

reduced, which can lessen the burden of EMI shielding design, thus making CPT systems

more cost-effective.

Light weight and small volume

In some space-confined applications, IPT systems require extra ferrites to enhance the 

magnetic coupling between primary and secondary side coils, which add cost and increase 

the size of the system. The use of ferrites also limits the operating frequency due to core 

losses. However, in CPT systems, the coupling plates can be made very thin (such as 

aluminium foil) and small. Moreover, the operating frequency is chosen to be much higher

than IPT systems, which serves the purpose of reducing the reactive impedance and the 

dissipation (a higher operating frequency leads to a smaller loss tangent). Higher operating 

frequencies can also scale down the sizes of reactive components in the circuit, which help 

to further reduce the weight and size of the entire system.

1.2.3 CPT Applications

Owing to its unique features, CPT can be applied in various applications, ranging from a 

low power level of a few mW to a high power of up to several kW. Following are details 

of some applications and discussion about them.

3D integrated chips

3D integrated circuits emerge as a viable technology for information processing that can 

bring advantageous features such as locality of reference and short interconnects for 

information processing systems including high-throughput sensor arrays and large scale 

parallel computer architectures [41]. The methods of implementing interconnects have 

been investigated extensively [42, 43]. Using capacitive vias to transfer power and signal 

between isolated chips can achieve high interconnect density, turning out to be a more 

competent way since this avoids physical connections that impose mechanical and cost 

limitations on the number and density of data transfer to the package [33]. Fig. 1-6

illustrates the arrangement of the first inter-chip non-galvanic capacitive coupling to 

provide both power and signal exchange between two dies. The transmitter is in the 

bottom die and the receiver circuit is in the top die. The power exchange is achieved using 
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a charge pump that delivers the power to the top die through capacitively coupled pads. 

These pads occupy an area of 90 × 90 μm2 with a separation of 10 μm filled with 

transparent varnish; each pair of coupling pads produces a capacitance of 8 fF. In the 

prototype system a 3.3 V power supply from 1 kHz to 15 MHz produces a 9 mA output 

current in the receiver circuit that is used to drive the device under test (DUT). Compared 

to the inductive via method, the capacitive via method can be implemented with much 

smaller area, which is a desirable feature in integrated circuits.

Fig. 1-6: Illustration of capacitive charging and communication in 3D integrated circuit [33].

Powering biomedical devices

Biomedical devices has been playing an increasingly important role in people’s lives. 

Considerable effort has been put into their design to address health-related issues and to 

alleviate the suffering of patients.  IPT has been researched to provide power and signal 

communication through skin [44-47]. However, this method is still under investigation due 

to the concern about the heat generated by the coils and the issue of the effects of EMI on

the human body. Capacitive power transfer has been applied in a biosignal 

instrumentation system to achieve power and signal isolation with an isolation capacitance

of about 1.6 pF [34]. Fig. 1-7 illustrates the power stage which comprises of a voltage-

controlled oscillator (VCO) operating at 1.98 GHz and a power amplifier, and which can

provide a power exchange up to 600 mW to the isolated electronics. In this application, 

capacitive coupling serves the purpose of isolation inclusive of data and power transfer as 

well.
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Fig. 1-7: Block diagram of biosignal instrumentation electronics using capacitive coupling.

Charging consumer electronics 

Fig. 1-8: Capacitive charging docks from Murata [48].

Wireless charging has been an attractive feature for consumer electronics devices. Many 

hi-tech giants have been making efforts to integrate this function into their products. 

Recently, Apple has started to offer wireless charging for the Apple watch, which adopted 

the Qi standard as a replacement to its Lightning ports and cable [49]. However, CPT 

provides another potential method for wireless charging of consumer electronics. The first 

commercialized CPT product was developed by Murata Semiconductor Manufacturing, 

which has developed its capacitive charging dock for smartphones and digital reading 

devices (shown in Fig. 1-8). A prototype CPT system targeted to produce an output power 

of 10 W exhibits 70% efficiency at an operating frequency of ~500 kHz. The voltage 
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across capacitive coupling plates can approach 500 V to 2 kV, but the current through it 

can be very small, reducing the risk of overheating. Due to the high operating voltage, 

reliable insulating materials are required for safe operation.

Power supply for rotors

The permanent magnet electric machine (PM) dominates in the industrial driving systems 

due to its high performance such as high torque density and efficiency. The demand for

rare earth materials imposes limitations on its development since this kind of rare resource 

will be exhausted in the near future. The wound field synchronous machine (WFSM) is an 

alternative solution, which holds comparable characteristics to PM. However, the WFSM 

requires a current delivery to the rotor. To eliminate the need for periodic replacement of 

the mechanical slip ring due to friction via carbon brushed contacts, the contactless 

method based on transformer principle to supply power has successfully demonstrated 

high system efficiency with lower lifetime cost [21]. However, design of the transformer-

based method requires a closed magnetic path using ferrites and windings. These special 

transformers operating at high frequency (a few tens of kHz) present significant parasitics 

such as stray capacitance and leakage inductance, which have to be taken into 

consideration in design [37].  Featured with simple coupling design and low cost, 

capacitive power transfer provides an alternative solution. Utilizing a coupling structure 

similar to a radio tuning capacitor, the capacitive way of transferring power to the rotor 

has proved to be feasible [50]. A high frequency inverter operating at 626 kHz drives the 

rotary capacitive coupling structure, which has been demonstrated to deliver a 500 mA 

field current with 94% efficiency. This shows that CPT is a competent way of replacing

the mechanical slip-ring method.
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Rotary
capacitive
coupling
structure

Fig. 1-9: Powering the rotor using capacitive power transfer [37].

Electric vehicle charging

Although earlier CPT systems mainly targeted low power applications, recent 

development of CPT demonstrates its feasibility to transfer high power using coupling 

plates [51-54]. Fig. 1-10 shows a 1 kW prototype electric vehicle (EV) charging system 

using CPT. In the charging stage, the electric vehicle is pulled into the charging dock, 

which consists of a foam-based charging bumper and the primary side transmitter. The 

foam is used to minimize the air gap between primary and secondary side coupling plates 

to increase the coupling capacitance.  In this way, the measured coupling capacitance 

ranges between 9.5 nF and 10 nF. The primary side circuit is based on a split buck-boost 

converter, in which the capacitive coupling interface serves as the intermediate energy 

storage element. The system is operated at the switching frequency of 540 kHz with 

overall efficiency exceeding 90% due to the low conduction loss brought by the high-

voltage and low-current feature of the CPT system. As can be seen, this type of CPT EV 

charging system requires very close non-galvanic “contact” between coupling plates, 

which cannot compete with the flexibility offered by IPT solution. However, another CPT 

EV charging system with a large air gap between coupling plates has also been reported 

[51, 55]. The coupling distance is 150 mm, with the coupling capacitance calculated to be 

36.7 pF. The whole system can deliver a 2.4 kW output power with 90.9% efficiency at 1 

MHz operating frequency.
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Fig. 1-10: A CPT EV charging system using aluminium foil as coupling plates [53].

1.3 Challenges of CPT

Despite the desired features offered by CPT, some theoretical and practical difficulties

need to be overcome for its further development. They involve various aspects, such as the 

selection of primary side converters, the modelling of the capacitive coupling interface, 

and the design of proper compensation networks and power flow controllers. 

A. High frequency issues

High frequency operation is preferred in CPT systems, which ranges from a few hundred

kHz to a few MHz. Some CPT systems are even driven at 100 MHz [56]. This feature 

justifies the need for consideration of all aspects of high frequency issues, including the

generation of high frequency voltage and switching losses due to turn-on/turn-off 

transients of switching devices. High frequency power converters, which can generate 

high quality AC voltage with high efficiency, might be suitable for CPT; this needs to be 

investigated. Since one of CPT’s unique features is small size, the chosen topology should 

be simple to implement and able to maintain high frequency. The count number of 

components used in the converter should be small so overall volume of the system is 

reduced. The characteristics of CPT systems based on these converters need to be 
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discussed and compared to provide useful guidance for the best choice in specific 

applications. Switching devices suited for high operation are needed. The insulated gate 

bipolar transistor (IGBT) has high voltage and current ratings, but its switching speed is 

relatively slow, and is used in converters at an operating frequency of up to tens of kHz. 

Other types of semiconductor switches based on new materials such as gallium nitride

(GaN) and silicon carbide (SiC) have been developed recently and are suitable for high

frequency with reduced switching losses, but they are quite costly and require delicate and 

special driver circuits to work reliably. Another possibility is metal oxide semiconductor 

field effect transistors (MOSFETs), which can switch at an operating frequency of up to 

MHz without much sacrifice of efficiency; also its manufacturing technology is quite 

mature. A synthesized consideration of performance and cost makes MOSFETs the ideal 

choice for switching devices on CPT systems. Other aspects related to high frequency 

include the choice of inductor core materials, which should have low losses at high

frequency. The winding wires and physical layout of the circuits should be optimized for 

high frequencies. 

B. Capacitive coupling variations

The coupling plates of CPT systems suffer from misalignment, which complicates the 

modelling of the CPT system. When misalignment between coupling plates occurs, two 

additional capacitors are formed. If the terminal plates on the same side are very close, 

another two parasitic capacitors need to be taken into account. Therefore, a composite 

network consisting of six capacitors has to be used to characterize the capacitive coupling 

interface. Direct use of this composite circuit network into the system model increases the

complexity of the system analysis and compensation design. To address this difficulty, a 

circuit-intuitive model of the capacitive coupling interface is necessary to provide easy 

insight into the structure of the CPT systems and simplify the compensation design and 

analysis. Additionally, for easy evaluation and comparison of CPT systems with different 

coupling configurations, a quantitative term for characterization of different coupling 

conditions is required, which should have physical meaning and be easy to measure.

C. Practical operation transients

Flexible movement of the load to be powered by CPT systems brings more transient 

events than the conventional method using cable. For example, when it is used in a 
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smartphone charging application, the user may suddenly remove the smartphone, leading 

to a no-load or open-circuit operating condition. The issues brought by this feature should

be addressed properly, which requires novel compensation networks. In previous CPT 

systems, the single series tuning inductor has been widely used to compensate for the 

capacitive reactance introduced by the capacitive coupling interface due to its simplicity of 

implementation and cost effectiveness. However, it will impose a health hazard on

operation when the secondary side plates are removed since the current through the 

inductor will be interrupted, generating extremely high voltage spikes. If the voltage 

exceeds the breakdown voltage of the dielectric materials used, this dangerous high

voltage could not only destroy the components in the circuit, but could also fail the 

insulation function of the coupling plates.

1.4 Objectives and Scope of the Thesis

To address the existing problems of the CPT system for its further development, this

research aims to develop advanced compensation and power flow control methods to 

improve the system power transfer performance. Different types of resonant power 

converters suited for high frequency electric field generation will be studied and compared. 

Additionally, a general model to characterise the capacitive coupling interface of CPT 

systems will be derived to facilitate the system analysis. 

The main body of the thesis is structured as follows:

Chapter 1 introduces the development of wireless power transfer, basic structure and 

working principle of CPT systems, and lists the challenges of CPT systems.

Chapter 2 provides an overview of existing compensation and power flow control methods

in CPT systems. A brief discussion on their advantages and disadvantages is also given.

Chapter 3 studies three soft-switching resonant power converters suitable for high 

frequency operation in CPT systems, which are an autonomous current-fed push-pull 

converter, a class E converter, and a voltage-fed half-bridge converter. Their working 

principles and design procedures are provided. Their characteristics such as control and 

sensitivity to coupling variations are compared and discussed.
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Chapter 4 establishes a new model of the capacitive coupling interface, which includes the 

effect of cross coupling. Analysis of the compensation method using a series inductor is 

conducted based on the new model. Furthermore, a new term to quantify mutual coupling 

between coupling plates is derived based on the charge balance principle.

Chapter 5 proposes a novel compensation network using a Z-impedance network to solve 

the high spike voltage issue suffered by the conventional compensation method using a 

single series inductor. An equivalent circuit model is established to analyze its 

compensation functionality. Additional benefits such as short-circuit immunity and 

voltage boost capability are also demonstrated.

Chapter 6 develops a novel power flow control method based on a switched shunt 

capacitor bank while maintaining high efficiency. The CPT system is built on the class E 

converter topology, and works in a new sub-optimum mode and can regulate the output 

power by changing the effective shunt capacitance. 

Chapter 7 summarizes the work of this research, and provides suggestions for future 

research on CPT systems.



Chapter 2   Literature Review of Compensation and Control Methods for CPT Systems

18

2 Literature Review of Compensation and Control Methods

for CPT Systems

2.1 Introduction

CPT technology has gained increasing interest from industrial and academic fields owing 

to its unique features. Like IPT technology, CPT systems require compensation networks

and control strategies to increase the power transfer capacity and to meet the requirements 

of the load regardless of operation variations and component uncertainties. The 

compensation design is focused on the large impedance introduced by the small coupling 

capacitance, which differs from application to application. A series tuning inductor can 

serve this purpose. In other applications, where the single series tuning inductor cannot be 

used or the value of the inductor required is so large that it is impractical to implement at 

high frequency operation, other composite compensation networks need to be employed. 

The power flow controllers are essential in any power converters. It can be a simple linear 

voltage regulator. When other advanced features such as robustness to more system 

variations are desired, novel and advanced controllers are needed to meet the design 

requirements. 

This chapter will examine existing compensation methods and power flow controllers that 

have been employed in CPT systems with different electric field coupling configurations. 

Firstly, the general characteristics of the capacitive coupling interface, which is unique to 

CPT systems, will be provided. Then a general principle of compensation will be 

described, followed by state-of-art compensation methods. After that, the control methods
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in CPT systems will be described, and their working principles will be explained, followed 

by a brief discussion about their disadvantages and drawbacks.

2.2 Existing Compensation Methods for CPT

2.2.1 Capacitive Coupling Interface

The capacitive coupling interface is the key part of a CPT system. It typically consists of 

four metallic plates made from copper or aluminium foil, coated with dielectric materials 

for insulation. Two plates are connected to the primary side converter, referred to as the 

primary side plates. The other two are connected to the secondary side receiver circuit, 

referred to as the secondary side plates. During the period of powering the load, the 

primary side and the secondary side plates face each other, forming two parallel plate 

capacitors, through which the high frequency alternating current can flow. The shape of 

the coupling structure is dependent on specific applications. The disk or cylinder type can 

be used in rotary application [29]. The rectangular type is suitable for smart phone or 

laptop charging platform [38, 57]. Fig. 2-1 shows some possible configurations of the 

capacitive coupling interface.

Tx

Rx
Rx

Tx

Tx

Rx

(a) Rectangular (b) Cylindrer

(c) Disk (d) Matrix

Rx

Tx

Fig. 2-1  Possible configurations of the capacitive coupling interface.

It is noted that some special coupling designs are proposed to maximize the coupling 

capacitance [58]. For example, a modified aerodynamic fluid bearing used to eliminate the
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air between plates is shown in Fig. 2-2, which can increase the coupling capacitance up to 

ten times through the dynamic performance of the bearings.

Fig. 2-2: Photograph of the coupling plates structure based on aerodynamic fluid bearings 
[58].

In the simplest case, the capacitance of a pair of coupling plates can be calculated by

0rA
C

d
(2-1)

where A is the effective overlapping area between the two plates, εr is the dielectric 

constant of the dielectric material filled between plates, ε0 is the permittivity in vacuum

(about 8.85 10-12 C2∙N-1∙m-2), and d is the distance between the two plates.

For example, with two 100 mm × 100 mm coupling plates separated by a 0.2 mm air gap, 

the formed effective coupling capacitance is about 440 pF. In this case, the two coupling 

plates are closely spaced, the wireless feature of which cannot be discerned with eyes. If 

the air gap is increased to 2 mm, the formed coupling capacitance falls to 44 pF, which is 

very small, making the compensation design a challenging task. 

A) Effects of Dielectric Materials

In CPT systems, coupling plates are coated with dielectric insulation material to ensure 

safe operation. A pair of coupling plates insulated with dielectric material is depicted in 

Fig. 2-3. The thickness of the dielectric coating is dd. The air gap between the plates is dair. 
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It can be seen as a series combination of three capacitors [59]. Their equivalent 

capacitance CC can be obtained by

2
2

d air
C

d air

C C
C

C C
(2-2)

dd

dd

dair

Cd

Cd

Cairair gap dielectric
material

is
is

Fig. 2-3: Coupling plates coated with dielectric material.

In terms of the geometric parameters, it can also be expressed as

0 2C
d

air
r

A
C

d
d

(2-3)

From (2-3), the second term in the denominator accounts for the effect of the dielectric 

layer on the total capacitance. The thickness of the dielectric material increases the

distance between the plates and reduces the coupling capacitance. Although materials with 

a high dielectric constant can alleviate the effect of capacitance reduction, the impact of 

the air gap dominates the formed capacitance. Therefore, to increase the coupling 

capacitance, soft dielectric materials and special coating methods are used to reduce the air 

gap [53, 60].

Although dielectric materials with high dielectric constant are helpful to increase coupling 

capacitance, dielectric properties such as loss tangent and dielectric strength need to be 

taken into consideration in design.
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The term loss tangent tanδ is used to characterize the dissipative property of a dielectric 

material [61]; it can be described using lumped circuit components, which is

tan 2esr
C esr

C

R
fC R

X
(2-4)

where XC=1/(ωCC), f is the operating frequency, and Resr is the equivalent series resistance.

It can be seen from (2-4) that a high operating frequency contributes to the reduction of

the loss from dielectric materials (since tanδ is usually constant, a higher frequency leads 

to a lower Resr), which is one of reasons why CPT systems prefer high frequency.

Dielectric strength is another factor to be considered when choosing dielectric materials. 

When the voltage imposed across the coupling plates exceeds the dielectric strength of the 

dielectric material, it will lose its insulation property, which presents a safety hazard. To 

ensure safe operation, the voltage across the coupling plates cannot exceed the dielectric

strength of the dielectric materials. Referring to Fig. 2-3, the safe condition for the

coupling plates is

0 2d r TE fAi (2-5)

where Ed is the dielectric breakdown electric field, iT is the current flowing through the 

coupling plates.
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B) Effects of misalignment
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Fig. 2-4: Cross coupling in the capacitive coupling interface.

In the situation where one of the primary side plates overlap with both secondary side 

plates, cross coupling occurs in the capacitive coupling interface, as illustrated in Fig. 2-4.

Considering the parasitic capacitance due to the proximity of plates on the same side, four 

additional capacitors are formed in the capacitive coupling interface. The cross coupling 

significantly increases the complexity of analysis. It will make the calculation of the 

accurate series tuning inductor tedious and mathematical results intractable [62].
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2.2.2 Series Inductor Tuning
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Fig. 2-5:  A CPT system with series inductor tuning.

The most common and straightforward method to compensate for the capacitive reactance 

caused by the capacitive coupling is to connect an inductor in series with the capacitive 

coupling interface. As shown in Fig. 2-5, the series tuning inductor can be placed on the 

primary side converter, or the secondary side highlighted within the oval shape. The 

position of the inductor makes no difference when there is no cross coupling between 

coupling plates. Because the inductor is usually bulky, it is beneficial to put the inductor 

on the primary side since it can reduce the size of the pickup circuit, which is a desirable 

feature for small-volume applications. Fig. 2-6 shows an equivalent circuit of a CPT 

system with series tuning. vac is the high frequency AC input voltage source, Re is the 

equivalent ac resistance, CC is the total effective coupling capacitance of the two pairs of 

coupling plates, and LP or LS is the series tuning inductor. Without considering cross 

capacitance, LP and LS should be equal since their tuning effects are equivalent:

2

1
P S

C

L L
C

(2-6)

where ω = 2πf, the angular switching frequency of the system.
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Fig. 2-6  Equivalent circuit of CPT with series inductor tuning

The quality factor QS of the system is:

1P
S

C

L
Q

R C R
(2-7)

The peak value of the voltage across the coupling plates vC is:

V VC S OQ (2-8)

where VO is the peak value of the voltage across the equivalent AC load, which is then fed 

into the rectifier.

In an ideal situation where primary and secondary side plates are aligned without causing 

cross coupling, the position of the inductor does not make any difference to the 

characteristics of the system. However, in real-world CPT applications, parasitic cross 

capacitances among coupling plates usually exist in the capacitive coupling interface due 

to various reasons such as misalignment of coupling plates. Thus the position of the series 

tuning inductor will make a difference [62].
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2.2.3 High Order Compensation Methods

High
frequency
inverter

Vg

Voltage
transformation

network

Load
transformation

network
R

Coupling
plates

vT

ZL

Fig. 2-7: Basic blocks of high order compensation network for CPT systems.

Fig. 2-7 shows a block diagram of a CPT system with a high order compensation network. 

In this method, a voltage transformation network steps up the output voltage from the high

frequency inverter. The load transformation network combined with the load R presents an

“amplified” impedance, which should be at least comparable to the capacitive reactance of 

the capacitive coupling interface.

High
frequency
inverter

Vg R

Coupling
capacitance CC

vt

ZL

1:n1 n2:1

vs

CC1

CC2

Fig. 2-8: Using transformers for transformation. 

Two methods can be used to perform the transformation of the voltage and load. One is 

using high frequency transformers, as shown in Fig. 2-8 [63]. An additional benefit of this 

method includes electrical isolation, which is an inherent property of transformers. The 

voltage transformation network is a step-up transformer with a turns ratio n1. The load 
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transformation network is a step-down transformer with a turns ratio n2. The output 

voltage of the switching network is vs. Then the voltage driving the coupling plates is

1t sv n v (2-9)

The impedance reflected to the primary side of the step-down transformer is

2
2LZ n R (2-10)

Therefore, the output power received by the load is

2 2 2
1 2

2
4 2

2

1
2 1

sp
O

C

n n v R
P

n R
C

(2-11)

where vsp is the peak value of the output voltage of the inverter vs. If vs is a non-sinusoidal 

waveform, vsp is the peak value of its fundamental component.

The other method for transformation is using resonant L-C networks. Compared to the

transformation network using transformers, it lacks electrical isolation and requires more 

components. However, in extra high frequency applications, this method is free of concern 

about the core loss from transformers, which impose a limit to the highest frequency. If the 

operating frequency is high enough, the air core inductor can be used as the resonant 

component. Besides, The size of capacitors can be scaled to be very small at higher 

frequencies [56]. Fig. 2-9 shows a CPT system based on transformation networks using L-

C resonant tanks. 
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Fig. 2-9: Using L-C resonant tanks for transformation.

The half-bridge inverter is used as the switching network. A resonant tank N1 consisting

of L1 and C1 is used to boost the input voltage. A resonant tank N2 consisting of L2 and C2

is used to “amplify” the load resistance. The quality factor of the resonant tank N2 is

2
2

1
Q

C R
(2-12)

The impedance ZL presented by the resonant tank N2 is

2
2

2
2

2 2 4 2 3 2 2 3
2 2 2 2 2 2 2

2 22 2 2 2 2 2 2 2
2 2 2 2 2 2

1

1

1 1

L

j L R
j C

Z
j L R

j C

C L R L C L C L R
j

C R C L C R C L

(2-13)

The impedance Zin seen by the half-bridge inverter is

1
1

2 2
1 1 1 1 1 1

12 2
2 2 2 2 2 2

1 1 1 1 1 1
1 1

1 1

1 1
in L

C

R C R C X X
j L

Z j L Z
j C

C R X C R
C C

C

X

j

(2-14)
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where R1 and X1 are the real and imaginary parts of the sum of impedances 1/(jωCC)+ZL, 

respectively.

Because the components of the resonant tanks are decided such that Zin exhibits a pure 

resistance, the output power PO is given by

2
1

2Re
s

O
in

V
P

Z
(2-15)

where Vs1 is the peak value of the fundamental component of output voltage of the 

switching inverter vs.

Although this method avoids the use of the series tuning inductor, it requires more reactive 

components to constitute transformation networks. The capacitor in the transformation

network that drives the capacitive coupling interface has to endure extremely high voltage 

and suffers from short-circuit fault if the coupling plates on the same side are shorted due 

to the wearing out of the dielectric materials.

2.2.4 Active Compensation Methods

A switched capacitor network is used to compensate the reactance of the capacitive 

coupling interface as shown in Fig. 2-10 [64, 65]. The connection of CS with the circuit is 

controlled by a full-bridge topology, which is called active negative capacitance. 

Compared with the conventional compensation method using inductors, the performance

of this method is not affected by frequency variation since its working principle is not 

based on resonance.
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Fig. 2-10: Using a negative capacitor for compensation in a CPT system.

This method is based on the operation conditions that the load current is constant and the 

CPT system is working in discontinuous current mode (DCM), which is different from the 

aforementioned compensation methods. The square waveform vs is produced by a full-

bridge inverter with a peak value of Vg. IL is the constant load current because of the large 

output filter inductor Lf.  v1 is the voltage across the primary side plates, and vC is the sum 

of the two voltages across CC1 and CC2. When the diodes are conducting, the load current 

flows through the coupling plates, charging the coupling capacitances. When the diodes 

are turned off, there is no current drawn from the source vs, and the load current is 

freewheeled by the diode Df. 

Without the negative capacitance, the voltage across the primary side plates v1 is equal to 

vs, which is a square waveform with a switching period T. Fig. 2-11 shows the typical 

waveforms of v1,vC, and iC. When v1 is in the positive half cycle, the diodes D1 and D4 are 

forward-biased and start to conduct. During this conduction period ΔT, iC = IL. The 

constant current IL is charging CC1 and CC2 until the voltage vC is equal to Vg. Then the 

diodes turn off and no current is drawn from the source. Similarly, when v1 is in the 

negative half cycle, the diodes D2 and D3 are forward-biased and start to conduct. During 

the conduction period ΔT, iC = –IL. The constant current IL is charging CC1 and CC2

reversely until the voltage vC is equal to –Vg. Then the diodes turn off and no current is 

drawn from the source.
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Fig. 2-11: Typical waveforms of a CPT system in DCM without compensation.

By knowledge of the voltage and current waveforms, the use of the voltage-current 

relationship of a capacitor gives

C L

V
C I

T
(2-16)
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where CC is the total effective capacitance of the two pairs of coupling plates, ΔT is the 

conduction period, ΔV = 2Vg, which is the change of the voltage vC during time period ΔT.

From (2-16), ΔT can be obtained as

2 C g

L

C V
T

I
(2-17)

It is noted that when ΔT ≥ T/2, the CPT system works in continuous conduction mode 

(CCM). When ΔT < T/2, the CPT system works in DCM.

Assuming 100% efficiency, the average input power is equal to the output power, which 

gives

2

0

1 T

s C L Lv t i t dt I R
T

(2-18)

From (2-17) and (2-18), the load current IL can be obtained as

2 C
L g

L

C
I V

R T
(2-19)

The insertion of negative capacitance can increase the conduction time in each half cycle. 

The typical waveforms of the CPT system using one negative capacitor are shown in Fig. 

2-12. It is shown that one negative capacitor increases one more conduction time in a half 

period. Because the CPT system operates in DCM, the following condition should be 

satisfied when choosing the number of the negative capacitance:

1
2
T

T n (2-20)

where n is the number of negative capacitors.
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Fig. 2-12: Typical waveforms of a CPT system in DCM compensated by a negative 
capacitor.
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Similarly, the load current compensated by n negative capacitors is

2 1 C
L g

L

C
I V n

R T
(2-21)

Although this method eliminates the use of inductors, which can decrease the size and 

weight, it needs to use four extra switches for each negative capacitor, involving 

complicated control circuitry and cost.

2.3 Power Flow Control Methods

Control is essential in any practical power supply in order to regulate the output power 

according to the requirements of the load, regardless of circuit parameter variations and 

load changes. As a contactless/wireless power transfer solution, CPT systems have to 

address similar regulation problems, which are particularly caused by capacitive coupling 

variations. In practical applications, the input voltage fluctuates due to the variations of the 

line voltage. In the charging process, misalignment between the coupling plates can occur.

Additionally, the load may also change in operation. All these application conditions

require a control method to be integrated into the system to meet the requirements of the 

load.

In order to address this problem, several control methods have been proposed [27, 66, 67];

all these control methods can be divided into two categories based on the position of the 

controller. One class of controllers is implemented on the primary side, which can be 

referred to as the primary side control. The other is implemented on the secondary side, 

which can be referred to as the secondary side control. To minimise the size of the 

secondary circuit, the controller on the secondary side is much simpler and easier for 

implementation than the one on the primary side. This feature is particularly important in 

some space-confined applications, like charging implanted biomedical devices. While for

the primary side control, a more advanced and complicated controller can be used to make 

the system more stable and robust.
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2.3.1 Voltage Regulator

Fig. 2-13 shows a CPT system with the series tuning inductor on the secondary side. The

output voltage is regulated by a simple linear voltage regulator [27]. The working 

principle of a linear voltage regulator is similar to a voltage divider, except that it 

functions as a variable resistor controlled by a feedback circuit.

Full-bridge
rectifier

Voltage
regulatorVoltage

across the
secondary

plates
Loadvs Cf

Fig. 2-13: Secondary side of a CPT system with a voltage regulator.

A full-bridge rectifier combined with an output filter capacitor Cf is used to produce a DC 

output voltage. Then a voltage regulator regulates the rectified and smoothed DC output to 

a DC voltage of a desired value. Because the linear voltage regulator is inherently a step-

down converter, the output voltage from the full-bridge rectifier must be larger than the 

required DC level of the load. Under normal working conditions, the secondary side 

tuning inductor is fine-tuned to fully compensate for the coupling capacitance so as to 

yield maximum output power. If the working conditions change, such as variations of the 

coupling capacitance, change of the operating frequency, and fluctuation of the input 

voltage, the output voltage of the series tank will be reduced, which will prevent the

voltage regulator from regulating the output voltage at the required level. To make the 

linear voltage regulator work properly, the designed average output voltage from the 

rectifier should be greater than the desired DC output voltage. Despite the simplicity and

low cost of the linear voltage regulator, this control method has low efficiency and is not 

particularly robust. It can only work in a narrow range of working conditions, making it 

only suitable for a simple system without few system variations.
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2.3.2 Modified Rectifier with Integrated Controller

Fig. 2-14 shows a simple regulation method which integrates the voltage rectification and 

the power flow control. The modified full-bridge rectifier consists of two upper leg 

controllable switching devices (MOSFET or IGBT) and two lower leg diodes. The 

controller switches the two upper transistors to implement rectification and power 

regulation according to the feedback voltage and current into the rectifier.

High
frequency
inverter Controller

Isolated
driver

vTiT

Vg

VOCf

v

Coupling
plates

S1 S2

RO

vs1

Fig. 2-14: CPT system with integrated voltage rectification and power flow control.

The output voltage VO is compared with the two reference voltages V+
ref and V-

ref to 

determine the behaviour of the controller, which executes a hysteresis control law. When 

VO is between V+
ref and V-

ref, the two switches S1 and S2 both perform the function of 

diodes. If VO is greater than V+
ref, both upper switches will be turned off to reduce the 

output voltage. During this period, the output voltage is supplied by the output capacitor Cf. 

The output voltage vO can be expressed as

O f

t
R C

O O offv V t e (2-22)

where VO(toff) is the output voltage at the time when both transistors are turned off.

Under normal conditions, the maximum output voltage VO,max is achieved at resonance, 

and can be obtained from an analysis of a DC-DC series resonant converter, which is



Chapter 2   Literature Review of Compensation and Control Methods for CPT Systems

37

,max 14O s pV v (2-23)

where vs1p is the peak value of the fundamental component of the output voltage vs1 of the

inverter.

Another feature of this control method is that it can achieve zero current switching (ZCS) 

during the turn-off transition of the switches, thus reducing switching loss. The direction 

of the current iT into the rectifier is detected to determine which switch is turned off first. 

When iT > 0, indicating the current iT flows from the left to the right (as shown in Fig. 

2-14), S2 should be turned off since the current is flowing through S1. When iT < 0, 

indicating the current iT flows from the right to the left, S1 should be turned off first since 

the current is flowing through S2. When the current iT = 0, S2 is then turned off. The 

control law is illustrated in Fig. 2-15.

V+
ref

V+
ref

vO

S1, S2 OFFS1, S2 ON

O t

Fig. 2-15: The output voltage waveform under the control of the modified rectifier.

Although simple to implement, this control method also presents some drawbacks. It only 

works under the condition that the operating frequency and coupling capacitance are 

constant. When the operating frequency changes, the available maximum output voltage 

will be reduced. If the maximum voltage falls below the lower limit V-
ref, the controller 

will always keep both switches on, attempting to make the output voltage increase. Since 

it can never reach the lower limit V-
ref, the controller will fail to regulate the output voltage. 

With variations of the coupling capacitance, the maximum output voltage obtained will 

also be reduced, making the controller ineffective. Thus, this controller lacks robustness 

and is only effective under load change.  
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2.3.3 Soft-switched Transformer

The output voltage regulation of a resonant converter can be achieved by adjusting the

ratio of its operating frequency to the resonant frequency [68, 69]. This method is also 

referred to as the tuning/detuning control method in IPT [70, 71]. Its working principle is 

based on the relationship between the output power and the ratio of both frequencies, 

which resembles a bell shape as shown in Fig. 2-16. When the operating frequency f is 

close to the resonant frequency f0, the output PO will increase. The control of the 

frequency ratio is realized by changing either the switching frequency of the converter or 

the resonant frequency of the resonant tank. 

PO

O f/f01

Fig. 2-16: Output power versus frequency.

One of the tuning/detuning control methods is implemented via a switched-transformer

with a 1:1 turns ratio. Fig. 2-17 illustrates the schematic diagram of a CPT system based 

on this method. The secondary winding of the transformer TC is connected in series with 

the capacitive coupling interface. The primary winding is switched by two switching 

devices S1 and S2, which constitute an AC switch to control the transformer in such a way

that it behaves as a variable inductor LC (as shown in Fig. 2-18). Lmag denotes the 

magnetizing inductance, and the AC switch SL.
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Fig. 2-17: The CPT system using soft-switched transformer control.
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Fig. 2-18: The CPT system using soft-switched transformer control.

When the switch SL is closed, the magnetizing inductance of the transformer Lmag will be 

shorted, which means the current through Lmag is clipped to a constant value, as shown in 

Fig. 2-19.

The flux linkage balance between the switched transformer and the equivalent inductor 

gives
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0 0mag mag C LsL i d t L i d t (2-24)

From the above equation, the normalized inductor LC with respect to Lmag can be obtained 

as

1 cos 0.5 sinC

mag

L
L

(2-25)
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Fig. 2-19: The current waveforms of the soft-switched transformer.
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Fig. 2-20: The normalized inductance LC/Lmag versus θ.

Fig. 2-20 shows the curve of variation of LC/Lmag with the phase shift θ. As can be seen, 

the equivalent inductance LC ranges between zero and the magnetizing inductance Lmag. At 

the normal operating point, LC should be set to half the value of the magnetizing 

inductance. 

2.3.4 Multi-period Pulse-width Modulation

A combination of frequency and duty cycle control has been used in a CPT system, which 

can regulate the output power while maintaining high efficiency [72, 73]. The system

contains an automatic frequency controller and a duty cycle controller. The frequency

controller adjusts the frequency to maintain the phase difference between the tank voltage 

and current, which is essential to for the system to maintain ZVS condition. The duty cycle 

controller changes the ON time of switches to control the input power supplied by the 

source according to the load requirements. The schematic diagram of the system is 

illustrated in Fig. 2-21. The phase control detects the tank voltage and current, and 

compares their phase angles. The frequency can be shifted up/down according to the sign 

of the phase difference, which keeps the phase angle at a fixed value. The ON/OFF control 

monitors the average value of the input current, which is then compared with a reference 

value. When it goes above the 
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Fig. 2-21: The CPT system with multi-period pulse width modulation.

reference value, the ON/OFF controller switches off the transistors to block the input 

power. When it goes below the threshold value, the ON/OFF controller switches the

transistors ON to allow the input energy to flow into the tank. Therefore, the output power 

is effectively regulated. However, the drawback of this method is the variation of the 

operation frequency requires more complicated filter design to meet EMI requirements.

2.4 Summary

An overview of existing compensation methods and power flow controls is given in this 

chapter. Their pros and cons were discussed and reviewed.

Regarding compensation design of CPT systems, the method using a single series inductor 

is the most widely used compensation network in CPT systems due to its simplicity and 

low cost. However, this method suffers from the open-circuit fault when the secondary 

side coupling plates are removed suddenly, which is a common scenario in CPT charging 

applications. The open-circuit will interrupt the current flowing through the series 

compensating inductor, which generates ultra-high voltage spikes exhibiting safety 

hazards such as causing failure of the insulating materials coated on the coupling plates.

The compensation method based on transformation networks eliminates the use of the

series tuning inductor, but it requires a significant number of reactive components, which 
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will increase the size and cost of system. In addition, the capacitors in the transformation 

network have to endure high voltages, which will cause failure of the system if the 

coupling plates on the same side are shorted accidentally. Another compensation method 

uses a switched capacitor to imitate a negative capacitor to increase the power transfer 

capability, which requires additional control circuitry. The switching frequency of the full-

bridge, which controls the negative capacitor, needs to be higher than the switching

frequency of the main converter. At high frequency CPT applications, this method faces

switching timing issue caused by the negative capacitor.

To maintain a constant output voltage of a CPT system, a power flow controller is always 

necessary to regulate the system effectively regardless of the circuit component tolerance, 

the load change and coupling variations. The simplest way is to use a voltage regulator on 

the secondary load side. However, this method suffers from low efficiency. A novel 

control method, which integrates the power flow controller into the secondary side 

rectifier, can regulate the output with increased efficiency. However, it is unable to 

provide effective control when the input energy into the rectifier cannot provide enough 

power to sustain the output voltage required by the load, such as when the input voltage is 

reduced or the coupling condition varies to the extent that the received power by the 

secondary side is diminished. Two frequency control methods are also proposed to control 

the output power. One is based on a variable inductor, which is not suitable for high 

frequency operation since the core losses of the variable inductor deteriorate the entire 

system efficiency. The multi-period pulse-width method changes the operating frequency, 

which will bring EMI/EMC problem and increase the complexity of the filter design since 

a range of frequencies are involved.
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3 Study of Soft-switching Resonant Power Converters for CPT 

Systems

3.1 Introduction

Similar to IPT systems which require suitable power converters to generate high quality 

sinusoidal current to drive the coupling coils, CPT systems need power converters suited 

to generate high quality sinusoidal voltage to drive the coupling plates to transfer power 

without electrical contacts. However, the operating frequencies of CPT systems (~MHz) 

are much higher than IPT systems (~kHz). The operating frequencies of IPT systems are

limited to a relatively low due to the increased core losses and conduction loss caused by 

the hysteresis effect of ferrite materials and the skin effect of the wires used extensively 

for coil windings. On the contrary, in CPT systems, high operating frequencies can reduce 

the equivalent series resistance of the coupling capacitance formed by coupling plates

coated with dielectric materials. Furthermore, high operating frequencies can reduce the 

impedance introduced by the coupling capacitance, which means the tuning inductors for 

compensation can be very small, making it possible to use air core inductors without core 

losses. Considering these benefits brought by high frequencies, it is advantageous and 

preferable to select power converters suitable for operation at high frequencies.

This chapter investigates three power converters suitable for high frequency operation, 

which are used as the primary side converters for CPT systems. The basic configurations

and working principles of these converters are described. Advantages and disadvantages 

of CPT systems based on the three topologies are discussed and comparison among them 
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regarding coupling misalignment, circuit component selection, and applicable control

schemes is provided. 

3.2 Autonomous Current-fed Push-pull Converter 

3.2.1 Circuit Description

Vg

Ig

Drive circuitry

Lsplit Lsplit

i1(t)

T1 T2

A

B

Lp Cp

iR(t) Lr CC1

CC2

R vR(t)

Coupling capacitance CC

Fig. 3-1: Schematic diagram of a CPT system based on an autonomous current-fed push-
pull converter. 

The autonomous current-fed push-pull converter is suitable for high frequency operation 

due to its internal driver circuitry which maintain ZVS condition automatically. Fig. 3-1

shows a CPT system based on this converter. As can be seen, the gate drive signals come

from the main resonant tank instead of external driver controllers. At steady state, the 

internal drive circuitry dictates the two switching devices switch automatically under ZVS 

condition with a complementary 180 degree conduction. The avoidance of using external 

driver controllers makes this converter cost-effective and simple to implement. Two large 

inductors (Lsplit) serve the purpose of splitting the input DC current Ig into two equal parts, 

which drive the resonant tank by repetitively switching the two transistors. Another feature 

of the converter is that it can realize automatic start-up. When the converter is powered up, 

the current through the two phase-splitting inductors begins to rise. One transistor will 

reach ON state faster than the other due to the manufacturing tolerances in real transistors. 

Assuming that the transistor T1 is switched on first, the voltage at point A is going to be 

close to the ground reference, which will aid the turn-off transition of the transistor T2

because the gate-to-source voltage of T2 is closer to zero. This positive feedback can speed 
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up the turn-off transition of T1. A similar process occurs when the transistor T2 is being 

turned on when the tank resonant response swing the voltage at point B to ground

reference.  

3.2.2 Analysis of Operation

As shown in Fig. 3-1, the phase-splitting inductors Lsplit divide the input DC current Ig into 

two identical dc current Ig/2. Both transistors are switched alternatively under ZVS 

condition without detection circuits and external controller. It is noted that in a CPT 

system based on the autonomous current-fed push-pull converter, two cascaded resonant 

tanks exist. One is the parallel resonant tank as in the conventional current-fed push-pull 

converter. The other is a series resonant tank consisting of a tuning inductor and the 

capacitive coupling interface. From the perspective of two cascaded resonant tank 

configuration, it can be seen that the output of the parallel resonant drives the series tank. 
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Fig. 3-2: Selected voltage and current waveforms in the autonomous current-fed push-pull 
converter.

Typical current and voltage waveforms are depicted in Fig. 3-2. The sinusoidal 

approximation method is used to derive equations governing the characteristics of the 

converter at steady state. A high quality factor of the tank is assumed, so the load current 

iR(t), which also flows through the series tank, is expressed as

sinR Ri t I t (3-1)
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where IR is the peak amplitude of the load current, φ is the phase shift respective to current 

i1(t).

Then the output voltage vR(t) can be expressed as

sinR Rv t I R t (3-2)

The voltage across the capacitor CR in the parallel tank is imposed on the transistor that is 

turned off in each half period. For example, when the transistor T1 is OFF and T2 ON, the 

voltage across T1 vA(t) is equal to the output vR(t); when T1 is ON and T2 OFF, vA(t) is 

shorted to the ground. Since the transistor is turned on at zero voltage crossing, vA(T/2) 

should be equal to zero, that is

( ) ( ) sin( ) 0
2 2A R R

T T
v v I R (3-3)

which indicates that the phase shift angle φ equals zero.

Due to the filtering of resonant tanks with high quality factors, the fundamental 

component of i1(t) should be equal to the load current iR(t), which gives

4 2
2
g

R g

I
I I (3-4)

Because the converter is operating under ZVS condition, thus eliminating switching losses, 

100% efficiency can be assumed without much sacrifice of accuracy. Equating the input 

power with the output power yields

21
2g g RV I I R (3-5)

From (3-4) and (3-5), the relationship between the output voltage and input DC voltage 

can be obtained:

R

g

V
V

(3-6)

The equivalent resistance seen by the input DC voltage Vg is
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2

2g

g

V
R

I
(3-7)

The calculation of device stresses in the autonomous current-fed push-pull converter is 

quite straightforward. The maximum voltage across the transistor is the peak voltage 

across the parallel resonant tank, which is

,maxds gv V (3-8)

The current through the transistor is almost constant, that is

,max 2
g

ds

I
i (3-9)

3.3 Single-ended Class E Power Converters

3.3.1 Circuit Description

Driver

Transformation
network Load

Input signal

Fig. 3-3: Block diagram of single-ended power amplifier.

Single-ended power amplifiers are designed to improve efficiency at high operating 

frequencies up to tens of MHz [74].  Fig. 3-3 shows the block diagram of a single-ended 

switching-mode amplifier. Using a single switch element avoids the dead-time issues 

suffered by converters that employ a pair or multiple pairs of switches. In the family of 

single-ended amplifiers, the class E power amplifier is widely adopted by the radio 

frequency industry [75-82]. The circuit components of a class E converter are arranged in 

such a way that the switching device is turned on under zero voltage switching (ZVS) 

condition to achieve a very high efficiency, yielding negligible switching losses and EMI. 
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Fig. 3-4 shows a CPT system based on a class E converter. As can be seen, the capacitive 

coupling interface of a CPT system (CC1 and CC2) functions as two tank capacitors in 

series. To achieve the optimum operation, the duty cycle of the switching signal is set to 

0.5 [83]. The voltage source, in series with a large inductor L1, behaves as a DC current 

source. When the switch is turned on, the constant current Ig is shorted and no external 

energy is fed into the resonant tank, which consists of Lr, CC1, and CC2. This tank can be 

called a free oscillation tank. When the switch is turned off, the external energy flows into 

the resonant tank consisting of C1, Lr, CC1, and CC2. This tank can be called an energy 

injection tank. Both resonant tanks are damped by the load resistance R. If a DC output 

voltage is required, R represents the equivalent AC resistance seen from the rectifier. The 

quality factor of the resonant tank should be high enough to generate pure sinusoidal 

current waveforms.

Lr

C1

L1

R

Coupling capacitance CC

Ig i1(t) iR(t)

vds(t)
T

Drive
signalVg

vR(t)

CC2

CC1

Fig. 3-4: Basic configuration of a CPT system based on a class E converter.

3.3.2 Analysis of Operation

To evaluate the steady-state characteristics of the CPT system based on a class E topology, 

the sinusoidal approximation is also used to derive key equations of the system. This 

means the derived results are under the assumption that the quality factor of the tank is 

sufficiently high and the system is working in continuous conduction mode. At steady

state, the repetitive switching generates a series of current pulses with a duty cycle of 0.5, 

which is designated as i1(t) in Fig. 3-4. 
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Waveforms of the current i1(t) and the tank current iR(t) are illustrated in Fig. 3-5. It is 

noted that i1(t) is an imaginary current inclusive of the currents through the output 

capacitance of the transistor and the capacitor in parallel with it, both of which are 

included into C1.

   

π 2π 3π

Ig i1(t)
-φ

iR(t)

ωt

ωtπ 2π 

vds(t)

ωtm
 

 

Fig. 3-5: Waveforms of i1(t) and iR(t).

The current through the tank inductor Lr is assumed to be sinusoidal, expressed as

sinR Ri t I t (3-10)

where IR is the load current amplitude, φ is the phase shift relative to the fundamental 

component of the current i1(t) of a square waveform.

The input current through L1 is approximated as a DC current of constant value Ig, so the 

voltage across the transistor is given by

0
1

1 t

ds g Rv t I i d
C

(3-11)

Substituting (3-10) into (3-11) gives
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0
1

0
1

1

1 sin

1 sin

1 cos cos

t

ds g R

t

g R

g R

v t I I d
C

I I d
C

tI I t
C

(3-12)

Because at steady-state operation there is no average DC voltage drop across the choke L1

over a period, the DC component of vds(t) should be equal to the input DC voltage Vg, 

which is

2

0

1

1
2

1 cos 1 sin
4 2

g ds

g R

V v d

I I
C

(3-13)

where θ = ωt.

From (3-13), C1 can be expressed as

1
1 cos 1 sin

4 2g R
g

C I I
V

(3-14)

For a given coupling capacitance CC, the quality factor QL of the energy injection tank is 

given by

1

1

C
L

C

C C
Q

C C R
(3-15)

The tank inductor Lr can be obtained as

L
r

Q R
L (3-16)

The high efficiency operation of the class E converter is achieved by satisfying two 

conditions. One is the ZVS condition requiring that when the switch is turned on, vds(t) 

should be zero at t=T/2, so
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0
2ds

T
v (3-17)

The other is at the instant of t=T/2, the derivative of vds(t) should be equal to zero, that is

2

( ) 0ds

T
t

dv t
dt

(3-18)

These two conditions correspond to the two relationships below

2cos

sin

R
g

g R

I
I

I I
(3-19)

which yields

2tan (3-20)

From (3-20), the phase shift φ can be obtained: 

0.56691 in radians (3-21)

Assuming 100% efficiency, the input power is given by

IN g gP V I (3-22)

The average output power received by the load is given by

2

2
R

OUT

I
P R (3-23)

Combining (3-22), (3-23), and (3-19) gives

4cos 1.076R

g

V
V

(3-24)

2

2 1.7337
8cos

g

g

V
R R

I
(3-25)



Chapter 3   Study of Soft-switching Resonant Power Converters for CPT Systems

53

where VR is the peak amplitude of the output voltage vR(t) across R.

From (3-14), (3-19), and (3-25), C1 can be calculated:

1 2

2sin 2
C

R
(3-26)

From (3-24) and (3-25), it can be seen that the conversion ratio of the output voltage to the 

input voltage is slightly larger than one, meaning that class E topology has almost no 

voltage boost capability. The DC equivalent resistance presented by the tank to the DC 

power supply is 1.7337 times larger than the tank AC resistance R. 

Before evaluating the device stress at steady-state operation, the time instants when the 

maximum voltage and current imposed on the transistor need to be determined. The 

directions of the voltages and currents are indicated in Fig. 3-4. When the switch is turned 

off, the difference between the input DC current Ig and the tank current iR(t) will flow into 

the shunt capacitor C1, which produces a voltage drop vds(t) across the switch. When Ig is 

larger than iR(t), vds(t) keeps increasing until they are equal, then starts to fall down

because the current into C1 becomes negative and starts discharging the capacitor. 

Therefore, the peak voltage across the switch occurs at tm when Ig is equal to the load 

current iR(t), which gives

sing R m R mI i t I t (3-27)

tm can be obtained by substituting (3-19) into (3-27) as

1 2arcsin( cos )mt (3-28)

From (3-12) and (3-28), the peak voltage across the transistor can be obtained:

,max

2 1 cos cos

1 sin

3.562

m m

ds g

g

t t
v V

V

(3-29)
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The peak current through the transistor occurs when the tank current swings to the 

negative peak value, which is

,max
11

sin
2.862

s g R g

g

i I I I

I
(3-30)

3.4 Voltage-fed Half Bridge Converter

3.4.1 Circuit Description

The voltage-fed resonant converters based on bridge topology have two main categories: 

one is a full-bridge topology, and the other a half-bridge topology. One major difference 

between the two is the output voltage waveforms generated. The full-bridge topology 

generates a full square waveform with a positive peak value of Vg and a negative peak 

value of -Vg, while the half-bridge topology generates a half square waveform with a peak 

value of Vg. Although the CPT system based on the half-bridge topology produces an 

output voltage with a smaller magnitude due to the filtering of the resonant tank, it 

requires fewer switches and simpler gate drivers. Considering the simplicity and cost-

effectiveness of CPT systems, the half-bridge topology is more suitable for CPT systems

at high frequencies. Fig. 3-6 shows a CPT system based on a half-bridge topology. Two 

switches S1 and S2 are turned on/off alternatively, with a dead time inserted between the 

ON signals for the two switches to prevent shoot-through failure. The inductor Lr and the 

capacitive coupling interface form a series resonant tank, which can filter out the DC 

component of the voltage vs at the switching node. If a DC output voltage is required, a 

full-bridge rectifier combined with a capacitive filter can be used.
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Vg

CC1

vO

R

CC2

Lr

CO

Capacitive
coupling interface

vs

iLr

S1

S2

Re

vR

Fig. 3-6: A CPT system based on a half-bridge converter.

3.4.2 Analysis of Operation

The analysis of the system is also based on the sinusoidal approximation, which assumes

the quality factor Q of the series resonant tank is high enough to have a good filtering 

effect. Then the tank current can be seen as a purely sinusoidal waveform.

Given a load resistance R, which can also represent the equivalent resistance exhibited by

the rectifier, the operating frequency f is given by

1
2 C

f
QC R

(3-31)

In practical systems, the value of Lr is chosen to be slightly bigger than the value at 

resonance with CC, which makes the series resonant tank present an inductive impedance 

to the half-bridge inverter. Thus, the inductor can be divided into two parts. One part is 

used for the resonance with the capacitive coupling interface; the other part contributes to 

the lagging current required to achieve ZVS condition. 

The part of Lr which is at resonance with CC is calculated by

1
ra

C

L
C

(3-32)
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Assuming the time by which the tank current is lagging the switching node voltage vs of 

the inverter is td, the part of Lr which contributes to this lagging can be calculated by

arctan d
rb

R t
L (3-33)

Then the tank inductor is the sum of the two parts, which is

r ra rbL L L (3-34)

td

O

S1 ON
S2 OFF

S1 OFF
S2 ON

T/2 T 3T/2 2T t

vs
iLf

The input power can be obtained by

1 cos
rIN g L dP V I t (3-35)

where ILr is the peak value of the current flowing through the tank.

The current through the tank can be expressed as

tanr

s
L

dR jR t
VI (3-36)

The output power received by the load is
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2

2

1
2
1

1 tan

O Lf

g Lf

d

P R

V I

t

Ι

(3-37)

The ratio of the fundamental component of the voltage vR into the rectifier to the 

fundamental component of the switching node voltage of the half-bridge inverter is

1

2
1

1
2 1 tan

rLR

s
dg

I Rv
v tV

(3-38)

Since vR1=4VO/π, vs1=2Vg/π, the ratio between the output voltage VO and the input voltage 

Vg is

2

1

2 1 tan
O

g
d

V
V t

(3-39)

The maximum voltage stress vds,max across the switch occurs when the switch is turned off, 

which is

,maxds gv V (3-40)

The maximum current stress ids,max through the switch is the peak value of the tank current, 

which is

,max 2

2
1 tan

g
ds

d

V
i

R t
(3-41)

As can be seen, the half-bridge topology has a low voltage boost ratio. However, the 

switch is subject to a relatively low voltage stress.
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3.5 Comparison of the Three Resonant Converters

3.5.1 Circuit Components

The class E topology, the autonomous push-pull topology, and half-bridge topology all

require resonant tanks to realize DC-AC conversion and ZVS switching. The CPT system 

based on the autonomous push-pull topology requires two resonant tanks. One is a parallel 

tank and the other a series tank to compensate for the capacitive coupling interface. The 

CPT system based on the class E topology requires one inductor and one capacitor to form 

resonant tanks along with the capacitive coupling interface. The CPT system based on the 

half-bridge topology requires one inductor to constitute a resonant tank with the capacitive 

coupling interface. The key circuit components are listed in Table 3-1. As can be seen, the 

half-bridge topology requires the least number of reactive components.

Table 3-1: Key component number for three topologies

Number of components Autonomous topology Class E topology Half-bridge topology

Inductor 4 2 1
Capacitor 3 1 0

Switching device 2 1 2

Table 3-2 shows the specifications of CPT systems based on the three converters. All the 

CPT systems use the same coupling structure with a total effective coupling capacitance of

CC. Design equations of other parameters for the three converters are listed in Table 3-3. It 

shows that to deliver the same amount of power, the class E topology requires the highest

input voltage and a slightly larger resonant inductor. However, in the autonomous 

topology, the circuit has two resonant tanks with an internal drive circuitry. This requires

more circuit elements than the class E topology, which increases the system volume. The 

half-bridge topology needs to consider the dead-time issue as any other converters based 

on bridge topology, which limits the upper boundary of the switching frequencies.
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Table 3-2: CPT system specifications

Parameter Value

Input voltage Vg 20 V

Operating frequency f 2 MHz

Load Resistance R 50 Ω

Total coupling capacitance CC 225 pF

Table 3-3: Parameters of three topologies

Parameter Class E topology Autonomous 
topology

Half-bridge 
topology

Input voltage 
Vg

Series 
resonant 

inductor Lr

Voltage 
stress across 

transistor

Maximum 
current 
through 

transistor

3.5.2 Effects of Coupling Capacitance

In practical CPT systems, due to misalignment between the two pairs of the coupling 

plates and variation of the characteristics of dielectric materials coated on them, the 

coupling capacitance will change during operation. Fig. 3-7 and Fig. 3-8 show the effects

of coupling variation on the converter output power and efficiency. From Fig. 3-7, the 

output power of the CPT systems based on the three topologies dropped when coupling 

capacitance decreased. When the coupling capacitance increased, only the CPT system 

based on the autonomous push-pull topology can work properly since it can automatically 

adjust operating frequency to achieve soft switching. The other two cannot maintain ZVS 



Chapter 3   Study of Soft-switching Resonant Power Converters for CPT Systems

60

condition, which generates noise to make system unstable. Fig. 3-8 shows that all three 

topologies can sustain reasonably high efficiency under the variation of coupling 

capacitance as long as the resonant tank presents an inductive impedance. As can be seen, 

the class E topology can achieve the highest efficiency among the three.
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Fig. 3-7: The output power versus coupling capacitance for the three topologies.
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Fig. 3-8: The efficiency versus coupling capacitance for the three topologies.
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3.5.3 Control Schemes

The output power changes when the load or coupling capacitance varies. It is necessary to 

have a controller to maintain a constant output voltage for most applications. The main 

advantage of the autonomous topology is that it requires no external drive circuit and the 

operating frequency is dictated by the parallel resonant tank. But the problem with this 

topology is that it offers no control of the operating frequency. If the values of the tank 

elements change, the operating frequency would change correspondingly. However, the 

amplitude control for the autonomous topology is possible. A DC-DC converter can be 

added at the input of the converter to provide amplitude control. Compared with the 

autonomous topology, the class E and half-bridge topologies offer more flexibility of

control. Both frequency and amplitude control schemes can be implemented by duty cycle 

control within a certain range. 

3.6 Summary

This chapter has compared the performance of CPT systems based on autonomous push-

pull, Class E, and half-bridge topologies. The working principles of the three converter

topologies were briefly discussed and detailed analyses undertaken. It was found that the 

Class E converter topology could produce higher power within a specified range of the 

coupling capacitance. But when the coupling capacitance deviated from the designed 

value, the efficiency quickly dropped. The autonomous converter can maintain a relatively 

high efficiency within a wider range of the variations of the coupling capacitance, since 

the operating frequency is adjusted automatically according to the change of the resonant 

tank. However, its output power drops more quickly at lower coupling capacitance. This 

means a trade-off between the output power and system power efficiency has to be made 

in selecting the power converter for a CPT system. 
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4 Modelling the Capacitive Coupling Interface

4.1 Introduction

The capacitive coupling interface is the core part of a CPT system. It is the sole energy 

channel of power transfer between the primary and pickup sides. A good understanding of 

the coupling interface and its effect on the system performance plays an important role in a

proper analysis and design of a CPT system, necessitating an appropriate model of the 

capacitive coupling. In most CPT literature, the capacitive coupling interface is simply 

modelled as a pair of capacitors in series [37, 73, 84-86], assuming the two pairs of plates 

are well aligned as shown in Fig. 4-1 (a). However, in real-world CPT applications, 

misalignment would occur in CPT systems with the most commonly used two-pair-plates 

configuration, in which one plate on the secondary side will overlap both plates on the 

primary side causing cross coupling problem as illustrated in Fig. 4-1 (b). Although some 

novel coupling structure designs are proposed to achieve position independence, cross 

coupling problem between coupling plates still exists [67, 72, 87]. Therefore, an 

appropriate model to characterize the cross coupling in CPT systems is necessary for the 

accurate analysis and evaluation of a general CPT system.
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Fig. 4-1: (a) Well-aligned coupling plates, (b) Misaligned coupling 
plates

The simplest model of the capacitive coupling interface is shown in Fig. 4-2(a), which can 

be simplified as a single capacitor which is a series combination of two coupling capacitor 

CC1 and CC2. This model is only valid under the ideal coupling condition where the 

coupling plates are so well aligned that no cross coupling occurs, which is impractical for 

most CPT applications. An accurate model that accounts for all the cross coupling effects

is shown in Fig. 4-2 (b). The two capacitors CAa and CBb represent the two main coupling 

capacitances designed as the energy transfer channel. CAb and CBa represent the cross 

coupling effect due to misalignment. CAB and Cab represent the cross coupling occurring at 

the input and output terminals of the capacitive coupling interface. It is noted that in the 

space-confined applications, the effect of CAB and Cab can be significant. However, this 

circuit model contains six capacitors, and using it to analyse the CPT system directly will 

result in complex manipulation of the mathematical equations. For instance, the 

determination of the accurate value of the tuning inductor with this model can be tedious,

and derived results can be intractable [62].
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Fig. 4-2: Two scenarios of the capacitive coupling interface

To address these difficulties, this chapter proposes two new accurate models for the 

capacitive coupling interface with cross coupling effect taken into account. One is derived 

by equivalent circuit transformation and the other is based on the charge balance principle. 

Based on the latter model, a new term named capacitive coupling coefficient kE is 

introduced to provide a quantitative measure of the coupling condition of a typical CPT 

system. Both models can be integrated easily with the remaining lumped circuit models of 

CPT systems. 

4.2 Model Based on an Ideal Transformer

For ease of analysis, the circuit diagram in Fig. 4-2 (b) is redrawn in Fig. 4-3. Apart from 

the direct main coupling capacitances CAa and CBb, CAB, Cab, CAb, and CBa denote the four 

cross-coupling capacitances among the four coupling plates, respectively. The primary

side plates A and B are referred to as port A-B, while the secondary side plates a and b are 

referred to as port a-b. 



Chapter 4   Modelling the Capacitive Coupling Interface

65

CAa

CBb

A

B

a

b

VAB

CAb

Vab

CBa

IAB

Iab

CAB Cab

VA

Va

Vb

Fig. 4-3: Redrawn diagram of the capacitive coupling interface with cross coupling

VA, Va, and Vb denote the voltage in phasor form at node A, a, and b with respect to the 

node B as the ground. IAB is the current flowing into port A-B, while Iab is the current out 

of port a-b. Under steady-state condition, a nodal analysis based on KCL gives the 

following equations:

AB A Aa A a Ab A b AB

Aa A a Ba a ab a b ab

Bb b Ab A b ab a b ab

j C j C j C

j C j C j C

j C j C j C

V V V V V I

V V V V V I

V V V V V I

(4-1)

Based on equations above, IAB and Vab can be expressed in terms of VA and Iab as:

2ab 2 2
AB AB 1 A ab

ab 2 ab 2

E
E

C C k C
j C C k

C C C C
I V I (4-2)

2
ab A ab

ab 2 ab 2

1Ek C
C C j C C

V V I (4-3)

where

Aa Ba Ab Bb
1

Aa Ba Ab Bb

C C C C
C

C C C C
(4-4)
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2

Aa Ba Ab Bb

1
1 1C

C C C C

(4-5)

Aa Ab

Aa Ba Ab Bb
E

C C
k

C C C C
(4-6)

Based on (4-2) and (4-3), an equivalent circuit model of the capacitive coupling interface 

can be established as illustrated in Fig. 4-4. The model consists of three key components:

The first one is an equivalent ideal transformer that couples the primary and secondary 

side, with a turns ratio nE:

2

ab 2

E
E

k C
n

C C
(4-7)

which is dependent on the alignment of coupling plates, indicating the coupling condition 

in some sense.

The second and third are the input capacitance CIN, and the output capacitance COUT, which 

can be determined by, respectively

2ab 2
IN AB 1

ab 2
E

C C
C C C k

C C
(4-8)

OUT ab 2C C C (4-9)
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Fig. 4-4: The circuit model based on circuit transformation

4.2.1 Effects of Misalignment

A

B
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b

β

1-β
α

1-α

Fig. 4-5: Misalignment of coupling plates

According to (4-7), the ideal transformer is inherently a step-down transformer. It has a 

maximum turns ratio of 1:1 without cross coupling. When cross coupling is taken into 

consideration, the maximum turns ratio is C2/(Cab+C2). Besides, unlike conventional 

transformers always with a positive turns ratio, the turns ratio of the ideal transformer in 

the proposed model can be negative, which means that the direction of the coupled voltage 

on the secondary side is reversed (180 degrees out of phase). In such a case, the cross 

coupling has changed to such an extent that the cross capacitances (CBa and CAb) become 

larger than the designed main capacitances (CAa and CBb). From (4-8) and (4-9), the input 
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capacitance CIN and the output capacitance COUT are also affected by the cross coupling 

capacitances.

To provide a quantitative analysis of how misalignment affects the three components, 

following assumptions are made without losing generality:

1) The size of the primary side plates A and B is much larger than that of the 

secondary side plates a and b so that the secondary side plates are always be placed

within the boundary of the primary side plates.

2) The gap between primary side plates A and B are negligible so that uncoupled part 

between both primary and secondary side plates does not exist.

3) The main capacitance CC formed between each pair of plates (plate A coupled to a 

or plate B coupled to b) is the same when misalignment does not occur. 

When misalignment happens, for instance, some part of one secondary plate a is coupled 

to plate A and the other part of plate a is coupled to plate B as shown in Fig. 4-5. Define α, 

β as the portion of plate a coupled to plate B and plate b coupled to plate A, respectively. 

So the cross coupling capacitances CBa=αCC, CAb=βCC, while the main coupling

capacitances CAa=(1-α)CC, CBb=(1-β)CC.  At different situations of misalignment, three 

special cases are summarized below:

a) When α=1 and β=0, it means plate a and plate b are all totally coupled with plate B, 

while plate A is left uncoupled.

b) When α=0 and β=1, it means plate a and plate b are all totally coupled with plate A, 

while plate B is left uncoupled.

c) When α=0.5 and β=0.5, it means half of plate a is coupled with plate A and the 

other half is coupled with plate B, so does plate b.

Therefore, in terms of CC, α, and β, nE can be expressed as:

E
ab

1
2

C

C

C
n

C C
(4-10)
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Fig. 4-6: Normalized turns ratio nE in relation to misalignment 

Fig. 4-6 shows the variation of normalized turns ratio nE with misalignment. In the ideal 

situation where coupling plates are well aligned, i.e., α=β=0, the ideal transformer has the 

maximum turns ratio.  In the worst situation where plates are misaligned such that α+β=1, 

the transformer has the minimum turns ratio of zero. In the situation where plate a is 

completely coupled with plate B and plate b to plate A, which means α=β=1, it is 

equivalent to the situation in which α=β=0, except for the reverse direction of the coupled 

voltage on the secondary side in the former case.

Similarly, the input and output capacitances CIN and COUT can be expressed as

22 2 ab C
IN AB C

ab C

2 1
2

C C
C C C

C C
(4-11)

C
OUT ab 2

C
C C (4-12)

In most practical CPT systems, capacitances CAB and Cab formed between plates on the 

same side are small relative to the main coupling capacitances CC. The effects of CAB and 

Cab are not considered for clarity, so nE, CIN, and COUT can be simplified as, respectively:

E 1n (4-13)

2 2
IN CC C (4-14)
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C
OUT 2

C
C (4-15)

α=CBa/CC β=CAb/CC

IN

C

C
C

Fig. 4-7: Normalized input capacitance CIN/CC versus misalignment
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α=CBa/CC β=CAb/CC

OUT

C

C
C

Fig. 4-8: Normalized output capacitance COUT/CC versus misalignment

In Fig. 4-7 and Fig. 4-8, ignoring CAB and Cab, the normalized input and output 

capacitances CIN/CC and COUT/CC are plotted as the functions of misalignment,

respectively. As can be seen from Fig. 4-7, under the best alignment condition (α=β=0), 

input capacitance CIN becomes zero. CIN reaches the maximum value under the coupling 

condition (α=β=0.5) in which half of a secondary side plate is coupled to one primary side 

plate and the other half coupled to another primary side plate, where no power is coupled 

to the secondary side. Fig. 4-8 shows that the output capacitance COUT maintains a 

constant value of CC/2 regardless of variations of misalignment, which is equal to the 

series combination of the two main coupling capacitances.

The three parameters in the proposed model interconnect with each other, describing the 

characteristics of the capacitive coupling interface collectively. The ideal transformer in 

the model reflects the coupling condition between primary and secondary coupling plates. 

Unlike actual transformer, its turns ratio can never exceed unity, meaning that it is unity or 

step-down transformer inherently. Besides, it can become zero under the worst case of 

coupling. In the best coupling situation, the two pairs of coupling plates are well aligned 

with each other without cross coupling, yielding a unity of nE. For the worst case of 

coupling, the effect of cross coupling cancels the main coupling capacitances, yielding a 

zero turns ratio, and no power can be transferred to the secondary side. Unlike the input 
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capacitance CIN that varies with the alignment condition, the output capacitance COUT

keeps unchanged regardless of coupling conditions. 

It should be noted that the analysis of the effect of misalignment on the model is based on 

the assumption that the distances between primary and secondary coupling plates keep 

unchanged. For those CPT systems in which the coupling distances change during 

operation, another varying factor can be introduced to take account of the coupling 

distance variation.  

The three parameters of the proposed model can be determined easily by experiments. CIN

can be measured at the input port A-B when the output port a-b is open-circuit. COUT can 

be measured at the port a-b when the input port A-B is shorted. The capacitive turn ratio 

nE can be obtained by applying an AC voltage at the input port A-B and measuring the 

ratio of the output open-circuit voltage to the input voltage. 

The proposed model can provide a circuit-intuitive guideline for the selection of driving 

inverters and tuning circuits. It can be inferred that a voltage-fed inverter is not suitable for 

driving the capacitive coupling interface directly since a capacitor CIN presents at the input 

port of the interface. Thus, a primary side series tuning inductor is always necessary when 

a voltage-fed inverter is used if less noise is required.

4.2.2 Series Tuning Inductor Analysis

The proposed model can be used for the calculation of series tuning inductor and analysis 

of its tuning effect in CPT systems. The inductor can be placed in two different positions, 

either before the capacitive coupling interface (referred to as primary side tuning) or after 

it (referred to as secondary side tuning). A comprehensive comparison of effects of the 

two tuning positions has been made using conventional AC circuit analysis [62]. However, 

the process and results are tedious and intractable, which is not design-oriented. As can be 

seen in the following, the analysis based on the proposed model is much simplified and 

can provide design guidance and more insights into the system in a circuit-intuitive way.



Chapter 4   Modelling the Capacitive Coupling Interface

73

A) Primary Side Tuning

CIN

COUT

VIN

1 : nE

LP

R

iL

VO

RLp

Fig. 4-9: Primary side tuning

In Fig. 4-9, a series tuning inductor LP with an equivalent series resistance RLp is placed on

the primary side to achieve full resonance. VIN is the AC input voltage source at an 

operating frequency of fS, R is the AC load or the equivalent resistance presented by the 

rectifier with a DC load. With the proposed model, the secondary side circuit can be 

reflected to the primary side through the ideal transformer, as shown in Fig. 4-10. Then the

CPT system can be transformed to a second order system. The current through the primary 

tuning inductor iL is

IN
L

1
P p

IN OUT1 11L

R
j L R

j C C R

VI (4-16)

where

2 Sf (4-17)

2
2

OUT1 E OUT21
S

S

Q
C n C

Q
(4-18)

2
1 21 S

E

R
R Q

n
(4-19)
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Fig. 4-10: Impedance transformation of primary side tuning

The required tuning inductor LP can be calculated by setting the imaginary part of IL to be 

zero: 

2
1

P 2 2
IN OUT1 1

1
1

Q
L

C C Q
(4-21)

where

1 1 IN OUT1Q R C C (4-22)

The value of the tuning inductor to achieve resonance changes with the coupling condition

since CIN and COUT are functions of misalignment. In terms of α and β, LP can be 

expressed as

2
1

P 2 2
22 C 2 2 1

2

2
2 C

1 1
12 12 1

1 1 .
1

2

S

S

Q
L

C Q Q
Q

C

(4-23)

While Q1 can be expressed in terms of QS, α and β:
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2 2

1 2
2 2

1 S S
S

Q Q Q
Q

(4-24)

which indicates Q1 equals QS plus an extra item resulting from misalignment.

Assuming QS is larger than 1, (4-23) can be reduced to:

P 22 22 C

2
2 C

1 1
2 1

2
1 1

1
2

L
C

C

(4-25)

Fig. 4-11 shows normalized tuning inductor LP/(1/(ω2CC/2)) as a function of misalignment. 

It indicates that the value of the tuning inductance LP required to achieve resonance is 

affected by the difference between α and β. Thus, in the cases of symmetrical 

misalignment (α=β), LP keeps unchanged, which is equal to 1/(ω2CC/2). Theoretically, if 

the absolute value of α-β equals to 1, the inductance required to achieve resonance will 

become infinity.

α=CBa/CC

β=CAb/CC

P

2 C1/
2

L
C

Fig. 4-11: Normalized primary side tuning inductance LP/(1/(ω2CC/2)) versus misalignment

The peak current through the tuning inductor at resonance is:
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IN,peak
,

1
2

11

L peak

Lp

v
i

R
R

Q

(4-26)

where vIN,peak is the peak value of input AC input voltage VIN.

It is noted that in practical applications, Q1 should be small for accurately tuning the 

circuit since large Q1 will make the system too sensitive.

Considering the losses of the tuning inductor, the output power PO1 can be obtained as

2 2
IN,peak 1

O1 122
1 1

2
IN,peak

2

1
2 1

,
2

1

Lp

Lp

v Q
P R

R Q R

v m
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m
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(4-27)

where

2 2
E 1

2

1
1 S

n Q
m

Q
(4-28)

Using (4-26), the input power PIN1 can be easily obtained as:

2 2
IN 1

IN1 2
1 1 p

V 1
2 1 L

Q
P

R Q R
(4-29)

Therefore, efficiency η1 is: 

O1 1
1 2

IN1 1 1 p

2
p 21

2

1

1
11
1

L

L
E

S

P R
P R Q R

RQ
n

Q R

(4-30)

To evaluate the effect of misalignment on the output power at resonance, ignoring the loss 

of the tuning inductor, PO1 can be expressed in terms of α and β by inserting (4-24):
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(4-31)

Assuming QS=6, which is a typical value for CPT systems, the normalized output power 

PO1/(VIN
2/(2R)) with respect to misalignment is shown in Fig. 4-12. α and β are chosen to 

be within the range from 0 to 0.4. The reason of the choice of this range is that in practical 

CPT applications misalignment will be controlled to avoid extreme misalignment yielding

very little or no power [67, 87]. The maximum output power after adding tuning inductor 

increases with misalignment. Although theoretically the power will become very large 

when α and β are close to 0.5, the output power of practical systems cannot go to 

arbitrarily high since the current through the tuning inductor will become quite large 

leading to significant losses. It can also be seen that the output power at resonance will 

increase under the condition of insignificant misalignment. Fig. 4-12 shows the 

normalized output power PO1/( v2
IN,peak /(2R)) versus misalignment including the losses of 

the tuning inductor when RLp/R=0.2. When the inductor losses are taken into account, the 

output power increases at first and drops with significant misalignment due to the 

increased inductor losses. It can also be concluded that the increase of misalignment will 

increase the input capacitance CIN, resulting a larger Q1 that leads to bigger voltage boost 

capability in some sense.
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Fig. 4-12: Normalized output power at resonance for primary side tuning versus 
misalignment.
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Fig. 4-13: Normalized output power PO1/( v2
IN,peak /(2R)) versus misalignment when RLp/R=0.2, 

(a) 0<α, β<0.4, (b) 0<α, β<1.
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B) Secondary Side Tuning

CIN

COUT

VIN

1 : nE

LS RLsiL

VOR

Fig. 4-14: Secondary side tuning

Fig. 4-14 shows the CPT system with the series tuning inductor placed on the secondary 

side. Similarly, the CPT system with secondary side tuning inductor can be simplified 

using the ideal transformer reflecting the primary side to the secondary side as shown in 

Fig. 4-15. Different from the primary side tuning, the secondary side inductor is used to 

compensate for the output capacitance COUT. To achieve the maximum power transfer, the 

secondary side tuning inductor LS can be calculated by

S 2
OUT

1
L

C
(4-32)

COUT

nEVIN

LS

R

iL

VO

RLs

Fig. 4-15: Impedance transformation of secondary side tuning
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The peak current through LS is

E IN,peak
,L peak

Ls

n v
i

R R
(4-33)

Considering the loss of the tuning inductor , the output power PO2 is

2

E IN,peak
O2 22

Ls

n v R
P

R R
(4-34)

Assuming 100% efficiency, the output power PO2 received by the load R is

2

E IN,peak
O2 2

n v
P

R
(4-35)

C) Comparison of output power

From (4-13), the output power using secondary side tuning PO2 can also be expressed in 

terms of α and β:

2
2IN,peak

O2 1
2

v
P

R
(4-36)

Dividing (4-31) by (4-36), the ratio between the output power with the primary and 

secondary tuning inductors is defined by γ, which is

2
O1 1

2
O2

1
1 S

P Q
P Q

(4-37)

According to (4-18), (4-19), and (4-22), Q1 can be expressed in terms of QS:

2IN
1 2

E

1 S S

C R
Q Q Q

n
(4-38)

The first term in (4-38) is the effect of misalignment. When no misalignment exists 

between coupling plates (CIN=0), Q1 is equal to QS. Otherwise, Q1 is greater than QS, since 

γ is greater than one. Hence, it is preferred that the series tuning inductor is placed on the 

primary side if more power is desired.
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From Fig. 4-9 it can be seen that the primary side tuning inductor and the input 

capacitance form a parallel resonant tank, which helps to boost the input voltage and 

produce more power. While in the secondary side tuning method shown in Fig. 4-14, the 

series tuning inductor and the output capacitance constitute a series resonant tank. 

Therefore, the output voltage would be lower than the input voltage since the turns ratio nE

is less than one. Furthermore, the secondary side tuning is not desirable if a voltage-fed 

converter is used because the parallel capacitor CIN will be connected directly with the 

primary voltage source, generating significant current spikes.

4.2.3 Simulations and Experimental Results

Power amplifer

Coupling plates

Tuning
inductor

Fig. 4-16: The Prototype CPT system for cross coupling comparison.

To verify the proposed model in determining the accurate tuning inductances, a prototype 

CPT system are constructed with four coupling plates intentionally misaligned as shown in 

Fig. 4-16. Two cases of different misalignment are investigated, referred to as 

CPT1(α=β=0.2) and CPT2 (α=0.2, β=0.4). The practical capacitive coupling interface of 

the prototype CPT system includes two 150mm×300mm aluminium sheets and two 

50mm×100mm copper pads (capacitance of one pair of plates CC=500 pF), which are all

coated with a thin layer of polypropylene as the dielectric material, and is driven by a 

1MHz sinusoidal voltage source from a power amplifier. Two terminal cross-coupling 

capacitances (CAB and Cab) are measured with a precision RLC meter (Agilent 4980) when 

primary and secondary plates are decoupled. Four coupling capacitances (CAa, CBa, CAb, 

and CBb) are calculated based on variations of the overlapping area between the coupling 
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plates. The parameters of the system are listed in Table 4-1. Both systems use primary side 

tuning inductors calculated based on proposed model.

Table 4-1: CPT system specification.

Parameter Value
CPT1 CPT2

Peak input voltage, vIN,peak 20 V 20 V
Operating frequency, f 1 MHz 1 MHz
Equivalent ac load, R 100 Ω 100 Ω
Capacitance between plates A and B, CAB 15 pF 15 pF
Capacitance between plates a and b, Cab 12 pF 12 pF
Capacitance between plates A and a, CAa 400 pF 400 pF
Capacitance between plates B and b, CBb 400 pF 300 pF
Capacitance between plates A and b, CAb 100 pF 200 pF
Capacitance between plates B and a, CBa 100 pF 100 pF
Calculated input capacitance CIN 180 pF 217 pF
Calculated output capacitance COUT 265 pF 265 pF
Calculated capacitive turns ratio nE 0.566 0.377
Calculated primary tuning inductance, LP 96.2 μH 99.6 μH

A) Misalignment Variation
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Fig. 4-17: Experimental and simulated data plots of input voltage vIN and input current iL of 
CPT1.
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Fig. 4-18: Experimental and simulated data plots of input voltage vIN and input current iL of 
CPT2.

Fig. 4-17 and Fig. 4-18 show simulated and experimental results, which demonstrate that 

voltage vAB and current iL into the resonant circuit are in phase. The actual values of the 

inductors in the experiments are 92 μH and 94 μH, which are slightly smaller than 

calculated values. The parasitic elements such as wire inductance and current loops in the 

circuits contribute some inductance. It also shows that the current is smaller than the

simulated value due to the conduction and core losses of the tuning inductor at high 

frequency operation. The difference between the experimental and simulated waveforms 

will be reduced if the inductor is optimized for high frequency operation (using better 

ferrites and litz wires with low losses at high frequencies). The output powers of CPT1 

and CPT2 are measured to be 3.48 W and 3.58 W, respectively. The output power of 

CPT2 is slightly larger than CPT1 because the misalignment of CPT2 is larger than that of

CPT1, which agrees with the prediction from the model. Fig. 4-19 shows the output power 

as a function of a full range of variation of misalignment, which is in agreement with Fig. 

4-13(b) derived from the model except for some extreme conditions. With severe 

misalignment the inductor current becomes very large at resonance leading to significant 

losses, so the output power cannot maintain high output power at vicinity of points where 

α=0, β=1 and α=1, β=0.



Chapter 4   Modelling the Capacitive Coupling Interface

84

α=CBa/CC β=CAb/CC

O1
2

INV
2

P

R

Fig. 4-19: Experimental data plots of the normalized output power PO1/( v2
IN,peak/(2R)) versus 

misalignment (v2
IN,peak/(2R) = 2 W).

B) Load variation
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Fig. 4-20: Output power versus load R.

In order to evaluate the effect of load variation on the output power under the cross 

coupling conditions, the load of CPT2 system is varied since it can produce more power. 

Fig. 4-20 shows the output power variations with the load. It shows that the measured 
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values are in good agreement with calculated values based on the proposed model. At light 

load, the deviation of the model from the experimental results increases because the larger 

load resistance yields lower tank quality. 

4.3 Dynamic Model with State-space Description

An equivalent circuit diagram of a CPT system with cross coupling is illustrated in Fig. 

4-21. The tuning inductor is placed on the primary side for the reason given in previous 

sections. vac is the equivalent ac voltage from the output of an power inverter. LC is the

compensation inductor to cancel the impedance introduced by the capacitive coupling 

interface. CAa and CBb represent the main coupling capacitances which is designed to 

maximise. CAB, CAb, CBa, and Cab represent undesired cross coupling capacitances, 

respectively. The equivalent series resistance (ESR) of all coupling capacitors are not 

taken into account since they are quite almost negligible at high frequency operation. Re is 

the equivalent resistance reflected from the input port of a rectifier.

LC

ve
vac

Re

iLc

vac
CAB

CAa CAb

CBa
CBb

Cab
vAB vab

vAa iRe

RLc

vBa

vAb

vBb

Fig. 4-21: An equivalent circuit of a CPT system with cross coupling.

Four state variables are introduced to establish a state-space model for the CPT system:

1 2 3 4

AB Aa ab

T

T
Lc

x x x x

i v v v

x
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where

iLc current through the compensation inductor LC;

vAB voltage at the input port of the capacitive coupling interface;

vAa voltage across the cross coupling capacitance CAa;

vab voltage at the output port of the capacitive coupling interface. 

Input variable is 

acu vu

According to Kirchhoff's Voltage Law (KVL) and Kirchhoff's Current Law (KCL) from 

the circuit theory, four differential equations can be obtained:

1
1 2

32 4
1

3 2 4 4

32 4 4

C Lc

AB Aa Ab Ab

Aa Ba Ba ab
e

Bb Ab Bb Ab Bb ab
e

dx
L R x x u

dt
dxdx dx

x C C C C
dt dt dt

dx dx dx x
C C C C

dt dt dt R

dxdx dx x
C C C C C C

dt dt dt R

(4-39)

These can be expressed in standard state-space form as follows:

A Bx x uxA BAx x uxBA (4-40)

The system matrix A is given by
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where

Aa ab AB Aa Ab AB ab Ab AB Aa ab Ba Aa Ab Ba ab Ab Ba

ab AB Ba Ab AB Ba Aa ab Bb Aa Ab Bb ab Ab Bb Aa AB Bb

ab AB Bb Aa Ba Bb Ab Ba Bb AB Ba Bb

C C C C C C C C C C C C C C C C C C

C C C C C C C C C C C C C C C C C C

C C C C C C C C C C C C

D

1 Aa ab Aa Ab Aa Bb Ab Ba Ab ab Ba Bb Ba ab Bb abC C C C C C C C C C C CN C C C C

2 Aa Bb Ab BaN C C C C

3 Aa AB Ab AB Aa Ba Ab Ba AB Ba Aa Bb Ab Bb AB BbC C C C CN C C C C C C C C C C C

4 Ab AB Ab Ba Ab Bb AB BbC C C C C CN C C

5 ab Ba Ab Ba ab Bb Ba BbN C C C C C C C C

The input matrix B is given by

1 0 0 0
T

C

B b
L

(4-42)

Since vab is the output, the output matrix C is given by

0 0 0 1C (4-43)

As can be seen in (4-41), the matrix A has a column consisting of all zeros. It can be 

reduced to a three-order matrix, and the state vector x can also be further simplified as
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1 2 3
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(4-44)

Thus, A, B, and C can be obtained, respectively.
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1 0 0
T

C

B b
L

(4-46)

0 0 1C (4-47)

4.4 Defining the Mutual Coupling Coefficient

It is well known that the magnetic coupling coefficient has been used to define the mutual 

magnetic coupling between the coupled coils of an IPT system [18]. However, there is no 

appropriate term defined for coupling plates of CPT systems, particularly when cross 

coupling exists. Although a similar coupling coefficient has been defined based on the 

ratio between the mutual and storage energy of primary and secondary plates [88], it 

ranges from zero to infinity without giving a clear indication of the coupling degree. Here

a new capacitive coupling coefficient kE is proposed, with its magnitude ranging from zero 

to one for quantifying the overall mutual electric coupling between the primary and 

secondary coupling plates by taking the cross electric field coupling into consideration.

For the convenience of demonstration, the capacitive coupling interface with cross 

coupling is redrawn in Fig. 4-22.
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Fig. 4-22: Capacitive coupling interface with cross coupling.

A new model is established as shown in Fig. 3 to describe the cross coupling between the 

primary and secondary coupling plates. Similar to leakage inductances in a transformer 

model, the two leakage capacitances (CAB and Cab in dotted lines) between the plates at the 

same side are not considered in the calculation of mutual coupling charges since neither of 

them contributes to the mutual coupling between the primary and secondary plates. They 

can be analyzed separately at each side if needed.

In Fig. 4-23, the capacitive coupling interface is seen as two equivalent primary and 

secondary capacitances CP and CS coupled by a mutual capacitance CM. If the voltages at 

the input and output of the coupling plates are VP and VS respectively, the charges involved 

in the mutual coupling (without considering the leakage capacitances) will be:

P P P S M

S S S P M

Q V C V C

Q V C V C
(4-48)
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Fig. 4-23: A dual model of the capacitive coupling interface.

CP can be calculated by setting VS to zero (secondary is short-circuited). From (4-48) and 

Fig. 4-22, CP can be expressed as

Aa Ab Ba BbP
P

P Aa Ab Ba Bb

C C C CQ
C

V C C C C
(4-49)

Similarly, CS can be obtained by setting VP to zero:

Aa Ba Ab BbS
S

S Aa Ba Ab Bb

C C C CQ
C

V C C C C
(4-50)

To obtain the mutual capacitance CM, the secondary side is made open-circuit, and a 

current source can be modeled at the secondary side due to the capacitive coupling, as 

illustrated in Fig. 4-24. Under steady-state conditions, the open circuit output voltage VSO

can be expressed as

1 M P
SO M P

S ab S ab

C V
V j C V

j C C C C
(4-51)
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Fig. 4-24: An equivalent model of the secondary side.

Then CM can be expressed as

SO
M S ab

P

V
C C C

V
(4-52)

With a given VP, VSO can also be obtained by analyzing the original circuit shown in Fig. 

4-22:

Aa Bb Ab Ba

ab Aa Ab Ba Bb Aa Ba Ab B
SO P

bC C C C C C C
V V

C
C C C

C
C (4-53)

Substituting (4-50) and (4-53) for CS and VSO in (4-52) gives

Ab Ba Aa Bb

Aa Ab Ba B
M

b

C C C C
C C C C

C (4-54)

which shows that CM is only determined by the mutual capacitances, and is not affected by 

the leakage capacitances.

Now similar to the magnetic coupling coefficient between two coils, a new term named 

capacitive coupling coefficient kE can be defined as

M
E

P S

C
k

C C
(4-55)

According to (4-49), (4-50), and (4-54), kE can be expressed in terms of cross capacitances:
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Aa Bb Ab Ba
E

Aa Ab Aa Ba Ab Bb Ba Bb

C C C C
k

C C C C C C C C
(4-56)

In a symmetrical coupling situation where CAa = CBb = C1, and CAb = CBa = C2, kE can be 

further simplified as

1 2

1 2
E

C C
k

C C
(4-57)

According to (4-57), when C2 is zero, i.e., there is no cross coupling between the primary 

and secondary plates, kE equals one, indicating that only the main capacitances exist 

between the primary and secondary sides. In this case, the equivalent primary and 

secondary CP and CS, as well as the mutual capacitance CM are all equal to half of C1

because the two coupling pairs are in series. When C1 equals C2, kE becomes zero, 

indicating that cross coupling cancels out the main coupling so the overall mutual coupling 

between the primary and secondary sides becomes zero. In this case, CP and CS both equal 

C1 due to the contribution of cross coupling, and the mutual capacitance CM equals to zero 

due to the cross coupling cancellation effect. When C2 is larger than C1, kE will be 

negative, meaning that the coupling plates have changed to such an extent that the crossing 

coupling becomes larger than the main coupling. In such a case, the coupling pairs may be 

redefined to make kE positive.

In fact, even for the general case defined in (4-56), it can be proven that kE falls between   

-1 and 1, which provides a clear quantitative indication of the overall mutual capacitive 

coupling between the primary and secondary plates.

Two uncompensated CPT systems (referred to as CPT-1 and CPT-2) with different cross 

coupling configurations are constructed to compare their capacitive coupling coefficients. 

The coupling plates of the systems are made of four 100mm 100mm square aluminum 

sheets coated with polyethylene as dielectric materials. CPT-1 and CPT-2 have the same 

main coupling capacitances, but their cross and leakage capacitances are varied by making 

the distance between the coupled plate pairs of CPT-2 larger. All coupling capacitances 

shown in Fig. 4-22 are measured using an accurate LCR meter and are shown in Table 4-2. 

Each parameter is measured independently by eliminating the effect other plates. CP and 

CS (see Fig. 4-23) are obtained by measuring the total capacitances when the primary and 
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secondary plates are shorted respectively, after the leakage capacitances CAB and Cab are 

deducted. CM can be determined by (4-52) after a sinusoidal voltage source (with a peak 

value of 20V at an operating frequency of 1MHz) is applied at the primary side while peak 

value of the secondary side open-circuit voltage VSO is measured. When CP, CS and CM are 

known, kE can be determined by (4-55). The theoretical values of CP, Cs, CM, and kE are 

also calculated from (4-49), (4-50), and (4-54) also shown in Table 4-2, which are in good 

agreement with the measured results.

Table 4-2: Comparison between two CPT systems

CPT-1 CPT-2
CAB (pF) 15 10
Cab (pF) 15 10
CAa (pF) 201 200
CBb (pF) 199 201
CAb (pF) 43 23
CBa (pF) 40 21

Measured Theoretical Measured Theoretical
CP (pF) 116 120 104 111
CS (pF) 115 120 101 111
CM (pF) 70 79 77 89

kE 0.60 0.66 0.75 0.80

The primary side is driven by a 1MHz sinusoidal voltage source with a peak value of 20 V, 

and a purely resistive load of 2 kΩ is connected at the secondary output. Practical 

measurements showed that CPT-1 with kE of 0.60 produced an output voltage with a peak 

value of 9.2 V, while CPT-2 with kE of 0.75 produced an output voltage of 11.0 V. Clearly 

the higher output voltage and thus power of CPT-2 is contributed by a stronger overall 

mutual electric field coupling (reflected by a higher kE) between the primary and 

secondary plates due to reduced cross coupling effect.  

4.5 Summary

This chapter presents an accurate steady-state model of the capacitive coupling interface 

of CPT systems with cross coupling. Effects of misalignment on parameters of the 

proposed model were analysed in detail. It shows that the input capacitance and the ideal 
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transformer of the proposed model vary with different coupling conditions while the 

output capacitance keeps constant. The proposed model was applied to determine the 

series tuning inductance of a CPT system with cross coupling between the primary and 

secondary sides to achieve full resonance, and the effect of misalignment on the output 

power was analysed. Simulations and experimental results have verified the effectiveness 

of the proposed model. The results of both simulations and experiments show that the

calculated primary side tuning inductance can be used to achieve full resonance. With the 

series resonant compensation, it has demonstrated that misalignment within reasonable

range can increase output power at some particular operating points and the relationships 

of measured output power versus misalignment and load changes agree well with the 

results predicted by the model. Furthermore, a dynamic model of a CPT system with 

primary side tuning is provided in the state-space form. 

A new term named capacitive coupling coefficient kE is also introduced to quantify the 

overall mutual capacitive coupling between the primary and secondary plates of a CPT 

system by taking the cross electric filed coupling into consideration. The term is derived 

from a new model based on charge balance, and its physical meaning is explained and 

demonstrated by experimentally comparing two CPT systems with different cross 

coupling configurations.
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5 High Order Compensation Networks for CPT

5.1 Introduction

As discussed in the preceding chapters, the most challenging part in a CPT system is the 

capacitive coupling interface. It features a small effective capacitance formed by coupling 

plates. In most CPT applications, the value of the capacitance ranges from a few tens to a 

few hundreds of picofarads. Thus, compensation networks are required to compensate for 

the large reactive impedance introduced by the capacitive coupling interface to maximize

the power transfer capability. Moreover, the compensation networks and the capacitive 

coupling interface form a resonant tank that is necessary for resonant converters to achieve 

soft switching [89-93]. The advantages and disadvantages of existing compensation 

networks in CPT systems have been discussed in Chapter 2 [55, 56, 62, 64, 67, 85]. The 

single series tuning inductor is the simplest method to implement and widely used in CPT 

systems, but this method is vulnerable to open-circuit fault that generates high voltage 

spikes since the sudden removal of the load together with the secondary side coupling 

plates interrupts the current flowing through the tuning inductor. Another method uses an 

impedance transformation network that can “amplify” the load. If the combination of the 

transformation network and the load presents much larger impedance to the source than 

the capacitive coupling interface, the load can receive the majority of the power according 

to the voltage divider principle. However, it requires a very high voltage and extra reactive 

components on the secondary side to transfer a significant amount of power [52, 55, 56], 

which presents a safety hazard and increases the size and cost of the CPT system. A 

negative capacitance concept is proposed to increase the power transfer capability [65, 94, 
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95]. It is implemented with a capacitor switched by a full-bridge converter, which 

increases the complexity and cost of the system. The additional switching networks also 

increase the difficulty in system implementation at high frequency operation. As can be 

seen, among existing compensation methods, the single series inductor method is the

simplest and has been widely used in most CPT systems to increase the power capability. 

However, it is vulnerable to open-circuit fault due to the ultra-high voltage spikes caused 

by the sudden removal of the load together with the secondary coupling plates, which is a 

common scenario for consumer electronics charging applications as shown in Fig. 5-1.

High frequency
AC voltage

Series tuning
inductor

Electric field
(Capacitive)

coupling

Lo
ad

Po
we

r C
on

di
tio

ne
r

Sudden removal of
the load

Fig. 5-1: Demonstration of the sudden removal of the load in a CPT system.

This chapter presents two new compensation methods. One is to address the open-circuit 

problem faced by the single series inductor method using a Z-impedance network. The Z-

impedance network has been applied in various converters due to its buck-boost 

functionality and inherent short-circuit immunity [96-98]. Compared with previous work 

on Z impedance, this Z impedance based compensation focuses on its compensation and 

voltage boost capability for CPT applications. The basic configuration of the proposed 

CPT system and its working principle have been described. A mathematic model and 

underlying equations have been derived to demonstrate the compensating functionality.

The effect of the Z-impedance network on the primary converter is also analyzed. 

Simulations and experimental results have shown the proposed system exhibits open-

circuit and short-circuit immunity. The prototype system boosted the input voltage up to 

50% with efficiency measured to be over 80%.
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The other compensation network is based on a load transformation network. The proposed 

CPT system is based on the class E topology, which integrates a load transformation

network. A state-space model of the system is established, based on which a brief design 

procedure is provided. Experimental results have demonstrated the load transformation 

network can increase the ratio of the load current to the tank current, increasing the power 

transfer capability.

5.2 Proposed Z-Impedance Compensation Network for CPT

VIN

LZ CC1

vO

R

CC2LZ

CZ CZ

Lf

Cf2

Cf1

CO

Z impedance
network

LCC resonant
tank

Capacitive
coupling interface

vs

iLf

vZ vAB

S1

S2

D1 D2

D3 D4

Fig. 5-2: Proposed CPT system with LCC and Z-impedance compensation network.

Fig. 5-2 shows the structure of the proposed CPT system with the Z-impedance 

compensation network. It includes a half-bridge inverter, a three-order LCC resonant tank, 

a Z-impedance compensation network, a capacitive coupling interface consisting of two 

pairs of coupling plates, and a full-bridge rectifier followed by a capacitive filter and a DC 

load.

A) LCC resonant network

In Fig. 5-2, Lf, Cf1, and Cf2 constitute an LCC resonant tank as before the Z-impedance 

network, and Cf1 is placed in series to block the DC offset from the voltage-fed half-bridge

inverter. Such an LCC network combines the characteristics of series and parallel LC 

tanks to achieve high efficiency at light loading conditions, which is desirable for CPT 

applications with loosely coupled variable loads [99, 100]. Other resonant tanks such as 

series LC and LCL may also be used. However, a series LC tank has no voltage boost 

capability and an LCL tank involves one more inductor, which increases the system size 
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and cost. The capacitor Cf2 in parallel with the Z-impedance network contributes to 

boosting the input voltage vIN, which helps to increase the power transfer capability of

CPT systems. The components of the LCC tank should satisfy the following equations:

1 2f fC C (5-1)

1 2 2

1 2 2
f f f

f
f f

C C C
C

C C
(5-2)

2 2
2

1 2
f

s f s f

L
C C

(5-3)

where ωs is the operating frequency of the half-bridge inverter.

B) Z-impedance compensation network

The Z-impedance network consists of two identical inductors LZ and two identical 

capacitors CZ, exhibiting a symmetrical Z shape structure. As will be explained in the 

following sections, the Z-impedance network is capable of boosting its input voltage vZ

and compensating for the capacitive coupling interface. Besides, it is immune to open-

circuit and short-circuit faults, which are desirable for CPT applications such as charging 

portable consumer electronics. When the load together with the secondary coupling plates 

is suddenly removed, no high voltage spikes will be produced since no inductor current is 

interrupted, which is a great advantage compared with the conventional compensation 

method using a single series inductor.

5.2.1 Modelling the Z-impedance Network

The steady-state characteristics of the Z-impedance compensation network are analyzed 

using sinusoidal approximation method, assuming that the converter is working in 

continuous conduction mode and the composite resonant tank has a high Q response at the 

fundamental frequency of the driving AC voltage. In steady state, the characteristics of the 

Z-impedance network can be described with a two-port network model. Fig. 5-3 shows the 

circuit diagram with the voltage across the parallel capacitor Cf2 approximated as a 

sinusoidal AC voltage source vZ. CC is the effective capacitance of the capacitive coupling 

interface (CC=CC1CC2/(CC1+CC2)), and Re is the effective AC resistance presented by the 
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rectifier with the load, which is equal to 8R/π2 when a capacitive filter is used after the

rectifier. 

vZ

LZ CC

veRe

LZ

CZ

CZ

vABA

B

iZ

iAB

Fig. 5-3: Simplified circuit diagram of the CPT system with Z-impedance network.

The Z-impedance network is modeled using g parameters, as shown in Fig. 5-4. The 

terminal voltages and currents can be described as

11 12 AB

AB 21 22

Z Z

Z AB

g g

g g

I V I
V V I

(5-4)

+
-

g11

IAB

g21VZ

g12IAB

VZ VAB

IZ g22

Fig. 5-4: The g-parameter description of the Z-impedance network.

Referring to Fig. 5-4, the g parameters can be obtained as
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(5-5)

For the convenience of analysis, a resonant frequency of the Z-impedance network ωZ is 

defined as

1
Z

Z ZL C
(5-6)

And the normalized operating frequency F with respect to the resonant frequency of the Z-

impedance network can be expressed as

s

Z

F (5-7)

Substituting (5-7) and (5-6) into (5-5) gives

11 2

2

12 21 2

22 2

2
1
1
1

2
1

s Z

s Z

g j C
F
F

g g
F

g j L
F

(5-8)

A close examination of (5-8) provides some insight into the Z-impedance network. The 

first term is an admittance of a capacitor, whose value is CZ with a factor of 2/(1-F2). The 

last term is a reactance of an inductor, whose value is LZ with the same factor of 2/(1-F2).

The factor term 2/(1-F2) is the transformation factor of the Z-impedance network. With an 
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appropriate choice of the range of F, the g-parameter description can be transformed to an 

equivalent circuit model as illustrated in Fig. 5-5. It consists of an input parallel capacitor 

Ceq linked with an output series inductor Leq by an ideal transformer with an effective turns 

ratio nZ. Their values can be directly obtained from g parameters:

Ceq

IAB

1:nZ

VZ VAB

IZ Leq

Fig. 5-5: The equivalent circuit model of the Z-impedance network.

2

2

1
1Z

F
n

F
(5-9)

2

2
1eq ZC C

F
(5-10)

2

2
1eq ZL L

F
(5-11)

where  0 < F < 1.

From (5-9), it can be seen that the Z-impedance compensation network has voltage boost 

capability since the turns ratio of the ideal transformer nZ is always larger than one when F

is less than one. The equivalent output inductance Leq of the Z-impedance network 

provides the compensation functionality to cancel the impedance of the capacitive 

coupling interface. It should be noted that the equivalent input capacitance Ceq contributes 

to the parallel capacitor of the LCC tank, which should be taken into account in the system 

design procedure. The turns ratio nZ and the normalized values of Leq/LZ and Ceq/CZ versus 

the normalized frequency F are plotted in Fig. 5-6. They all rise monotonically with the 
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increase of F, which means that a high voltage boost ratio nZ is achieved when the 

operating frequency is close to the resonant frequency of the Z-impedance network. 

F=ωs/ωZ
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Fig. 5-6: Turns ratio nZ and normalized inductance Leq/LZ (=Ceq/CZ) versus F.

For a given value of LZ, the required FC to compensate for the coupling capacitance CC can 

be calculated from (5-11):

2
C C1 2 s ZF C L (5-12)

which implies that 2
C

1
2Z

s

L
C

.

The required CZ can be obtained from the definition of F:

2
C

2

1 2 s Z
Z

s Z

C L
C

L
(5-13)

Therefore, the turns ratio nZ is
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2
C

2
C

1 s Z
Z

s Z

C L
n

C L
(5-14)

In most cases, CC can be treated as a fixed value for a certain application. Fig. 5-7 shows 

the variations of nZ and CZ/CC with LZ/(1/(ωs
2CC)). It can be seen that smaller LZ yields 

larger turns ratio nZ and CZ. 
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Fig. 5-7: The variations of turns ratio nZ and CZ/CC versus LZ/(1/(ωs
2CC)).
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Fig. 5-8: Equivalent circuit of the proposed CPT system.

Using the derived circuit model of the Z-impedance network, an equivalent circuit model 

of the system is shown in Fig. 5-8. vs1 is the fundamental component of the output voltage 

of the half-bridge inverter. Referring the secondary side components to the primary side, a 

simplified equivalent circuit can be obtained in Fig. 5-9. If the equivalent output 

inductance Leq fully compensates for the coupling capacitance CC, the proposed system 

can be reduced to a LCC resonant circuit with a larger parallel capacitor (Cf2 + Ceq) and a 

smaller loading resistance (Re/nZ
2). After the parameters of Z-impedance network are 

determined, the calculation of the actual value of Cf2 should take Ceq into consideration, 

that is

2, 2,f actual f design eqC C C (5-15)
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Fig. 5-9: The simplified circuit model of the proposed CPT system by reflecting components 
to the primary side through the ideal transformer.
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Fig. 5-10: Normalized equivalent input capacitance Ceq/CC versus LZ/(1/(ωs
2CC)).

In terms of LZ and CC, Ceq can be expressed as

2
C

22
C C

1 2eq s Z

s Z

C C L
C C L

(5-16)
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Ceq/CC as a function of LZ/(1/(ωs
2CC)) is illustrated in Fig. 5-10. It indicates that smaller LZ

yields larger equivalent input capacitance Ceq, which is tens of times larger than CC if LZ is 

less than one fifth of 1/(ωs
2CC). 

Referring to Fig. 5-9, the input impedance of the resonant tank seen by the input voltage 

vs1 can be described as

2
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where

2 2
e

P s f
Z

R
Q C

n
(5-18)

The time delay of the zero crossing point of the tank current caused by the inductive 

impedance is obtained by

2

2

arctan Z

s f e
d

s

n
C R

t (5-19)

The peak value of voltage vZ across the Z-impedance network can be expressed as

2
1,

, 2 2 2
2
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1 1
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n Q j Q C
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Ignore all the power losses, the output power PO can be expressed as

2 2
2

O IN2

2 VP Z

e

Q n
P

R
(5-21)
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It is noted that the above equations are derived with sinusoidal approximation method, 

which means the accuracy of the model is dependent on the quality factor of the resonant 

tank. The LCC tank serves the main purpose of filtering, which affects the performance of 

Z-impedance compensation network. Therefore, parameters of the LCC tank need to be 

designed to ensure a high quality factor QP. A tradeoff is needed when choosing a high 

voltage boost ratio nZ and a high quality factor. Although the Z-impedance compensation 

network provides many benefits such as open-circuit and short-circuit immunity, it also 

has some downsides including more components counts and larger size. At high operating

frequencies, these problems can be mitigated by low cost of the capacitors and modern 

surface-mount technology (SMT).

A brief design procedure for the CPT system is given as follows:

1) Calculate Re for a given output power PO using (5-21);

2) Choose LZ for given ωs, CC (0.2 < LZ/(1/(ωs
2CC)) < 0.5) using (5-12);

3) Calculate nZ, Ceq, and CZ from LZ using (5-13), (5-14), and (5-16);

4) Calculate Lf, Cf1, and Cf2 based on calculated parameters for a given QP using (5-1)-

(5-3), and (5-18);

5.2.2 Simulations and Experimental Results

A 5 W CPT system is designed based on the analysis in previous sections, aiming to 

power a consumer electronic device through a capacitive coupling interface of 250 pF. 

The experimental setup is shown in Fig. 5-11. System parameters for simulations and 

experiments are listed in Table I. In this design, nZ equals 1.53, and Ceq is calculated to be 

337 pF, which can be negligible compared with Cf2 of 10 nF. The inductor Lf is slightly 

larger than calculated value that depends on combinational effects of the deadtime of the 

half-bridge inverter and the switching transition characteristics of switching devices.
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Fig. 5-11: Prototype of the proposed CPT system.

Table 5-1: System parameters for CPT with Z impedance

Parameter Calculated Value Experimental Value

Input voltage VIN 20 V 20 V

The load R 50 Ω 50 Ω

Coupling capacitance CC 250 pF 250 pF

Lf 5.1 μH 5.5 μH, air core, 15 turns

Cf1, Cf2 10 nF 10 nF, film, 630 V

LZ 40 μH
41 μH, drum core 14 mm × 

15 mm, TN100B, 26 turns

CZ 133 pF 120 pF, ceramic, 1000 V

MOSFETs S1 and S2 FQP4N20

Diodes D1 – D4 1N5819

A) Simulated results

The simulate output power is about 4.8 W, which agrees with the desired design 

specifications.  Fig. 5-12 shows the current into the LCC tank lags the output voltage of 
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the inverter, which means the inverter achieves zero voltage switching (ZVS) condition,

thus yielding reduced switching losses. Fig. 5-13 shows the input voltage of the Z-

impedance network is in phase with the current into it, indicating the Z-impedance

network has completely compensated for the capacitive coupling interface. Fig. 5-14

shows the waveforms of vZ and the secondary side voltage which is equal to vZ times nZ. 

Because the secondary voltage is a modeled voltage, the voltage across the AC resistive 

load is used to indicate it (they are equal when Leq and CC are at resonance). It clearly 

shows that the voltage vZ is boosted up to about 1.49 times higher. Fig. 5-15 and Fig. 5-16

demonstrates the short-circuit and open-circuit immunity. When the secondary side plates 

were shorted, the voltage across the primary side plates and the current through the 

inductor Lf settled down after a short transition, and no extreme voltage or current spikes 

were generated during the transient phase. As shown in Fig. 5-16, the proposed Z-

impedance compensation network caused no extreme high voltage spikes suffered by the 

conventional single series inductor method.
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Fig. 5-12: Simulated waveforms of the output voltage of the inverter and the current into the 
LCC tank.
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Fig. 5-13: Simulated waveforms of the input voltage of Z-impedance network and the 
current into it.
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Fig. 5-15: Simulated transient response of the voltage across the primary plates and the 
current through Lf after the sudden shorting of the secondary plates.
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Fig. 5-16: Simulated transient responses of the voltage across the primary plates after the 
sudden removal of secondary plates of the CPT system with (a) the single series inductor 

compensation and (b) the proposed Z-impedance compensation.
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B) Experimental results

Experiment was set up based on system parameters listed in Table 5-1. The capacitive 

coupling interface was made of two pairs of 100 mm × 100 mm square copper pads coated 

with polypropylene (its dielectric constant is about 2) as the dielectric materials. The size 

of plates can be made larger or smaller depending on specific applications. For example, a 

higher operating frequency can make coupling plates smaller. The operating frequency 

was chosen to be 1 MHz. Switching devices used in the inverter were MOSFET FQP4N20, 

and the rectifier was composed of four schottky didoes of are 1N5819. Two ceramic

capacitors of 120 pF are used in the Z-impedance network, in which the inductors are 

wound on a drum-shape ferrite core with 0.5 mm wires. Fig. 5-17 and Fig. 5-18 shows the

experimental results, indicating the inverter achieved ZVS condition and the Z-impedance

network was able to cancel out the reactance of the capacitive coupling interface, thus 

yielding a pure resistive network. Fig. 5-19 demonstrated the voltage boost capability of 

the Z-impedance network with nZ measured to be around 1.5. Experimental waveforms 

similar to simulation were depicted in Fig. 5-20. The oscillation period was shorter than 

simulation due to the damping caused by parasitic resistances. Fig. 5-21 shows when the

secondary side plates were removed, no extra high voltage spike was generated, exhibiting 

open-circuit immunity as desired. As shown clearly, the single series inductor 

compensation method generated extremely high voltage at the instant of removal of the 

load, while the voltage overshoot using Z-impedance network is less than 400 V.

The input DC voltage is 20 V and the input DC current is measured to be 0.2 A. The DC 

output voltage across the 50 Ω load is 12.92 V, yielding power of 3.33 W. Thus, the

efficiency of the system is about 83 %. The sources of the losses come from the switching 

off transition loss of switching devices, conduction loss of the diodes, and losses of 

inductor including conduction losses and core losses. The MOSFET is modeled as an ideal 

switch in series with an ON resistance (1.4 Ω). The diode is modeled as a DC voltage (0.6 

V) in series with an ON resistance (0.5 Ω). The power losses can be estimated by the 

resistances of components and their distribution is shown in Fig. 5-22.

At high frequency operation, the core loss dominates the losses of the inductor, thus small 

value inductors are preferred in the design of compensation network. The proposed CPT 

system uses small inductors and can significantly reduce losses, improving system 
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efficiency. It was found when QP was chosen to 2.67, Cf2 was increased to be 20 nF, and 

the efficiency dropped to about 50 %. The higher QP leads to better filtering, generating 

less noise. However, it will increase the inductor current, leading more losses and reduce 

the efficiency. A trade-off has to be made for QP between higher efficiency and better 

waveforms. Besides, inductors of the Z impedance network cannot be arbitrary small. It 

can affect the voltage boost ratio nZ, which also relates to the value of QP. Small LZ will 

yield larger nZ, thus reducing the quality factor QP.
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Fig. 5-17: Experimental waveforms of the output voltage of the inverter and the current into 
the LCC tank.
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Fig. 5-18: Experimental waveforms of the input voltage of Z-impedance network and the 
current iZ into it with (a) 50 Ω AC load and (b) 50 Ω DC load.
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Fig. 5-19: Experimental waveforms of the input voltage of Z-impedance network vZ and the 
secondary side voltage nZvZ.
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Fig. 5-20: Transient response of the voltage across the primary plates and the current 
through Lf after the sudden shorting of the secondary plates.
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Fig. 5-21: Transient responses of the voltage across the primary plates after the sudden 
removal of secondary plates of the CPT system with (a) the single series inductor 

compensation and (b) the proposed Z-impedance compensation.
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Fig. 5-22: Power distribution of the system.
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5.3 Modified Class E topology with Load Compensation

5.3.1 Modified Class E Topology and State-space modelling

Gate drive

Coupling
plates

CC1

CC2

C1

L1

Vg

S1

L2 L3

C2

Cf

RLC2CC

Load
Transformation

network

Fig. 5-23: A CPT system based on a modified class E topology.

The proposed CPT system based on a modified class E topology is illustrated in Fig. 5-23. 

The load transformation network is composed of C2 and L3, which is inserted between the 

capacitive coupling interface and the rectifier with a capacitive filter. The equivalent 

circuit model is shown in Fig. 5-24. CC is the effective capacitance of the series 

combination of CC1 and CC2. Re is the equivalent resistance exhibited by the rectifier, 

which is π2/8*RL. The duty cycle of the switch is fixed to be 0.5 to yield the optimum 

performance. ve is the fundamental component of the input voltage of the rectifier.

As can be seen, the CPT system based on the modified class E topology is a higher order 

system, which well suits the state-space description. The switch S1 is modelled as an ideal 

switch, which can transition between ON and OFF states instantly, and an ON resistance. 
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Fig. 5-24: Equivalent circuit of the proposed CPT system.

The switching action divides the system into two operation states:

When S1 turns on, the equivalent circuit can be obtained as shown in Fig. 5-25. rON

represents the turn-on resistance of the switch. The state variables are chosen to be:

1 2 Re 1
T

L L C Cc ei i i v v vx (5-22)

The input variable u is 

gu V (5-23)
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Fig. 5-25: Equivalent circuit when S1 turns on.

Then the standard form of the state-space equation should be
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1 ux A x b1x A x b11 (5-24)

where

1
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When S1 turns on, the equivalent circuit can be obtained as shown in Fig. 5-26. 

Accordingly, the standard form of the state-space equation is

2 ux A x b2x A x b22 (5-25)

where
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Fig. 5-26: Equivalent circuit when S1 turns off.

The analytical solution of (5-24) can be expressed as

1 11
1 1 1( ) (0) ( )t tt e eA Ax x A I bu (5-26)

where  0 ≤ t < T/2.

Similarly, the analytical solution of (5-25) can be expressed as

2 2( ) ( )12 2
2 1 2( ) ( ) ( )

2

T T
t tT

t e e
A A

x x A I bu (5-27)

where T/2 ≤ t < T.

In steady state, the states of the system should satisfy

1 20 Tx x (5-28)

Substituting (5-26) and (5-27) into above equation yields

2 1 2 1 21 1 12 2 2 2 2
1 1 20 (1 ) ( ) ( )

T T T T T

e e e e e
A A A A A

x A I A I bu (5-29)

This result will be used to obtain the optimum values of the system in the design 

procedure.
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5.3.2 Design of Load Transformation Network

To provide a circuit-intuitive design guide to determine the components of the load 

transformation network, the sinusoidal approximation method is used to analyze the 

system. The voltage v1 across the capacitor C1 is approximated using a sinusoidal voltage 

source, which is the fundamental component of the voltage v1 at the switching frequency. 

The equivalent circuit is shown in Fig. 5-27. For the convenience of analysis, the series 

inductor L2 is split into two inductors L2a and L2b. L2a is the part of inductance that is at 

resonance with the coupling capacitance CC. L2b is the part that provides enough remaining 

inductance to ensure ZVS condition. Z2 is the impedance exhibited by the load 

transformation network, which can be expressed as

2 2
3 2 3 3 2

2 2 22 22 2
3 2 2 3 2 2

1 /

1 1
ee

e e

L R C L L CR
Z j

L C R C L C R C
(5-30)
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Fig. 5-27: The equivalent circuit of the tank with L2 represented by two split inductors L2a
and L2b.

When C2 and L3 are at resonance, Z2 becomes

2
2 2 2e eZ Q R jQ R (5-31)

where 

3
2

2

1

e e

L
Q

R C R
(5-32)
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It can be seen that at resonance the impedance presented by the load transformation 

network includes a capacitive reactance, which can be compensated for by the L2b.

Ignoring the losses of reactive components in the load transformation network, the 

following power relationship can be obtained:

2 2 2
2 2Re e L eI R I Q R (5-33)

where IRe is the peak value of the current flowing through the equivalent load resistance Re, 

IL2    is the peak value of the current flowing through the capacitive coupling interface.

From (5-33) the ratio of the current flowing through the load to the current through the 

capacitive interface is given by

2
2

Re

L

I
Q

I
(5-34)

The LCL network design is based on the series tank of the class E inverter. After the 

components of the class E inverter are determined, an iterative algorithm can be used to 

specify the values of components of the LCL tank. With the initial and ZVS conditions, 

the parameters of the system can be determined accordingly. The following procedure is 

proposed for designing the system:

1. Specify the input values for Pin, CC, f, RT, Q;

2. Determine the elements values for Req, L2a, C1, Vin, I and ( is the condition for 

ZVS);

3. Specify initial values of Q2, L2b, C2;

4. Find solutions of |x1,3(0)| < by changing values of L3, C2;

5. Obtain the desired results.

5.3.3 Experimental results

A prototype CPT system using the proposed load transformation network is designed and 

built, which is illustrated in Fig. 5-28. The system parameters are listed in Table 5-2.
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Experimental voltage and current waveforms are shown in Fig. 5-29 and Fig. 5-30. It was

observed that the output voltage was of a good quality sinusoidal waveform, which 

confirmed that the proposed compensation method served as an effective band pass filter. 

The voltage v1 across the switch fell to zero before the switch is turned on, demonstrating 

ZVS condition was achieved. The tank current iL2 was smaller than the load current iRe as 

expected. This implies that the system can achieve higher output power without imposing 

higher voltage stress on the coupling plates.  This is one of the significant features of the 

proposed compensation method based on the load transformation. The efficiency was 

measured to be about 66%, which is relatively low due to the core losses and conduction

losses of the inductor. It can be further improved if better components with low ESRs are 

used.

Table 5-2: System parameters of CPT with load transformation

PARAMETERS VALUES
Input voltage Vin 30 V

Operating frequency, f 1.5 MHz
Input power Pin 6 W
Out power Pout 3.97 W

Load Resistance R 4.2 Ω
Duty cycle D 0.5

Total coupling capacitance CC 100 pF
Series tank inductor L2 127.5 μH

Parallel capacitor C1 182.334 pF
LCL tank capacitor C2 5.6 nF
LCL tank inductor L3 2.5 μH
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Fig. 5-28: Prototype of the proposed CPT system with load transformation.
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Fig. 5-29: The voltage across the switch and gate drive signal demonstrating ZVS.
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Fig. 5-30: The currents through the capacitive coupling interface and the load.

5.4 Summary

This chapter proposes two compensation methods for CPT systems. 

The first method is using a Z-impedance network to compensate for the capacitive 

coupling interface. It can eliminate the extremely high voltage spikes suffered by 

conventional single series inductor compensation method from open-circuit fault when the 

secondary side plates are suddenly removed. The proposed Z-impedance compensation 

network can bring additional advantages such as short-circuit immunity and voltage boost 

capability. A mathematical model of the Z-impedance network is developed and an 

equivalent circuit model of the whole system is established to analyze the effects of Z-

impedance network on the LCC tank. The equivalent output inductance exhibited by Z-

impedance network can be adjusted by changing the normalized frequency. Simulations 

and experimental results from a 5 W CPT system design demonstrated that the proposed 

Z-impedance network could effectively compensate for the reactance of the capacitive 

coupling interface with short-circuit and open-circuit immunity, and boosted the output 

voltage up to 50% with measured efficiency of over 80%.



Chapter 5   High Order Compensation Networks for CPT

126

The second method is using an LCL resonant network integrated with the class E topology. 

A dynamic state space model of the system is derived. The conventional class E design 

method is combined with a computer-based iteration algorithm to determine the 

parameters of the proposed compensation circuit which gives high power transfer capacity

and power efficiency. The experimental results have shown that the proposed method can 

help increase the load current while maintaining a relatively low current through the 

coupling plates. Thus, it can improve the power transfer capability of the CPT system with 

reduced voltage across the coupling places and better filtering of switching harmonics to 

the load. Experimental results have demonstrated the current through the load was about 

three times higher than that through the capacitive coupling interface.
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6 Power Flow Control of CPT Using Switched Capacitors

6.1 Introduction

In previous chapters, the selection of converters suitable for CPT systems has been 

discussed. A new steady-state model of the capacitive coupling interface and a quantitative 

term defining the mutual coupling in the capacitive coupling interface have been provided.

A Z-impedance compensation network has been proposed to address the short-circuit 

problem suffered by the conventional inductor-based compensation method, and a load 

transformation network has been developed to increase the ratio of the load current to the 

tank current so as to increase the power transfer capability. 

For practical CPT systems, the power flow control is an indispensable part, which 

regulates the output regardless of circuit parameter variations and load change. The 

tuning/detuning method using a soft-switched transformer will increase the system size,

and extra inductive components are not suitable for high frequency operation due to core 

losses of magnetic materials. The multiple-period pulse-width method varies the operating 

frequency, complicating the filter design and introducing EMI problem. 

This chapter proposes a novel control scheme by switching a shunt capacitor bank. The 

CPT system is built based on a class E converter topology. In Chapter 3, the CPT system 

based on the class E converter topology has demonstrated higher efficiency and higher 

output power for given input voltages and coupling capacitance. It uses only one single 

switching device, eliminating the short-through problem suffered by most other converter 

topologies using multiple switches. Moreover, the design of the gate driver circuitry is also 
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simple since the source of the MOSFET is connected to the ground. The capacitor bank 

consists of multiple small capacitors in parallel. The effective capacitance of the switched 

capacitor bank is determined by the number of the capacitors connected to the circuit.

6.2 New Suboptimum Operation of Class E Converter

In the previous analysis, the CPT system based on the class E converter topology is 

designed to work in the optimum operation mode, which needs to satisfy both zero voltage 

and zero voltage slope conditions at the turn-on time instant of the switch [75, 76, 101, 

102]. However, this optimum operation offers little flexibility of design since all the 

circuit parameters are all set according to the required lagging phase shift between the tank 

voltage and current. The suboptimum operation of the class E converter satisfies only the 

zero voltage condition, which provides a wider range of various system parameters such as 

shunt capacitors, tank inductors, and operating frequency [103]. However, there exists 

another suboptimum operation mode for the class E converter. It satisfies the zero voltage 

condition not only at the turn-on instant of the switch but also maintains zero drain-source 

voltage for a duration when the body diode of the switching device is conducting current. 

This feature provides a new way of controlling the output power by changing the resonant 

frequency of the tank while maintaining high efficiency. The proposed control scheme is 

based on this new suboptimum operation of the class E converter topology. The effective 

capacitance of the shunt capacitor bank is controlled by the states of the switches. The 

circuit parameters need to be redesigned to maintain the sub-optimum operation while 

changing the shunt capacitance, which is different from previous optimum and sub-

optimum operation. 

The CPT system based on the class E converter topology is redrawn in Fig. 6-1 for 

convenience of analysis. The two pairs of coupling plates are represented as a single 

effective coupling capacitor CC. The inductor in the resonant tank Lr is split into two parts. 

One part named Lrc is at resonance with CC. The other part Lrx provides required inductive 

impedance to achieve ZVS condition. 
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Fig. 6-1: Redrawn diagram of the CPT system based on Class E topology.

Since all the circuit parameters of the class E are interrelated, it is not easy and 

straightforward to find the effect of the shunt capacitance variation on the voltage across 

the switch. However, a qualitative analysis can be provided by viewing the class E 

operation as a combination of two different resonant modes, which can help to determine 

the maximum and minimum values of the shunt capacitance that can still stay in the sub-

optimum operation mode.

When the switch S1 is open, the voltage vC1 can be seen as the response of a forced second 

order system consisting of Lr, a series connection of CC and C1, and the load R. The 

oscillation frequency ωd of vC1 can be expressed as
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If QL is large enough, the period of the voltage vC1 is

1

2 2
1

C
d r

Cd

C
T L

C
C

(6-2)

As can be seen from (6-2), when the shunt capacitor C1 increases, the period of oscillation 

will increase, which indicates that the oscillating waveform vC1 will not drop to zero at the

turn-on instant of the switch. The increase of C1 will delay the zero cross point of the 

voltage across the switch vC1, failing to achieve the ZVS condition. Thus, the upper limit 

of the value of C1 will cause vC1 to exactly reach zero at the turn-on instant of the switch. 

The lower limit of the value of C1 will cause vC1 to drop to zero at a quarter of the 

operating period. Fig. 6-2 demonstrates the waveforms of vC1 with different values of C1. 

When C1 is either too small or too large, vC1 will go above zero. 

ωtπ 2π 

vC1(t) S1 OFF

 

S1 ON

O

C1 is too large

 π/2

C1 is too small
S1 OFF

 

Fig. 6-2: Waveforms of the voltage vC1 across the switch with different values of C1.

The voltage vC1 across the shunt capacitor is recited here for convenience:

1
1

1 cos cosC g Rv t tI I t
C

(6-3)

Setting vC1(T/2) = 0 gives

2 cosg RI I (6-4)

In this case, C1 reaches the maximum value that can achieve ZVS condition.
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Setting vC1(T/4) = 0 gives

4 cosg RI I (6-5)

In this case, C1 reaches the minimum value that can ensure ZVS condition.

As can be seen later, when C1 reaches the minimum value, the output power reaches the

maximum. Thus, the system is designed in the case of a minimum C1.

Ignoring all the losses of the circuit, the output power is equal to the input power, which 

gives

2

2
R

g g

I R
V I (6-6)

Substituting (6-5) into (6-6), IR can be expressed as

8
cosg

R

V
I

R
(6-7)

The output power PO can be obtained as

2
2

2

32
cosg

O

V
P

R
(6-8)

From (3-14), (6-5) and (6-7), C1 can be expressed as

1
8 1 cos 2 sin 2

4 2
C

R
(6-9)

6.3 Power Flow Control Analysis

From (6-8), the output power only depends on the phase angle φ of the tank current when 

the input voltage and load are given. As discussed in Chapter 3, the operation of Class E 

converter can be seen as a current pulse driving a resonant tank. For convenience of 

analysis, the waveforms of the imaginary input current pulse i1(t) and tank current iR(t) are 
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redrawn here (as shown in Fig. 6-3). The equivalent circuit of the class E converter is 

shown in Fig. 6-4. The impedance presented by the tank to the current pulse i1(t) is

1 11in

R jX
Z

C X j C R
(6-10)

where X = ωLr – 1/(ωCC).
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Fig. 6-3: Waveforms of i1(t) ,iR(t), and vC1(t).
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Fig. 6-4: The equivalent circuit of Class E converter using current pulse approximation.

The tank current iR(t) in phase form can be expressed as

1
1 1

1
1R C X j C R

I I (6-11)

Therefore, the phase angle of the tank current can be approximated as

1

1

arctan
1

C R
C X

(6-12)

When X is fixed, the phase shift φ is the function of C1. From (6-12) and (6-8), the output

power can be expressed as
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It can be seen when C1 increases, the output power will decrease.
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Fig. 6-5: Controlling shunt capacitance with switches.

The variation of the shunt capacitance can be implemented by either a variable capacitor 

or a shunt capacitor bank. The change of the shunt capacitance is realized by changing the 

states of switches, which control the connection of each capacitor in the shunt capacitor 

bank. The ON signal is synchronized with the control signal of S1, meaning the control

switches in the shunt capacitor bank are all soft switching as long as the system works in 

the sub-optimum mode.

6.4 Simulations and Experimental Study

A prototype CPT system based on the class E converter topology is designed and 

controlled to work in the sub-optimum mode. The system parameters are listed in Table 

6-1.  Fig. 6-7 shows the output voltage for different shunt capacitances. It has shown the 

output power decreased linearly with the change of the shunt capacitance. In addition, it 

was reduced when the shunt capacitance was increased, which agreed well with the 

previous analysis. The maximum output voltage reached 8.5 V when the capacitance was 

50 pF. The output voltage is reduced to 6.5 V when the capacitance was increased to 250 

pF, which demonstrated that the output power can be effectively controlled by changing 

the shunt capacitance. 

The capacitive coupling interface was made of two pairs of 100 mm × 100 mm square 

copper pads coated with polypropylene (its dielectric constant is about 2) as the dielectric 

materials. The system is operated at 2 MHz, with an input DC voltage of 20 V. When the 

switch SS was open, the output voltage was 15.29 V (as shown in Fig. 6-9). The output
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capacitance of the MOSFET serves as the required shunt capacitance, which is around 50 

pF according to the output capacitance Coss curve from the datasheet of FQP4N20. When 

the switch was closed, the output voltage was 12.45 V (as shown in Fig. 6-10). The control 

of the output power was implemented under ZVS condition as can be seen from the 

experimental waveforms. The variation of the effective shunt capacitance can also be 

made smooth when more small capacitors are connected in parallel controlled by switches. 

The capacitors and switches can be made very small using surface-mount technology 

(SMT), which will not increase much volume of the system. The control is easy to 

implement, which can share the same gate signal for the main switch whose ON/OFF is 

controlled by NAND gates.

Table 6-1: System parameters of sub-optimum Class E.

Parameter Value

Input voltage VIN 20 V

The load R 50 Ω

Coupling capacitance CC 250 pF

L1 1 mH, 1410516C

Lr

35 μH

cylindrical core TN100B

CS 100 pF, ceramic, 1000 V

MOSFETs S1 and SS FQP4N20

Diodes D1 – D4 1N5819
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Fig. 6-6: Waveforms in the CPT in sub-optimum mode: the blue line is the voltage across 
the switch vC1, the red line is the gate drive signal, and the green line is tank current iR(t). 
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Fig. 6-9: Experimental waveform when CPT system works in the proposed sub-optimum 
mode. The yellow line is vC1(t), the green line is gate signal, the blue line is the tank current, 

and the pink line is the output voltage.
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Fig. 6-10: Experimental waveform when the shunt capacitance was increased to 220 pF. The 
yellow line is vC1(t), the green line is gate signal, the blue line is the tank current, and the 

pink line is the output voltage.

6.5 Summary

This chapter proposed a new power flow control method for a CPT system. The output 

power was controlled by changing the effective shunt capacitance. The system was based

on a class E converter topology, which was operated in a new sub-optimum mode. In this 

new operating mode, the converter of the CPT system can maintain ZVS condition while 

performing the power flow control, which is the unique feature of the proposed method. 

The variation of the shunt capacitance was realized by switching on or off the transistor in 

series with the shunt capacitor. The relationship between the output power and shunt 

capacitance was derived and equations governing the sub-optimum operation were 

provided. Simulated and practical results have shown that the proposed control method 

can effectively vary the output voltage for a given load. The simulated results showed the 

output voltage rose linearly over the increase of shunt capacitance. The converter can 

maintain ZVS condition with the shunt capacitance ranging from 50 pF to 250 pF, yielding 

high efficiency.
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7 Conclusions and Suggestions for Future Work

7.1 General Conclusions

This thesis has conducted the research on the compensation networks for the capacitive 

coupling interface and power flow control methods for CPT systems. It focuses on the 

following aspects:

Studying three soft-switching resonant converters suitable for high frequency 

operation in CPT systems.

Modelling the capacitive coupling interface with cross coupling taken into 

consideration.

Proposing two compensation networks to address the open-circuit problem 

suffered by conventional single inductor method and to increase the power transfer 

capability.

Developing a new power flow control method for a CPT system by changing

effective shunt capacitance.

Chapter 1 briefly introduced the development of the wireless/contactless power transfer 

technology. It has been shown that the wireless power transfer technology has become 

increasingly popular as it can deliver electric power without direct galvanic connection on 

some special occasions, such as, charging electric vehicles and powering implanted 

biomedical devices through skins. Among all the existing wireless power transfer
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solutions, IPT is the dominant method. However, due to its working principle based on 

magnetic coupling, IPT still has some inherent limitations, such as the incapability to 

transfer power through metal barriers and the limit on the operating frequency imposed by 

use of ferrites. Using the electric field as the energy transfer medium, CPT has been 

proposed as an alternative wireless solution, which offers desirable features such as low 

standing power losses, low EMI, the ability to transfer power through metal barriers, and a

preference for high operating frequencies. Moreover, the coupling design of the CPT 

system is more flexible and easier than the IPT system. The coupling plates can be made 

from very thin metallic foils or any conductive pads. Despite some fundamental research 

has been conducted, more advanced compensation networks and power flow control 

methods are needed to improve the power transfer capability.

An overview of existing compensation and power flow control methods for CPT systems

was provided in Chapter 2. The working principles of different compensation and power 

control methods are summarized, and their advantages and disadvantages are discussed.

The single series inductor method is the most widely used compensation network in CPT 

systems. Despite its simplicity and low cost, this method cannot be used on some 

occasions where the effective capacitance between the coupling plates is very small. And 

it also suffers high voltage spikes since it is vulnerable to the open-circuit fault caused by 

sudden the removal of the secondary side plates. High order compensation networks by 

increasing both input voltage and load impedance can be employed in the CPT system 

with very small coupling capacitance. But the capacitors used in these compensation

networks have to endure high voltages. An active compensation network using switch-

controlled capacitors is also proposed, but it is unsuitable for high frequency operation and 

involves complicated control circuitry. To achieve the power flow control, various control 

strategies have been used in CPT system. Some are implemented on the secondary side 

and the others are placed on the primary side. The voltage regulator is simple but suffers

low efficiency. The modified rectifier can control the power with higher efficiency, but it 

needs to detect the current to achieve soft switching. The primary side control method 

based on the soft-switched transformer increases the system size and it is also unsuitable

for high frequency operation due to extra inductive elements involved. The multi-period 

method can also regulate the output power, but it requires more complicated filter 

networks due to the frequency variation.



Chapter 7   Conclusions and Suggestions for Future Work

141

Chapter 3 studied three selected high frequency switched-mode power converter

topologies suitable for CPT systems, which are an autonomous current-fed push-pull 

converter, a class E converter, and a voltage-fed half-bridge converter. Their working 

principles are described and key design equations are provided. Three aspects of CPT 

systems based on the three converter topologies, including the circuit components, the 

effect of the coupling capacitance variations, and the control scheme, are compared. The 

autonomous converter topology requires the greatest number of the circuit components, 

but the efficiency can maintain relatively constant due to its automatic frequency adjusting 

capability. The class E converter topology can deliver the maximum output power for 

given coupling capacitance. The half-bridge converter topology has the minimum number 

of circuit components, which is an ideal cost-effective option for low cost applications. 

The class E and half-bridge converter topologies can be controlled in multiple ways while 

the autonomous push-pull topology has limited control options.

Chapter 4 performed theoretical analysis on the capacitive coupling interface. A general 

model of the capacitive coupling interface has been proposed to analyze the characteristics

of the coupling interface, including effects of the cross coupling between primary and 

secondary plates. The model consists of one input capacitor, one output capacitor, and one 

ideal transformer with a variable turns ratio affected by coupling condition.  Theoretical 

analysis on the effects of the cross coupling on the model was extensively performed, 

which has shown the output capacitance keeps constant regardless of coupling variation. 

The model was used to design a CPT system based on a single series inductor, and

simulations and experimental results have shown the proposed model can effectively

calculate the required inductance used to achieve full resonance of the circuit. Furthermore, 

a dynamical model of the capacitive coupling interface with cross coupling was derived 

and a new term named capacitive coupling coefficient was defined. Two CPT systems 

with different coupling conditions were evaluated with the new term. Experimental results

have shown the capacitive coupling coefficient can provide a useful measure of the 

coupling condition.

After the theoretical analysis on the new coupling interface, Chapter 5 developed a novel 

compensation network using a Z-impedance network and a load transformation network. 

The Z-impedance compensation network can solve the open-circuit problem suffered by 

the conventional compensation method using a single series inductor. The primary side 
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converter was based on a half-bridge inverter topology. The LCC tank was placed before 

the Z-impedance network. A system-level analysis was performed to evaluate the effect of 

the Z-impedance network on the LCC tank. Design equations governing the performance

were also provided. Simulations and practical results have verified that the proposed Z-

impedance compensation method can effectively reduce the high voltage spikes. Short-

circuit immunity and voltage boost capability were also demonstrated. The load 

transformation network was integrated into the class E converter topology, which can 

improve the power transfer performance. A state-space model was used to facilitate the

design of the system. The experimental study has shown that the modified CPT system 

based on the class E converter topology can improve the power transfer capability by 

increasing the ratio of the load current to the tank current through the coupling plates.

In Chapter 6, by switching on/off the shunt capacitance, a novel power flow control 

method for CPT systems was proposed. The proposed control method was implemented in 

a CPT system based on a new-optimum operation mode of a class E converter. In this new 

operating mode, the converter can maintain ZVS condition with a wider range of 

components. Design equations governing the sub-optimum operation were provided. 

Simulated and experimental results have shown the output voltage rose linearly with the 

increase of the shunt capacitance. The converter can maintain ZVS condition with the 

shunt capacitance ranging from 50 pF to 250 pF, achieving high efficiency.

7.2 Publications from This Research

Three journal papers and three conference papers have been published based on the work 

of this research:

1. L. Huang, A. P. Hu, A. Swain, and Y. Su, "Z Impedance Compensation for 

Wireless Power Transfer Based on Electric Field Coupling," in IEEE Transactions 

on Power Electronics, vol. 31, no. 11, pp. 7556-7563, Nov. 2016.

2. L. Huang, A. P. Hu, A. K. Swain, and Y. Su, "Accurate steady-state modeling of 

capacitive-coupling interface of capacitive power transfer systems with cross-

coupling," Wireless Power Transfer, 3(1), pp. 53–62.
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3. L. Huang and A. P. Hu, "Defining the mutual coupling of capacitive power transfer 

for wireless power transfer," Electronics Letters, vol. 51, pp. 1806-1807, 2015.

4. L. Huang, A. P. Hu, A. Swain, and X. Dai, "Comparison of two high frequency 

converters for capacitive power transfer," in Energy Conversion Congress and 

Exposition (ECCE), 2014 IEEE, 2014, pp. 5437-5443.

5. L. Huang, A. P. Hu, and A. Swain, "A resonant compensation method for 

improving the performance of capacitively coupled power transfer system," in 

Energy Conversion Congress and Exposition (ECCE), 2014 IEEE, 2014, pp. 870-

875.

6. L. Huang, A. P. Hu, A. Swain, S. Kim, and Y. Ren, "An overview of capacitively 

coupled power transfer: A new contactless power transfer solution," in Industrial 

Electronics and Applications (ICIEA), 2013 8th IEEE Conference on, 2013, pp. 

461-465.

7.3 Suggestions for Future Work

This thesis focuses on the development of advanced compensation and power flow control 

methods for CPT systems. Theoretical analysis, simulations, and practical work have been 

carried out to accomplish these objectives. Despite successful results of these attempts, 

more aspects of the CPT system need further investigation, which are suggested as follows:

A) Novel pattern designs of coupling plate 

The coupling plates employed in this research are solid planar pads, which only vary in 

size and shape. However, new patterns can be applied to the geometric structure of the 

coupling plates to improve the power transfer performance. For example, multi-loop path 

pattern can be designed to increase the parasitic inductance of the pads, which can help to 

reduce the effective capacitive impedance of the coupling capacitive interface. Various 

patterns of coupling plates could be studied to evaluate their effects on the performance of 

CPT system.
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B) Control of the effective output inductance of the Z-impedance compensation 

network

The proposed Z-impedance compensation network has demonstrated that it can 

successfully cancel out the effective capacitive reactance of the capacitive coupling. As

shown in Chapter 5, the effective output inductance of the Z-impedance compensation 

network is dependent on the ratio of the resonant frequency of the network to the operating 

frequency. Since the resonant frequency is determined by both inductors and capacitors of 

the network, a variable inductor can be obtained either by varying the inductor or the 

capacitor of the Z-impedance network. A switch-controlled capacitor or inductor can be 

integrated into the network, which can be controlled to regulate the output power. 

C) Single-plate coupling configuration

From the experiments conducted in this research, it is found the power can be delivered to 

the load in a CPT system using only one pair of coupling plates without a return loop. This 

new phenomenon shows the potential to address the coupling misalignment problem 

suffered by conventional CPT systems with two pairs of coupling plates. More theoretical 

and experimental work is needed to further understand this new type of CPT system. New 

theories and models need to be developed to explain its working principle and the system 

behaviours since the classical lumped circuit model is unable to provide a satisfactory

explanation. Simulation software such as Maxwell and CST would help to analyze the 

electric field coupling between plates and verify new models which are proposed to 

describe the coupling.
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Appendix

Appendix A: Experimental data for Fig. 4-19

PO1
[W] α

β

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 2.01 2.26 2.45 3 2.81 2.41 2.23 1.45 1 0.2 0

0.1 2.36 2.67 3.22 3.53 3.78 3.55 2.45 1.88 0.85 0.2 0.22

0.2 2.58 3.09 3.58 4.19 4.28 3.8 1.91 0.86 0.35 0.32 0.8

0.3 2.93 3.31 4.1 3.82 4.11 2.82 1.12 0.11 0.74 0.44 1.53

0.4 2.74 3.33 3.58 3.8 2.34 1.17 0.23 0.81 1.65 2.36 2.11

0.5 2.56 3.01 3.42 2.56 1.3 0.2 1.01 2.34 3.05 2.88 2.52

0.6 2.16 2.32 1.81 1.06 0.32 0.91 1.98 3.59 3.52 3.33 2.77

0.7 1.56 1.61 0.9 0.32 0.84 2.16 3.46 3.46 3.68 3.06 2.84

0.8 0.98 0.64 0.26 0.68 1.74 2.96 3.68 3.79 3.25 2.98 2.6

0.9 0.25 0 0.47 1.44 2.25 2.92 3.27 3.17 3.07 2.57 2.21

1 0 0.25 0.85 1.61 2.02 2.46 2.74 2.68 2.59 2.34 1.99
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