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Abstract 

In most electrical and electronic systems, power is transferred by direct electrical contacts, 

which can cause inconvenience and electrical hazards, particularly in dirty and wet 

environments. Inductive power transfer (IPT) technology based on magnetic field coupling is 

proposed to transfer power across an air gap when direct wire connection is difficult or 

impossible. However, due to the nature of near magnetic field coupling, the power transfer 

capability of an IPT system decreases quickly with the distance between the primary 

transmitter and power pickup. One way to increase the power transfer capability is to use 

magnetic power repeaters to relay power. Power repeaters can be in form of a single coil or 

multiple coils in matrix forms that are known as matrix power repeaters. Although being 

effective, the operating mechanism and the actual effect of even a single coil passive power 

repeater on an IPT system is not clear, so the design of the power repeaters has been largely a 

trial and error exercise. As for matrix power repeaters, only recently they are introduced in 

near field IPT systems. Therefore little is known about their effects on magnetic field 

distribution and power transfer capability. 

This thesis presents a general study of single and multiple coil power repeaters for enhancing 

the power transfer capability of IPT systems. The effects of the tuning conditions of single 

coil passive power repeaters on the power transfer capability of IPT systems are investigated 

by mathematical analysis, computer simulations, and practical experiments. An active power 

repeater is also proposed to maintain the maximum power transfer condition of an IPT system 

with variable load conditions and pickup positions. Furthermore, the effects of matrix power 

repeaters on the magnetic field distribution at the power pickup of IPT systems are studied to 

understand the field enhancement and shielding effects. The relationship between the system 

operating frequency and power transfer capability of an IPT system with a matrix power 

repeater is further studied to determine the optimal system frequencies corresponding to 

maximum and minimum power transfer conditions.  

The theoretical optimal tuning condition of a single coil power repeater for maximum output 

power at a power pickup is determined, as together with the boundary between enhancing and 

reducing the power transfer capability of an IPT system. The results have been 
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experimentally verified by passively tuning a power repeater. A controller is also proposed to 

actively tune the power repeater to the optimal condition which leads to an increase in the 

output power by 21.6%. 

The effective permeability of a 4 × 4 matrix power repeater is found to be negative when the 

operating frequency is above the nominal frequency. The critical system operating frequency 

corresponding to the boundary between enhancing and reducing the magnetic field at a power 

pickup of an IPT system has been determined by taking the coupling coefficients among the 

primary transmitter, the power pickup, and the power repeater into consideration. The system 

operating frequency corresponding to the maximum power transfer of an IPT system with a 

matrix power repeater is predicted with a maximum error of 2%. These results are helpful for 

understanding the performance of matrix power repeaters of IPT systems and guiding their 

optimal design. 
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Chapter 1  

Introduction 

1.1 Wireless Power Transfer Technologies 

Electric power is traditionally transferred by direct wire connections, which can limit the 

movement of loads and cause hazards in harsh environments. Therefore, wireless power 

transfer systems are proposed to supply power for applications where direct contacts are 

difficult or impossible. By now, various wireless power transfer technologies have been 

developed, with inductive power transfer (IPT), capacitive power transfer (CPT), ultrasonic 

power transfer (UPT) and RF beaming being the four most popular solutions. Fig. 1-1 

illustrates the configurations of these four solutions, and Table 1-1 summarises their key 

features. 

AC
 

 

 

 

 
(a) (b) 

 

(c) (d) 

Fig. 1-1 Illustrations of wireless power transfer technologies: (a) IPT, (b) CPT, (c) UPT, 

(d) RF beaming 
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Table 1-1 Wireless power transfer technologies 

Technologies IPT CPT UPT RF Beaming 

Operating 

frequency 

range 

Tens kHz - a 

few MHz 

Hundreds of 

kHz –  

a few MHz  

Tens of kHz Microwave 

(300MHz-300GHz) 

Types Loosely coupled Loosely 

coupled 

Closely 

coupled 

Loosely coupled 

Basic theories Distributed 

magnetic field  

Distribution 

electrical 

field  

Mechanical 

vibrations  

Wave propagation 

 

Typical power 

level 

Hundreds of 

mW-  

a few kW 

Hundreds of 

mW- 

 a few kW 

Hundreds of W kW in outer space, 

<1W for human 

safety 

Transfer range 

compared to 

the wavelength 

Short Short Short / 

Medium 

Long 

Tesla demonstrated over a century ago that electric power could be transferred wirelessly 

between a pair of magnetically coupled coils [1]. Based on Tesla’s pioneering work, 

inductive power transfer systems based on near field coupling has been proposed and 

developed, and has been successfully used in applications such as materials handling [2, 3] 

consumer electronics [4-7], sensors [8, 9], lighting [10-12], robots [13-17], electrical bikes 

[18-20], smart grids [21], and building services [22, 23]. A typical IPT system includes a 

primary transmitter and a power pickup, and the power is transferred from the primary 

transmitter to the power pickup based on magnetic field coupling between the primary coil 

and the pickup coil. IPT systems are typically operated between tens of kHz to a few MHz, 

and they can transfer power from hundreds of mW for biomedical implants [24-34] to tens of 

kW for EVs [35-46]. Due to the nature of near field coupling, the power transfer capability 

decreases quickly with the power transfer distance, or the misalignment between primary 

transmitters and power pickups.  

Unlike IPT technology, CPT transfers power through air gaps based on electric field 

coupling. Power is transferred across metal plates from a primary transmitter to a power 
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pickup. Typical operating frequencies of CPT systems range from a few MHz to a few tens of 

MHz, and the system can transfer power from hundreds of mW to a few kW. Like IPT 

systems, the power transfer capability of CPT systems decreases significantly with the power 

transfer distance and misalignment between primary transmitters and power pickups.  

UPT technology is a new wireless power transfer technology based on mechanical vibrations. 

A typical UPT system includes a primary and power pickup transducer. To transfer power, 

the primary transducer converts electric energy to mechanical vibration, and the pickup 

transducer converts the vibrant energy back to electric energy. UPT systems can transfer 

power through metals, which is difficult for IPT due to the magnetic field shielding effects of 

metals. [47] showed that the UPT system transferred 62 W through a 70mm thick aluminium 

plate with a system efficiency of 74%. However, to maintain high transfer capability 

transducers need to be tightly coupled with the power transfer medium, meaning UPT 

systems are currently not suitable for transferring power across air gaps [48].  

RF beaming technology is based on wave propagation within a microwave frequency range. 

Compared to IPT, RF beaming has a much longer power transfer range. Although kW of 

power can be transferred using RF beaming technology [49, 50], its power transfer capability 

is limited only up to 1W by ITU-T standard for human safety. The efficiency of RF power 

transfer systems can be much lower than IPT systems because it is difficult to control the 

wave propagation in a very narrow channel in open space.  

Electric energy harvesting can be arguably regarded as a wireless power transfer technology 

to obtain ‘free’ power by wirelessly harvesting energy from an existing environment [51]. 

Unlike the other four wireless power transfer systems having their own primary transmitters, 

electric energy harvesting systems only have power pickups. Normally the power level of a 

harvester is very low, so slow energy accumulation process is often required even for 

powering ultra-low power devices at µW or mW. Moreover, energy harvesting may cause 

distortions of the original source, for example, the source of a Wi-Fi based on a smart 

antenna. 

Considering the aspects of power level, charging flexibility, and the power transfer range, 

IPT is the most popular technology being commercialised and researched on by now. 
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1.2 Advances and Challenges of IPT 

1.2.1 Historical Achievements and Applications 

After the initial endeavour by Tesla in early 1900’s, strong interests in IPT technology were 

picked up in the 1970s to 1980s after the invention of semiconductors [52-55]. In the 1990s, 

the first commercial application of IPT technology in the ‘ramrun’ electrified overhead 

monorail system was made by the University of Auckland and Daifuku Ltd of Osaka, Japan, 

which is one of the largest material handling system manufactures in the world [56]. 

The ‘ramrun’ system is widely used in manufacturing, and in storage and retrieval systems, 

and is particularly prevalent in the car assembly industry for transporting material. Compared 

to a conventional ramrun system, the ramrun system powered by IPT has no problem with 

spark hazards or carbon residue produced by brushes, so it can be used in paint bays, wash 

down facilities and clean rooms [56]. Fig. 1-2 illustrates the layouts of the IPT powered 

ramrun system, where a primary transmitter was made by mounting two induction cables on a 

direct rail of the ram rum system. A pickup coil was wound on a ferrite core 220mm long, 

120mm wide and 50mm deep, and embedded in the ramrun vehicle. The two induction cables 

in the primary inductors were injected with a 10 kHz current with an amplitude of 70 A, and 

750 W was transferred to ensure that the vehicle carries 200 kg steel while moving at 2m/s. 

The prototype built by the University of Auckland is shown in Fig. 1-2 (b), and the 

applications of the ramrun system in clean rooms of Daifuku are shown in Fig. 1-2 (c) and 

(d). 

Automatic guided vehicles (AGVs) have been designed for transferring comparatively low 

volumes of material. Conventional AGVs are charged while stationary via contacting a pair 

of conduct pads on the vehicle and ground, and additional AGVs are needed during the 

charging period. By using IPT technology, AGVs can be charged when they are moving, 

which eliminates the need for standby AGVs and enables the reduction of battery capacity. 

Therefore, both the maintenance and production of AGVs can be reduced. The AVGs 

developed in Daifuku Ltd has a 3 kW power pickup mounted 30 mm above a 165 A track 

conductor, and allows ±30 mm lateral misalignments without noticeable power change [56]. 
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(a) 

 

 

(b) 

 

(c) 

 

(d) 

Fig. 1-2 The ramrun system powered by IPT technology (a) Illustration of the system 

[57], (b) the prototype ramrun system built by the University of Auckland [58], 

(c) Daifuku clean room system [58], (d) Daifuku clean room stacker for LCD 

pallets [58]. 

In 1997, Wampfler AG in Germany cooperated with Auckland Uniservices Ltd, and the 

Department of Electrical and Electronics at the University of Auckland implemented the first 

IPT system for charging electrical vehicles [59]. Fig. 1-3 illustrates the IPT system, which 

fully charges the vehicles rated at 30kW using a current up to 250A in 2-3 minutes [59]. At 

the same time, Wampfler developed a prototype of an electric train as shown in Fig. 1-4. The 

train received rated power of 100 kW inductively from the cables attached along a 400-metre 

track [59]. Besides the two successful IPT applications on transportations, IPT technology 

has also been used to charge stationary EVs, but stationary charging systems limit the 

movement of EVs. As a result, dynamic wireless charging systems for EVs were proposed, 

and many academic interests have been picked up recently [60-64]. Qualcomm Technologies, 

Ltd demonstrated a dynamic inductive EV charging system that was capable of charging the 

EV up to 20kW at the highway speed [65].  
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Fig. 1-3 Illustration of IPT system for charging EVs [59] 

 

Fig. 1-4 The prototype of IPT powered electrical train [59] 

IPT technology has attracted attention of many companies, and standardisation of IPT 

technology built the cornerstone for commercialisation. Qi, A4WP and PMA were three main 

internationally recognised standards in the 2000s, and they were proposed by Wireless Power 

Consortium, Alliance for Wireless Power and Power Matters Alliance, respectively. In 2015, 

Alliance for Wireless Power and Power Matters Alliance merged to become Airfuel Alliance, 

and A4WP and PMA standards were also combined. Since then, the Qi standard and Airfuel 

standard are the two main wireless power transfer standards. Both standards include 

specifications of the power transfer capability, the charging area, foreign objective detection, 

etc., and provide design references of primary and power pickup coil of inductive power 

transfer systems. Qi standard power class 0 specifies that the typical system operating 

frequency is between 110-205 kHz and up to 30 W can be transferred [66]. The Airfuel 

standard specifies the centre operating frequency of 6.78MHz.  
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1.2.2 Present Challenges 

Although IPT technology has been used in many applications, challenges remain in its further 

development. One of the main challenges of IPT systems is to increase the power transfer 

capability over a large distance. To meet this challenge, large and complex coil 

configurations have been designed to shape the magnetic field distributions of IPT systems 

[67-71], and advanced control and compensation techniques have been developed [29, 72-77]. 

However, the resultant improvements have been limited due to the decaying nature of 

magnetic field. 

Magnetic power repeaters are proposed to enhance the power transfer capability over a larger 

distance by relaying magnetic field coupling between primary transmitters and power pickups 

of IPT systems. Power repeaters can be in the form of a single coil, or multiple coils in a 

matrix form, which is also known as matrix power repeaters or metamaterials.  

Single coil power repeaters have been placed between two barrier walls of a building to 

enhance the power transfer capability [22], and they are also designed for charging mobile 

phones [78]. Single coil power repeaters are normally passively tuned with a fixed capacitor. 

However, the design of the tuning capacitance has been based on experience and trial and 

error approach as the relationship between the tuning condition of power repeaters and the 

power transfer capability of IPT systems is not clear. One of the main difficulties for 

determining the relationship is the mathematical modelling and analysis of high order 

systems. The minimum order of a typical series or parallel tuned IPT system with a single 

coil power repeater is six, which significantly increases the complexity of the system. 

The single coil passive power repeaters relay magnetic field coupling no matter whether 

power pickups present or not. Power loss and safety concerns exist even when there is no 

power pickup in the system. Power repeaters can be actively tuned or controlled depending 

on the actual power need. However, one of the challenges of developing active power 

repeaters is how to propose a method to detect the condition and position of power pickups, 

and to control the power flow by actively tuning power repeaters.  

Matrix power repeaters have been used in the far field RF systems for concentrating 

electromagnetic waves, and it is only until recently they are studied for enhancing the power 

transfer capability of IPT systems. The effect of matrix power repeaters on the magnetic field 
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distribution and power transfer capability of IPT systems is not well known, and people have 

different views on whether matrix power repeaters form metamaterials in a near field IPT 

system following a similar way as the case in a far field RF system. All this makes the 

analysis and design of matrix power repeaters a very challenging task.  

1.3 Objectives and Scope of the Thesis 

This thesis is to study the characteristics of single and matrix power repeaters for enhancing 

the power transfer capability of IPT systems. The optimal tuning condition of a single coil 

power repeater is to be determined for maximum power transfer of an IPT system with fixed 

primary and secondary setups. Active power repeaters will be proposed to regulate the power 

flow under variable loads and power pickup positions. Furthermore, the research will also 

involve the modelling and analysis of matrix power repeaters for understanding their effects 

on magnetic field distribution at the power pickup and the power transfer capability of IPT 

systems. Fig. 1-5 outlines the structure of the chapters in the thesis.  

Chapter1: Introduction

Chapter 2: An Overview of IPT Power Repeaters 

Chapter 3:

 Effect of the Tuning Condition of 

Single Coil Passive Power 

Repeaters on Power Transfer 

Capability of IPT Systems

Chapter 6: 

 Effect of  Matrix 

Power Repeaters on 

Magnetic Field 

Distribution at Power 

Pickup

Chapter 4:

Active Single Coil  Power 

Repeaters

Chapter 7 :

Modelling and 

Analysis of Matrix 

Power Repeaters

Chapter 8: Conclusions and Suggestions for Future Work

Chapter 5: 

Theoretical and Simulation 

Study of the Effective 

Permeability of IPT Matrix 

Power Repeaters

 

Fig. 1-5 The structure of the thesis 

The research contributions presented in this thesis can be catalogued into two main parts: 

single coil power repeaters (passive and active), and matrix power repeaters. Chapter 3 and 4 
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are about studies of single coil power repeaters, and Chapter 5, 6 and 7 cover the research 

work on matrix power repeaters.  

The following chapters of this thesis are outlined as below: 

Chapter 2 is a general review of single coil and matrix power repeaters. Single coil power 

repeaters are reviewed regarding typical layouts of IPT systems with the power repeaters, 

their tuning conditions, and effects of their positions on the power transfer capability of IPT 

systems. The review of matrix power repeaters includes typical configurations, 

electromagnetic wave propagation in them, the ability to concentrate electromagnetic waves, 

studies of matrix power repeaters of IPT systems, and their practical implementations. 

Chapter 3 studies effects of the tuning condition of a single coil power repeater on the power 

transfer capability of an IPT system. A theoretical model is established to analyse the output 

power of the IPT system with a primary coil and a secondary coil tuned at a nominal resonant 

frequency, and the power repeater placed in between. The optimal tuning condition of the 

power repeater for maximum power transfer is determined, together with the critical tuning 

condition corresponding to the boundary between enhancing and reducing the power transfer 

capability. 

Based on the determined optimal tuning condition of the single coil power repeater in 

Chapter 3, Chapter 4 proposes an active power repeater for obtaining maximum power 

transfer capability of IPT systems when load conditions and the position of a power pickup 

varies. A method of detecting the position of the power pickup based on the open circuit 

voltage and the voltage across the tuning capacitor of the power repeater is proposed. Single 

and dual side switching circuits are designed to vary the tuning condition of the power 

repeater. 

Chapter 5 presents a theoretical and simulation study of the effective permeability of matrix 

power repeaters. Theoretical analysis is conducted by combining the magnetic field 

interaction at individual unit cells of a matrix power repeater. The relationship between the 

effective permeability and the system operating frequency of an IPT system is determined, 

together with the critical frequency corresponding to the boundary between the positive and 

negative effective permeability. 
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Chapter 6 is about investigating effects of matrix power repeaters on magnetic field 

distribution at the power pickup of IPT systems. The establishment of a mathematical model 

for analysing effects of the system operating frequency on the magnetic field distribution at a 

pickup of an IPT system with a matrix power repeater is presented. The critical frequency, 

which sets the boundary of enhancing and reducing magnetic field distribution, is determined.  

Chapter 7 presents detailed modelling and analysis of an IPT system with a passive matrix 

power repeater. A high order mathematical model for analysing the output power of the 

system is presented. The model is used to analyse an IPT system with a 3×3 matrix power 

repeater, and the optimal operating frequencies corresponding to maximum and minimum 

power transfer are determined. 

Chapter 8 presents a general conclusion of the research work, contributions of the research, 

and suggestions for future work. The suggested future work includes the optimal design of 

single coil passive power repeaters, practical implementation of the proposed active power 

repeater, and optimal design of matrix power repeaters and advanced flexible matrix power 

repeaters. 
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Chapter 2  

An Overview of IPT Power Repeaters 

2.1 Introduction 

One of the main objectives of IPT systems is to transfer power from a primary transmitter to 

a power pickup over an air gap. The air gap gives freedoms for power transfer but makes IPT 

a loosely coupled system. The power transfer capability of IPT systems decays quickly with 

the increase in air gap distances. Power repeaters are proposed to enhance the power transfer 

capability of IPT systems. Fig. 2-1 illustrates a typical IPT system with power repeaters. 

Power repeaters are normally placed between a primary transmitter and a power pickup, and 

they relay magnetic field from the primary transmitter to the power pickup. 

Load

Power Repeaters

Primary Transmitter

0H
𝑳𝑻 

0H
𝑳𝑻 

Power pickup

H0

DC-AC 

inverter
DC

Tuning 

circuit
Tuning 

circuit ...

 

Fig. 2-1 Illustration of an IPT system with power repeaters 
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This chapter presents an overview of single coil power repeaters and matrix power repeaters. 

For single coil power repeaters, typical layouts of IPT systems with power repeaters, tuning 

condition, and effects of position on the power transfer capability of IPT systems are 

reviewed. For matrix power repeaters, their typical configurations, backward wave 

propagation in them, the ability to concentrate magnetic field, studies of matrix power 

repeaters in IPT systems, and their practical implementations, are shown. The overview is 

mainly based on published projects and papers. The general overview undertaken in this 

chapter is not necessary for the rest of the thesis, but can be used as a reference for future 

research work. 

2.2 Single Coil Power Repeater 

2.2.1  Layouts of IPT Systems with Single Coil Power Repeaters 

Fig. 2-2 illustrates three typical layouts of IPT systems with single coil power repeaters. In 

Fig. 2-2(a), power repeaters are coaxially aligned with a primary coil and a pickup coil, and 

this layout has been studied to transfer power through buildings by embedding power 

repeaters in the wall of buildings [22]. Fig. 2-2(b) presents that power repeaters are placed 

horizontally between a coaxial aligned primary and pickup coil, and the layout can be used in 

situations, which there is no space between a primary coil and a pickup coil for placing power 

repeaters. For example, the power repeater is buried in the ground to relay power from the 

primary coil and pickup coil, which are embedded in two adjacent walls of storage [79]. The 

primary coil is placed vertically, and the power repeater and the pickup coil are placed 

horizontally in Fig. 2-2 (c). This layout has been used to build a wireless charging surface 

where power pickups need to be placed flat [78]. 

Power RepeaterPrimary Transmitter
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𝑳𝑻 0H
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Power pickup coil

AC 0H
𝑳𝑻 

Tunning 

circuitry

H0

0H
𝑳𝑻 
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Power Repeater

...
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(c) 

Fig. 2-2 Three typical layouts of single coil power repeaters in IPT systems 

In addition to the above three layouts of single coil power repeaters, domino form power 

repeaters are proposed in [80], and Fig. 2-3 shows three typical domino forms of power 

repeaters. The power repeaters, which are shown in Fig. 2-3 (a), split one power transfer 

channel into two, and two power transfer channels are combined into one channel in Fig. 2-3 

(b). Fig. 2-3 illustrates that power can be transferred in a circular path by putting power 

repeater coils and power pickup coils in a circle. Domino forms of power repeaters 

demonstrate that power repeaters can not only enhance power transfer, but they can also 

change the power transfer direction and channels. 
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Fig. 2-3 Four typical domino form power repeaters 

2.2.2 Tuning Conditions 

The coils of power repeaters are generally tuned by connecting capacitors in series, and the 

tuning condition of power repeaters can be catalogued as under-tuned, fully-tuned and over-

tuned. The power repeaters are tuned below, at and above the nominal frequency for under-

tuned, fully-tuned and over-tuned conditions, respectively.  
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The tuning of power repeaters determines their circuit quality factors (Q), which can be 

represented as (2.1), 

 
1

Q
Cr

  (2.1) 

where ω is the system angular frequency, C is the tuning capacitance of power repeaters, and 

r is the series resistance of power repeaters. 

From (2.1), it can be seen that, by varying the tuning capacitance of the power repeater, the 

circuit quality factor can be changed. Power repeaters have high Q, as their series resistance 

are normally ESRs of coils and capacitors, which results in the ability of power repeaters for 

enhancing the power transfer capability of IPT systems being sensitive to electronic 

component tolerances. Moreover, the circuit quality factor is one of the key factors to 

determining optimal operating conditions of IPT systems with power repeaters. For example, 

the optimal position of power repeaters for obtaining the maximum power transfer efficiency 

of IPT systems was determined by the Q of the power repeaters [81, 82]. Therefore, the 

tuning of power repeaters is worth studying for guiding the design of power repeaters. 

 Power repeaters are also normally tuned to the system nominal frequency [81, 83-85], and 

tuning capacitances of power repeaters are designed based on (2.2), 

 2

1
C

L
  (2.2) 

where L is the inductance of coils of power repeaters. 

However, it has been found that the optimal system operating frequency for maximum power 

transfer efficiency of an IPT system with power repeaters is not the nominal frequency [80]. 

The finding indicates that maximum power transfer capability of IPT systems can be obtained 

when the power repeater is detuned from the nominal frequency for a fixed system operating 

frequency. However, the relationship between tuning conditions of power repeaters and 

system power transfer capability is not clear, which results in designs of power repeaters 

being based on trial and error approach. Therefore, it is necessary to find this relationship, 

and a detailed study of determining the relationship between tuning conditions of a single coil 

power repeater and the power transfer capability of an IPT system is presented in Chapter 3. 
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2.2.3  Effects of Positions on Power Transfer Capability of IPT Systems 

In an IPT system with a series tuned primary transmitter, power repeater and power pickup, 

the current in the power repeater decreases with the distance between the primary coil and the 

power repeater, and the reflected impedance in the power repeater from the power pickup 

increases when the power repeater is moved towards the power pickup. Therefore, a position 

for maximum power transfer exists between the primary coil and the pickup coil. There are 

two methods of determining the optimal position of power repeaters for maximum power 

transfer. In the first method, mutual inductances between coupled coils are determined based 

on distances between them. Based on determined mutual inductances, the relationship 

between the power transfer capability of IPT systems and distances between coupled coils is 

found, and the optimal position for maximum power transfer capability can be determined by 

using software for optimisation. In [86], the relationship between the distance between 

coupled coils and system power transfer efficiency was determined, and the optimal positions 

of power repeaters were found by using MATLAB. This method is normally used in IPT 

systems with circular lumped coils, as mutual inductances between coils can be calculated 

based on existing equations (2.3) proposed by Maxwell [87] and (2.4) [86], 

 
1 2 2
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r r
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       (2.3) 

where K(g) and E(g) are complete elliptic integrals of the first and second kind, respectively, 

where 
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  (2.4) 

where n1 and n2 are the number of turns of coupling coils. 

Equation (2.3) is to calculate mutual inductance between two single loops. It can be used to 

calculate mutual inductances between individual turns of two coils, and the calculated mutual 

inductances are added up using (2.4) to obtain mutual inductances between the two coils. 

Equation (2.3) is only for calculating mutual inductance between two coaxial loops, a more 
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complicated equation has been proposed in [86] for calculating mutual inductances between 

non-coaxial loops. In the other method, the ratio between coupling coefficients between a 

primary transmitter and a power repeater, and between the power repeater and a power 

pickup, which corresponds to the position of power repeaters, is determined based on circuit 

parameters. The optimal ratio for obtaining maximum power transfer capability is then 

achieved by system analysis. By using this method, the optimal ratios for obtaining maximum 

output and maximum power transfer efficiency of IPT systems were determined [84]. In 

addition to the optimal ratio, the critical ratio corresponding to the boundary between 

enhancing and reducing the power transfer efficiency of an IPT system is determined [88]. 

In addition to the optimal position of power repeaters, the position of power repeaters can 

cause frequency splitting when it is close to the primary transmitter [88]. Frequency splitting 

is a phenomenon where multiple system operating frequencies exist. It has been shown that 

two system operating frequencies for maximum power transfer efficiency existed when the 

power repeater was placed close to the primary transmitter of an IPT system with a series 

tuned primary transmitter, two power repeaters and a power pickup [88], and none of them 

equal to the nominal frequency. As a result, the power transfer efficiency decreased. In [84], 

it has been found that the nominal frequency was one of the frequencies for maximum power 

transfer of the IPT system with a single coil power repeater when frequency splitting happens. 

This means that the maximum power transfer can be obtained at the nominal frequency 

regardless of the position of the power repeater. In addition, it has been found that the current 

in the power repeater of the IPT system with a power repeater has a local minimum value at 

the nominal frequency when frequency splitting happens, which is helpful to reduce losses in 

power repeaters. 

2.3 Matrix Power Repeater 

Matrix power repeaters, which are also called metamaterial or left-hand material, are formed 

by passive coils in matrix form, and have effective negative permeability and permittivity. 

With negative effective permittivity and permeability, meta-materials become a ‘perfect lens’ 

that can enhance electromagnetic field [89]. In 1968, Veselago discussed that material with 

negative permeability and permittivity could concentrate electromagnetic waves [90]. Later, 

Veselago’s predictions have been confirmed by theoretical calculations [91, 92] and practical 

experiments [93-97]. Metamaterials have been successfully used in far field applications such 
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as optical absorber [98], electromagnetic cloaking [99], and radio frequency antenna designs 

[100]. They have also been investigated to enhance wireless power transfer in near field 

scenarios [101-103]. This section presents an overview on the configurations, the 

characteristics of matrix power repeater in far field, and the studies of matrix power repeaters 

in IPT systems.  

2.3.1 Configurations  

Fig. 2-4 (a) and (b) illustrate a matrix power slab formed by placing passive coils in a matrix 

form on a surface and a 3-D matrix power repeater formed by cubic unit cells with passive 

coils on all sides, and these two matrix power repeaters are commonly used in many studies 

[101-106]. The matrix power repeater slab mainly concentrates electromagnetic waves in the 

z-direction, and the 3-D matrix power repeater concentrates electromagnetic waves in x y z 

directions. It can be seen that the 3-D matrix power repeater is much bulkier than the matrix 

power repeater slab. 

z

 

(a) 

z

y

x

 

(b) 

Fig. 2-4 Two typical matrix power repeaters (a) the matrix power repeater slab, (b) 3-D 

matrix power repeater 

Passive coils used to form matrix power repeaters can be catalogued into high and low 

frequency coils based on their applications. The high frequency coils are normally operated in 

the microwave and optical frequency range, and low frequency coils are operated in a 

frequency from hundreds of kHz to a few MHz. The high frequency coils are tuned with their 

parasitic tuning capacitor, and the low frequency coils are tuned using external tuning 

capacitors. A commonly used high frequency coil in matrix power repeater is slip ring 

resonators (SRR), which is proposed by Pendry in 1990 [107], and more slip ring resonators 
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are proposed later. Fig. 2-5 shows four typical slip ring resonators of high frequency 

applications and a spiral coil for both low and high frequency applications. 

     

(a) (b) (c) (d) (e) 

Fig. 2-5 Split ring resonators (a) Edge coupling SRR, (b) Board side coupling SRR, (c) 

Nonbianisotropic SRR, (d) The double-split SRR, (e) Spiral coil 

An edge coupling slip ring resonator (EC-SRR) is formed by two rings, and the rings are 

inversion symmetric about the centre of the EC-SRR. A board side coupling SRR (BC-SRR) 

has a ring on both sides of the dielectric board. A nonbianisotropic SRR (NB-SRR) is  

formed by two separated coils locked together, and was proposed to avoid bianisotropic of 

edge coupling SRR while keeping a uniplanar design [108]. A double side SRR (2-SRR) is 

formed by four separated rings, and the rings are inversion symmetric about the centre of the 

2-SRR. 

EC-SRR, NB-SRR, 2-SRR and spiral are tuned with the parasitic tuning capacitance between 

the edges of two rings, and BC-SRR is tuned with the parasitic tuning capacitance between 

two surfaces of two rings. Therefore, BC-SRR should have the largest tuning capacitance 

when the dimensions of the SRRs are similar. Fig. 2-6 shows the equivalent circuits of the 

five SRRs [109]. 

R
C

L

C

 

R

C

L

 

R

C

L

C C C

 

(a) (b) (c) 

Fig. 2-6 Equivalent circuit of (a) EC-SRR, NB-SRR and BC-SRR,(b) spiral coils, (c) 2-

SRR 

From Fig. 2-6, it can be seen that EC-SRR and NB-SRR have the same circuit model, and 

their resonant frequency should be similar as they are tuned with parasitic tuning capacitance 
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between the edges of two rings. Even though BC-SRR and EC-SRR have the same circuit 

model, the resonant frequency of a BC-SRR is lower than that of an EC-SRR as the parasitic 

tuning capacitance of BC-SRR is larger. The circuit model of 2-SRR is formed by an inductor 

connected with four tuning capacitors in series whose capacitance should be smaller than the 

tuning capacitance of EC-SRR when they have similar dimensions. Therefore, the resonant 

frequency of 2-SRR should be higher than that of EC-SRR. Compared with circuit models of 

other SRRs, the circuit model of a spiral coil only has one tuning capacitance, so that its 

resonant frequency should be the lowest among the five passive coils. The resonant frequency 

of the five passive coils can be calculated using (2.5), 

 0

1

2 par

f
LC

  (2.5) 

 where Cpar is the parasitic tuning capacitance of the SRRs and spiral coils 

Please note that Cpar can be an external tuning capacitance for spiral coils in low frequency 

applications. 

2.3.2 Wave Propagation in Matrix Power Repeaters 

The directions of wave propagation in an MPR and an ordinary material are opposite, and this 

phenomenon is known as backward wave propagation. For plane wave fields presented in 

(2.6) and (2.7), the Maxwell first order differential equations shown in (2.8) and (2.9)can be 

simplified to (2.10) and (2.11), respectively[109]. 

 
0 exp( )E E jkr j t    (2.6) 

 
0 exp( )H H jkr j t    (2.7) 

where E0 is the electrical field in air, H0 is the magnetic field in air, k is the wave vector, r is 

the wave propagation constant, ω is the angular frequency of the electromagnetic wave, and t 

is the time, 

 E j H    (2.8) 

 H j E   (2.9) 

where µ and ԑ is the permeability and permittivity of the material in which the wave 

propagates, respectively, 
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 k E H   (2.10) 

 k H E    (2.11) 

When µ and ԑ are positive, the electric field E, magnetic field H and wave vector k formed a 

right-hand orthogonal system of vectors as illustrated in Fig. 2-7(a). For negative µ and ԑ, 

(2.10) and (2.11) can be rewritten as (2.12) and (2.13), respectively. 

 k E H     (2.12) 

 k H E    (2.13) 

Based on (2.12) and(2.13), E, H and k formed a left-hand triple, which is illustrated in Fig. 

2-7 (b). 

The time-averaged flux energy is determined by the real part of a Poynting vector which can 

be calculated using(2.14).  

 
1

2
S E H    (2.14) 

It can be seen that the direction of the averaged flux energy is only determined by the 

direction of E and H, and it is not affected by simultaneous changes of sign of µ and ԑ. 

E

H

S

k

 

(a) 

E

H

Sk

 

(b) 

Fig. 2-7 The direction of electric field, magnetic field, wave vector and the time-

averaged flux energy in (a) an ordinary material, and (b) a matrix power 

repeater 

From Fig. 2-7, it can be seen that the directions of the average flux energy are the same in 

ordinary material and matrix power repeaters. The direction of the wave vector and that of 
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averaged flux energy are the same in an ordinary material, and they are opposite to each other 

in a matrix power repeater, which is named as backward wave propagation. 

2.3.3 Electromagnetic Wave Concentration  

Fig. 2-8 illustrates an electromagnetic wave propagates from an ordinary material into an 

MPR. The electromagnetic wave propagates into the MPR with an angle of θi at the direction 

of k1, and the flux energy transfers with the direction of S1. The direction of the wave 

propagation changes to k2 at the boundary between the ordinary material and the MPR while 

the direction of the averaged flux energy changes to S2 with a refraction angle of θr, and the 

direction of k2 and S2 are opposite due to the backward propagation in MPR.  

S
1

k
1S 2

k 2

θi

θr

MPR

ordinary 

material

 

Fig. 2-8 Electromagnetic wave propagates from an ordinary material into an MPR 

Based on Snell’s law, (2.15) is obtained, 

 
2 2

1 1

sin

sin

i

r

k n

k n






   (2.15) 

where n1 and n2 are the reflective index of an ordinary material and an MPR, respectively. 

In (2.15), the refraction angle θr is negative as S1 and S2 are on the same side of the normal 

line, so the ratio and the refraction indexes should be negative. As n1 is larger than 0 in 

ordinary materials, n2 should be smaller than 0, and it can be represented as (2.16), 

 2 r r
n     (2.16) 

where µr and ԑr is the absolute relative permeability and permittivity of an MPR. 
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Equation (2.16) shows that an MPR has a negative refraction index. Due to the negative 

refraction index, MPR can concentrate the energy of electromagnetic waves. Fig. 2-9 

illustrates the averaged-time flux energy of electromagnetic waves transfers through an MPR. 

d

Meta-material

Electromagnetic 

Wave Source Power 

Receiver
A

B

 

Fig. 2-9 Energy of electromagnetic waves transfers through an MPR from an ordinary 

material 

In Fig. 2-9, the energy radiates in the ordinary material from the energy source, and it starts to 

concentrate at the boundary between the ordinary material and the MPR. The energy is 

focused at point A inside the MPR. From point A, the energy radiates again, and it begins to 

concentrate at the boundary between the MPR and the ordinary material. Finally, the energy 

is focused on point B. It can be seen that the energy source is shifted from the original point 

to point B, which results in the power transfer distance being increased by d. 

2.3.4 Matrix Power Repeater of IPT Systems 

Since the matrix power repeater concentrates the electromagnetic waves, academic interests 

about their effects on magnetic field distribution and power transfer capability of IPT systems 

have been picked up. The analysis and simulation studies have shown that matrix power 

repeater concentrated the magnetic field of the IPT system [102]. The ability to enhance the 

power transfer capability of IPT systems has been confirmed by theoretical analysis [110, 

111], simulations [112, 113] and experiments [102, 103, 105, 114].  

Various studies and research have been done to improve the ability of matrix power repeaters 

to enhance the magnetic field and power transfer capability of IPT systems. It has shown that 

the maximum efficiency of an IPT system was increased by 15.1% by using a 5×5 matrix 

power repeater instead of a 4×4 matrix power repeater, and it is further increased by 10.3% 

by adding one more 5×5 matrix power repeater [103]. In addition to the MPR slabs and 3-D 
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MPR shown in section 2.3.1, other configurations of MPRs have been proposed, as illustrated 

in Fig. 2-10.  
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(c) 

Fig. 2-10 Other configurations of matrix power repeaters (a) cylindrical MPR, (b) MPR 

with a cone shape, (c) sphere MPR 

Fig. 2-10 (a) illustrates a cylindrical matrix power repeater formed by placing passive coils 

on the surface of a cylinder, and the power transmitting coil is placed inside the cylinder. It 

has been reported that the system transfer efficiency of a 3-D wireless power transfer system 

was improved by five times by using the cylindrical MPR [115]. In Fig. 2-10 (b), a matrix 

power repeater with a cone shape is illustrated, where passive coils are placed on the surface 

and bottom, and the primary coil is placed inside. The simulation study showed that the 

power transfer distance of the IPT system is increased by 2m using a matrix power repeater 

with a cone shape [112]. A spatial MPR formed by placing passive coils on the surface of a 

sphere is illustrated in Fig. 2-10(c), and a primary coil is put inside the sphere. It has been 

shown that the magnetic field was more focused by using a spatial MPR than an MPR slab 

[113].  
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The ability of matrix power repeaters to enhance the magnetic field distribution and power 

transfer capability of IPT systems has been demonstrated, but the exact effects of matrix 

power repeaters are still not clear, which results in the design of matrix power repeaters based 

on trial and error approach. Chapter 6 and 7 presents detailed studies of the relationship 

between the system operating frequency and magnetic field distribution of IPT systems, and 

between the system operating frequency and power transfer capability of IPT systems, 

respectively. The findings from the studies can guide the design of matrix power repeater.  

2.3.5 Practical Implementation  

Building matrix power repeaters in practice is a challenging task due to the identical 

dimensions and circuit parameters of unit cells in them. Currently, matrix power repeaters are 

commonly designed using PCB design software such as Altium and implemented by coating 

copper wires on FR4 plates. Fig. 2-11 shows a practical matrix power repeater. 

 

Fig. 2-11 A practical 4×4 matrix power repeater 

For the practical MPR shown in Fig. 2-11, the inductances of each unit cell are very close, 

but it is difficult to tune all the unit cells at the same resonant frequency due to tolerances of 

tuning capacitors. The ESRs of coils are high compared to coils made by Litz wire as coils 

are coated by single-strand copper wires. It is almost impossible to make cylindrical, spatial 

and cone MPRs using FR4 that it is easily broken when it is bent. Although the technologies 

of flexible PCB can be used to build cylindrical and spatial matrix power repeaters, the 

implementation of the matrix power repeaters will be expensive.  

2.4 Summary 

This chapter has presented an overview of single coil and matrix power repeaters of IPT 

systems. For single coil power repeaters, three typical layouts of IPT systems with them have 
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been shown, together with their practical applications. The effects of tuning condition of 

power repeaters on power transfer capability of IPT systems have been reviewed. Effects of 

positions of power repeaters on the power transfer capability of IPT systems have been 

shown from the optimal position for maximum power transfer and frequency splitting caused 

by positioning power repeaters. For matrix power repeaters, the typical configurations of a 

slab and a 3-D frame were shown, as well as passive coils EC-SRR, NB-SRR, 2-SRR, BC-

SRR and spiral coils formed MPRs. It has been shown that the direction of an 

electromagnetic wave and that of its averaged flux energy are opposite in an MPR, and an 

MPR can increase power transfer distance of a WPT system by concentrating the energy of 

electromagnetic waves. A review has been presented about effects of MPRs on magnetic field 

distribution and the power transfer capability of IPT systems. It has been presented that 

MPRs are practically implemented by printing single strand copper wires on FR4 plates, but 

the power efficiency and flexibility of the practical MPRs are low. 

It has been found that the maximum power transfer capability of IPT systems can be achieved 

when single coil power repeaters were not tuned to the nominal frequency, but the 

relationship between the tuning condition of power repeaters and the power transfer 

capability of IPT systems is not clear. Matrix power repeaters have been shown to enhance 

the power transfer capability of IPT systems. However, the exact effects of matrix power 

repeaters on magnetic field distribution and the power transfer capability of IPT systems are 

not clear. 
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Chapter 3  

Effects of Tuning Condition of Single Coil 

Passive Power Repeaters on Power Transfer 

Capability of IPT systems 

3.1 Introduction 

Passive power repeaters have been proposed to enhance the power transfer capability of IPT 

systems by relaying power from a primary transmitter to a power pickup. A typical power 

repeater is formed by connecting a coupling coil with a tuning capacitor in series, and its 

tuning condition affects the power transfer capability of IPT systems. However, the exact 

effects are not clear, which results in the design of the power repeaters based on experience 

or trial and error approach. 

This chapter investigates the effect of the tuning capacitance of a passive power repeater on 

the power transfer capability of an IPT system. The optimal tuning capacitance corresponding 

to the system maximum power transfer capability is determined by systematic analysis under 

the nominal tuning conditions of the primary and secondary coils, together with the tuning 

boundary between the enhancement and reduction of power transfer. The results can be used 

to design the tuning capacitance of a power repeater to increase the power transfer capability
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of an IPT system, or to improve its coupling distance or tolerance. For example, a power 

repeater can be placed in between a primary and secondary coil of a wireless charging system 

of mobile phones to improve the charging distance and misalignment tolerance. The method 

can also be used to form a larger charging area for charging multiple devices using a smaller 

single primary coil. 

3.2 System Modelling and Analysis 

Fig. 3-1 shows the layout of an IPT system with a primary transmitter, a passive power 

repeater and a power pickup. The power repeater is placed between the primary coil and the 

power pickup coil for relaying the magnetic field generated by the primary coil to the pickup 

coil. The primary transmitter contains a DC power supply, a DC-AC inverter, and a primary 

coil that is series tuned with a capacitor to the nominal frequency. The power repeater is 

formed by a lumped coil tuned using a capacitor to the frequency of interest. A pickup coil, a 

load resistor and a tuning capacitor are connected in series to form the power pickup, and the 

pickup coil is tuned to the nominal frequency. 

0H
𝑳𝑻 

Load

Power RepeaterPrimary Transmitter

0H
𝑳𝑻 

0H
𝑳𝑻 

Power pickup

H0
DC-AC 

inverter
DC

 

Fig. 3-1 An overview of a typical layout of an IPT system with a passive power repeater 

The equivalent steady-state circuit model of the IPT system is shown in Fig. 3-2. The DC 

power supply and the DC-AC inverter are modelled as a constant voltage source. The 

transmitting coil is modelled as an inductor L1 with an Equivalent Series Resistance (ESR) 

R1, and a capacitor C1 is added to tune the transmitting coil. The coil of the power repeater is 

modelled as an inductor L2 with an ESR R2, and it is tuned with a capacitor C2. The power 

pickup coil is modelled as inductor L3 with ESR of R3, and it is series connected with a tuning 

capacitor C3 and load resistor RL. Inductor L1 and L2 is magnetically linked by mutual 

inductance M12. The mutual inductance M23 magnetically links inductor L2 and L3, and the 

mutual inductance M13 magnetically links inductor L1 and L3. 
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Fig. 3-2 The system steady-state circuit model 

The Kirchhoff’s voltage law (KVL) is applied in each resonant circuit of the system.  
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 (3.1) 

where I1, I2 and I3 is the current goes through the primary coil, the coil of power repeater and 

the load resistance, respectively, Vs is the input voltage, X1, X2 and X3  is the reactance of the 

resonant circuit of primary transmitter, the power repeater and the power pickup, 

respectively, and they are represented as  

 1 1 2 2 3 3

1 2 3

1 1 1
, ,X L X L X L

C C C
  

  
       (3.2) 

As both the primary coil and the pickup coil are tuned to the nominal frequency, X1 and X3 

equal to zero. (3.1) can be simplified as (3.3)  

 

12 2 13 3 1 1
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13 1 23 2 3 3
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 (3.3) 

By simultaneously solving three equations in (3.3), the output current is achieved as (3.4)  
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 (3.4) 

By substituting the amplitude of I3 into (3.5), the output power is obtained as (3.6) 
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 (3.6) 

Equation (3.6) shows the relationship between the output power and the reactance X2 of the 

power repeater. For given mutual inductances between coupled coils, ESRs of coupled coils, 

load resistance and a system operating frequency, the relationship between the output power 

of an IPT system and the reactance of the power repeater can be achieved by using 

optimisation tools such as MATLAB.  

3.3 Determining the Critical and Optimal Tuning Capacitance  

3.3.1 Critical Tuning Capacitance of Enhancing and Reducing Output Power  

The output power of the IPT system without the passive power repeater is set to be the 

reference for determining whether the output power is enhanced and reduced by the power 

repeater. For the IPT system without the passive power repeater, the system equation (3.7) 

can be derived by applying KVL in the primary and pickup resonant circuits. 

 
13 3 1 1

13 1 3 3 0

noR noR s
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 (3.7) 

where I1-noR and I3-noR are the current going through the primary coil and the load resistance of 

the IPT system when there is no passive power repeater. 

By simultaneously solving two equations in(3.7), I3-noR is obtained. Multiplying the square of 

the amplitude of I3-noR by the load resistance RL, the output power of the IPT system without 

the power repeater is obtained as  
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 (3.8) 

The power ratio between Po and Po-noR is represented as  
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  (3.9) 

The output power is enhanced by the power repeater when the ratio is larger than 1, and the 

output power is reduced when the ratio is smaller than 1. By substituting (3.6) and (3.8) into 

(3.9) and solving (3.9) when it equals 1, the critical reactance X2-cr which sets up the boundary 

between increasing or decreasing of the system output power is obtained as (3.10). By 

substituting (3.10) into(3.2), the corresponding tuning capacitance is obtained as(3.11). 

 

 

 

2
2 2 2 2 2 2

12 3 13 2 23 1 1 2 32

13
2 2 2 6

2 2 2 2 12 13 23

12 23 13 2 2
2 2

13 1 3

3

12 13 23
12 13 23 2 2

13 1

2

3

2

3

( ) ( )

( )

4
2

( )

4

L L

C

L

L

r

R M R M R R R

M M M

M R R R
M

M
M R

M M
M M M

M

M M R
R R

X
M

R RR








 








   









 
 
 
 






(3.10) 
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  (3.11) 

Equation (3.11) shows the critical tuning capacitance which sets up the boundary between 

increasing and decreasing the output power. By setting (3.9) to be larger than 1 and solving 

the equation, it is found that the output power is enhanced when the tuning capacitance of a 

passive power repeater is smaller than the critical capacitance. The output power is found to 

be reduced when the tuning capacitance of a passive power repeater is larger than the critical 

tuning capacitance by solving (3.9) when it is set to be smaller than 1. The finding of the 

critical tuning capacitance can help to choose the right range of tuning capacitances of 

passive power repeaters for increasing the output power of the IPT systems.  

3.3.2 Optimal Tuning Capacitances of Maximum and Minimum Output Power  

Equation (3.6) and (3.8) are substituted into(3.9), and then the first differentiation of (3.9) is 

set as   



Chapter 3 Effects of Tuning Condition of Single Coil Passive Power Repeaters on Power Transfer Capability of IPT Systems 

 

 

 -32-  

 

 

2

0
dr

dX
  (3.12) 

 By solving(3.12), the optimal reactance X2-op1 and X2-op2 of a passive power repeater are 

obtained as (3.13), 
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 (3.13) 

where the representations of A, B, C and D are presented on  next page. To check whether the 

two optimal capacitances are for achieving the maximum output power, equation (3.9) is 

differentiated with respect to X2 again. By substituting X2-op1 and X2-op2 into the second 

differentiation, respectively, it is found that neither of the second differentiations equal to 

zero, which indicates X2-op1 and X2-op2 are not inflection points. Therefore, one of them is for 

achieving maximum output power, and the other one is for obtaining minimum output power. 

To determine the optimal tuning capacitance for achieving the maximum output power, the 

output power Pop1 and Pop2 are obtained by substituting X2-op1 and X2-op2  into (3.6), 

respectively. By subtracting Pop2 from Pop1, (3.14) is obtained.  
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(3.14) 

Equation (3.14) shows the difference between Pop1 and Pop2, and it is found to be positive, 

which indicates X2-op1 is the reactance for achieving maximum output power, and X2-op2 is the 

reactance for obtaining minimum output power. By substituting X2-op1 and X2-op2 into(3.2), the 

corresponding tuning capacitances are obtained in (3.15), 
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 (3.15) 

where 
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Equation (3.15) gives the optimal tuning capacitances corresponding to the maximum and 

minimum output power. The maximum output power can be achieved when the tuning 

capacitance of the power repeater equals C2-Pmax, and the minimum output power can be 

obtained when the tuning capacitance is C2-Pmin. 

These two optimal tuning conditions are also related to the power enhancing and reducing 

characteristics of the power repeater. Combining the finding of the range of tuning 

capacitance for increasing and reducing the output power, Fig. 3-3 is plotted to illustrate the 

general relationship between the output power and the tuning capacitance of a passive power 

repeater, and key tuning capacitances are labelled in the plot.  

oP

0
2C

o noRP 

2 maxPC  2 CrC  2 minPC 

o RSP 

 

Fig. 3-3 Illustrations of the general relationship between the output power and the 

tuning capacitance of the power repeater 
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Compared to the original IPT system without a passive power repeater, the output power Po 

of the IPT system with a passive power repeater can be higher when the tuning capacitance of 

power repeater C2 is smaller than the critical tuning capacitance C2-Cr, and lower when C2 is 

larger than C2-Cr. The maximum and minimum output power is obtained at C2-Pmax and C2-Pmin, 

respectively. Po approaches Po-RS as shown in Fig. 3-3, when the tuning capacitance increases 

to infinity, which corresponds to the situation when the power repeater is short circuited. This 

research focuses on enhancing the output of the IPT system, so the tuning capacitance of the 

power repeater is smaller than the critical tuning capacitance C2-Cr. 

3.4 Simulation and Experimental Study 

3.4.1 Simulation Setup and Results  

Circuit simulations were conducted using the electrical circuit simulation software PLECS. 

The simulation setup is shown in Fig. 3-4.  

Primary transmitter

Power repeater

Power pickup

L1

L2

L3

 

Fig. 3-4 The simulation setup of an IPT system with a single coil power repeater in 

PLECS 

The primary transmitter was set as an AC voltage source with a peak value of 5 V and 

frequency of 200 kHz, and connected to an LCR series resonant circuit with inductor L1, 

capacitor C1 and ESR of R1. The power repeater was set as a series LCR resonant circuit with 

inductor L2, capacitor C2 and ESR of R2, and the power pickup was set as a series LCR 
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resonant circuit with inductor L3, capacitor C3 and ESR of R3 connected with a load resistance 

RL. The mutual inductance between the primary coil and the power repeater, between the 

power repeater and the pickup coil, and between the primary coil and the pickup coil is set to 

be M1, M2, and M3, respectively, by using the component ‘mutual inductor’ Mc. A voltage 

monitor was set for monitoring the output voltage across RL. 

In the simulations, both resonant circuits of the primary transmitter and the power pickup 

were tuned to the nominal frequency, and the tuning capacitance of the power repeater was 

manually changed. At each tuning capacitance, the output voltage was simulated, and the 

simulated voltages were recorded. Simulations were conducted for three mutual inductance 

combinations corresponding to the following situations: 1) power repeater is placed near the 

primary transmitter; 2) power repeater is in the middle between the primary transmitter and 

power pickup; 3) power repeater is located close to the power pickup. The results are shown 

in Fig. 3-5, Fig. 3-6 and Fig. 3-7. 

 

Fig. 3-5 The theoretical and simulated ratio of output power of IPT system with and 

without the power repeater when k12 =0.33 and k23=0.057 

In Fig. 3-5, the simulated tuning capacitance for maximum power transfer is 2.7 nF, which is 

0.3 nF larger than its theoretical value of 2.4 nF. The simulated tuning capacitance 

corresponding to the boundary of enhancing and reducing output power is 5.5 nF, which is 

0.77 nF larger than the modelled tuning capacitance of 4.73 nF.  
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Fig. 3-6 The theoretical and simulated ratio of output power of IPT system with and 

without the power repeater when k12 =0.113 and k23=0.013 

In Fig. 3-6, the simulated results are in a good agreement with the modelled results. The 

maximum power transfer is obtained when the tuning capacitance is between 36.6 nF and 

38.6nF, which includes the modelled tuning capacitance of 36.6 nF. The simulated critical 

tuning capacitance is 54 nF, which is 0.56% less than the theoretical capacitance of 54.3 nF. 

 

Fig. 3-7 The theoretical and simulated ratio of output power of IPT system with and 

without the power repeater when k12 =0.0612 and k23=0.267 
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The simulated results and predicted results are in a good agreement in Fig. 3-7. The 

maximum power transfer is obtained when the tuning capacitance is 41.7 nF, which is 0.72% 

less than the modelled value of 41.3 nF, and the critical tuning capacitance is 61.2 nF, which 

is 0.325% less than the predicted value of 61.4 nF. 

3.4.2 Experimental Setup and Results 

The experimental setup shown in Fig. 3-8 includes a DC power supply, a waveform function 

generator, an AC linear power amplifier, a frame for holding coupled coils and a power 

pickup circuit.  

DC Power 

Supply

Primary coil

 Repeater coil

Pickup coil

AC Linear Amplifier 

Power Pickup 

Circuit

Repeater Tuning Board

Function 

Generator

 

Fig. 3-8 The experimental setup 

The function generator inputs an AC voltage signal with an amplitude of 500mV and 

frequency of 200 kHz into the AC linear power amplifier. The voltage gain of the linear 

power amplifier was set at 10, to generate a voltage with an amplitude of 5 V across the 

terminals of the resonant circuit of the primary transmitter. The resonant frequency of the 

primary resonant circuit was tuned at 200 kHz. The power repeater was set by connecting a 

lumped coil with a tuning board that was used to change the tuning capacitance manually. 

The pickup was set by series connecting a lumped pickup coil, a tuning capacitor and a load 

resistor, and the pickup coil was tuned at 200 kHz. The primary coil, the coil of the power 

repeater and the pickup coil were made by using telephone cables with 10turns, inter radius 

of 31.25mm and outer radius of 60mm, and ferrite bars were added at the bottom of the 

primary and pickup coil. They were placed in the frame, which includes two vertical holders 

with a height of 153 mm and two plates with a dimension of 150mm×150mm. Each vertical 
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holder has 25 evenly distributed slots on it, and each plate has a tongue on each side. The 

plates can be put in different vertical positions by being slid into different slots on the 

holders. The primary coil was placed at the bottom of the frame, and the pickup coil was 

placed 130 mm away from the primary coil. Table 3-1 shows the measured circuit 

parameters. 

Table 3-1 The practical system and circuit parameters 

Parameters f0 Vs(RMS) L1 L2 L3 R1 R2 

Values 200kHz 3.55V 17.427µH 12.15µH 17.79µH 0.66 Ω 0.263 Ω 

Parameters R3 RL C1 C3 k13   

Values 0.208 Ω 4.8 Ω 36.3nF 35.6nF 0.029   

In the experiment, the root mean square (RMS) value of input voltage across the resonant 

circuit of the primary transmitter and the RMS value of the output voltage were first 

measured when the power repeater was not added into the system. Then, the power repeater 

was placed at three different positions, 40 mm, 80mm and 104mm respectively away from 

the primary coil. At each position, the coupling coefficient k12 between the primary coil and 

the coil of power repeater and the coupling coefficient k23 between the coil of power repeater 

and the pickup coil were measured. By substituting the inductances in Table 3-1 and the 

measured k12, k23 and k13 into (3.16), the mutual inductances M12, M23 and M13 were 

calculated, respectively for each position. The C2-Pmax and C2-Cr for each position were 

calculated by substituting M12, M23 and M13 and system and circuit parameters into (3.15) and 

(3.11), respectively. Table 3-2 shows the measured k12 and k23, the calculated M12 and M23 

and the predicted C2-Pmax and C2-Cr of the three positions, 

 a bM k L L  (3.16) 

where M is the mutual inductance between two coupled coils, La and Lb is the inductance of 

two coupled coils, respectively and k is the coupling coefficient between two coupled coils.  

Table 3-2 shows that C2-Pmax is smaller than C2-cr for all three positions. Therefore, the tuning 

capacitance of the power repeater was manually varied from a tuning capacitance smaller 

than C2-Pmax to a tuning capacitance larger than C2-Cr at each position. Both the RMS values of 
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the output voltage and the input voltages across the resonant circuit of the primary transmitter 

were measured for all tuning capacitances within the range of the variation.  

Table 3-2 The measured coupling coefficients, calculated mutual inductances, predicted 

critical tuning capacitances, and optimal tuning capacitances for obtaining 

maximum output power 

The distance between the primary 

coil and power repeater (mm) 

k12 k23 M12 

(µH) 

M23 

(µH) 

C2-Pmax 

(nF) 

C2-Cr 

(nF) 

40 0.33 0.057 4.802 0.838 2.4 4.73 

80 0.113 0.13 1.644 1.911 36.6 54.3 

104 0.0612 0.267 0.891 3.925 41.4 61.4 

 

Due to the reflected effects from the passive power repeater and the power pickup, the RMS 

value of the input voltage from the AC power linear amplifier changed slightly when the 

tuning capacitance was manually varied. The input voltage was calibrated by dividing 3.55 V, 

which is the input voltage when the power repeater is not added to the system for each 

measurement. The measured output voltage was calibrated by dividing the ratio of the 

calibrating ratio of the input voltage. By using the calibrated output voltage, the output power 

was calculated. The ratios between the output power of the IPT system with and without the 

passive power repeater were obtained. Fig. 3-9, Fig. 3-10 and Fig. 3-11 show the measured 

and predicted output power ratios in relation to the tuning capacitance of the passive power 

repeater when the passive power repeater was placed at 40 mm, 80 mm and 104 mm 

respectively away from the primary coil. 

Fig. 3-9 shows that the measured output power ratios are in good agreement with the 

predicted power ratios when the passive power repeater was placed 40 mm away from the 

primary coil. The maximum measured power ratio of 1.05 occurred when tuning capacitance 

of power repeater was between 2.3nF to 2.5nF, and the predicted tuning capacitance was at 

2.43nF, which is 5.65% larger than 2.3nF. The measured critical tuning capacitance for 

enhancing and reducing the output power was 4.3nF, which is 10% smaller than its predicted 

value of 4.73nF. 
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Fig. 3-9 The measured and predicted output power ratios at tuning capacitances within 

the range between 1nF to 5.3nF when the passive power repeaters is placed 40 

mm away from the primary coil 

Fig. 3-10 shows that the measured power ratios are consistent with the predicted power ratios 

when the passive power repeater was placed 80 mm away from the primary coil.  

 

Fig. 3-10 The measured and predicted output power ratios at tuning capacitances 

within the range between 20nF to 60nF when the passive power repeater is 

placed 80 mm away from the primary coil 
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The output power was maximised by around 71.9 % at 37.6 nF, which is 2.73% larger than 

the predicted tuning capacitance of 36.6 nF. The measured critical tuning capacitance was 54 

nF, which is 0.55% smaller than its predicted value of 54.3nF. 

Fig. 3-11 shows that the measured power ratios are in good agreement with the predicted 

power ratios when the passive power repeater was placed 104mm away from the primary 

coil. The output power was maximised by 122% when the tuning capacitance was 41 nF, 

which is 1 % off from the predicted capacitance of 41.4 nF, and the output power ratio was 

approximately equal one when the tuning capacitance was 61 nF, which is 0.66% smaller 

than the predicted tuning capacitance of 61.4nF. 

 

Fig. 3-11 The measured and predicted output power ratios at tuning capacitances 

within the range between 30nF to 70nF when the passive power repeater is 

placed 104 mm away from the primary coil 

Fig. 3-9, Fig. 3-10 and Fig. 3-11 show that the maximum power transfer ratio changes with 

the position of the power repeater. The position of a power repeater with a fixed tuning 

condition has been determined for maximum power transfer efficiency in [81, 82], and the 

analytical result in relation to the position was obtained by ignoring the mutual inductance 

between the primary coil and pickup coil. The relationship between the system output power 

and the position of the power repeater becomes more complicated in the system presented in 
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this chapter after considering the mutual inductance between the primary coil and pickup coil. 

Furthermore, to obtain the maximum power transfer, the tuning capacitance of the power 

repeater needs to be varied away from the nominal tuning capacitance at different positions of 

the power repeater. To obtain the relationship between the output power and the position of 

the power repeater, the mutual inductances M12 and M13 at 13 positions between the primary 

coil and the power repeater are practically measured. The maximum output power ratio (with 

respect to the output power without using a power repeater) is calculated for each position, as 

shown in Fig. 3-12, together with the tuning capacitance variations.  

 

Fig. 3-12 The relationship between the power ratio and distance between primary coil 

and power repeater 

It can be seen from Fig. 3-12 that the maximum output power increases with the increase in 

the distance between the primary coil and the power repeater until it reaches about 100mm, 

and then the output power decreases when the repeater approaches the power pickup. The 

power ratio reaches the maximum value of about 2.4 when the tuning capacitance of the 

power repeater is close to 43nF. 

3.5 Summary 

This Chapter has studied the relationship between the output power of an IPT system and the 

tuning capacitance of a single coil passive power repeater placed between the primary and 
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secondary coils tuned at a nominal frequency. By system modelling and analysis, the critical 

tuning capacitance of the power repeater corresponding to the boundary between enhancing 

and reducing the power transfer capability has been determined, and the optimal tuning 

capacitance for achieving the maximum output power has been found. The power ratios 

between the output power with and without the power repeater have been practically 

measured when the power repeater is placed at 40 mm, 80 mm and 104 mm from the primary 

coil. Experimental results have shown a good agreement with the theoretical analysis. The 

measured critical tuning capacitances and the optimal tuning capacitances are close to the 

predicted values, with maximum errors of 10% and 5.65%, respectively. The output power 

has been increased by around 71.9% when the power repeater is placed at the middle point 

between the primary coil and pickup coil. The determined critical and optimal tuning 

capacitances can be used to guide the practical design of single coil passive power repeaters. 
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Chapter 4  

Active Single Coil Power Repeaters  

4.1 Introduction 

Chapter 3 has shown that the maximum output power at the pickup of the IPT system can be 

obtained by passively tuning the single coil power repeater to the optimal condition. Single 

coil power repeaters can also be actively tuned to different conditions based on the operating 

conditions. However, little study has been conducted about the active tuning methods of the 

power repeaters. 

This chapter proposes an active power repeater to account for variations of the circuit 

operating condition, for example, the position change of a power pickup with reference to the 

primary transmitter. A standby state of the active power repeater is designed to minimise the 

magnetic field at the power repeater when there is no power pickup in the system. A method 

is proposed to detect the mutual inductance between a primary transmitter and a power 

pickup, and between a power repeater and the power pickup. Moreover, electrical circuits of 

varying tuning conditions of the active power repeater are designed.  

4.2  Proposed Active Power Repeater  

Fig. 4-1 illustrates an IPT system with a primary transmitter, an active power repeater and a 

power pickup. The primary transmitter contains a DC power supply, a DC-AC inverter, and a 
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series resonant circuit. The power pickup is formed by a series resonant circuit connected 

with an electrical load. Both the primary transmitter and the power pickup are tuned to the 

nominal frequency. The active power repeaters relay the maximum power to the power 

pickup. The position between the primary transmitter and the active power repeater is fixed, 

and the position of the power pickup varies. 

0H
𝑳𝑻 Load

Power RepeaterPrimary Transmitter

0H
𝑳𝑻 

0H
𝑳𝑻 

Power pickup

H0
DC-AC 

inverter
DC

 Control circuitry  

Fig. 4-1 The overview of an IPT system with the proposed active power repeater 

Fig. 4-2 illustrates the block diagram of the proposed active power repeater. 

0H
𝑳𝑻 

Active tuning circuitry

Pickup detection circuitryTuning 

circuitry

Standby state setup circuitry

 

Fig. 4-2 The proposed active power repeater 

The proposed active power repeater includes a coupling coil, a tuning circuitry, a pickup, a 

standby state setup, and active tuning circuitry. The pickup detection circuitry is responsible 

for detecting the presence of a power pickup, and the mutual inductance between a primary 

transmitter and a power pickup, and between a power repeater and the pickup of IPT systems. 

The standby state setup circuitry sets the tuning circuitry to minimise the magnetic field at a 

power repeater when there is no power pickup in the system. The active tuning circuitry 

calculates the optimal tuning condition for maximum power transfer based on detected 

mutual inductances from pickup detection circuitry, and tunes the active power repeater to the 

optimal condition. 
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Fig. 4-3 illustrates the operating principle of the active power repeater. The power repeater is 

initially at the standby state when power pickup is not in the system. When a power pickup is 

added to the system, the pickup detection circuitry sends information about the detected 

mutual inductances to the active tuning circuitry. The active tuning circuitry calculates the 

optimal tuning condition of the power repeater for maximum power transfer and varies the 

tuning condition of the active power repeater accordingly. 

Detecting a power 

pickup

Calculating the tuning condition for maximum power transfer

Varying the tuning circuitry

Standby state

No Pickup

Pickup Detected

 

Fig. 4-3 The operating principle of the proposed active power repeater 

4.3 Design of Active Power Repeater 

4.3.1 Standby State  

Fig. 4-4 shows the circuit model of an IPT system with a power repeater when there is no 

power pickup in the system. The primary transmitter is modelled as an AC voltage source 
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connected to an LCR series resonant circuit with an inductor L1, a capacitor of C1, and an 

ESR of r1. The power repeater is modelled as an inductor L2 with an ESR of r2 connected 

with a capacitor C2 in series. L1 and L2 are magnetically linked by mutual inductance M12. 

AC

Primary Transmitter Power Repeater

C1

L1
r1

C2 r2

L2

M12

 

Fig. 4-4 Circuit model when the power pickup is not in the system 

Based on Faraday’s and Lenz’s Law, the induced voltage across an inductor can be 

represented as (4.1), 

 L

B
V NA

t


 


 (4.1) 

where B is the average RMS magnetic flux density coupled with the inductor, N is the 

number of turns, and A is its cross-sectional area. 

By doing a Laplace transformation of (4.1), and simplifications, (4.2) is obtained, 

 0LV B NA  (4.2) 

where ω0 is the angular frequency of the changing magnetic field. 

Based on (4.2), the average RMS magnetic flux density at the power repeater can be 

represented as (4.3), 

 
12 1 2 2

r r

j M I j L I
B

N A

 




  (4.3) 

where I1 and I2 are the currents in the primary transmitter and power repeater, respectively, Nr 

is the number of turns of the power repeater, and Ar is area of the power repeater, which is 
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perpendicular to magentic field, and ω is the phasor angular operating frequency of IPT 

systems.  

By applying the KVL in the primary transmitter and the power repeater, equations in (4.4) are 

obtained, 
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 (4.4) 

where Vs is the amplitude of input voltage at the primary transmitter 

As the primary transmitter is tuned at the nominal frequency, equation (4.4) can be simplified 

as (4.5). 
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By solving two equations simultaneously in (4.4), the current in the primary coil and the 

power repeater is solved to be (4.6) and (4.7), respectively. 
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By substituting (4.6) and (4.7) into (4.3), and simplifying the equation, (4.8) is obtained. 
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  (4.8) 

Based on (4.8), the relationship between the magnitude of the average RMS magnetic flux 

density at the power repeater and tuning capacitance of the power repeater is illustrated in 

Fig. 4-5. 
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C2

|B|

|Bsc|

0

 

Fig. 4-5 The relationship between the magnitude of the average RMS magnetic flux 

density at the power repeater and tuning capacitance of the power repeater 

From Fig. 4-5, it can be seen that the magnitude of the average RMS magnetic flux density at 

the power repeater first increases with the tuning capacitance to a maximum value, and then 

decreases with the tuning capacitance of the power repeater. The magnitude of the average 

RMS magnetic flux density approaches |Bsc| when the tuning capacitance increase to infinity, 

that is the power repeater is short circuited. Therefore, the power repeater should be short 

circuited at the standby state, and the average RMS  magnetic flux density at the power 

repeater is obtained in (4.9). 
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  (4.9) 

4.3.2 Pickup Detection 

As the standby state is designed to be short circuited, the short circuit current of the power 

repeater is studied for guiding the design of pickup detection. The circuit model of the IPT 

system when a pickup is added into the system is shown in Fig. 4-6. The circuit model of 

primary transmitter and power repeater do not change from their circuit models in the 

previous section. The power pickup is modelled as a series LCR circuit with an inductor L3 

with ESR of r3, a tuning capacitor of C3 and load resistor RL. The primary transmitter and the 

power pickup are magnetically linked by the mutual inductance M13, and the power repeater 

and the power pickup are magnetically linked through mutual inductance M23. 
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Fig. 4-6 Circuit model of an IPT system with a power repeater 

By applying the Kirchhoff Voltage Law (KVL) in each resonant circuit, (4.10) is obtained  
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 (4.10) 

where I3 is the current in the power pickup. 

Equation (4.10) can be simplified as (4.11) because the primary transmitter and power pickup 

are all tuned at the nominal frequency. 
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 (4.11) 

By simultaneously solving three equations in (4.11), the current in the primary coil, power 

repeater coil and pickup coil is solved, and their analytical results are shown in Appendix A. 

By modifying the current in the power repeater, the short circuit current of the power repeater 

is obtained as (4.12). 
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 (4.12) 

Based on the circuit model without a power pickup, presented in (4.5), the short circuit 

current when there is no power pickup in the system is obtained as (4.13). 
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Based on (4.12) and (4.13), the change of the short circuit of the power repeater when the 

power pickup is added into the system is obtained as (4.14). 
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(4.14) 

Equation (4.14) can be used to guide the design power repeaters to obtain noticeable changes 

of short circuit current, and it can also be used to set the reference changes of short circuit for 

avoiding fault detections. 

4.3.3 Optimal Tuning Condition Design  

Based on the analysis in Chapter 3, the optimal tuning capacitance of a power repeater for 

maximum power transfer at the power pickup can be represented as (4.15). 
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where 
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From (4.15), the mutual inductances between the primary transmitter and power repeater, 

between the power repeater and pickup, and between the primary transmitter and pickup need 

to be known to obtain the optimal tuning capacitance. As the distance between the primary 

transmitter and the power repeater is fixed, the mutual inductance between them is a constant. 

The mutual inductance between the primary transmitter and pickup, and between the power 

repeater and pickup, varies with the position of the power pickup. This section proposes a 

method of detecting the mutual inductances based on the open circuit voltage and the voltage 

across the tuning capacitor of the power repeater when the power repeater is tuned to the 

nominal frequency.  

The open circuit voltage of the power repeater can be calculated by using (4.16) 

 
12 1 23 3ocV j M I jM I   (4.16) 

I1 and I3 are obtained as (4.17) and (4.18) based on equation (A.1) and (A.2) respectively in 

Appendix A. 
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By substituting (4.17) and (4.18) into(4.16), and taking the magnitude of the open circuit 

voltage, equation(4.19) is obtained. 
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The magnitude of the voltage across the tuning capacitor of the power repeater can be 

calculated using (4.20). 
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The amplitude of current in the power repeater when the power repeater is tuned to the 

nominal frequency is calculated as (4.21) based on equation (A.2) in Appendix A. 
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(4.21) 

By substituting (4.21) into (4.20), Vc2 is achieved as (4.22). 
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 (4.22) 

Due to the complexity and high order of (4.21) and (4.22), it is difficult to obtain analytical 

results of the mutual inductances. Therefore, simplifications are made by assuming
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3  13 23  LM r R M M   , and equation (4.19) and (4.22) are simplified as (4.23) and 

(4.24). 
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(4.24) 

By solving (4.23) and (4.24) simultaneously, the mutual inductance M23 and M13 are obtained 

as (4.25) and (4.26), respectively. 
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Equation(4.25) and (4.26) can be used to calculate the mutual inductances between a power 

repeater and a power pickup, and between a primary transmitter and the pickup of the IPT 

system. Based on the calculated mutual inductances, the optimal tuning capacitance of the 

power repeater for maximum power transfer can be worked out based on (4.15). Please note 

that equations (4.25) and (4.26) are only valid under the condition of

 
12

22 2 2 2

3  13 23  LM r R M M   . 

4.3.4 Active Tuning Circuitry  

Active power repeaters with single and dual side switching circuits for varying the tuning 

capacitance of the power repeater are proposed to achieve the optimal tuning condition for 

maximum power transfer. Fig. 4-7 (a) and (b) illustrate the circuit diagram of the two active 

power repeaters. 

L
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C1a

Switching Signal

from 

Microcontroller 

 

(a) 

L

C2a

D3

D2
S2

S3

C1a

Switching Signal

from 

Microcontroller 

(b) 

Fig. 4-7 Two strategies for implementing the variable tuning capacitor of a power 

repeater, (a) single side switching circuit, (b) dual side switching circuit 

In both switching circuits, two tuning capacitances C1a and C2a are placed in parallel, and C2a 

is switched in and out from the circuit. For the single side switching circuit shown in Fig. 4-7 

(a), the capacitor C2a is connected with the MOSFET S1 in series, and a microcontroller 

generates the driving signal of S1. For the dual side switching circuit illustrated in Fig. 4-7 

(b), the tuning capacitor C2a is connected with an AC switch formed by two MOSFETs S2 

and S3 in series, and the driving signals of S2 and S3 are generated by a microcontroller.  



Chapter 4 Active Single Coil Power Repeaters 

 

 

 -56-  

 

For both the single and dual side switching circuits, an equivalent tuning capacitance of the 

power repeater is obtained by varying the charging and discharging time of the tuning 

capacitor C2a. Considering that switching a capacitor may cause destructive surge currents, 

the zero voltage switching (ZVS) is obtained. In both methods, the switches are turned on 

when their body diodes are forward biased, so a quasi ZVS is obtained. The switching speed 

of switches is designed to be faster than the charging speed of the parasitic capacitor between 

the terminal Drain and Source of the MOSFETs, so ZVS can be obtained when switching 

MOSFETs off. 

Control methods of delaying the driving signals of switches are proposed to vary the charging 

and discharging time of C2a for single and dual side switching circuits, and they will be 

described in detail. The waveforms of voltages across the MOSFET switches are assumed 

sinusoidal, and harmonics due to the switching operation are ignored. 

Single Side Switching Circuit 

Fig. 4-8 illustrates the typical steady-state waveforms of the proposed control method of an 

active power repeater with the single side switching circuit.  

t1

DS1

 

t

Vc2a 

Vs1

t2 t3

t

t

Δt

  

Fig. 4-8 Typical waveforms for the phase control method 
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The waveforms from top to bottom are: 1) voltage Vs1across the MOSFET S1; 2) the driving 

signal DS1 of the MOSFET S1; and 3) the voltage VC2a across the tuning capacitor C2a. The 

switch S1 is triggered when the voltage across it is negative for obtaining ZVS, and is delayed 

for varying the sum of the charging and discharging time of the tuning capacitor C2a. 

Taking the time interval [t1,t3] as an example, the proposed control method will be explained. 

Between t1 and t2, C2a is disconnected from the resonant circuit of the power repeater as S1 is 

off due to the positive voltage across it. As a result, the voltage across C2a is a constant. At t2, 

D1 starts to conduct, and C2a starts to be charged. As voltage across S1 equals negative 

forward bias voltage of D1, the driving signal of S1 is triggered, and is delayed by Δt at the 

same time. At t2+Δt, S1 is on, and C2a continues to be charged. The voltage across S1 becomes 

zero when S1 is on, which results in the driving signal becomes low at t3 as the driving signal 

of S1 is only triggered when the voltage across it is negative. At t3, S1 is off, so C2a is 

disconnected from the resonant circuit, and the voltage across it becomes a constant. From 

Fig. 4-8, it can be seen that the sum of the charging and discharging time of C2a in a period is 

two times of the delayed time Δt. 

Dual Side Switching Circuit 

To clearly explain the proposed control method for an active power repeater with the dual 

side switching circuit, four operation modes of the dual side switching circuit will be  

introduced, as shown in Fig. 4-9. 
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Fig. 4-9 Four operation modes of the active power repeater 

In mode 1, the voltage across the AC switch is positive, and the switch S3 is turned on as the 

diode D3 conducts. As a result, C2a is switched out the resonant circuit of the power repeater. 

In mode 2, the voltage across the AC switch becomes negative, and D2 starts to conduct while 

D3 stops to conduct. The current flows through S3 and D2, and C2a is switched into the 

resonant circuit of the power repeater. In mode 3, the voltage across the AC switch is still 

negative, and S3 is turned off while S2 is turned on, which results in C2a  being switched out 

from the resonant circuit. In mode 4, the voltage across the AC switch becomes positive 

again, and D3 conducts while D2 is off. The current flows via S2 and D3, and C2a is switched 

into the resonant circuit. Table 4-1 summarises the states of diodes and semiconducting 

switches and the conditions of C2a in the four modes of the AC switches. 

Table 4-1 States of diodes and semiconducting switches and the conditions of C2a in the 

four modes of the AC switches 

Model On Component Off Component C2a  is switched in or out 

from the resonant circuit 

1 D3, S3 D2, S2 Switched out 

2 D2, S3 D3, S2 Switched in 

3 D2, S2 D3, S3 Switched out 

4 D3, S2 D2, S3 Switched in 
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Fig. 4-10 shows the typical steady-state waveforms of the proposed control method for an 

active power repeater with the dual side switching circuit.  
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Fig. 4-10 The typical waveforms for the dual side switching 

The waveforms from top to bottom are: 1) the voltage across the AC switch; 2) the driving 

signal of switch S2; 3) the driving signal of switch S3; 4) the voltage across diode D2; 5) the 
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voltage across diode D3, and 6) the voltage across the tuning capacitor C2a. The driving 

signals of S2 and S3 are inverted, and they are triggered when the voltage across the S2 and S3 

is negative and positive respectively for obtaining ZVS, and delayed for controlling the sum 

of the charging and discharging time of C2a. 

Taking the time interval of [t1, t3+Δt] as an example, the proposed control method is 

explained. At t1, D3 starts to conduct, and the voltage across S3 becomes positive. The driving 

signal of S3 is triggered while delayed by Δt. At t2, D2 starts to conduct while D3 stops 

conducting, and the driving signal of switch S2 is triggered due to the negative voltage across 

S2, and it is delayed by Δt at the same time. From t1+ Δt to t2, C2a is disconnected from the 

resonant circuit of the power repeater as D2 is off when S3 is on. Between t2 and t2 + Δt, C2a is 

charged when S3 and D2 conduct at the same time. C2a is disconnected from the resonant 

circuit again between t2 + Δt and t3 as D3 does not conduct when S2 is on, which results in a 

constant voltage across C2a. Between t3 and t3+Δt, C2a is charged again when S2 and D3 are 

on at the same time. From Fig. 4-10, it can be seen that the sum of charging and discharging 

time of C2a in a period is twice the time delay Δt. 

It has been shown that the charging and discharging time of C2a of the power repeater can be 

varied by delaying the driving signal of switches of single and dual side switching circuits. 

An equivalent tuning capacitance across C2a can be obtained based on the charging and 

discharging time of C2a. The relationship between time delay of driving signals and 

equivalent tuning capacitances will be determined in the next section. 

4.3.5 The Relationship between Time Delay and Equivalent Tuning Capacitance 

Equation (4.27) shows that the absolute electronic charges flowing through the tuning 

capacitor C2a and equivalent tuning capacitor Ce are the same. 

 2a eQ Q  (4.27) 

where Q2a and Qe are the total electric charges flowing through the tuning capacitance C2a 

and the equivalent tuning capacitor Ce, respectively.  

The total electric charges flowing through a capacitor can be calculated based on (4.28). 
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dv

Q idt C dt
dt

    (4.28) 

where C is capacitance, i is the current goes through a capacitor, v is the voltage across a 

capacitor, and t is time. 

Based on (4.27) and (4.28), the relationship is determined between the time delay of the 

driving signals and equivalent tuning capacitance across C2a of single and dual side switching 

circuits, respectively. 

a) Single Side Switching Circuit 

Fig. 4-11 illustrates the typical steady-state waveforms of the current through tuning 

capacitor C2a, the voltage across C2a, and the voltage across the equivalent tuning capacitor 

Ce.  
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Fig. 4-11 Typical steady-state waveforms of the current through tuning capacitor C2a, 

the voltage across C2a, and the voltage across the equivalent tuning capacitor Ce 
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The tuning capacitor C2a is switched into the resonant circuit in the time interval of [0, 
 

 
] and 

[T- 
 

 
, T], respectively, and is switched out from the resonant circuit in the interval of [

 

 
, T-

 
 

 
].  

Based on(4.27), (4.28), and Fig. 4-11, equation (4.29) is obtained, 
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       (4.29) 

where VC2a-off and Vc2a-on are the voltages across tuning capacitor C2a when C2a is switched out 

of and into the resonant circuit, respectively, Vce is the voltage across the equivalent tuning 

capacitor, and D is the sum of the charging and discharging time of C2a in a period. 

By simplifying(4.29),(4.30) is obtained, 
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   (4.30) 

where Ve is the amplitude of Vce,  

The voltage VC2a-on can be calculated using (4.31) 
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where I2a is the current going through the C2a when C2a is switched in the resonant circuit, 

and it can be represented as 

 
2 2 max sin( )a aI I t  (4.32) 

where I2a-max is the magnitude of I2a 

By substituting (4.32) into(4.31), and doing simplifications, VC2a-on is obtained as (4.33).  
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By substituting (4.33) into (4.30) and solving (4.30), the relationship between the sum of the 

charging and discharging time of C2a and the equivalent tuning capacitance is obtained as 

(4.34). 
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  (4.34) 

As the sum of charging and discharging time is twice the time delay of the driving signal of 

switches, the time delay is obtained as (4.35), 
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where 

 
2 max 1e avC C C   (4.36) 
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where C2-max is the tuning capacitance of the power repeater for maximum power transfer, 

which can be calculated based on (4.15), C1av  and C2av are the capacitance of C1a and C2a, 

respectively, I2-max and Ipa are the currents in power repeater when tuning capacitance equals 

to C2-max and the sum of C1av and C2av, respectively, and they can be obtained by substituting 

the capacitances into equation (A.2) in Appendix A. 

b) Dual Side Switching Circuit 

Fig. 4-12 shows the typical steady-state waveforms of the current through the tuning 

capacitor C2a, the voltage across the equivalent tuning capacitor C2a, and the voltage across 

the equivalent tuning capacitor Ce. The tuning capacitor C2 is switched out from the resonant 

circuit during the time intervals of [  
 

 
 
 

 
] [
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, ], and switched 

into the resonant circuit during the time intervals of [
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Fig. 4-12 Typical steady-state waveforms of the current through the tuning capacitor 

C2a, the voltage across the equivalent tuning capacitor C2a, and the voltage 

across the equivalent tuning capacitor Ce.  

Based on (4.27) and(4.28), equation (4.39) is obtained, 
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 (4.39) 

where C2a-off is the voltage across the C2a when C2a is switched out from the resonant circuit, 

and VC2a-on is the voltage across C2a when C2a is switched into the resonant circuit. 

By simplifying(4.39),(4.40) is obtained.  
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   (4.40) 

As Vc2a-off is a constant voltage,(4.40) can be further simplified as (4.41). 
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by substituting VC2a-on presented in (4.33) into (4.41), the relationship between the time of 

charging and discharging of tuning capacitor C2a and the equivalent tuning capacitance is 

determined as  
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As the sum of the charging and discharging time of C2a is twice the time delay of the driving 

signal, the time delay can be represented as (4.43). 
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In (4.43) Ce, Ve and I2a-max can be achieved using(4.36), (4.37) and (4.38). Based on (4.43), 

the time delay of the driving signals of switches S2 and S3 can be designed based on the 

equivalent tuning capacitances for maximum power transfer. 

Based on (4.35) and (4.43), Fig. 4-13 illustrates the relationship between the time delay and 

the equivalent tuning capacitance of active power repeaters with single and dual side 

switching circuits. 
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Fig. 4-13 The relationship between the time delay and the equivalent tuning capacitance 

of active power repeaters with single and dual side switching circuits. 
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From Fig. 4-13, it can be seen that the tuning capacitance of the active power repeater can be 

varied from C1a to C1a+C2a using either single or dual side switching circuits. The relationship 

between the time delay and the equivalent tuning capacitance of active power repeaters with 

the single side switching circuit is linear. The linear relationship can simplify control of time 

delay of the driving signal of switches. From the aspect of practical implantations, the dual 

side switching circuit is more complicated as it requires one more driving circuit for 

MOSFETs. 

4.4 Simulation Study 

4.4.1 Mutual Inductance Detection 

The simulation circuit set using the software package PLECS, is shown in Fig. 4-14. The 

primary transmitter was set as a voltage source with a sinusoid waveform connected with a 

series LCR circuit with a capacitor of C1 and an inductor with L1 ESR of R1, and the power 

repeater was set as a series LCR circuit with an inductor L2 with ESR of R2 and a capacitor C2 

with ESR. The pickup was set by connecting an inductor L3 with ESR of R3 with a tuning 

capacitorC3 and a load resistor RL in series. 

Power Pickup

Power Repeater

Primary 

Transmitter

L1

L2

L3

 

Fig. 4-14 The simulation setup for verifying the detection of mutual inductances  
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In the simulations, the mutual inductances were set by using the component ‘mutual inductor’ 

M based on practical measurements, and the open circuit voltage and the voltage across C2 

were simulated. Based on the simulated voltages, the mutual inductance between the primary 

transmitter and the power pickup, and between the power repeater and the power pickup were 

calculated using (4.25) and (4.26). 

Ten groups of mutual inductances between the primary transmitter and power pickup, and 

between the power repeater and the power pickup were measured practically, and they are 

shown in the first and fourth columns of Table 4-2. The simulated mutual inductances are 

presented in the second and fifth column of Table 4-2, and the other parameters used in the 

simulations are presented in Table 4-3. 

Table 4-2 The measured and simulated mutual inductances between the primary 

transmitter and the power pickup, and between the power repeater and the 

power pickup 

Measured 

M23(µH) 

Simulated 

M23(µH) 

Error of  

M23 (%) 

Measured 

M13 (µH) 

Simulated 

M13 (µH) 

Error of  

M13 (%) 

0.795658 0.8667 8.928774 0.355085 0.37055 4.35521968 

0.826398 0.829 0.314861 0.424494 0.438 3.18157655 

1.03872 1.0982 5.726032 0.484308 0.49659 2.53603015 

1.15218 1.2078 4.827528 0.537197 0.54874 2.14865292 

1.3686 1.4042 2.601121 0.553602 0.56531 2.11493453 

1.56303 1.5877 1.578161 0.671888 0.68231 1.55117265 

1.86762 1.8969 1.567616 0.758477 0.76037 0.24951823 

2.20938 2.2441 1.571548 0.899365 0.88249 1.87636731 

2.65074 2.6495 0.046929 1.03877 1.0086 2.90428061 

3.162 3.1243 1.19215 1.17248 1.1231 4.21198604 

Table 4-3 The parameters used in the simulations 

Parameters V_in RL f M12 

Values 5V 4.8 Ω 100 kHz 1.644 µH 

The inductance and of coils  L1 L2 L3 

Values(µH) 17.427 12.15 17.79 

ESR (Ω) 0.66 0.263 0.208 

Tuning capacitance  C1 C2 C3 

Values(nF) 145 208 142 

ESR(Ω) 0.05 0.05 0.05 
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From Table 4-2, it can be seen that the simulated mutual inductances M23 and M13 are in good 

agreement with their measured values with a maximum error of 8.93% and 4.36%, 

respectively. 

4.4.2 Active Tuning  

An active power repeater with a single side switching circuit was set up in the simulation 

software package PLECS, and the setup is shown in Fig. 4-15. The mutual inductances 

between the primary transmitter and the power pickup, between primary transmitter and the 

power repeater, and between the power repeater and the pickup were set as M13, M12 and M23 

respectively using M. The setup of the primary transmitter and the power pickup are the same 

as that of the simulation setup in section 4.4.1. The active power repeater was set as inductor 

L2 connected with capacitor C1 and C2 in parallel, and C2 is connected with a MOSFET S1 in 

series. A comparator with a reference voltage of zero was set for detecting the conduction of 

the diode D1 for ZVS of S1. A pulse generator was set to generate the driving signal of S1.  

Active Power 

Repeater

Primary 

Transmitter

Pick-up

ZVS and Phase 

Shift control

L1

L2

L3

 

Fig. 4-15 Simulation set up of an active power repeater with single side switching circuit 

In the simulation, input voltage was set to be 5 V with 100 kHz, and the load resistance was 

set to be 4.8Ω. The inductances of coupled coils, mutual inductances between coupled coils 

and tuning capacitances of the primary transmitter, power repeater and power pickup are 

shown in Table 4-4.  



Chapter 4 Active Single Coil Power Repeaters 

 

 

 -69-  

 

Table 4-4 The parameters used in the simulations 

The inductance of coils  L1 L2 L3 

values(µH) 17.427 12.15 17.79 

ESR (Ω) 0.66 0.313 0.208 

Mutual inductance  M12 M23 M13 

values(µH) 1.644 1.911 0.5106 

Tuning capacitance  C1 C1 C2 C3 

values(nF) 145 156 52 142 

ESR(Ω) 0.05 0.05 0.05 0.05 

In the simulations, time delays of the driving signal of MOSFET S1 were set to obtain 

different equivalent capacitances between 156 nF to 208 nF, which is the tuning capacitance, 

tuned the power repeater to the nominal frequency, and the output voltage across the load 

resistor was simulated for each time delay. Based on the simulated output voltages, the output 

power was calculated. The theoretical system output power of IPT system with a power 

repeater tuned using the equivalent tuning capacitances was also calculated. Fig. 4-16 shows 

the theoretical and simulated output power. 

186nF 

2.1028W

208nF 

1.7289W

 

Fig. 4-16 Theoretical and simulated output power of the active power repeater with 

single side switching circuit   
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From Fig. 4-16, it can be seen that the theoretical and simulated output power are in good 

agreement. Maximum power is obtained at 186nF, which is 0.5% larger than the predicted 

capacitance of 185nF. The simulated maximum power is 21.6% larger than the simulated 

output power when the active power repeater is tuned at the nominal frequency.  

The simulation set-up of an active power repeater with a dual side switching circuit is shown 

in Fig. 4-17. The setup of the primary transmitter and the power pickup is the same as that of 

the active power repeater with the single side switching circuit. The active power repeater 

was set to be a coupled inductor L2 connected with tuning capacitors C1 and C2 in parallel. 

The tuning capacitor C2 was connected with an AC switch which was set by connecting the 

source terminals of two N-type MOSFET S1 and S2. Comparators 1 and 2 were set to detect 

the zero cross points corresponding to the voltage across the AC switch changes from 

positive to negative, and negative to positive for ZVS of S2 and S1, respectively. In the 

simulation, the input voltage was set to be 5 V with 100 kHz, and the load resistance was set 

to be 4.8Ω. Tuning capacitances of C1 and C2 were set to be 138 nF and 70 nF, respectively. 

The other circuit parameters are shown in Table 4-4. 

Primary 

Transmitter

Pick-up

Active Power 

Repeater

ZVS and Phase 

Shift control

L1

L2

L3

 

Fig. 4-17 Simulation setup of an active power repeater with dual side switching circuit 

In the simulations, time delays of the driving signals of MOSFET S1 and S2 were set to 

achieve various equivalent capacitances, and the output power was calculated based on 

simulated output voltages for each time delay. The theoretical output power was calculated 
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based on the equivalent tuning capacitances. Fig. 4-16 presents the theoretical and simulated 

output power for different equivalent tuning capacitances.  

183nF 2.096W

208nF 

1.73315W

 

Fig. 4-18 Simulated output power of the active power repeater with the dual side 

switching circuit 

Fig. 4-18 shows that the output power predicted by theory is in good agreement with the 

simulated output power. The maximum power transfer is obtained at 183nF, which is 1.1% 

smaller than the predicted tuning capacitance of 185 nF. The maximum output power is 

20.9% larger than the output power when the active power repeater is tuned at the nominal 

frequency using 208nF tuning capacitance. 

4.5 Summary 

An active single coil power repeater has been proposed in this chapter for obtaining the 

maximum power transfer of IPT systems. The standby state of the power repeater has been 

designed to minimise the magnetic field at the power repeater when there is no power pickup 

in the system. A method has been proposed for detecting the mutual inductances between the 

primary transmitter and the pickup, and between the power repeater and the pickup based on 

the open circuit voltage and the voltage across the tuning capacitor of the power repeater. 

Both single and dual side switching circuits have been designed to vary the tuning condition 

of the power repeater. It has been found that the magnetic field at the power repeater can be 

minimised by shorting the resonant circuit of the power repeater. The simulated mutual 
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inductances between the primary transmitter and pickup, and between the power repeater and 

pickup were in good agreement with the practical measurements with maximum errors of 

8.93 % and 4.36%, respectively. The simulation result has shown that the active power 

repeaters with the single and dual side switching circuits increased the output power by 21.6 

% and 20.9% respectively 
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Chapter 5  

Theoretical and Simulation Study of the 

Effective Permeability of IPT Matrix Power 

Repeaters  

5.1 Introduction 

Negative effective permeability is one of the key features of matrix power repeaters, which 

results in its ability to concentrate energy. It has been found that matrix power repeaters have 

effective negative permeability only in a frequency range in far field [107]. However, the 

relationship between the effective permeability of matrix power repeaters and the system 

operating frequency of IPT systems is not clear. 

This chapter presents a theoretical and simulation study of the effective permeability of 

matrix power repeaters of IPT systems. The critical frequency corresponding to the boundary 

between positive and negative effective permeability is determined. The findings in this 

chapter are helpful for understanding the characteristics of matrix power repeaters and 

assisting their designs.  
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5.2 System Overview 

Fig.5-1 illustrates an IPT system with an MPR.  

MPR

Primary 

coil

H1µ 

HMPRµ 

Haveµ 

H1µ 

 

Fig.5-1  Illustration of an IPT system with an MPR 

Fig.5-1 illustrates a magnetic field with a strength of H1µ generated by the primary current 

interacts with the magnetic field with a strength of HMPRµ generated by MPR at the boundary 

of the MPR. HMPRµ enhances H1µ when their directions are the same, and reduces H1µ when 

their directions are opposite, which is illustrated in Fig.5-1. The interactions between HMPRµ 

and H1µ results in a net magnetic field with a strength of Haveµ. 

The average RMS flux density of the magnetic field generated by the primary current at the 

MPR can be calculated using (5.1), 

 0 1aveB H   (5.1) 

where µ0 is the permeability of free space. 

The average RMS flux density of the magnetic field at the MPR is also can be represented as 

(5.2), 

 1 0ave eff aveB H    (5.2) 

where µeff is the effective permeability of the MPR, and Have is the average magnetic field 

strength in MPR, and can be calculated using (5.3) 
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 1ave MPRH H H     (5.3) 

The positive and negative signs indicate the direction of HMPR is either the same as or 

opposite to the direction of H1, respectively. By assuming that the matrix power repeater is 

thin, the change of the magnitude of Bave1 within the matrix power repeater is ignored, so Bave1 

equals Bave. Based on (5.1) and (5.2), the effective permeability of the matrix power repeater 

is derived and presented in (5.4) . 

 
1

eff

ave

H

H





   (5.4) 

5.3 Relationship between Effective Permeability and System Operating 

Frequency 

The matrix power repeater is modelled by considering the effects of individual unit cells on 

magnetic field distribution at the MPR firstly, and then combining the effects of all individual 

unit cells. Please note that the mutual inductances between unit cells of matrix power 

repeaters are ignored in the following analysis. The circuit model includes a primary 

transmitter of an IPT system, and an individual unit cell is shown in Fig.5-2. 

L2µ 

C2µ 

r2µ 

Unit cell

Lpµ 

Primary Transmitter

Ipµ 
Mp2µ 

 

Fig.5-2 A circuit model includes a primary transmitter and a unit cell of a matrix power 

repeater 

The primary transmitter is modelled as a transmitting coil powered by a constant current 

source with amplitude of Ipµ, and the unit cell is modelled as an LCR resonant circuit with an 
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inductor L2µ with an ESR of r2µ, and a capacitor C2µ. The primary inductor Lpµ is 

magnetically linked with inductor L2u by mutual inductance Mp2µ.  

Faraday’s law indicates that a changing magnetic field induces a voltage in an inductor, and 

the relationship between the changing magnetic field and the induced voltage can be 

presented as (5.5),  

 
0 L

H
AN V

t



 


 (5.5) 

where H is average magnetic field strength at an inductor, N is the number of turns, and A is 

its cross-sectional area,  t is time, , and VL is the induced voltage across the inductor. 

By taking a Laplace transform on both sides of (5.5), and re-arranging it, equation (5.6) is 

obtained, 

 

0

LV
H

j NA


  (5.6) 

where ω is the phase system angular operating frequency 

Based on (5.6), the magnetic field strength at the unit cell can be represented as  

 
2 2 2

0

p p

ave

u u

M I L I
H

A N

   




 
  (5.7) 

where Nu is the number of turns of the unit cell, and Au is the cross-sectional area of the unit 

cell. 

Iuc can be determined using (5.8), which is obtained by applying KVL in a unit cell. 

 2 2 2 2 2 2

2

1
0p pj M I j L I I r I

j C
      



 


     (5.8) 

where  

 2 2 2 2p pM k L L     (5.9) 

where k2µ is the coupling coefficient between the primary transmitting coil and the unit cell. 

By solving(5.8), the current in the unit cell is obtained as (5.10). 
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 (5.10) 

By substituting (5.10) into(5.7), the average magnetic field strength at the unit cell is 

achieved as (5.11). 

 
2 22

0 0
2 2

2

1
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p p p p

ave

u u u u
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j L r
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 (5.11) 

By modifying(5.11), (5.12) is obtained. 

 

2 2 2 3 2

2 2 2 2 2 2

2 2 2 2 2

0 2 2 2 2

1
( )

(1 )

p p

ave
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H
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   (5.12) 

Based on (5.5), the strength of the magnetic field generated by the primary current at the unit 

cell can be represented as (5.13). 

 
2

1

0

p p

u u

M I
H

A N

 




   (5.13) 

By substituting (5.13) into (5.12), the average magnetic field strength at the unit cell is 

obtained as (5.14). 

 

2 2 2 2 3 2

2 2 2 2 2 2 2

1 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2

(1 )

(1 ) (1 )
ave

L C r C j r C L
H H

L C r C L C r C

      

 

       

  

   

  
  

       (5.14) 

Based on (5.4), (5.14) is modified, and the effective permeability of a unit cell is obtained as 

(5.15).  

 

2 2 2 2 3 2

2 2 2 2 2 2 2

2 2 2 2 2 2

2 2 2 2

(1 )
)

1 1
eff

L C r C r L C
u j

r C r C

      

   

  

 

  
  

     (5.15) 

Equation (5.15) presents the relationship between the effective permeability of a unit cell and 

the angular operating frequency of the primary current. The real and imaginary parts of (5.15) 

correspond to the effective permeability of the magnetic field passing and not passing the unit 
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cell, respectively. Based on (5.15), Fig. 5-3 illustrates the relationship between the real part of 

effu  and the operating frequency of the primary current. 

From Fig. 5-3, it can be seen that the effective permeability is positive when the system 

operating is lower than ωc, and is negative when the system operating angular frequency is 

higher than ωc. The effective permeability is close to 1 when the system operating angular 

frequency is close to 0, which correspond to an open circuited situation, and the effective 

permeability goes to negative infinity when the system operating angular frequency increases 

to infinity, which is equivalent to a short circuited situation. 

ω 

µeff

1

0
ωc

 

Fig. 5-3 The relationship between the real part of effective permeability and operating 

frequency of the primary current 

Based on(5.15), ωc is obtained as (5.16). 

 
2 2

2 2 2 2

1
c

u uL C r C 

 


 (5.16) 

From (5.16), it can be seen that the critical frequency is determined only by the circuit 

parameters of the unit cell. As all unit cells are identical in the matrix power repeater, the 

critical frequency should be the same for all unit cells, which results in this critical frequency 

corresponding to the boundary between the positive and negative effective permeability of 

the matrix power repeater. Based on (5.16), the system operating frequency is close to the 

nominal frequency as the tuning capacitance is normally smaller than the inductance of the 

coil of a power repeater.  
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5.4 Simulation Setup and Results 

Fig. 5-4 shows the simulation setup of a primary coil with a 4×4 matrix power repeater in the 

software package CST studio. The matrix power repeater and the primary coil were coaxial 

aligned, and they were 32mm apart. The primary coil was set as a lumped coil with 10 turns, 

the inner radius of 31.25mm and the outer radius of 60mm, and its terminals were connected 

to a constant current source with an amplitude of 0.5 A. The 4×4 matrix power repeater 

formed by 16 identical double side square spiral coils with five turns on each side, an inner 

diameter of 22 mm, and an outer diameter of 60 mm. The inductances and ESRs of the unit 

cell coils were 4.3 µH and 0.567 mΩ, respectively, and unit cell coils were tuned with 

68nFcapacitors. Based on (5.16), the critical frequency was calculated to be 295 kHz. 

 

Fig. 5-4 The simulation set-up 

In the simulation, the operating frequency of the primary current was set at frequencies from 

100 kHz to 500 kHz. Fig.5-5 shows the magnetic field distribution of cross sections of the 

primary coil and four unit cells which are labelled in Fig. 5-4 at key operating frequencies.  
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100 kHz  

 

200 kHz 

 

250 kHz 

 

285 kHz 

 

295 kHz 

 

300 kHz 

 

305 kHz 

 

315 kHz 

 

350 kHz 

 

400 kHz 

 

450 kHz 

 

500 kHz 

Fig.5-5 The cross sections of the primary coil and 4 unit cells at different operating 

frequencies 
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From Fig.5-5, it can be seen that the direction of the magnetic field generated by the primary 

coil, and the magnetic field generated by the matrix power repeaters are the same from 100 

kHz to 295 kHz. The direction of the magnetic field generated by the top and bottom unit 

cells changes at 300 kHz, which reflects the changes from positive to negative of the effective 

permeability of the two unit cells. At 315 kHz, the magnetic field generated by the unit cells 

starts to oppose the magnetic field generated by the primary coil, and the effective 

permeability of the two middle unit cells changes to negative. All four unit cells have 

negative permeability at 315 kHz, which is 6.8% larger than the theoretically calculated 

critical frequency of 295 kHz. The mutual effects between unit cells of the matrix power 

repeater, which are ignored in the analysis, may cause the different critical frequencies of 

effective permeability of the four unit cells. 

5.5 Summary 

This chapter has studied the relationship between the effective permeability of matrix power 

repeaters and the operating frequency of the IPT system. A mathematical model has been 

established by considering the interactions between the magnetic field generated by the 

primary current and the MPR. The magnetic field generated by the MPR was modelled by 

considering the contributions of each unit cells. The critical frequency corresponding to the 

boundary between positive and negative permeability has been determined using the 

inductance, capacitance and ESR of the unit cell of the matrix power repeater, and it has been 

found to be close to the nominal frequency. The theoretical and simulated critical frequencies 

were in good agreement with an error of 6.8%. 
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Chapter 6  

Effect of Matrix Power Repeaters on Magnetic 

Field Distribution at Power Pickup 

6.1 Introduction 

Academic interests in using matrix power repeaters to enhance the power transfer capability 

of IPT systems have been picked up due to their ability of concentrating energy of 

electromagnetic waves. The literature in section 2.3.4 showed that matrix power repeaters 

could enhance the power transfer capability of the IPT systems. However, the effects of 

matrix power repeaters on the magnetic field distribution at the power pickup of IPT systems 

are not clear. 

This chapter presents a study of the effects of MPRs on the magnetic field distribution at the 

power pickup of IPT systems. A mathematical model is established to determine the 

relationship between the magnetic field distribution at a pickup coil and the system operating 

frequency of an IPT system. The critical frequency corresponding to the boundary between 

enhancing and reducing the magnetic field distribution is found.  
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6.2 Relationship between System Operating Frequency and Magnetic Field 

at Power Pickup 

Fig.6-1 illustrates an IPT system including a primary transmitter, an MPR and a power 

pickup. 

MPR

Primary 

transmitter
Pick-up 

H1
HMPR Have

Ip

 

Fig.6-1 Illustration of an IPT system with an MPR 

Fig.6-1 shows that the primary current generates a magnetic field with an average strength of 

H1 at the power pickup, and the MPR generates a magnetic field with an average strength of 

HMPR at the pickup. HMPR enhances H1 when their directions are the same, and reduces H1 

when their directions are opposite. The strength of the net magnetic field Have at the power 

pickup can be represented as (6.1). 

 1ave MPRH H H   (6.1) 

Based on Faraday’s and Lenz’s Law, the relationship between the average RMS strength of 

the magnetic field at the pickup and the open circuit voltage of the pickup coil is presented in 

(6.2), 

 0
ave

s s oc pick

H
A N V

t
 


 


 (6.2) 

where As is the cross-sectional area of the pickup coil, t is time, and Ns is the number of turns 

of the pickup coil. 

To obtain the open circuit voltage of the pickup, a circuit model is built and shown in Fig. 

6-2. 
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Power pickup
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Fig. 6-2 Circuit model of an IPT system an individual unit cell 

The primary transmitter is modelled as a transmitting coil LP powered via a constant current 

with an amplitude of Ip, and the matrix power repeater is modelled as multiple LCR resonant 

circuits with inductor Luc, capacitor Cuc and resistor ruc. The pickup coil Ls is open circuited. 

The primary inductor Lp is magnetically linked with inductors Luc and Ls by mutual 

inductance Mpi, Mps, respectively, and the inductors Luc is connected with Ls magnetically 

through mutual inductance Msi, where i=1, 2, 3,…n. 

Based on the circuit model, the open circuit voltage of the pickup coil is obtained as (6.3). 

 1 1 2 2 3 3( )oc pick ps p s s s sn iV j M I j M I j M I j M I j M I             (6.3) 

where  

 
1

( )

pi p

i

uc uc
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j M I
I

j L r
j C









 

 (6.4) 

It is difficult to obtain an analytical result of the critical frequency corresponding to the 

boundary of enhancing and reducing the magnetic field at the pickup using (6.3) and (6.4) 

due to the high system order, and too many mutual inductances need to be measured in 

practical designs. Therefore, only the unit cells which have main contributions on the 

magnetic field generated by the MPR at the pickup are considered for simplifying the system 

model. The mutual inductances between these unit cells and the primary and pickup coil are 

close to each other and relatively larger than mutual inductances between other unit cells and 
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the primary and pickup coil. To simplify the system model further, the mutual inductances 

between the primary coil and unit cells having main contributions on HMPR are assumed to be 

the same, and the mutual inductances between the pickup coil and these unit cells are 

assumed to be the same. The simplified open circuit voltage of the pickup coil is presented as 

(6.5), 

 1oc pick ps p us ucV j M I jn M I      (6.5) 

Where Iuc is the induced current in the unit cells,  n1 is the number of unit cells, and Mus is the 

mutual inductance between the pickup coil and unit cells having main contributions on HMPR, 

 ps ps p sM k L L  (6.6) 

 us us s ucM k L L  (6.7) 

where kps and kus is the coupling coefficient between the primary and pickup coil, and 

between the coils of unit cells having the main contribution to HMPR and the pickup coil, 

respectively. 

Based on (6.1),(6.2) and (6.5), the average magnetic field at the power pickup is obtained as 

(6.8).  
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  (6.8) 

The induced current in the unit cells can be calculated using (6.9), 
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 (6.9) 

where Mpu is the mutual inductance between the primary coil and unit cells having the main 

contributions to HMPR. 

By substituting (6.9) into (6.8) and simplifying further, equation (6.10) is obtained. 

 

2 2 2 2 2 3 2

1

2 2 2 2 2

0

(1 (1 ) )(1 )
( )

(1 )

ps p s p eff uc uc uc uc uc uc eff uc uc

ave

s s uc uc uc uc

k L L I n k L C L C r C jr k L C
H

A N L C r C

   

  

    
 

 
(6.10) 

where 
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The strength of the magnetic field generated by the primary coil at the pickup coil can be 

represented as (6.12). 
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k L L I
H

A N
   (6.12) 

By substituting (6.12) into(6.10), the average magnetic field strength at the pickup is obtained 

as (6.13). 
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 (6.13) 

By rearranging (6.13), the ratio between the magnetic field generated by the primary current 

and the average magnetic field at the pickup is obtained as (6.14). 
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 (6.14) 

The magnetic field at the pickup coil is enhanced when the absolute value of the ratio is 

smaller than 1, and reduced when the absolute value of the ratio is larger than 1. Based on 

(6.14), the relationship between the ratio and system operating frequency of the IPT system is 

illustrated in Fig. 6-3. 

rH

0

1

f0 ft

fc

-1
f

 

Fig. 6-3 The relationship between system operating frequency and the ratio rH between 

H1 and Have 
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The ratio is smaller than 1 when the system operating frequency is smaller than f0, and 

negative between f0 and ft. The ratio equals -1 at fc, and becomes larger than 1 above ft. The 

direction of the magnetic field at the pickup changes between f0 and ft, and fc sets the 

boundary between enhancing and reducing the magnetic field at the pickup. 

As the tuning capacitance of the unit cell is normally much smaller than the inductance of the 

coil of unit cells, the real part of (6.14) can be simplified as (6.15). 
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 (6.15) 

 Based on (6.15), f0, ft and fc are determined to be (6.16), (6.17) and (6.18), respectively. 
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 (6.18) 

6.3 Magnetic Field Interaction at the Power Pickup 

By modifying (6.9), the current in a unit cell having the main contribution to HMPR is obtained 

as (6.19). 
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 (6.19) 

Based on (6.19), Fig. 6-4 (a) and (b) illustrates the phase between the current of the unit cell 

and the primary current when the system operating frequency is below and above the nominal 

frequency, respectively. The phase between a primary current and the current of the unit cell 

is less than 90 degrees when the system operating frequency is below the nominal frequency, 

and the component of the unit cell current Iuc-H has the same direction as a primary current. 

When the operating frequency is above the nominal frequency, the phase between the current 

of the unit cell and the primary current is larger than 90 degrees, and the direction of Iuc-H and 

the primary current are opposite.  
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Iuc

IpIuc-H

θp <90° 

  

(a) 

Iuc

Iuc-H

Ip

θp >90° 
 

 (b) 

Fig. 6-4 Illustration of the phase between the primary current and unit cell having main 

contributions on HMPR when the system operating frequency is(a) below the 

nominal frequency, (b) above the nominal frequency 

Based on the real part of (6.19), the relationship between the amplitude of Iuc-H and the 

system operating frequency is illustrated in Fig.6-5 

Iuc-H

Ip

-Ip

0
f0

f
-|ISC |

 

Fig.6-5 Iuc-H changes with the system operating frequency of IPT systems 

The amplitude of Iuc-H increases with the system operating frequency until the nominal 

frequency f0, and then decreases with the system operating frequency. At f0, Iuc-H reaches its 

maximum value, and its direction changes. Iuc-H approaches the short circuit current of unit 

cells when the system operating frequency increases to infinity. 

Based on Fig.6-5, the magnetic field generated by Iuc-H at the power pickup is illustrated in 

Fig. 6-6. HMPR and H1 have the same direction when the system operating is below f0, and 

HMPR and H1 have opposite directions when the system operating is above f0. The amplitude 

of HMPR is twice that of H1 at the critical frequency fc, and equals to the magnitude of H1 at 

the frequency fr. The magnitude of HMPR approaches |Hc| when the system operating 

frequency increases to infinity. 
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Fig. 6-6 The relationship between the system operating frequency and strength of 

magnetic field generated by an MPR  

The ratio between the magnetic field generated by the primary current and the current of unit 

cells can be represented as  

 
1

1

H

MPR

H
r

H H



 (6.20) 

Based on (6.20) and Fig. 6-6, the relationship between the rH and the system operating 

frequency shown in Fig. 6-3 can be explained. rH is smaller than 1 and larger than zero when 

the system operating frequency is smaller than the nominal frequency f0 as the HMPR has the 

same direction of H1, and increases with the system operating frequency. Starting from f0, the 

directions of HMPR and H1 are opposite. Between f0 and fc, the ratio is smaller than 0 and 

larger than -1 as the magnitude of HMPR is larger than twice that of H1. As the magnitude of 

HMPR is twice that of H1, rH equals -1 at fc. rH is smaller than -1 until fr, because the magnitude 

of HMPR is smaller than twice and larger than one time that of H1. Above fr, rH changes to a 

positive value and decreases with the system operating frequency as HMPR approaches -|Hc| 

from –H1. 

6.4 Simulation Study  

Magnetic field distribution at the pickup of IPT systems with a 4×4 matrix power repeater is 

further studied by using the software package CST studio. The overview of the simulation 
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setup is shown in Fig. 6-7. The matrix power repeater and pickup coil were coaxially aligned 

with the primary coil, and set 32 mm and 65 mm away from the primary coil, respectively. 

The primary coil was set as a lumped coil with 10 turns, an inner radius of 31.25 mm and 

outer radius of 60 mm, and its terminals were connected to a constant current source with an 

amplitude of 0.5 amperes. The setup of the pickup coil is the same as the primary coil, and 

the pickup coil was connected to a 1MΩ resistance for simulating the open circuited pickup 

coil. At the back of the primary coil, ferrite plates were set with the permeability of 600 and 

dimensions of 120mm×120mm×2mm. The 4×4 matrix power repeater was set by using 16 

identical unit cells is shown in Fig. 6-8. Each unit cell was set as a double side coil square 

spiral coil with five turns, an inner edge is 22mm, and an outer edge is 60mm, and they were 

all tuned at 295 kHz with tuning capacitors of 68nF.  

 

Primary coil

Pickup 

coil

MPR

 

Fig. 6-7 The simulation set-up 



Chapter 6 Effect of Matrix Power Repeaters on Magnetic Field Distribution at Power Pickup 

 

 

 -92-  

 

1 2 3 4

75 6 8
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Fig. 6-8 The 4×4 MPR with 16 identical unit cells formed by double side flat square 

spiral coils. 

The unit cells are numbered from 1 to 16, and the coupling coefficients between the primary 

coil and each unit cell are kpn, where n=1, 2… 16, and their simulated values are presented in 

Table 6-1.  

Table 6-1 The simulated coupling coefficients between the primary coil and each unit 

cell  

kp1 kp2 kp3 kp4 kp5 kp6 kp7 kp8 

0.003946 0.007764 0.007764 0.003946 0.008146 0.065549 0.069113 0.007891 

kp9 kp10 kp11 kp12 kp13 kp14 kp15 kp16 

0.008146 0.064404 0.062622 0.008528 0.004009 0.08528 0.08655 0.004073 

From Table 6-1, the coupling coefficients between the primary coil and unit cells 6, 7, 10 and 

11 are close, and they are around 8.5 times larger than the coupling coefficients between the 

primary coil and unit cells 2, 3, 5, 8, 9, 12, 14 and 15. They are 20 times larger than the 

coupling coefficients between the primary coil and unit cells 1, 4, 13 and 16. Unit cells 6, 7, 

10 and 11 have the main contributions to the magnetic field generated by the MPR at the 

pickup.  

Table 6-2 shows the simulated coupling coefficient between the primary and pickup coils, the 

inductance of the primary coil, pickup coil and unit cell, the ESR, and the tuning capacitance 

of the unit cell. 
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Table 6-2 The parameters used in the simulation 

Component Value 

kps 0.1588 

The primary coil (Lp) 17.5µH 

Pickup coil (Ls) 17.5µH 

The coil of the unit cell (Luc) 4.3µH 

ESR of the unit cell (ruc) 567mΩ 

The tuning capacitance of the unit cell (Cuc) 68 nF 

As the distance between the primary coil and matrix power repeater equals the distance 

between the pickup coil and the matrix power repeater, the coupling coefficients between the 

pickup coil and individual unit cells are the same as those between the primary coil and the 

individual unit cells. Based on parameters shown in Table 6-1, Table 6-2 and (6.18), the 

critical frequency corresponding to the boundary between enhancing and reducing the 

magnetic field was calculated to be 304 kHz. 

In the simulations, the system operating frequency was varied from 100 kHz to 500 kHz, and 

Fig. 6-9 shows the simulated magnetic field distributions at key frequencies. The strength of 

the magnetic field generated only by the primary coil is presented in Fig. 6-9 (a), and Fig. 6-9 

(b) shows the magnetic field strength when the MPR was added. 

  

(a) 
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100kHz 

 

200 kHz 

 

285kHz 

 

295k Hz 

 

305kHz 

 

315kHz 

 

350kHz 

 

450 kHz 

 

500 kHz 

(b) 

Fig. 6-9 Effects of the MPR on magnetic field distributions at the pickup (a) without the 

MPR, (b) with the MPR for the system operating frequency ranging from 100 

kHz to 500 kHz 

It can be seen that the magnetic field is enhanced when the operating frequencies are below 

305 kHz. On the contrary, the magnetic field is reduced when the system operating frequency 
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is above 305 kHz. By comparing the magnetic field distributions at 350 kHz and 500 kHz, it 

can be seen that the reduction of the magnetic field at 500 kHz is less than the reduction of 

the magnetic field at 350 kHz. 

Fig. 6-10 shows the simulated average strength of the magnetic field at the power pickup coil 

at different operating frequencies of IPT systems. 

305 kHz

315 kHz

 

Fig. 6-10 The simulated average strength of magnetic field at the pickup coil when the 

IPT system with and without the MPR 

From Fig. 6-10, it can be seen that the average strength of the magnetic field at the pickup 

coil reached the maximum value at 305 kHz. The average strengths of the magnetic field of 

the IPT system with and without the MPR were close when the system operating frequency 

was 315 kHz, which is 3.5% larger than the predicted frequency of 304 kHz. 

6.5 Experimental Results 

Fig. 6-11 shows the experimental setup, which includes a push-pull converter, a primary coil, 

a practical MPR, and a pick-up coil. The primary coil was placed 32.1 mm away from the 

MPR, and the pickup coil was placed 32.8 mm away from the MPR. Both the primary coil 

and pickup coil were lumped coils with 10 turns made by telephone cables. The inner and 

outer radius of the coils was 31.25mm and 59.25mm, respectively. Ferrite bars were added at 

the back of the coils to enhance the magnetic field intensity. 
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Fig. 6-11 The experimental set-up 

A practical MPR shown in Fig. 6-12 has been built for the experimental study. The planar 

square lumped coils were printed on both sides of an FR4 dielectric material slab using 

copper tracks with a thickness of 0.035mm in each unit cell. Each two planar square coils on 

the opposite sides of the plate were connected in series by jump wires. The inductance of 

each unit cell was measured to be 4.5 uH. Each unit cell was tuned using a surface mount 

68nF capacitor to the nominal resonant frequency of 288 kHz.  

 

Fig. 6-12 A practical 4×4 matrix power repeater 

The DC input voltage of the push-pull converter was manually adjusted to keep the current 

flowing through the primary coil constant at 0.5 amperes. The operating frequency was swept 

from 100 kHz to 500 kHz by changing the switching frequency of the push-pull converter. 

The coupling coefficients were measured between the primary coil and individual unit cell, 

and between the primary and pickup coil, and the results are presented in Table 6-3. 
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Table 6-3 The measured coupling coefficients between the primary coil and individual 

unit cells, and between the primary and pickup coil 

kp1 kp2 kp3 kp4 kp5 kp6 kp7 kp8 

0.00539 0.009327 0.011036 0.004817 0.012042 0.05439 0.054866 0.009628 

kp9 kp10 kp11 kp12 kp13 kp14 kp15 kp16 

0.009924 0.062739 0.063645 0.015218 0.007605 0.015206 0.01249 0.007624 

kps=0.117503 

It can be seen that the coupling coefficients between the primary coil and unit cell 6, 7, 10 

and 11 are between 4 to 6 times of the mutual inductances between the primary coil and unit 

cell 2, 3, 5, 8, 9, 12 and 15. They are around 10 times larger than the mutual inductances 

between the primary coil and unit cells 1, 4, 13 and 16. The coupling coefficients between the 

primary coil and unit cells 6, 7, 10 and 11 had the main contributions on the magnetic field 

generated by the MPR at the pickup. The critical frequency corresponding to the boundary 

between enhancing and reducing the magnetic field at the pickup coil was calculated to be 

297 kHz by using the average of the coupling coefficients. 

The open circuit voltages of the pick-up coil were measured. The magnetic flux at the pickup 

was calculated using the measured open circuit voltage. Fig. 6-13 shows the magnetic field 

flux at the pickup with or without the MPR. 

287 kHz

310 kHz

 

Fig. 6-13 The magnetic field flux passing the pick-up coil 
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It can be seen that, compared to the situation without using an MPR, the total magnetic flux 

at the pickup coil increased after adding the MPR when the operating frequency was below 

310 kHz (with the peak of about 80% increase occurring at the nominal resonant frequency 

287kHz), and reduced when the frequency was above 310 kHz. This result is consistent with 

the trend predicted by the theoretical analysis of the magnetic field distribution beside the 

MPR. The critical frequency 310 kHz is 4.2% larger than the predicted frequency of 297 kHz. 

6.6 Summary 

This chapter has studied the effects of matrix power repeaters on magnetic field distributions 

of IPT systems. The magnetic field at the pickup coil of the IPT system has been analysed by 

considering the interactions between the magnetic field generated by the primary current and 

the MPR. It was found that the matrix power repeater can either enhance or reduce the 

magnetic field at the pickup, and the critical frequency corresponding to the boundary 

between enhancing and reducing the magnetic field has been determined. By analysing the 

phase changes between the current in the primary coil and the current in unit cells, the 

magnetic field attraction and cancellation between the magnetic field generated by the 

primary coil and unit cell were found to be the main reasons of enhancement and reduction of 

the magnetic field. The critical frequencies in simulations and experiments were in good 

agreement with the theoretical predictions with an error of 3.5% and 4.2%, respectively. The 

findings in the chapter are beneficial for the practical design of matrix power repeaters of IPT 

systems. 
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Chapter 7  

Modelling and Analysis of Matrix Power 

Repeaters 

7.1 Introduction 

Matrix power repeaters have been used to enhance the power transfer capability of IPT 

systems based on the literature in Chapter 2. However, the design of matrix power repeaters 

is still mainly based on the method of trial and error, due to the unclear relationship between 

the system operating frequency and the power transfer capability of IPT systems. The 

relationship has been investigated between system efficiency and operating frequency of IPT 

systems with matrix power repeaters by simulation and experimental studies [102, 114]. 

However, no analytical analysis was conducted, and the relationship between the output 

power and the system operating frequency was not determined.  

This chapter presents a detailed modelling and analysis of a non-radiative near field IPT 

system with a matrix power repeater. The relationship between the output power and the 

system operating frequency is studied, and the optimal system operating frequencies 

corresponding to the maximum and minimum power transfer conditions at a given load is 

determined to quantify the possible frequency control range of the system. The results 

presented in this chapter can be used to determine the optimal system operating frequency of 
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an IPT system with a matrix power repeater to enhance the power transfer, or to increase the 

transfer range. For example, a matrix power repeater can be placed above a primary 

transmitter to extend the charging area of mobile phones for better coupling tolerance. The 

methods can also be used to build a charging surface for multiple electric devices. 

7.2 Matrix Power Repeater Configuration 

Fig. 7-1 illustrates a typical IPT system with a matrix power repeater, which is placed 

between a primary coil and a pickup coil. The primary coil is activated by an AC constant 

current source to transfer power. The power pickup coil is compensated by a series connected 

capacitor to receive power. 

LoadMPR

Primary Transmitter

0
H

𝑳𝑻  
0

H
𝑳𝑻  

Power pickup

B1AC Power 

source

 

Fig. 7-1 An IPT system with an MPR between a primary coil and a pickup coil 

Fig. 7-2 illustrates a matrix power repeater with i columns and j rows of unit cells.  

i1 2

i+1 i+2
2i

j× (i-1)+1
j× (i-1)+2 j×i

 

Fig. 7-2 Illustration of a matrix power repeaters with i columns and j rows of unit cells  
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All unit cells have an identical dimension, and each unit cell includes an inductor and a 

tuning capacitor. Coils in the unit cells have the same shape, size and number of turns. 

7.3 Mathematical Modelling and Analysis  

Fig. 7-3 shows the system circuit model. The primary transmitter is modelled as a fixed 

current source series connected with an inductor Lp. The MPR is modelled as n LCR resonant 

circuits with inductor Lm, ESR rm, and capacitor Cm, where n=i × j, and m=1, 2…n. The 

power pickup is modelled as an LCR circuit with an inductor Ls, ESR rs, and a tuning 

capacitance Cs, and the load is modelled as a resistance RL. The mutual inductance Mps 

models the magnetic link between the primary coil and the pickup coil. The mutual 

inductance between the primary coil and each unit cell is modelled as MPx, and the mutual 

inductance between the pickup coil and each unit cell is modelled as MSx, where x=1,2,…n. 

Power pickup

Lp

L1

Ls

Cs

RL

C1 r1

MP1

MP2

M
Pn

L2

C2 r2

Ln

Cn rn

M
S1

MS2

M
Sn

MPS

rsAC

Primary 

transmitter

MPR

n-2

 

Fig. 7-3 The system circuit model 

Mutual inductances among unit cells are also considered in system modelling. Fig. 7-4 

illustrates mutual inductances among unit cells. Starting from the first row, unit cells are 

numbered from 1 to n from left to right row by row. Mutual inductances between two unit 

cells are modelled as Mcd, where c, d=1,2,…n, for example, the mutual inductance between 

the 1
st
 unit cell and the rest of unit cells are modelled as M12, M13, …, M1n. 
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Fig. 7-4 Illustrations of mutual inductances among unit cells 

By applying Kirchhoff’s voltage law to each unit cell and the pickup circuit, the general 

system circuit equations are obtained as (7.1), 
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(7.1) 

where Iu  is current in the coil of the unit cell, where u=1, 2…n, Ip is primary current, Is is 

pickup current, ω is the system phasor angular frequency, and 

1
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  , where i=1, 2, 3, …, n 
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  , s s LR r R  . 

7.3.1 Mutual Coupling within a Matrix Power Repeater 

In equation (7.1), the voltages induced by the primary and pickup currents are positive, and 

the voltages induced by the currents of unit cells are negative. This is due to different 

magnetic field interactions between coupled coils due to their physical geometries, as 
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illustrated in Fig. 7-5 and Fig. 7-6. Fig. 7-5 illustrates magnetic field interactions between a 

primary coil and a unit cell coil, between a unit cell coil and a pickup coil, and between a 

primary coil and a pickup coil. Fig. 7-6 illustrates magnetic field interactions between two 

coils of unit cells. 

C
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il 1

C
o

il
 2

 

(a) 

C
o

il 1 C
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 2

 

(b) 

Fig. 7-5 Magnetic field interactions between two coils which faces each other when the 

direction of current in coil1 is (a) opposite to the direction of current in coil 2, 

(b) the same as the direction of current in coil 2 

Unit Cell 1 Unit Cell 2
 

(a) 

Unit Cell 1
Unit Cell 2

 

(b) 

Fig. 7-6 Magnetic field interactions between two coils of unit cells when the direction of 

current in unit cell 1 is (a) the same as the direction of current in unit cell 2, (b) 

opposite to the direction of current in unit cell 2  

Comparing Fig. 7-5 (a) and Fig. 7-6 (b), the direction of the currents in two coupled coils are 

both opposite. However, the magnetic fields generated by coupled coils oppose each other in 
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Fig. 7-5 (a), and magnetic fields attract each other in Fig. 7-6(b). In both Fig. 7-5(b) and Fig. 

7-6 (a), the directions of the currents of coupled coils are the same. The magnetic fields 

attract each other in Fig. 7-5 (b), and the magnetic fields oppose each other in Fig. 7-6(a). 

Based on the above observations, the magnetic field interactions between two vertical coils 

are opposite to that between two flat coils. Due to these opposite magnetic field interactions, 

the voltages induced by primary and pickup currents should have an opposite sign of voltages 

induced by currents of unit cells. In the system modelling, the voltage induced by primary 

and pickup currents is appointed to be positive, so voltages induced by currents in unit cells 

are negative. 

Based on (7.1), the output current Is is achieved as  
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 (7.2) 

The current I1 to In in each unit cell can be calculated by solving all equations in (7.1) 

simultaneously. 

By multiplying the square of the magnitude of Is by the load resistance, the output power is 

obtained in (7.3).  
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 (7.3) 

When all mutual inductances are given, the relationship between output power and system 

operating frequency can be obtained by using optimisation software tools such as MATLAB. 

7.3.2 Simplified Model 

Equation (7.1) includes both mutual inductances between adjacent unit cell coils and mutual 

inductances between non-adjacent unit cell coils, which leads to many practical 

measurements of mutual inductances in designs of an IPT system with a matrix power 

repeater. In a matrix power repeater, the space between two unit cell coils is bigger than the 

size of a unit cell, so the mutual inductances between two non-adjacent unit cells coils are 
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negligible compared with the mutual inductances between two adjacent unit cell coils. The 

model can be simplified by ignoring the mutual inductances between non-adjacent coils. 

As all coils in unit cells have identical dimensions, the mutual inductance between adjacent 

coils aligned vertically or horizontally can be considered to be the same, and the mutual 

inductance between adjacent coils aligned diagonally can be considered to be the same. By 

ignoring mutual inductances between non-adjacent unit cells coils and simplifying the mutual 

inductances between adjacent coils, the system model can be significantly simplified. To 

design an IPT system with a matrix power repeater which has y (y>9) unit cells, the number 

of mutual inductances among unit cells needing to be measured is three for unit cells at the 

corner, five for unit cells at the edge, and eight for the rest of the unit cells. On the other 

hand, y-1 mutual inductances need to be measured for each unit cell of a matrix power 

repeater using the general model (7.1). 

7.4 A 3x3 Matrix Power Repeater  

7.4.1 Determining the Relationship between Output Power and System Operating 

Frequency 

Fig. 7-7 illustrates the 3×3 matrix power repeater. The MPR contains nine unit cells in a 3×3 

matrix form with width and height of 128mm and thickness of 1.77 mm. Each unit cell 

contains a planar square spiral coil with 14 turns on both sides of the MPR, and adjacent 

square spiral coils are 1 mm apart. The planar coils on different sides of the MPR are 

connected in series, and compensated by a capacitance of 150nF. 
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Fig. 7-7 An illustration of the 3×3 matrix power repeater 
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Based on the simplified output power equation(7.3), the system output power is obtained as 

(7.4),  
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 (7.4) 

 

where I1 to I9 can be calculated by simultaneously solving equations in (7.1), and all the 

mutual couplings between non-adjacent coils in the matrix power repeater are ignored in the 

calculations. 

The mutual inductances in (7.4) are calculated by substituting the coupling coefficients and 

inductances in Table 7-1, Table 7-2 and Table 7-3 into (7.5), 

 xy xy x yM k L L  (7.5) 

where Lx and Ly are the inductances of two coupled coils and kxy is the coupling coefficient 

between the two coupled coils. 

Table 7-1 Circuit parameters of the primary transmitter, pickup and coupling 

coefficients between adjacent coils in matrix power repeater 

parameters f I(RMS) ka kb Lp Ls 

value 80kHz-150kHz 2A 0.042 0.0163 12.723µH 13.55µH 

parameters Cp Cs rp rs RL  

value 180.5nF 168.2nF 158.24mΩ 151.71mΩ 5.45Ω  

Table 7-2 The measured inductances and ESR of coils of unit cells at 105 kHz and the 

voltage across the component is 1 V 

Inductor L1 L2 L3 L4 L5 L6 L7 L8 L9 

Inductance(µH) 15.51 15.5 15.348 15.429 15.59 15.55 15.48 15.526 15.41 

ESR(Ω) 1.62 1.63 1.67 1.59 1.793 1.75 1.534 1.89 1.7 

Tuning 

capacitor 

C1 C2 C3 C4 C5 C6 C7 C8 C9 

Capacitance(nF) 148.57 147.09 144.67 146.04 146.09 147.82 146.51 149 145.55 

ESR(mΩ) 80 70.9 73.45 72.51 71.52 69.75 72.1 71.45 71.05 
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Table 7-3 Coupling coefficients between the primary coil and unit cells, and coupling 

coefficients between pickup coil and unit cells 

Coupling 

coefficient 

kP1 kP2 kP3 kP4 kP5 kP6 kP7 kP8 kP9 

value 0.0153 0.0531 0.0153 0.0460 0.0979 0.0539 0.0153 0.0493 0.0153 

Coupling 

coefficient 

kS1 kS2 kS3 kS4 kS5 kS6 kS7 kS8 kS9 

value 0.0174 0.0571 0.0151 0.0500 0.0954 0.0523 0.0174 0.0523 0.0151 

By substituting calculated mutual inductances and the other practical circuit parameters in 

Table 7-1, Table 7-2 and Table 7-3 into (7.4), the output power is calculated, and the results 

are shown in Fig. 7-8. Please note that ideally, the self-inductance of each unit cell should be 

the same, but in practice, the measured values are slightly different. To simplify the analysis, 

the median measured ka and kb values are chosen to be 0.042 and 0.0163 respectively, with a 

maximum error tolerance of 5%. The practical measurements of ka and kb are presented in 

Appendix B. 

 

Fig. 7-8 The output power changes with the system operating frequency, which is 

between 80 kHz and 150 kHz. 

In Fig. 7-8, the output power increases to its maximum when the system operating frequency 

increases to 105.5 kHz firstly. Then the output power decreases to its minimum value when 

the system operating frequency reaches 133 kHz. Based on (7.4), the output power is 

determined by the sum of voltages induced by the primary current and the induced current in 
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each unit cell, and the impedance of the power pickup. In the next section, the sum of the 

induced voltages and the impedance of pickup are analysed. 

7.4.2  Sum of Induced Voltages and Impedance of Power Pickup  

Fig. 7-9 shows the relationship between the sum of induced voltages at the power pickup and 

the system operating frequency, and the relationship between the impedance of the pickup 

and the system operating frequency. All circuit parameters used in this analysis are shown in 

Table 7-1, Table 7-2 and Table 7-3. 

 

Fig. 7-9 The sum of induced voltages in the pickup circuit and the impedance of pickup 

circuit changes with the system operating frequency  

Between 80 kHz and 105.5 kHz, the sum of induced voltages increases with the frequency, 

and the impedance of pick up decreases, therefore the output power increases based on (7.4). 

At 105.5 kHz, the sum of induced voltages reaches its maximum value, and the impedance of 

pickup circuit is at its minimum value. Therefore, maximum power transfer is obtained. 

Between 105.5 kHz and 128.08 kHz, the sum of induced voltages decreases while the 

impedance of pickup increases, so the output power decreases. At 128.08 kHz, the induced 

voltage reaches its minimum value, which is different from the minimum power transfer 

point at 133 kHz as shown in Fig. 7-8.  

The sum of the induced voltages is further analysed by considering the phase and the 

amplitude of the voltage induced by each unit cell at the pickup. Based on the simplified 

model, Fig. 7-10 is plotted to show the magnitude and phase angle of the voltage contributed 



Chapter 7 Modelling and Analysis of Matrix Power Repeaters 

 

 

 -109-  

 

by each of the nine unit cells of the matrix power repeater at the pickup. In Fig. 7-10 (a), V1 

to V9 represent the amplitude of the voltages induced by the unit cells from 1 to 9, 

respectively. ф1 to ф9 represent the phase angles of voltages induced by unit cell 1 to 9 

respectively in Fig. 7-10 (b). 

f1 f2
f3

 

(a) 

-90

-180
f1 f2 f3

 

(b) 

Fig. 7-10 The magnitude and phase angle of the voltage induced by individual unit cell 

at the pickup (a) the amplitude, (b) phase angle 
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Fig. 7-10 (a) shows that each unit cell has a peak induced voltage at different operating 

frequencies. Fig.10 (b) shows that the phase angle of an individual unit cell falls under one of 

three situations: 1) larger than zero, for example within the frequency range between f1 and f2 

for unit cell 3; 2) between 0° and -90°, for instance, within the frequency range between f2 

and f3, and below f1 for unit cell 3; and 3) Between -90° and -180°, for example, above f3 for 

unit cell 3. For some unit cells, their phase only falls in two situations; for example, the phase 

of unit cell 5 only falls into situations 2 and 3. 

Fig. 7-11 shows the phase diagrams corresponding to these three situations. The voltage Vu 

represents the voltages induced by the current in a unit cell, and Vp is the voltage induced by 

the primary current. Vr and Vi are the real and imaginary part of Vu, respectively. 
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(c) 

Fig. 7-11 Three phase relationship among primary currents and currents of unit cell 

coils : (a) phase angle larger than 0°, (b) phase angle between 0°to -90°,(c) phase 

angle between -90°to -180° 

In Fig. 7-11 (a) and (b), Vr and Vp have the same direction, so Vu enhances Vp. In Fig. 7-11 (c), 

as the direction of Vr is opposite to the direction of Vp, Vu reduces Vp. The sum of Vu and Vp 

for each unit cell is shown in Fig. 7-12, and labelled as Vn+p, respectively, where n=1, 2… 9. 
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f4 f5

 

Fig. 7-12 The sum of the induced voltages by the primary current and current in 

individual unit cells at the pickup  

Comparing V1+p, V3+p, V7+p, V9+p with V5+p, the contributions of the unit cells 1, 3, 7 and 9 on 

the enhancements and reductions of Vp are negligible, and unit cell 5 has the main 

contribution to the enhancement and the reduction of Vp. Below f4, Vp is enhanced by the 

voltage V5 induced by unit cell 5 as the phase ф5 of V5 is in situation 2. Between f4 and f5, Vp 

should be reduced as ф5 is in situation 3. However, as ф5 is close to -90º, the contribution of 

V5 on Vp is negligible. Therefore, Vp is still enhanced as the amplitude of V5 increases. Above 

f5, Vp is reduced because ф5 is in the situation 3. In Fig. 7-12, V2+p, V4+p, V6+p and V8+p have a 

similar trend of V5+p, so the sum of the induced voltages at the pickup may also have a similar 

trend as V5+p. 

Fig. 7-13 shows the amplitude of the sum induced voltage at the pickup, which is the absolute 

value Vabs of Vrt and Vit, where Vrt is the sum of Vp and all the real parts of voltages induced 

by the current in each unit cell, and Vit is the sum of all imaginary parts of voltages induced 

by the current in each unit cell.  
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128.08

115

The induced voltage generated only by primary 

current

 

Fig. 7-13 Vabs, Vr and Vi change with the system operating frequency 

The trend of Vabs is similar to the trend of V5+p shown in Fig. 7-12. Comparing Vabs and Vp, 

Vabs is enhanced when the system operating frequency is below 115 kHz, and reduced when 

the system operating frequency is above 115 kHz. Above 128.08 kHz, Vit approaches zero, so 

Vrt approaches Vabs with the increase in the frequency. Comparing Vrt and Vit, Vrt dominates 

the changes of Vabs, and the frequencies for maximum and minimum Vrt are close to that of 

Vabs.  

The relationship between the output power and the system operating frequency has been 

studied by analysing the impedance of pickup and the sum of voltages induced by the 

primary current and the current in each unit cell. The sum of induced voltages was 

investigated by considering the contribution of the voltage induced by each unit cell on the 

enhancements and reductions of the voltage induced by the primary current. 

7.5 Simulation and Experimental Study 

7.5.1 Simulation Setup and Results 

Simulations were conducted using the software package LTSPICE. The simulation setup is 

shown in Fig. 7-14. The primary transmitter is set as a constant current source connected with 
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a series resonant circuit with an inductor L1, a tuning capacitor C1 and an ESR R1. The matrix 

power repeater is set to be nine series resonant circuit, and the power pickup is set to be an 

LCR series resonant circuit connected with a load resistance of 5.45Ω. 

MPR

Primary transmitter

Power pick up

 

Fig. 7-14 Simulation setup in LTspice 

In the simulation, the system operating frequency was swept from 80 kHz and 150 kHz with 

a step of 1.4 kHz, and the output voltage across the load resistor at each frequency was 

simulated. The simulated voltages were extracted from LTSPICE to mathematical software 

package MATLAB. By using MATLAB, average output power was calculated at each 

system operating frequency. The simulated system output power is shown as the green curve 

in Fig. 7-17 in the section of experimental verifications. 

The simulated output power is in good agreement with the modelled output power in Fig. 

7-17. The output power is maximised when the system operating frequency is 104.3 kHz, 

which is 1.1% smaller than the modelled frequency. The minimum system power is obtained 

at 131.4 kHz, which is 1.2% smaller than the modelled frequency. 

7.5.2 Experimental Setup and Results 

The experimental setup is shown in Fig. 7-15. It includes a function generator, a DC power 

supply, an oscilloscope, an AC power linear amplifier, a primary transmitting coil, a practical 

3×3 matrix power repeater, a pickup coil, and a load circuit. The matrix power repeater is 

placed 25.7 mm from the primary coil and 25.4 mm from the pickup coil. The primary and 

pickup coils are made by using telephone cables with ten turns, an internal radius of 32 mm 
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and an outer radius of 60 mm. Each coil of the matrix power repeater is tuned to the system 

nominal frequency of 105 kHz. 

linear power amplifierpickup circuit

oscilloscope

primary coil

matrix power repeater

pickup coil

Wave function generator

DC power supply

25.7mm

25.4mm

 

Fig. 7-15 The experimental setup 

Fig. 7-16 shows the practical 3×3 matrix power repeater made by printing squared spiral coils 

on an FR4 PCB board. The matrix power repeater includes nine unit cells, and there is a 

square coil on the top and bottom of each unit cell. The two coils on each side are connected 

in series, and tuned with a series connected capacitance of 150nF with a tolerance of ± 5%. 

 

Fig. 7-16 A practical MPR 
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Table 7-1, Table 7-2 and Table 7-3 show the measured circuit parameters. In the experiments, 

the RMS value of the primary current was set at 2A by manually controlling the input voltage 

of the AC power linear amplifier through a function generator. The system operating 

frequency was swept from 80 kHz to 150 kHz with a step of 2 kHz by varying the frequency 

of the input signal of the AC power linear amplifier from the function generator. The RMS 

value of output voltage was measured at each frequency. By dividing the square of RMS 

output voltages by the load resistance 5.45Ω, the average output power was calculated at each 

system operating frequency, and the results are shown in Fig. 7-17. 

106

105.5

104.3

132

133131.4

 

Fig. 7-17 The modelled, simulated and measured output power versus system operating 

frequency 

The measured output power is in good agreement with the modelled and simulated output 

power. The maximum power transfer was obtained at 106 kHz, which is 0.5% and 1.6% 

larger than the modelled and simulated values, respectively. The output power is minimized 

at 132 kHz, which is 0.75% smaller than the modelled value and 0.5% larger than the 

simulated value.  
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7.6  Summary 

This chapter has revealed the relationship between the output power and system operating 

frequency of IPT system with matrix power repeaters. A mathematical model of an IPT 

system with matrix power repeaters has been established by taking the mutual inductances 

between adjacent and separated unit cells of matrix power repeaters into considerations. 

Based on the model, the relationship between the output power and the system operating 

frequency of an IPT system with a 3×3 matrix power repeater was determined, and the 

optimal system operating frequencies for both maximum and minimum power transfer were 

found. Phase analysis showed that the phase angle difference of individual cells at different 

frequencies is the main reason for the increased or reduced open circuit voltage of the power 

pickup coil. The theoretical, simulation and experimental results were in good agreement, and 

the predicted optimal frequencies for the maximum and minimum output power were within 

a maximum error of less than 2%. The results are useful for guiding the matrix power 

repeater design.  
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Chapter 8  

Conclusions and Suggestions for Future Work 

8.1 General Conclusions 

A general study on magnetic field power repeaters of IPT systems has been undertaken in this 

thesis, and attention has been paid to five key aspects: 

 The effects of tuning conditions of a single coil power repeater on the power transfer 

capability of IPT systems 

 The active tuning method of a single coil power repeater for obtaining maximum 

power transfer 

 The effective permeability of matrix power repeaters in near magnetic field 

 The effects of matrix power repeaters on the magnetic field distribution at the power 

pickup of IPT systems 

 The effects of matrix power repeaters on the power transfer capability of IPT systems. 

Chapter 1 presented a general introduction of IPT technology on developments, historical 

achievements and present challenges. The development of IPT has been presented from the 

earlier research conducted by Tesla to applications. The historical achievements were shown, 

including the first IPT powered ramrun system, the wireless charging system of electric 

trains, EVs, and the standardisation of IPT systems. Magnetic power repeaters have been 

used to enhance the power transfer capability of IPT systems. However, the relationship
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between the tuning condition of single coil power repeaters and the power transfer capability 

of IPT systems is not clear, and little study has been conducted about the active control of the 

power repeaters. As matrix power repeaters are only recently used in near field, there is a lack 

of understanding of their effects on the magnetic field distribution and power transfer 

capability of IPT systems.  

In Chapter 2, an overview was presented of single coil and matrix power repeaters of IPT 

systems. Typical layouts were illustrated of single coil power repeaters in practical 

applications of transferring power through a building and charging mobile phones. Domino 

forms of power repeaters, which can change power transfer directions and paths, were shown. 

The typical tuning conditions of power repeaters were presented, as well as the studies about 

optimal tuning conditions for achieving maximum power transfer of IPT systems. Methods 

have been shown for determining the optimal positions of power repeaters to obtain the 

maximum power transfer capability of IPT systems, and studies were reviewed about 

frequency splitting caused by positioning power repeaters. Typical configurations of matrix 

power repeaters have been illustrated, including a slab and a 3-D frame, and five passive coils 

used to form matrix power repeaters were shown. It has been shown that the direction of the 

electromagnetic wave and the direction of average flux energy are opposite in an MPR. The 

power transfer distance of wireless power transfer systems can be increased due to the ability 

to concentrate energy of electromagnetic waves of MPRs. Moreover, studies have been 

reviewed about enhancing the power transfer capability of IPT systems using MPR, and the 

method and challenges of the practical implementations of MPR were shown. 

Literature in Chapter 2 has demonstrated that the tuning condition of single coil power 

repeaters affected the power transfer capability of IPT systems. However, the relationship 

between the tuning condition and the power transfer capability is not clear. Although matrix 

power repeaters have been used to enhance the power transfer capability of IPT systems, their 

exact effects on magnetic field distribution and the power transfer capability are not clear.  

The effects of the tuning capacitance of a single coil power repeater in IPT systems were 

studied in Chapter 3. A mathematical model has been established by taking the mutual 

inductance between the primary transmitter and the power pickup into consideration. The 

relationship between the output power and the tuning condition of the power repeater has 

been analysed, and the critical tuning condition corresponding to the boundary between 
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enhancing and reducing the output power has been determined. The optimal tuning 

conditions for maximum and minimum power transfer were found. The predicted critical and 

optimal conditions were in good agreement with the experimental results with a maximum 

error of 10% and 5.65 %, respectively. By tuning the power repeater to the optimal condition, 

the output power at the power pickup was increased by 71.9%. 

In Chapter 4, the active power repeater was proposed to maintain maximum power transfer of 

IPT systems. The magnetic field distribution at the power repeater was studied to determine 

the tuning condition of the power repeater at the standby state, which no power pickup in the 

system. A method was proposed for detecting mutual inductances among the primary coil, 

the coil of the power repeater and the pickup coil based on the open circuit voltage and the 

voltage across the tuning capacitor of the power repeater. Single and dual side switching 

circuits were proposed for varying the tuning condition of the power repeater, and steady-

state circuit analysis was conducted to determine the relationship between the time delay of 

driving signals of MOSFETs and the equivalent tuning capacitance of the active power 

repeater. The power repeater was determined to be short circuited at standby state where 

average magnetic field at it was weakest. The simulated mutual inductances were in good 

agreement with the practical measurements with a maximum error of 8.9%. The simulation 

result showed that the proposed active power repeater increased the output power of the IPT 

system by 21.6%. 

Chapter 5 presented a study of the effective permeability of matrix power repeaters in IPT 

systems. The magnetic field distribution at the matrix power repeater was analysed by 

combining contributions of individual unit cells. The relationship between the effective 

permeability and the operating frequency of the IPT system has been determined. The critical 

frequency corresponding to the boundary between the negative and positive permeability has 

been found, and it is close to the nominal frequency. The theoretical and simulated critical 

frequencies were in good agreement with an error of 6.8%. 

Chapter 6 studied effects of matrix power repeaters on the magnetic field distribution at 

power pickups of IPT systems. A mathematical model has been established by considering 

the interactions between magnetic field generated by the primary transmitter and individual 

unit cells of the matrix power repeater at the pickup. The relationship between the magnetic 

field distribution at the pickup and the system operating frequency of the IPT system was 
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analysed. The critical frequency corresponding to the boundary between enhancing and 

reducing the magnetic field has been determined based on the coupling coefficients among 

the primary transmitter, the individual unit cells, and the power pickup. The critical 

frequencies in simulation and experiment were in good agreement with the theoretical 

predictions with an error of 3.5% and 4.2%, respectively. 

Chapter 7 presented a study of the effects of matrix power repeaters on the power transfer 

capability of IPT systems. A general system mathematical model has been established by 

considering the mutual inductances among the primary transmitter, the individual unit cells of 

matrix power repeaters and the power pickup. Based on the established model, the 

relationship between the output power and the system operating frequency of the IPT system 

with a 3×3 matrix power repeater has been determined and analysed. The optimal system 

operating frequencies for obtaining maximum and minimum power transfer have been 

determined, and it has been found that the existence of the optimal system frequencies is 

because the ability to enhance and reduce the magnetic field of the matrix power repeater 

varies with the system operating frequency. The finding of the optimal system frequencies is 

helpful for designing matrix power repeaters for maximum power transfer and magnetic field 

shields.  

8.2 Contributions of This Thesis Work 

The main contributions of this thesis work include: 

 Determined the relationship between the tuning condition of a single coil power 

repeater and the output power of IPT systems. 

 The critical tuning condition of a single coil power repeater corresponding to the 

boundary between enhancing and reducing the output power of IPT systems has been 

determined, as well as the optimal tuning condition for maximum and minimum 

power transfer. They can guide practical designs of single coil power repeaters. 

 Proposed the active single coil power repeater for maintaining maximum power 

transfer capability for variable operating conditions. 

 Proposed the method of detecting the position of the power pickup based on the open 

circuit voltage and the voltage across the tuning capacitor of the active power 

repeater. The proposed method can eliminate costs of communication between the 
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pickup and the power repeater, which also reduces complexities of practical system 

designs. 

 The relationship between the effective permeability of matrix power repeaters and the 

changing frequency of magnetic field has been determined, together with the critical 

frequency corresponding to the boundary between positive and negative effective 

permeability. Such a relationship and critical frequency help to enhance the 

understanding of matrix power repeaters in near magnetic field. 

 Proved the ability to enhance and reduce magnetic field of matrix power repeaters by 

the theoretical analysis and practical experiment, which helps to gain the 

understanding of their effects on the magnetic field distribution of IPT systems. 

 Determined the critical frequency corresponding to the boundary of enhancing and 

reducing magnetic field of IPT systems. Based on this frequency, a matrix power 

repeater can be designed to be a power relay or a shield of magnetic field. 

 Established the general system mathematical model of IPT systems with a matrix 

power repeater. The model can be used to analyse matrix power repeaters with 

numerous unit cells, and study other characteristics of the IPT system such as power 

transfer efficiency, load conditions and tuning conditions, etc.  

 Determined the optimal operating frequency of matrix power repeaters for maximum 

power transfer, and analysed magnetic interactions among unit cells. The optimal 

frequency is useful for improving the power transfer of IPT systems, and the analysis 

helps to understand existences of the optimal system frequencies. 

Based on the thesis work, three journal papers and three conference papers have been 

published, as follows: 

 R. Hua and P. A. Hu, "Modelling and Analysis of Inductive Power Transfer System 

with Passive Matrix Power Repeater," in IEEE Transactions on Industrial 

Electronics. doi: 10.1109/TIE.2018.2860560. 

 R. Hua and A. P. Hu, "Effect of tuning capacitance of passive power repeaters on 

power transfer capability of inductive power transfer systems," Wireless Power 

Transfer, vol. 5, pp. 97-104, 2018. 
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 R. Hua, A. P. Hu, and Y. Su, "Three-stages Magnetic Field Repeater for Extending 

the Range of Inductive Power Transfer," Transactions of China Electrotechnical 

Society, pp. 133-137, 2015. 

 R. Hua, A. P. Hu, and H. F. Leung, "The effect of matrix power repeaters on magnetic 

field distribution of IPT systems," in Energy Conversion Congress and Exposition 

(ECCE), 2017 IEEE, 2017, pp. 4383-4387. 

 R. Hua, G. Kalra, V. Wang, and A. P. Hu, "Extending the inductive power transfer 

range by using passive power repeaters," in Industrial Electronics and Applications 

(ICIEA), 2017 12th IEEE Conference on, 2017, pp. 1718-1722. 

 R. Hua, B. Long, and A. P. Hu, "Enhancing wireless power transfer capability of 

inductive power transfer system using matrix power repeater," in Power Electronics 

and Drive Systems (PEDS), 2017 IEEE 12th International Conference on, 2017, pp. 

957-961. 

Another journal paper has been drafted and to be submitted: 

 "Active Tuning of Power Repeater for Achieving Maximum Power Transfer of IPT 

systems", IEEE Transactions on Power Electronics. 

8.3 Suggestions for Future Work 

Besides the work presented in this thesis, future work about the optimal design of single coil 

passive power repeaters, practical implementation of the proposed active single coil power 

repeater, the optimal design of matrix power repeaters and advanced flexieble matrix power 

repeaters are suggested.  

8.3.1 Optimal Design of Single Coil Power Repeaters 

The experimental study in chapter 3 has shown that the position of the single coil passive 

power repeater affected the output power of the IPT system, but the optimal position has not 

been determined. Further study about the optimal position is suggested. In addition, advance 

coil designs of the power repeaters are also recommended for further improving the power 

transfer capability. 

Based on the literature in Chapter 2, a method is suggested to determine the optimal position 

for maximum and minimum power transfer. In this method, the mutual inductances among 
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the primary transmitter, the power repeater, and the power pickup need to be determined 

based on the distances between them. The relationship between the output power and the 

distances can be determined by substituting the determined mutual inductances into the 

system output power equation (3.6) presented in Chapter 3. By mathematical analysis, the 

optimal distance between the primary transmitter and the power repeater can be determined, 

as well as the optimal distance between the power repeater and the pickup. The challenge of 

this method is to propose a method of determining mutual inductances between two circular 

spiral coils. 

Currently, the circular spiral coil was used to design the single coil power repeater. In future, 

coils with different configurations such as double D, DDQ and bipolar can be used to design 

power repeaters, and the study of their effects on power transfer capability are suggested. The 

relationship between dimensions of coils and magnetic field distributions can be investigated 

to futher improve the magnetic distribution at the power repeater. For example, a circular 

spiral coil may be designed with different spaces between turns to obtain concentrated 

magnetic field. 

8.3.2 Practical Implementation of Active Power Repeater  

The method of load detection and active tuning of the proposed active power repeater 

presented in Chapter 7 has only been verified by simulations. Future work is suggested to 

build a practical prototype of the proposed active power repeater to test its performance. A 

practical design is suggested, and its block diagram is shown in Fig. 8-1. 

The active power repeater includes a resonant circuit, which is formed by an inductor L and 

tuning capacitors C1 and C2, MOSFETs S1, S2 and S3, two voltage regulating circuitries, a 

current sensor and a microcontroller. The voltage regulating circuitry is to convert an AC 

voltage to a DC voltage, and reduce the DC voltage to the rated input voltage of the 

microcontroller. It can be formed by an AC- DC rectifier and a linear voltage regulator.  

All the MOSFETs are assumed to be off initially in the following explanation of the working 

principle of the suggested practical circuit. In the first step, the microcontroller turns on 

MOSFET S2, and monitors the short circuit current of the power repeater using a current 

sensor. MOSFET S2 is turned off while the microcontroller detects a threshold change of the 
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short circuit current, which is set based on equation (4.14) and practical measurements. 

 

L

C2

Microcontroller

C1

S3

Voltage regulating 

circuit 2

Voltage regulating 

circuit 1

Current sensor

Input of 

microcontroller

Output of 

microcontroller

S2

S1

 

Fig. 8-1 Block diagram of suggested practical implementation of the proposed active 

power repeater 

In the second step, the voltage regulating circuitry 1 rectifies and regulates the open circuit 

voltage of the power repeater, and inputs to the microcontroller. The microcontroller records 

the input voltage while turning on both S1 and S3. The voltage across the tuning capacitor is 

rectified, regulated, and input to the microcontroller. Based on the two input voltages, the 

microcontroller calculates the mutual inductances based on (4.25) and (4.26), and the optimal 

tuning capacitance for maximum power transfer using (4.15) and calculated mutual 

inductances. In the final step, the microcontroller turns on MOSFET S3 permanently, and 

calculates the time delay of the driving signal of S1 based on the optimal tuning capacitance. 

The microcontroller generates a PWM signal to drive MOSFET S1 based on the time delay. 

For ZVS of S1, the microcontroller monitors the voltage across it using the voltage regulating 

circuitry 2, and switches it on when the voltage across it is negative, which is due to the 

conduction of the body diode of S1. 
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8.3.3 Optimal Design of Matrix Power Repeaters  

To improve the ability of enhancing the output power of the IPT system with a matrix power 

repeater further, studies about new configurations of matrix power repeaters are suggested. 

The study is recommended to include the shape of passive coils, the structure and the number 

of unit cells of matrix power repeaters. New structures such as a sphere, cylinder, cone and 3-

D frame can be studied via simulation and practical experiments. Effects of matrix power 

repeaters formed by circular, hexagonal, triangular and octagonal coils on magnetic field 

distribution and the power transfer capability of IPT systems can be studied to determine the 

optimal coil shape. Furthermore, the study of the relationship between the number of unit 

cells in a matrix power repeater and the power transfer capability of IPT systems are 

suggested. 

8.3.4 Advanced Flexible Matrix Power Repeaters 

In this thesis work, the matrix power repeaters were made on FR4 PCB boards using copper 

layers, and they are lossy and inflexible in shape. Different methods for design and 

implementation of matrix power repeaters can be researched on further. To reduce the power 

loss, passive matrix power repeaters can be formed by Litz wires in a frame with multiple 

strands. New materials, which have lower resistivity than copper at a lower price, can be used 

to print matrix power repeaters. Furthermore, their flexibility can be improved by using 

advanced PCB printing technologies.  
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Appendices 

A. Equations of Currents of the IPT System with the Single Coil Power 

Repeater 

The current in the primary transmitter is: 
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The current in the power repeater is: 
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The current in the power pickup is: 
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B. Coupling Coefficients between Adjacent Unit Cells of the Matrix Power 

Repeater 

The unit cells of matrix power repeater numbered from 1 to 9 are shown in the figure as 

follows:  

1 2 3

4 5 6

7 8 9
 

As all the dimensions of all unit cells are nearly identical in the matrix power repeater, and 

the matrix power repeater is symmetrical with respect to its centre, the coupling coefficients 

between unit cells aligned vertically and horizontally are assumed to be similar, and coupling 

coefficients between diagonally aligned unit cells are assumed to be close to each other. To 

measure coupling coefficients between two unit cells, one coil of the unit cell was connected 

with an LCR meter, and its inductances were measured when the other coil of the unit cell 

was open and short circuited, respectively. The coupling coefficients are calculated based on 

(A.4). 

1 s sc
ps

s oc

L
k

L





   
 

(A.4) 

where Ls-sc and Ls-oc are the inductances of the coil connected to the LCR meter when the 

other coil is short and open circuited, respectively. 

The coupling coefficients between unit cell 1, 2, 5 and other unit cells were calculated based 

on practically measured inductances, and the results are shown in the following table. 
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k51 k52 k53 k54 k56 k57 k58 k59 

0.01622 0.0415 0.01626 0.04213 0.042129 0.01635 0.04184 0.01637 

k21 k23 k24 k25 k26 k27 k28 k29 

0.0423 0.0415 0.01595 0.0415 0.016 0 0 0 

k12 k13 k14 k15 k16 k17 k18 k19 

0.0418 0 0.4188 0.1622 0 0 0 0 

Please note that even the calculated coupling coefficients equal to zero, it does not mean that 

the unit cells were not magnetically coupled. The zero coupling coefficients were obtained as 

only three decimal numbers were kept for the measured inductances, which results in the 

same inductances being obtained when the coil was open and short circuited. From the table, 

it can be seen that the coupling coefficients between two unit cells aligned vertically and 

horizontally are around 0.163, and between two unit cells diagonally aligned are around 0.42. 

The coupling coefficients between two non-adjacent coils can be neglected. 
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