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Abstract

This thesis aims to study second and higher order compensation topologies for

wireless power transfer (WPT) covering inductive power transfer (IPT) and ca-

pacitive power transfer (CPT) systems, and to provide design guidelines for var-

ious types of compensation circuits for addressing the common and inevitable

issues arising from wide variations of coupling and compensation parameters.

This thesis first presents a unified T-type two-port network model for IPT and

CPT converters, contributing to offer direct insights into the choice of appropri-

ate compensation topologies and their relationship with performance. General

transfer characteristics and corresponding operating conditions of the presented

T-model IPT and CPT converters are summarized. On this basis, all possible

second-order compensation topologies are systematically analyzed in depth.

A systematic extension of the basic second-order compensated IPT and CPT

converters is then presented for achieving load-independent current (LIC) or

load-independent voltage (LIV) output, to higher order compensated converters

through adding an inductor or capacitor at the input or output side. Conditions

on the parameters to achieve the required output performance are given. Then,

the system’s sensitivity to various parameters’ fluctuation is analyzed. Results

from sensitivity analysis provide a convenient design guide for selecting parame-

ters and compensation topologies to achieve the required LIV and LIC operation

for IPT and CPT systems with fewer design constraints. Moreover, the analy-

sis effectively reveals the roles of extra input-side or output-side inductors and
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capacitors in making the whole system less sensitive, and hence provides a fast

understanding of the choice of various compensation circuits for applications ad-

dressing wide ranges of coupling and compensation parameter values.

Finally, to highlight the advantages of different compensation topologies for

WPT systems, specific configurations of IPT systems for multi-load applications

are further developed. Since the versatility of the coupling structure and the

choice of parameter values are crucial due to the diversity of load appliance types

and operating conditions, the features of four coupling structures, namely single-

input single-output (SISO), single-input multiple-output (SIMO), multiple-input

single-output (MISO) and multiple-input multiple-output (MIMO), are analyzed

in depth, from which general transfer characteristics are obtained. Based on the

series-series compensation topology, a set of design principles for IPT circuits

satisfying various output requirements in a multi-load environment is presented.

Control strategies to address the impedance matching issue are also proposed.

Moreover, a third-order compensation scheme is presented to improve the perfor-

mance of IPT systems with multiple outputs and to facilitate the control process.
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Chapter 1

Introduction

1.1 Background

The last few decades have witnessed a rapid development of wireless power trans-

fer (WPT) technologies in a variety of fields. As the name implies, a WPT

system transfers energy from the power source to the load without the use of

conductive wires or physical contacts. With the increasing maturity of the de-

velopment of IPT technologies, various applications have been materialized in

the market, including wireless charging for electric vehicles [6–11], implant medi-

cal devices [12–14], autonomous underwater vehicles [15–18], consumer electron-

ics [19–22], etc., as exemplified in Figs. 1.1, 1.2 and 1.3.

The concept of WPT was first presented in the late 19th century by Nikola

Tesla [23–25], who carried out a variety of WPT experiments and made attempts

to realize large-scale and high-power wireless power transfer. The series of stud-

ies conducted by Tesla laid the foundation for the development of modern WPT

systems. Since then, many researchers have been inspired to contribute to the

practical realization of WPT systems. Applications of wireless charging for im-

plant medical devices, electric brushes, and electric vehicles have been proposed

in quick succession. In 2007, a research group led by Prof. Marin Soljačić from

1



2 1. Introduction

(a) (b) (c)

Figure 1.1: Examples of wireless power transfer applied for consumer electronics:
(a) Smart phone [1]; (b) electric toothbrush [2]; (c) HDTV [2].
(a) Copyright 2018, with permission from F. H. Sumi; (b)(c) copyright 2013, with permission

from IEEE.

(a) (b)

Figure 1.2: Examples of wireless power transfer applied for implant medical de-
vices: (a) Capsule endoscopy inspection [3]; (b) portable charger for ventricular
assist devices [4].

(a) Copyright 2018, with permission from A. M. Jawad; (b)(c) copyright 2013, with
permission from IEEE.
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(a) (b)

Figure 1.3: Applications of wireless charging including two approaches of (a) in-
ductive power transfer (IPT) and (b) capacitive power transfer (CPT) for electric
vehicles [5].

Copyright 2013, with permission from Springer

Massachusetts Institute of Technology (MIT) “caught” the emitted electromag-

netic waves by making the transmitter and receiver of a WPT system resonate

at the same frequency, and successfully lit a 60 W light bulb two metres away,

further validating Tesla’s conception of using resonance to transfer energy over

a long distance [26]. The research findings published in Science brought the re-

search on WPT to a wide spectrum of scientific audience, although the subject

of IPT and related circuit technologies have been studied long before the MIT

experiment were published [19,27,28].

According to the transfer distance, the current common WPT approaches can

be classified into far-field and near-field WPT, as shown in Fig. 1.4. The far-field

WPT is generally in the form of microwaves or lasers [29], with transmitting

and receiving antennas, to achieve long-range power transfer [30–32]. Although

this approach enables power transfer over a long distance, the transmission of

electromagnetic waves through space limits the transfer efficiency, and the ap-

plication of antennas also requires extreme directionality for power transmission

and reception and cannot cross obstacles.

Near-field WPT can be divided into inductive power transfer (IPT) and ca-
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Figure 1.4: Classification of wireless power transfer systems.

pacitive power transfer (CPT), the former using magnetic fields and the latter

using electric fields. The non-radiative magnetic or electric fields are generated

by virtue of mutually coupled transformers or parallel capacitor plates to achieve

the transmission of energy over medium distances. This approach is character-

ized by a non-sensitive directionality and the ability to transfer power through

non-magnetic substances. By operating at resonant frequencies and using com-

pensation topologies to reduce the processing of reactive power, the approaches

of IPT and CPT have the advantage of high efficiency in power transmission. In

this thesis, we mainly focus on the study of characteristics and performance of

IPT and CPT systems.

1.2 Motivation

The emerging technology of WPT offers a viable solution for facilitating sustain-

able and efficient power supply in a wide range of applications. Compared to the

conventional technology of conductive charging, WPT has the following merits.

1. Safety and longevity. In traditional power supply systems, the fraying and

aging of the wires may cause electric shock. This safety hazard can be
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eliminated by using WPT due to the absence of conducting contact in

WPT systems. Moreover, WPT significantly reduces surface abrasion of

the devices during operation, hence extending the service life of the devices

significantly.

2. Resource conservation. Compared to fixed-location charging posts, WPT

chargers can be laid below ground, saving public resources in the city and

reducing land occupation. Moreover, the charging process can be com-

pletely unmanned, i.e., charging and billing in public places can be handled

automatically. In this case, a significant amount of human and material

resources can be saved.

3. Convenience and neatness. Charging with WPT eliminates the need for

plugging and unplugging connectors, making the charging process more

convenient. In addition, the charging environment such as the desktop and

the ground, especially when multiple devices are charged simultaneously,

becomes simpler and cleaner by getting rid of the shackles of wires.

4. Availability for specific environments. In addition to providing convenience

for daily life, WPT is indispensable in some specific situations such as charg-

ing for mining equipment, which requires extremely high explosion-proof.

In this scenario, traditional plug-in approach may generate sparks, thus

causing gas explosions. WPT contributes to guarantee the safety during

operation. In space applications, mechanical slip rings are adopted as the

traditional power supply unit for the solar wing. The employment of WPT

can effectively address the abrasion and extend the life of satellites in orbit.

Meanwhile, the bi-directional WPT between space stations enables distri-

bution of power flows, and improves energy utilization and reliability. For

the scenario of charging for unmanned underwater vehicles (UUV), the un-

derwater wet plugging method suffers from low alignment accuracy. WPT
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allows for effective underwater power supply over a wide range of transfer

distance, increasing the efficiency of underwater operations.

Despite its popular use in the design of various products, WPT is still far

from being optimal, and some fundamental analytical issues remain unresolved,

as detailed below.

In the design of IPT converters, a variety of compensation topologies, includ-

ing second order and higher order circuits, have been proposed and adopted to ad-

dress specific issues in practical applications. However, connections between IPT

circuits of different orders have not been established systematically to facilitate

design. Moreover, the use of higher order compensation circuits for combating

various parameters’ variations is still not clearly understood and systematically

applied to achieve specific performance requirements.

In the design of CPT converters, the study of compensation topologies is

still in an early stage. Firstly, for second-order compensation topologies, there

is no complete and systematic analysis of the features of second-order compen-

sated CPT converters. A convenient practical model to facilitate the analysis of

transfer features is still not available. In addition, although some of the higher

order compensation topologies have been proposed for specific applications, no

systematic analysis is available to provide a fast understanding of the connections

between various compensation topologies that enables design choices to be made

conveniently for design compensation topologies in IPT and CPT converters with

single or multiple input/output terminals.

1.3 Literature Review

In this section, equivalent circuit models that are widely used for analysis of IPT

and CPT systems are reviewed, the purpose being to lay the foundation for ex-

ploring the various design choices in the following chapters. Here, to obtain a
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comprehensive understanding of the role of compensation in a WPT system, var-

ious compensation topologies adopted for inductive and capacitive power transfer

are reviewed.

1.3.1 Equivalent Circuit Models

To explore the topological properties of wireless power transfer systems, some

important equivalent circuit models that are most widely used are reviewed.

IPT Circuit Model

The most well-known equivalent circuit model for IPT converters is the mutual-

inductance model [33, 34], where two series equivalent inductors are connected

with two induced voltage sources at the primary and secondary sides, respec-

tively, as illustrated in Fig. 1.5(a). Here, Lp and Ls are the self-inductance of the

primary (transmitting) and secondary (receiving) windings of the transformer,

respectively. The coupling between the windings at the two sides is represented

by mutual inductance M , and M = k
√
LpLs, where k denotes the coupling coef-

ficient. This mutual-inductance model has been adopted as a general equivalent

circuit model for the study of IPT systems in the literature [35–42].

To facilitate the analysis of IPT topologies, and hence to observe transfer

properties of IPT converters with various compensation topologies more clearly,

a T-type two-port network model has been employed [43–45]. In this model,

the two self-inductors Lp and Ls together with the induced voltage source are

simplified as a T-type inductor structure, as illustrated in Fig. 1.5(b).

CPT Circuit Model

As the research on IPT gradually matures, a number of issues have emerged

that cannot be ignored. In addition to the high cost of the Litz wires and cores

required in the design of transformers, the presence of metal objects around the

system becomes a safety hazard due to the eddy current losses generated by
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Figure 1.5: Equivalent (a) mutual-inductance model and (b) T-type model of the
coupled IPT transformer.

magnetic fields [46]. To address the root causes of these issues, capacitive power

transfer (CPT) technology has gradually gained research interest in recent years

[47–49]. By transferring energy via the electric field generated by a coupled

capacitor pair, the issues of high cost and safety hazard caused by the presence

of metal objects can be effectively solved [47,50,51].

A typical CPT coupler is usually composed of two symmetrically positioned

coupled pairs, and the coupled pairs are constructed by four parallel metal (usu-

ally aluminium or copper) plates, as shown in Fig. 1.6(a). Here, P1 and P2 are

coupling plates at the primary (transmitting) side, and P3 and P4 are coupling

plates at the secondary (receiving) side. According to the definition of paral-

lel plate capacitors, there usually exist six mutual capacitors generated by the

coupling electric field between any two of the plates [9].

Due to the complexity of the six-capacitor model, a variety of equivalent

circuit models are adopted. The two-capacitor model is the most widely used

equivalent circuit model of the CPT coupler, as shown in Fig. 1.6(b), where the

coupler is simplified as two series capacitors connecting each two coupled pairs,

i.e., Cs1 and Cs2. In the early stages of study on CPT, the four mutual capacitors

except C13 and C24 in Fig. 1.6(a) were ignored [52], i.e., C13 being represented

by Cs1 in Fig. 1.6(b), and C24 being represented by Cs2. In some of the recent

works [8, 53], the CPT coupler comprised of two capacitor plates are used to
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Figure 1.6: Equivalent (a) six-capacitor model and (b) equivalent two-capacitor
model of the CPT coupler.

simplify the coupling structure. In Lu et al.’s work [10], by setting the relative

positions of the coupling plates so that a certain gap is maintained between them,

the coupling capacitance can be ignored.

The establishment of equivalent circuit models with high accuracy has grad-

ually been attracting attention. In the literature [54], four mutual capacitors are

considered while the two cross ones are ignored. Zhang et al. [9] proposed an

induced current source (ICS) model for describing CPT converters, taking all six

capacitors into account. In this model, the six mutual capacitors are equivalent

to two shunt capacitors connected with an induced current source at the primary

and secondary sides, respectively. To observe the transfer characteristics of CPT

converters more clearly, a Π-type network model has been proposed based on

the ICS model. This Π network model is much less computationally demanding,

and is increasingly being used. Unfortunately, both the ICS model and the Π

model have the common disadvantage that any change in capacitance value of

the six mutual capacitors will have an impact on the calculated results of the two

equivalent capacitors. This means that any change in the position of coupling

plates may lead to significated discrepancies in describing the operation of the

CPT system. To address this issue, Wang et al. [55] proposed an induced voltage

source (IVS) model. In this model, the concept of self-capacitance is introduced
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from the physical viewpoint so that the equivalent capacitance is not affected by

the coupling distance.

In summary, although the analysis on the common equivalent circuit models of

IPT converters has reached a mature stage, there is still a lack of simplified circuit

models for CPT converters which can accurately describe the circuit features

when the coupling capacitance generated by the CPT coupled pairs changes and

facilitate the analysis of various topologies of CPT converters.

1.3.2 Compensation Topologies for Inductive Power Trans-

fer

In many practical applications, the power supply terminals are required to provide

either constant voltage (CV) or constant current (CC), and in some applications,

such as battery charging, the power supply is required to provide both CV and

CC depending on the operating phase of the charging process [56, 57], as the

equivalent resistance of the battery varies significantly during the charging pro-

cess. In order to operate in a wide load range, various compensation topologies

have been applied in IPT systems to achieve load-independent current (LIC) and

load-independent voltage (LIV) output. Research on basic second-order com-

pensation has already entered a mature stage. It is well known that four basic

compensation topologies, namely, series/series (S/S), series/parallel (S/P), par-

allel/series (P/S), and parallel/parallel (P/P) configurations, can achieve LIC or

LIV output at specific operating frequencies [27, 28, 39, 58–60]. Further study of

the basic compensation networks for both LIC and LIV output has been con-

ducted [61–63], and a series of optimization design based on the second-order

compensation schemes have been proposed [64–68].

Moreover, to enhance the operating range and to combat parameter varia-

tions, higher order compensation schemes are developed. Recently, a family of
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higher order compensation topologies have been studied [45]. While achieving

LIC or LIV output, these topologies, interpreted in terms of transformer model

(T-model) or mutual inductance model (M-model), show good performance in

combating the transformer parameter constraints. Specifically, an LCL compen-

sated IPT system has been proposed to provide constant primary current, which

is particularly suitable for multi-pickup applications [69–73]. Furthermore, an

LCC compensation network has been utilized to enhance the tolerance for lateral

misalignment and permits reduction of the system size [38,74].

However, despite the many individual reports focusing on the use of higher

order compensation in combating parameter variations [40,45,75], there is still a

lack of systematic analysis with clear physical meanings that can guide engineers

to design compensation circuits more effectively. In the work of Lu et al. [76], sen-

sitivity analysis of voltage gain and efficiency to variation in system parameters

has been carried out for various topologies operating in CV mode, aiming at sim-

plifying the control algorithm and minimizing additional converters. The essential

connection between second-order and higher order compensation circuits remains

unattended. Recently, the transformation between second-order and third-order

compensation circuits at the input side, based on sensitivity analysis of selected

topologies, has been briefly discussed [77]. Up to now, no systematic analysis

on the connection between basic second-order and higher order compensation

networks that can provide clear physical interpretations of the roles of extra com-

ponents in higher order circuits has been reported. Different from the specific

inductors and capacitors added for filtering or achieving soft switching of invert-

ers in the many converters, the components of inductors and capacitors in this

study serve as part of the compensation to clearly demonstrate the impact of

compensation components on the system performance.
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1.3.3 Compensation Topologies for Capacitive Power Trans-

fer

Similar to the design of IPT converters, compensation topologies are necessary

in CPT converters to enhance power transfer capacity. In much of the reported

works, compensation topologies are proposed and designed for certain perfor-

mance requirements and specific applications concerned. To compensate for the

high leakage capacitance, basic series-series (S/S) compensation topology is intro-

duced, where two inductors are connected to the coupler in series at the primary

and secondary sides, respectively [47, 78]. To improve the output power level,

and reduce the value of the compensated inductance, higher order compensation

schemes of double-sided LC (a series inductor connected with a shunt capaci-

tor adjacent to the coupler) [79–81], double-sided LCL (one inductor in parallel

with a capacitor, then in series with an inductor next to the coupler) [82,83] and

double-sided LCLC (add a shunt capacitor between LCL and the coupler) [10]

have been proposed. In Mai et al.’s work [81], the double-sided CL compensation

is able to simplify the compensation topology while permitting the capability

of long-distance and high-power transmission. Huang et al. [52] introduced the

Z impedance compensation network for CPT converters, addressing the issue of

voltage spikes produced by the branch circuit where the series compensated in-

ductance is located due to the sudden removal of the secondary side. In Sinha

et al.’s work [84], the effect of parasitic capacitance has been mitigated through

dividing the compensated inductors, at the cost of increased complexity of the

circuit design. Li et al. [85] presented a family of compensation topologies for

CPT converters cater for high-power energy transmission. However, the essential

connection and transformation between circuits of different orders still receives

little attention.

In a recent work [86], systematic analysis from multiple aspects of connection
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between basic second-order and higher order compensation networks applied for

IPT converters are discussed. A similar interpretation for CPT converters will be

greatly helpful for designing the compensation topology and selecting parameter

sets. Although the CPT circuit performs as a duality of the IPT circuit, there are

still fundamental differences between a CPT coupler and an IPT transformer due

to the difference in coupling principles. Moreover, there is still a lack of systematic

analysis of the basic compensation topologies for CPT converters based on an

equivalent circuit model where system parameters are coupling-independent.

1.4 Objectives of the Thesis

The objectives of this thesis are to analyze inductive power transfer (IPT) and

capacitive power transfer (CPT) converters with various compensation topolo-

gies by establishing connections between basic and higher order compensation

networks from a circuit theoretic point of view. All possible extensions from the

input side and the output side of basic second-order compensation topologies in

IPT and CPT converters will be derived on the basis of a simplified generic circuit

model. To identify suitable topologies combating changes of system parameters

in the converter, comparisons using sensitivity analysis of various compensation

networks will be investigated. In addition, IPT converters with multiple input

and output terminals will be illustrated and analyzed in detail to offer unified

design principles for multi-load applications. The study offers a convenient in-

terpretation of the mechanisms that contribute to various desirable performance

aspects. Analytical studies and experimental verifications will be reported.

1.5 Outline of the Thesis

This thesis is organized as follows.
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Chapter 1 introduces the development of wireless power transfer converters,

covering equivalent models and compensation topologies of IPT and CPT circuits.

The objectives of this research work and the outline of the thesis are provided.

Chapter 2 reviews the fundamental IPT and CPT systems including basic

second-order compensation circuits and equivalent models. A new circuit model

for CPT systems is presented, which facilitates the calculation of operating condi-

tions for stable and parameter-insensitive power transfer. Transfer characteristics

of IPT and CPT circuits with second-order compensation are calculated and an-

alyzed in detail.

Chapter 3 explores the systematic extension of second-order compensation to

higher order compensation through current source and voltage source interchange,

together with load-independent current and load-independent voltage output con-

version, for both IPT circuits. Furthermore, we examine the sensitivity of the

basic second-order compensation circuits against system parameters’ variation

in comparison to higher order compensation circuits. Based on the comparison

results of the performance of various compensation topologies, general design

pathways to higher order compensated IPT converters are given, which can con-

veniently provide design guidelines for appropriate compensation topologies that

meet specific desired functions. Experimental results are presented to verify the

analysis of the various compensation topologies of IPT converters.

Chapter 4 presents connections between second-order and higher order com-

pensated CPT converters in a similar approach to Chapter 3. Systematic exten-

sions to higher order compensation are explored from input, output, and double

sides. In addition to third-order compensation, fourth and higher compensations

are also exemplified in this chapter. Comparisons and detailed analysis on sensi-

tivity to system parameters of both second-order and higher order compensation

are examined, the aim being to offer a fast understanding on merits and defects

of various compensation scheme in CPT converters, thus serving to determine a
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proper compensation topology with expected characteristics. Experimental re-

sults are presented to verify the analysis of the various compensation topologies

of CPT converters.

Chapter 5 studies an application of multi-input multi-output IPT systems.

Based on the appropriate compensation and operating conditions that achieve

the required load-independent output, various input and output terminations

with desired output power can be realized. General expressions for optimal load

values of IPT systems with various inputs and outputs are given. Various con-

trol strategies for power regulation are presented. On this basis, a set of design

principles for IPT systems in a multi-load environment is proposed. Moreover,

improvement with a higher order compensation is derived to facilitate the param-

eter design.

Finally, Chapter 6 concludes the thesis with a summary of contributions and

discussions of some future directions.
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Chapter 2

Overview of Basic Compensation

Topologies

As mentioned in the previous chapter, the mutual-inductance model is most com-

monly used as the equivalent circuit model for analysis of inductive power transfer

(IPT) converters. In some recent works, an equivalent model based on two-port

networks has been established to directly observe the transfer features, espe-

cially the operating conditions of IPT converters with various compensation cir-

cuits. However, for capacitive power transfer (CPT) converters, which can be

viewed as the dual version of IPT converters, general equivalent models for di-

rectly analysing the fundamental features are not available. Moreover, systematic

analysis of second and higher order compensation topologies in CPT converters

is still lacking.

In this chapter, the transfer characteristics of second order compensated IPT

circuits based on the two-port network model are reviewed in terms of load-

independent (LI) output conditions and corresponding transfer ratios. In addi-

tion, two-port based models for CPT circuits are established and analyzed in

detail. On this basis, the operating properties of four second-order compensation

topologies of CPT circuits are investigated in depth to provide a theoretical basis

17
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Figure 2.1: Equivalent two-port network model of IPT converter. AP is the
primary-side compensation circuit, AT the coupled inductor pair, and AS the
secondary-side compensation circuit.

for further analysis of various compensation topologies.

2.1 Equivalent Circuit Models

2.1.1 Two-Port Network Model for IPT

Fig. 2.1 shows an equivalent two-port network of the IPT converter with the T-

type transformer derived from a mutual-inductance model. The converter can

be driven by an AC voltage or current source, and loaded with an equivalent

resistance RL. Also, Vin, Iin, Vo and Io are the input voltage, input current, output

voltage and output current, respectively. Practically, the voltage source can be

realized by an inverter connected with a rectifier. The current source can be

achieved by adding a buck-boost converter between the rectifier and the inverter

and tracking the current flowing through the inverter to maintain a constant

current. Here, we assume that the input voltage and current sources are both

theoretically pure sinusoidal AC sources. Then, the transfer characteristic of the

network [87,88] can be expressed in matrix form as

 Vin

Iin

 = A

 Vo

Io

 (2.1)
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where A denotes the transmission matrix of the two-port network for IPT con-

verters, and consists of three subnetworks, which are the primary compensation

circuit AP, the transformer AT, and the secondary compensation circuit AS. Here,

the transformer is represented by a T-type model, as illustrated in Fig. 2.1, where

Lp and Ls denote self-inductance of the transformer at primary and secondary

sides, respectively, and M is the mutual inductance between Lp and Ls. A defini-

tion of coupling coefficient k is usually adopted in the analysis of IPT converters,

which is given by

k =
M√
LpLs

(2.2)

All diagonal elements AP, AT and AS are found to be real numbers and all

elements off the diagonal are imaginary numbers [89]. Thus, the second-order

square matrix A can be obtained by

A = APATAS =

 a11 ja12

ja21 a22

 (2.3)

where a11, a12, a21 and a22 are all real. Using Io = Vo/RL, Zin = Vin/Iin, and

putting (2.3) in (2.1), the voltage gain Gv and trans-conductance Gi for circuits

terminated by a voltage source, the current gain Hi and trans-impedance Hi for

circuits terminated by a current source, and the input impedance Zin of the IPT

circuit can be expressed by the following equations

Gv =
Vo

Vin

=
RL

a11RL + ja12

(2.4)

Gi =
Io

Vin

=
1

a11RL + ja12

(2.5)

Hv =
Vo

Iin

=
RL

ja21RL + a22

(2.6)

Hi =
Io

Iin

=
1

ja21RL + a22

(2.7)

Zin =
Vin

Iin

=
a11RL + ja12

ja21RL + a22

(2.8)
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Figure 2.2: (a) Equivalent Π-type two-port network model and (b) equivalent
induced-current source model of the coupled CPT pairs.

2.1.2 Two-Port Network Model for CPT

Fig. 2.2(a) shows an equivalent Π-type based two-port network of the CPT cou-

pler. The network can be derived from an induced-current source model, as shown

in Fig. 2.2(b), which is commonly adopted as the simplified equivalent circuit

model of a CPT converter. It has been shown [61] that Cs1, Cs2 and Csm are

given by

Cs1 =
C12 + (C13 + C14)(C23 + C24)

C13 + C14 + C23 + C24

(2.9)

Cs2 =
C34 + (C13 + C23)(C14 + C24)

C13 + C14 + C23 + C24

(2.10)

Csm =
C24C13 − C23C14

C13 + C14 + C23 + C24

(2.11)

where C12, C13, C14, C23, C24, C34 are equivalent capacitors among the four plates

illustrated in Figs.1.6(a) of Chapter 1.

Then, the coupling coefficient ksm can be defined as

ksm =
Csm√
Cs1Cs2

(2.12)

From the above expressions, we can see that the values of Cs1 and Cs2 vary

with the equivalent capacitor of the coupler. This imposes strict requirements on

the capacitor plates, with the relative positions of the four plates being absolutely
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Figure 2.3: (a) Equivalent T-type two-port network model and (b) equivalent
induced-voltage source model of the coupled CPT pair.

fixed to maintain the resonance state. In addition, resonance conditions of the

compensation parameters are relatively complex and are all coupling-dependent,

which would make the subsequent analysis of parameter sensitivity complicated.

These limitations will be theoretically analyzed in detail in Section 2.3.

To address the above issues, we present a T-type based two-port network

model as shown in Fig. 2.3(a). The network can be derived from an induced-

voltage source model [55], as shown in Fig. 2.3(b). It should be noted that

capacitor Cm is not equal to Csm, and capacitors Ct and Cr are not C1 and C2 in

the Π-type model. Here, Ct (Cr) has a clear physical meaning of the transmitting

(receiving) capacitance when secondary (primary) plates P3 and P4 (P1 and P2)

are removed. Thus, similar to the concept of self-inductance in IPT converters, Ct

and Cr can be regarded as self-capacitance of a CPT converter, and only depend

on the distance between the primary and secondary plates. Furthermore, Ct and

Cr can also be expressed with regard to equivalent capacitors illustrated in Fig.

1.6(a) as [55]

Ct = C12+

C13C14(C23 + C24) + C23C24(C13 + C14) + C34(C13 + C14)(C23 + C24)

(C13 + C23)(C14 + C24) + C34(C13 + C14 + C23 + C24)

(2.13)

Cr = C34+

C23C14(C13 + C24) + C13C24(C23 + C14) + C12(C13 + C14)(C23 + C24)

(C13 + C23)(C14 + C24) + C34(C13 + C14 + C23 + C24)

(2.14)
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Figure 2.4: Equivalent T-type two-port network model of CPT converter. BP is
the primary-side compensation circuit, BT the coupled capacitor pairs, and BS

the secondary-side compensation circuit.

Then, the parameters in the T-type model can be defined by the following

equations:

Cp =
CmCt

Cm − Ct

(2.15)

Cs =
CmCr

Cm − Cr

(2.16)

kc =

√
CtCr

Cm

(2.17)

Fig. 2.4 illustrates the complete T-type based two-port network of a CPT

converter, which can be driven by an AC voltage or current source, and loaded

with an equivalent resistance RL. Here, Vin, Iin, Vo and Io are the input voltage,

input current, output voltage and output current, respectively. Similar to the

analysis in the previous section, the transfer characteristic of the CPT network

can be expressed in matrix form as

 Vin

Iin

 = B

 Vo

Io

 (2.18)

where B denotes the transmission matrix of the two-port network for CPT con-

verters, and consists of the primary compensation BP, the coupler BT, and the
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Figure 2.5: An unified two-port network model for IPT and CPT converters.

secondary compensation BS, and the second-order square matrix B can be ob-

tained by

B = BPBTBS =

 b11 jb12

jb21 b22

 (2.19)

where b11, b12, b21 and b22 are all real [75]. Using Io = Vo/RL, Zin = Vin/Iin,

and substituting (2.19) into (2.18), the transfer ratios Gv and Gi for circuits

terminated by a voltage source, Hv and Hi for circuits terminated by a current

source, and the input impedance Zin of the CPT circuit can be derived as follows:

Gv =
RL

b11RL + jb12

(2.20)

Gi =
1

b11RL + jb12

(2.21)

Hv =
RL

jb21RL + b22

(2.22)

Hi =
1

jb21RL + b22

(2.23)

Zin =
b11RL + jb12

jb21RL + b22

(2.24)

2.1.3 Unified Two-Port Network Model

Based on the aforementioned modeling process for IPT and CPT converters, a

unified two-port network model can be developed for the transformer of IPT

converters and the coupler of CPT converters, using the principle of duality, as
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shown in Fig. 2.5. Here the coupling coefficient K is defined as

K =
Zm√
ZtZr

(2.25)

where Zt and Zr are the self-impedances at the primary and secondary sides,

respectively, and Zm is the mutual impedance between Zt and Zr. Specifically,

for IPT converters, we have

Zt,r,m = jωLt,r,m (2.26)

K =
Lm√
LtLr

(2.27)

where K represents k in (2.2), and the symbols of Lt, Lr and Lm are the same as

the Lp, Ls and M in Section 2.1.1, respectively. For CPT converters, we have

Zt,r,m =
1

jωCt,r,m

(2.28)

K =

√
CtCr

Cm

(2.29)

where K represents kc in (2.17). Thus, we have established the equivalent model

to provide a theoretical basis for analysis of various compensation topologies in

IPT and CPT converters.

2.2 Second-order Compensated IPT Circuits

Four basic second-order compensation topologies of an IPT converter [39, 90],

based on the most commonly used mutual-inductance model, are shown in Fig. 2.6.

As dictated by Kirchhoff’s laws, the input must be terminated by a voltage (cur-

rent) source when series (parallel) compensation is applied at the primary side.

Thus, from the circuit theoretic point of view, the series/series (S/S) and se-
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Figure 2.6: Equivalent circuits of IPT converters with basic second-order com-
pensation circuits.
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Figure 2.7: Equivalent (a) T-type and (b) Π-type impedance models.

ries/parallel (S/P) compensation circuits require an input voltage source, whereas

the parallel/series (P/S) and parallel/parallel (P/P) compensation circuits re-

quire a current source feeding the input.

Using the theory of two-port networks [91], the T-network and Π-network

illustrated in Fig. 2.7 can be expressed in matrix form as

ZT =

 Z1 + Z2

Z2

Z1Z2 + Z1Z3 + Z2Z3

Z2
1

Z2

Z2 + Z3

Z2

 (2.30)

ZΠ =

 Zb + Zc
Zc

Zb

Za + Zb + Zc
ZaZc

Za + Zb
Za

 (2.31)

where Z’s are impedances.
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Table 2.1: Properties of IPT Converters with Various Conditions Based on the
Two-Port Network Model.

Requirement Condition Ratio

VS

LIV a12 = 0 Gv = 1
a11

LIV & ZPA a12 = a21 = 0 Zin = a11
a22
RL

LIC a11 = 0 Gi = 1
a12

LIC & ZPA a11 = a22 = 0 Zin = a12
a21RL

CS

LIV a22 = 0 Hv = 1
ja21

LIV & ZPA a11 = a22 = 0 Zin = a12
a21RL

LIC a21 = 0 Hi = 1
a22

LIC & ZPA a12 = a21 = 0 Zin = a11
a22
RL

LIV(C): load-independent voltage (current); ZPA: zero phase angle.

Thus, according to (2.30), the primary (secondary) matrix AP(S) with series

and parallel compensation can be expressed as

AP(S)−series =

 1
1

jωCp

0 1

 (2.32)

AP(S)−parallel =

 1 0

jωCp 1

 (2.33)

where Cp and Cs are compensation capacitors at the primary and secondary sides.

ω is the operating frequency. Then, the T-type transformer AT is given by

AT =

 Lp

M
jωM(k−2 − 1)

1

jωM

Ls

M

 (2.34)

On this basis, the transfer matrices of the four IPT circuits can be obtained.

According to equations (2.4) ∼ (2.7), to achieve a constant load-independent (LI)
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Table 2.2: Basic Properties of Second-order Compensated IPT Circuits Under
Load-Independent Output Conditions. k = M/

√
LpLs.

Type Operating frequency Transfer ratio LI feature ZPA

S/S ω = 1√
LpCp

= 1√
LsCs

Gi = 1
ωM

LIC Yes

S/S ω = 1√
(Lp−M)Cp

= 1√
(Ls−M)Cs

Gv = 1 LIV No

S/P ω = 1√
(1−k2)LpCp

= 1√
LsCs

Gv = Ls

M
LIV Yes

S/P ω = 1√
(Lp−M)Cp

= 1√
(Ls−M)Cs

Gi = 1
ω(Ls−M)

LIC No

P/S ω = 1√
LpCp

= 1√
(1−k2)LsCs

Hi = Lp

M
LIC Yes

P/S ω = 1√
LsCs

Hv = jωM LIV No

P/P ω = 1√
(1−k2)LpCp

= 1√
(1−k2)LsCs

Hv = jωM(1− k−2) LIV Yes

P/P ω = 1√
LsCs

Hi = M
Ls

LIC No

LI: load independent; LIV(C): load-independent voltage (current); ZPA: zero phase angle.

output, including load-independent voltage (LIV) and load-independent current

(LIC), various operating conditions are required to be satisfied. Here, we take an

IPT converter driven by a voltage source with LIV output as an example, from

(2.4), the transfer matrix need to satisfy

a12 = 0. (2.35)

Then, the voltage gain and input impedance are given by

Gv =
1

a11

(2.36)

Zin =
a11RL

ja21RL + a22

(2.37)

In some specific applications, to improve the power transfer capacity of an

IPT converter, zero reactive power input is always required, i.e., zero phase angle

(ZPA) input. This means that the input impedance is purely resistive. Thus, a21
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in (2.37) should be zero, and Zin can be simplified as

Zin =
a11

a22

RL (2.38)

Likewise, conditions of the IPT converters with other output and input re-

quirements can be theoretically obtained, as summarized in Table 2.1. The ex-

pressions listed in this table are also applicable to CPT converters when parameter

aij is replaced by parameter bij in the CPT transfer matrix, where i, j = 1, 2.

Combining the expressions in Table 2.1 and transfer matrices (2.32) ∼ (2.34),

we can obtain the transfer properties of basic second-order compensated IPT

converters, as listed in Table 2.2.

2.3 Second-order Compensated CPT Circuits

2.3.1 Properties based on Π-type model

As introduced in Section 2.1.2, a CPT converter can be represented by a Π-type

or T-type two-port network model, derived from the induced-current source or

induced-voltage source model, respectively. We assess the transfer features based

on the Π-type model first.

Fig. 2.8 shows four second-order compensated CPT circuits. As a dual ver-

sion of the IPT converter, the CPT converter is compensated with inductors in

series or in parallel at the primary and secondary sides. Specifically, Lp denotes

the primary compensated inductor, and Ls denotes the secondary compensated

inductor. Similarly as in the IPT circuit, in a CPT circuit, the S/S and S/P

compensated topologies are usually driven by an input voltage source, whereas

the P/S and P/P compensation circuits are driven by an input current source

according to Kirchhoff’s law. Using the theory of two-port networks, the series
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Figure 2.8: Equivalent circuits of CPT converters with basic second-order com-
pensation circuits.

and parallel compensation can be expressed in matrix form as

BP(S)−series =

 1 jωLp

0 1

 (2.39)

BP(S)−parallel =

 1 0

1

jωLp

1

 (2.40)

where ω is the operating frequency. According to (2.31), the Π-type transformer

BΠ is given by

BΠ =


Cs2

Csm

1

jωCsm

jω
Cs1Cs2(1− ksm

2)

Csm

Cs1

Csm

 (2.41)

The analysis of operating conditions for IPT converters in the previous section

also applies to the CPT converters here. On the basis of conditions summarized in

Table 2.1 and the above equations, the transfer characteristics of Π-type two-port

model based CPT converters with second-order compensations can be obtained,

as listed in Table 2.3.

It can be observed from the calculation results that to achieve the required LI
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Table 2.3: Basic Properties of Second-order Compensated Π-model CPT Circuits
Under Load-Independent Output Conditions. ksm = Csm√

Cs1Cs2
.

Type Operating frequency Transfer ratio Feature

S/S ω = 1√
LpCs1(1−k2sm)

= 1√
LsCs2(1−k2sm)

Gi = jωCsm(1− k−2
sm) LIC & ZPA

S/P ω = 1√
LpCs1

= 1√
LsCs2(1−k2sm)

Gv = Cs1

Csm
LIV & ZPA

P/S ω = 1√
LpCs1(1−k2sm)

= 1√
LsCs2

Hi = Cs2

Csm
LIC & ZPA

P/P ω = 1√
LpCs1

= 1√
LsCs2

Hv = j 1
ωCsm

LIV & ZPA

LIV(C): load-independent voltage (current); ZPA: zero phase angle.

output, the operating frequency of each compensation topology depends on the

mutual capacitance because Cs1 and Cs1 are both related to coupling parameters,

i.e., ω is always coupling-dependent. This indicates that, although capacitance

Cs1 and Cs2 can be regarded as fixed values by minimizing the other capacitances

among the coupling plates (via increasing the distance between the plates on the

same side), the resonance conditions are still quite complicated and the resonance

frequency is sensitive to the environment during practical operations.

2.3.2 Properties based on T-type model

Similar to the expression in equation (2.34), the CPT coupler represented by a

T-type model in matrix form is given by

BT =

 Cm

Ct

k−2
c − 1

jωCm

jωCm
Cm

Cr

 (2.42)

Using the S/S compensated CPT converter as an example, the detailed deriva-

tion process for transfer features with various operating requirements is given as

follows.
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According to (2.42) and (2.39), the transfer function of the S/S compensated

CPT converter can be expressed as

Bseries/series =


Cm

Ct
− ω2CmLp

j(k2
c − 1)

k2
cωCm

+ jωCm

(
Lp

Cr

+
Ls

Ct

− ω2LpLs

)
jωCm

Cm

Cr
− ω2CmLs


(2.43)

On the basis of the properties and conditions in Table 2.1 in Section 2.2, we put

b11 = b22 = 0 into (2.43), the resonance conditions for achieving LIC output and

ZPA input simultaneously can be obtained as

ω =
1√
LpCt

=
1√
LsCr

(2.44)

The corresponding trans-conductance Gi can be found as

Gi =
1

b12

= −jωCm (2.45)

For requirements with LIV output and ZPA input, it can be readily obtained

from (2.43) that b21 is not zero, because coupling should exist for power to be

transferred from the primary side to the secondary side. This implies that ZPA in-

put cannot be achieved in S/S compensated CPT converters. Then, substituting

b12 = 0 by (2.43), we get the LIV output conditions as

ω =
1√
LpCp

=
1√
LpCp

(2.46)

where Cp = CmCt

Cm−Ct
, Cs = CmCr

Cm−Cr
.

Then, the corresponding trans-conductance Gv can be derived as

Gi =
1

b11

= 1 (2.47)
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Table 2.4: Basic Properties of Second-order Compensated T-model CPT Circuits
Under Load-Independent Output Conditions. kc =

√
CtCr

Cm
.

Type Operating frequency Transfer ratio LI feature ZPA

S/S ω = 1√
LpCt

= 1√
LsCr

Gi = −jωCm LIC Yes

S/S ω = 1√
LpCp

= 1√
LsCs

Gv = 1 LIV No

S/P ω = 1√
LpCt(1−kc2)

−1
= 1√

LsCr
Gv = Cm

Cr
LIV Yes

S/P ω = 1√
LpCp

= 1√
LsCs

Gi = jωCs LIC No

P/S ω = 1√
LpCt

= 1√
LsCr(1−kc2)

−1
Hi = Cm

Ct
LIC Yes

P/S ω = 1√
LpCt

= 1√
LsCr

Hv = j 1
ωCp

LIV No

P/P ω = 1√
LpCt(1−kc2)

−1
= 1√

LsCr(1−kc2)
−1

Hv = j 1−kc2
ωCmkc

2 LIV Yes

P/P ω = 1√
LpCp

= 1√
LsCs

Hi = −Cs

Cp
LIC No

LI: load independent; LIV(C): load-independent voltage (current); ZPA: zero phase angle.

The basic transfer properties of CPT converters with other compensations

can be obtained in a similar way to the above derivation process. The calculation

results of second-order compensated CPT converters are listed in Table 2.4.

2.4 Summary

In this chapter, we first review the equivalent models and basic properties of

inductive power transfer (IPT) converters with four second-order compensation

circuits. Based on the circuit duality principle, we present a T-type two-port

network model applied for capacitive power transfer (CPT) converters. A uni-

fied two-port network model for both IPT and CPT converters is summarized.

Then, four basic second-order series/series, series/parallel, parallel/series and par-

allel/parallel compensated CPT converters are presented and analyzed in depth.

The limitations of the commonly used Π-type model are investigated in terms

of the requirements of coupled capacitor pairs and complexity of the operating
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conditions.

Furthermore, the transfer features of the second-order compensated CPT con-

verters based on Π and the presented T models are theoretically analyzed to

highlight the advantages of the presented model in coupling independence and

simplicity for circuit analysis. This chapter provides a theoretical basis for the

detailed study presented in the subsequent chapters.
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Chapter 3

Pathways to Higher Order

Compensated IPT Circuits

In this chapter, we attempt to make a clear connection of higher order com-

pensation circuits with the basic well-known second-order compensation circuits,

thereby offering a convenient interpretation of the mechanism that contributes

to the widened operating range and enhanced performance. Specifically, based

on the properties of basic second-order compensation IPT topologies analyzed in

the previous chapter, we first explore the transformation of second-order com-

pensation to third-order compensation through current source and voltage source

interchange, together with LIC and LIV output conversion, which can be accom-

plished by adding an extra inductor or capacitor to the input or output of the

original basic second-order compensation circuit. After that, we examine the sen-

sitivity of the basic second-order compensation circuits against input voltage and

system parameters’ variation in comparison to third-order compensation circuits.

In this chapter, we focus our attention on practical applications where the input

is fed by a voltage source. For instance, we consider the input voltage varia-

tion in the original basic second-order compensation circuit being translated to

input current variation in the new third-order compensation circuit. Under this

35
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interpretation, we easily see that the extra inductor serves to convert the volt-

age source (which may be varying over a wide range) to a near constant current

source. Thus, the widening in operating range can be systematically analyzed in

terms of sensitivity of the circuits against input voltage variation.

3.1 Connecting Second and Higher Order Com-

pensation Circuits

Shown in Fig. 3.1 are equivalent circuits of the second-order and the extended

third-order compensation circuits for inductive power transfer. As mentioned

in Chapter 2, the S/S and S/P compensation circuits require an input volt-

age source, whereas the P/S and P/P compensation circuits require a current

source feeding the input. Moreover, input voltage source is strictly prohibited

for the P/S and P/P circuits unless an inductor is connected in series with it, as

given in the LC/S and LC/P circuits. Here,“LC” stands for the compensation

topology composed of a series inductor and a shunt capacitor. These extended

circuits are third-order compensation circuits and are rooted from the P/S and

P/P circuits, though they can now be fed by an input voltage source, like the

S/S and S/P circuits. Likewise, we can extend the S/S and S/P circuits at the

load (secondary) side, resulting in third-order compensation circuits with voltage

and current interchanged termination. As extra circuit parameters are available

in the third-order compensation circuits, the possible operating ranges are ex-

pected to be widened, leading to improved design flexibility. In the following, we

will evaluate these third-order circuits as extensions of the standard second-order

compensation circuits in terms of their sensitivity to input voltage variation and

parameter fluctuations. To keep our discussion practical, we will focus our at-

tention on compensation circuits that are designed for input voltage termination.
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Figure 3.1: Equivalent circuits of IPT converters with basic second-order and
extended third-order compensation circuits.

3.1.1 Input-side Extension

Voltage sources are commonly utilized as the input sources at the primary side

of IPT converters. With an additional inductor in series with the input voltage

source, a near constant input current can be realized, which is equivalent to a

current source, as shown in Fig. 3.4(a). Specifically, the equivalent current source

reduces the order of compensation network from third-order to second-order. In

this case, the input-side series inductor L1 serves a unique role in maintaining
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a near constant or less fluctuated current, as well as in reducing the sensitivity

to input variation. Thus, the design of the matching compensation circuits in

primary and secondary sides can be based on the current source compensation.

Application of routine circuit analysis gives the input impedance of LC/S and

LC/P compensation circuits shown in Fig. 3.1 as

Zin = jωL1 +
1

jωCp

‖
(
jωLp +

ω2M2

ZS

)
(3.1)

where ZS−S = jωLS + 1
jωCs

+ RL for the LC/S compensated circuit, and ZS−P =

jωLS + 1
jωCs
‖ RL for the LC/P compensated circuit. Then, the input current of

the LC/S compensated circuit can be calculated as

Iin−LC/S =
Vin

jω (L1 − Lp) +RLLp
2/M2

(3.2)

According to the properties listed in Table 3.1, since the system operates at the

resonance frequency, we can obtain the condition of L1 of the LC/S compensated

circuit for achieving near constant input current as follows:

k2

(
L1

Lp

− 1

)
QL−S � 1 (3.3)

Likewise, the input current and the condition of L1 in the LC/P compensated

circuit are given by

Iin−LC/P =
jk2RLVin

jω2LpLs(1− k2)2 − ωk2RL (L1 − (1− k2)Lp)
(3.4)

k2

1− k2

(
L1

(1− k2)Lp

− 1

)
QL−P � 1 (3.5)

where k is the coupling coefficient, and k = M
LpLs

. Also, QL−S=ωLs

RL
and QL−P =

RL

ωLs
.
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(a) (b)

Figure 3.2: (a) Input current and (b) output current versus load resistance for
LC/S compensation topologies at different values of L1 (R0 = 100 Ω).

(a) (b)

Figure 3.3: (a) Input current and (b) output voltage versus load resistance for
LC/P compensation topologies at different values of L1 (R0 = 100 Ω).

Fig. 3.5 illustrates the basic compensation topologies according to the type

of input source. The topologies for voltage source input include S/S and S/P

compensation circuits, and those for current source input include P/P and P/S

compensation circuits. Interchanging Thévenin and Norton representations, S/S

circuits can be converted to P/S circuits when L1 > βLp, via LC/S circuit.

Likewise, S/P circuits can be converted to P/P circuits when L1 > αLp, via

LC/P circuit. Here, α and β denote the ratio of L1 to Lp.

To illustrate clearly, simulation models of LC/S and LC/P compensated IPT
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converters are established based on the properties in Table 3.1. The parameters

listed in Table 4.3 are used in the simulations. Since inductor L1 serves as part of

compensation components, connecting the basic S/S and LC/S circuits (S/P and

LC/P circuits), the impact of the inductance of L1 on the input current would

be evaluated from an analytical viewpoint to assess the performance of higher

order compensation topologies in combating the variation of system parameters.

Figs. 3.2 and 3.3 illustrate the input and output characteristics versus L1 value.

It can be readily observed from Fig. 3.2(a) that the LC/P compensated IPT

converter can achieve constant input current under all load conditions when α ≥

100, i.e., the voltage source is converted to a constant current source within

the full load range. However, in this case, the output current level is limited,

as shown in Fig. 3.2(b). Furthermore, from Fig. 3.2, when α >10 and within

a certain load range, both the input and output current can be regarded as

approximately constant. Likewise, from Fig. 3.3(a), when β ≥ 100, the voltage

source of an LC/P compensated IPT converter is converted to a constant current

source within the full load range. The resulting output voltage level is limited,

as shown in Fig. 3.3(b). When β >10 and the load resistance exceeds a certain

value, both the input current and output voltage are maintained approximately

constant.

Both analytical and simulated results reveal that a near constant input cur-

rent can be achieved when α or β exceeds 10, i.e., the LC-compensated primary

side with voltage source can exhibit the same transfer characteristics as the P-

compensated primary side. Moreover, the main function of L1 is to realize a

near constant current input, and hence to ensure that the compensation network

works well over wider input and load variation ranges.
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3.1.2 Load-side Extension

The principle of voltage-current interchange can be applied at the load side in a

likewise manner. For the LIC output scenario, with an additional capacitor in

parallel with the load RL, as shown in Fig. 3.4(b), the output voltage can be

kept nearly constant. Similarly, in a third-order compensation network, with C2

connected in parallel with RL, the combined C2‖RL load serves as an equivalent

capacitive load ZL, which reduces the order of compensation circuit to second-

order. In this case, the secondary-side parallel capacitor C2 converts the LIC

output to an LIV output by extending the second-order compensation to third-

order compensation.

In order to achieve a constant output, basic operating conditions listed in

Table 3.1 should be satisfied. For the S/SP circuit extended from an S/S circuit,

using equations (2.3), (2.4) and (2.34), the voltage gain can be expressed as

Gv−S/SP =
1

ω2MC2

(
1− j

ωC2RL

) (3.6)

It can be readily obtained that the S/SP compensated circuit can achieve LIV

output when

ωC2RL � 1 (3.7)

Likewise, for the S/PS circuit extended from the S/P circuit, the transconduc-

tance can be calculated as

Gi−S/PS =
Ls

RLM
(

1 + jωL2

RL

) (3.8)

To achieve LIC output, the system parameters need to satisfy

ωL2

RL

� 1. (3.9)
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Figure 3.4: Transformation of (a) input voltage source to input current source
and (b) LIC output to LIV output between second-order and third-order com-
pensations.

Based on the above extension at both the input side and the output side, a

fourth-order LC/CL compensation can be obtained, with operating conditions

and transfer characteristics shown in Table 3.1. The above theoretical analysis

shows that when operating at a fixed frequency, a larger capacitor (inductor)

in parallel (series) at the load side helps maintain a constant output voltage

(current).

3.2 Sensitivity Analysis

In this section, we compare basic second-order compensation circuits with the

extended compensation circuits in terms of the sensitivity against system param-

eters’ fluctuation, the aim being to establish the performance difference between

higher order and second-order compensation circuits.

From Table 2.1, we see that the circuit can achieve load-independent voltage

(LIV) output when a12 = 0, and load-independent current (LIC) output when

a11 = 0. Thus, the transfer characteristics that satisfy load-independent (LI)

output conditions can be obtained, as shown in Table 3.1, where LC/S (LC/P)
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INPUT SOURCE TYPE

voltage source current source

series compenation
at primary side

parallel compensation
at primary side

series/series series/parallel parallel/parallel parallel/series

LC/series

LC/parallel
L1 > αL

P

L1 > βL
P

Figure 3.5: Transformation from second-order to third-order compensation at
primary side.

denotes compensation with inductor-capacitor on the primary side and a capaci-

tor in series (parallel) on the secondary side, S/CL denotes compensation with a

capacitor in series on the primary side and capacitor-inductor on the secondary

side.

To compare the differences of the extended higher order compensations with

basic second-order compensations in terms of the influence to output when system

parameters fluctuate, here we define the sensitivity of topology A’s output against

variation of parameter x as S(x)A, i.e., for voltage output cases, we have

Sv(x)A =

∣∣∣∣∆Vo(x)A

∆x

∣∣∣∣ . (3.10)

Then, the sensitivity ratio of topology A to topology B with LIV output against

variation of x can be expressed as

λv(x)A−B =
Sv(x)A

Sv(x)B

=

∣∣∣∣∆Vo/∆x|A
∆Vo/∆x|B

∣∣∣∣ . (3.11)
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3.2.1 Sensitivity to Input Voltage

According to (3.10) and (3.11), the sensitivity ratio λ of LC/P compensation

circuits to S/P compensation circuits against input voltage variation can be ex-

pressed as

λv(Vin)LCP−SP =

∆Vo

∆Vin

∣∣∣∣
LC/P

∆Vo

∆Vin

∣∣∣∣
S/P

=
Gv−LC/P

Gv−S/P

. (3.12)

Thus, for input voltage variation, the LC/P circuit is less sensitive than the S/P

circuit when λi(Vin)LC/P−S/P < 1. Likewise, the LC/S circuit is less sensitive than

the S/S circuit when λv(Vin)LC/S−S/S < 1. According to the expressions of transfer

ratios listed in Table 3.1, the above conditions can be further expressed as

L1 > 2Lp ⇒ LC/S less sensitive than S/S for LIC

L1 > kLp ⇒ LC/S less sensitive than S/S for LIV

L1 > M ⇒ LC/P less sensitive than S/P for LIC

L1 > (1− k2)Lp ⇒ LC/P less sensitive than S/P for LIV

(3.13)

The connection between third-order compensation and second-order compen-

sation can be conveniently established in terms of the sensitivity ratios. Here, we

clearly see that compared with the second-order S/S circuit, the extended third-

order LC/S and LC/P circuits have a widened input voltage range, by virtue of

their input current source characteristic.

3.2.2 Sensitivity to Transformer and Compensation Pa-

rameters

Based on the above analytical results of LI output expressions and corresponding

conditions, the impacts of variations of system parameters Lp, Cs and k are

considered in this section.
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Table 3.1: Basic Properties of Voltage-Input Compensation Circuits Under Load-
Independent Output Conditions (LIV or LIC) and higher order Extensions at
Input and Load Sides. k = M/

√
LpLs.

Type Extension Operating frequency Gv at LIV or Gi at LIC

S/S basic ωo = 1√
LpCp

= 1√
LsCs

Gi = 1
ωoM

S/S basic ω′o = ωo√
1±k Gv =

√
Ls

Lp

LC/S L + P/S ωo = 1√
LpCp

= 1√
LsCs

Gi ≈ 1

jωoM(
L1
Lp
−1)

LC/S L + P/S ω′o = 1√
L1Cp

= 1√
LsCs

Gv ≈ M
L1

SP/S C + P/S ωo = 1√
Lp(C1+Cp)

= 1√
LsCs

Gv = j ωoLpC1

M

S/SP S/S + C ωo = 1√
LpCp

= 1√
LsCs

Gv ≈ 1
ω2
oMC2

S/P basic ωo = 1√
LpCp(1−k2)

= 1√
LsCs

Gv = Ls

M

S/P basic ω′o = ωo√
1±k Gi = 1

ω′oLs

LC/P L + P/P ωo = 1√
LpCp(1−k2)

= 1√
LsCs

Gv ≈ (1−k2)M
k2L1

LC/P L + P/P ω′o = 1√
L1Cp

= 1√
LsCs

Gi = M
jω′oL1Ls

SP/P C + P/P ωo = 1√
Lp(C1+Cp)

= 1√
LsCs

Gv = j ωoLpC1

M

S/PS S/P + C ωo = 1√
LpCp(1−k2)

= 1√
LsCs

Gi ≈ ωoLSC2

jM

S/CL S/P + L ωo = 1√
LpCp(1−k2)

= 1√
LsCs

Gi ≈ Ls

jωoML2

LC/CL L+P/P+L ωo = 1√
LpCp

= 1√
LsCs

Gi ≈ M
jωoLsL1
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Table 3.2: Basic Properties of Voltage-Input Compensation Circuits Under Load-
Independent Output Conditions (LIV or LIC) and higher order Extensions at
Input and Load Sides. k = M/

√
LpLs.

Type Output
feature

Input
range

Tolerance
of Lp

variation

Tolerance
of Cs

variation

Coupling
range (e.g.,
gap width,
alignment)

S/S LIC narrow – high narrow

S/S LIV narrow low low narrow

LC/S LIC extended – high narrow

LC/S LIV extended high low wide

SP/S LIV narrow – high narrow

S/SP LIV narrow medium high wide

S/P LIV narrow – high narrow

S/P LIC narrow low low narrow

LC/P LIV extended – low narrow

LC/P LIC extended high low wide

SP/P LIV narrow – high narrow

S/PS LIC narrow medium high wide

S/CL LIC narrow low high wide

LC/CL LIC extended high medium wide
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Based on the definition given in (3.10) and (3.11), the sensitivity with respect

to specific parameters for the topologies listed in Table 3.1 can be obtained. For

parameters at the primary side, Cp is a designed parameter (value) determined

by the operating condition as listed in Table 3.1. We will assess the variation

of Lp (transformer parameter) which is considered as system parameter here.

Taking LC/S and S/S circuits with LIV output as examples, we substitute the

Gv expressions of LC/S and S/S in Table 3.1 by (3.10) and (3.11), the sensitivity

ratio with respect to Lp fluctuation is given by

λv(Lp)LC/S−S/S =
kLp

L1

(3.14)

According to the analysis given in Section 3.1, the inductance of L1 should

be larger than Lp to achieve the desired constant input current. Thus, it can be

readily observed that λv(Lp)LC/S−S/S is always less than one, meaning that an

IPT converter compensated with LC/S performs better in tolerance and robust-

ness than the S/S counterpart when Lp fluctuates. Similarly, S/P circuits with

input-side extension, and other output-side extension can also be analyzed and

compared in terms of the sensitivity to Lp, as shown in Table 3.1. Figs. 3.6(a)

and 3.6(b) illustrate the effects on the transfer ratio of various compensation net-

works when Lp changes, using the data listed in Table 4.3. Normalization of data

is applied here to clearly see the differences of sensitivity among the topologies.

Both analytical and simulated results show that for the LIV output situation, the

LC/S compensated circuit presents a higher tolerance to Lp variation compared

to the S/S counterpart under the same operating condition. Likewise, for the

LIC output situation, the LC/P and LC/CL compensated circuits perform bet-

ter than the S/P circuit in terms of the tolerance to Lp variation under the same

operating condition. This reveals that the input-side extension can be applied to

widen the tolerance range of parameters and thus improve the robustness of the
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system during operation.

For parameters at the secondary side, assuming that the priority of achieving

load-independent (LI) output is higher than that of zero phase angle (ZPA) input,

the effects of capacitor Cs’s fluctuation are discussed as follows.

Take the S/S and the extended S/SP compensation circuits as examples. For

the S/S compensated circuit with LIC output, according to the transfer matrix

given in Section 3.1 and equation (2.4), LIC can be achieved by satisfying

a11 =
Lp

M
− 1

ω2MCp

= 0. (3.15)

Now, putting (3.15) in (2.5), the transfer ratio Gi can be found as

Gi−S/S = j
1

ωM
(3.16)

which is also given in Table 3.1. It can be readily observed from the above

calculation that secondary compensated capacitor Cs has almost no effect on

the S/S compensation with LIC output. However, in the LIV output scenario,

substituting the primary compensation condition and the operating frequency

into (2.4), we get the LIV condition as

a12 =
jkLp(ωo

2LsCs − 1)

ωMCs

(3.17)

which means that the transfer ratio of S/S compensation with LIV output varies

with the variation of Cs.

For the S/SP compensated circuit, since LIV output can be achieved with

operating parameters of the basic S/S circuit with LIC output, the corresponding

LIV condition is the same as given in (3.15). Combining with Gv expression in

(3.6), it can be observed that the output of the S/SP compensated circuit is

theoretically independent of the Cs value.
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Likewise, the S/P compensated circuit with output-side extension and with

other input-side extension can also be analyzed in terms of the sensitivity to Cs,

as shown in Table 3.1. To illustrate the theoretical results more clearly, numerical

simulations are performed, as given in Figs. 3.6(c) and 3.6(d). The parameters

listed in Table 4.3 are used in the calculations. From Fig. 3.6(c), the results reveal

that by adding a capacitor in parallel at the output side, the S/S compensated

circuit can convert LIC to LIV output, still maintaining a high tolerance to Cs

fluctuation. Similarly, Fig. 3.6(d) shows that with an additional capacitor or

inductor in series at the output side, the conversion of LIV to LIC preserves the

high tolerance to Cs variation of the S/P compensated circuit.

Based on the above analysis, it can be observed that various compensation

networks possess different sensitivities to transformer parameter changes. In prac-

tice, apart from the fluctuation in circuit components, the gap width and lateral

misalignment between the primary coil and the secondary coil may also vary

during the operation. Such changes can be considered as variation in coupling

coefficient k. According to Table 3.1 and equation (2.4), the S/SP compensated

circuit can achieve higher voltage gain than the S/S compensated circuit when

the system parameters satisfy

ω2MC2 < 1 (3.18)

Considering that the operating frequency ω and capacitor C2 need to meet

the LIV condition, as per (3.7), requiring a relatively large value of C2 when ω is

fixed, the above condition can be further expressed as

M <
1

ω2C2

(3.19)

Likewise, for the S/PS compensated circuit, comparing the output expressions



50 3. Pathways to Higher Order Compensated IPT Circuits

Table 3.3: Parameters of IPT Circuits for Simulation

Parameter S/S LC/S S/SP S/P LC/P S/PS S/CL LC/CL

Lp [µH] 76 76 76 76 76 76 76 76
Ls [µH] 76 76 76 76 76 76 76 76
L1 [µH] - 76 - - 52.8 - - 76
L2 [µH] - - - - - - 76 76
Cp [nF] 33.3 33.3 33.3 47.9 47.9 47.9 47.9 33.3
Cs [nF] 33.3 33.3 33.3 33.3 33.3 33.3 33.3 33.3
C2 [nF] - - 300 - - 33.3 - -
k 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
f [kHz] 100 100 100 100 100 100 100 100
Vin−pp [V] 50 50 50 50 50 50 50 50
rp, rs [Ω] 1 1 1 1 1 1 1 1
RL [Ω] 10 10 10 10 10 10 10 10

listed in Table 3.1, a higher output current can be obtained if

Ls
2

ML2

> 1 (3.20)

Analytical results are shown graphically in Figs. 3.6(e) and 3.6(f), which

show explicitly that the S/SP compensated circuit performs better in transferring

higher voltage than the S/S compensated circuit with same system parameters

and loosely coupled transformers. Moreover, the S/PS compensated circuit pos-

sesses a higher transconductance than the S/P circuit under the same operating

condition.

3.3 General Pathways to Higher-Order Compen-

sation Circuits

From the foregoing discussions, we can readily connect systematically the basic

second-order compensation circuits and the higher order compensation circuits

according to the extensions and the expected characteristics. First, we recognize
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Figure 3.6: (a) Normalized voltage gain versus normalized primary inductor Lp for
S/S, LC/S and S/SP compensated IPT circuits with LIV output; (b) normalized
transconductance versus normalized primary inductor Lp for S/P, LC/P, S/PS,
S/CL and LC/CL compensated IPT circuits with LIC output; (c) normalized
voltage gain versus normalized secondary capacitor Cs for S/S, LC/S and S/SP
compensated IPT circuits with LIV output; (d) normalized transconductance
versus normalized secondary capacitor Cs for S/P, LC/P, S/PS, S/CL and LC/CL
compensated IPT circuits with LIC output; (e) normalized voltage gain versus
normalized coupling coefficient k for S/S, LC/S and S/SP compensated IPT
circuits with LIV output; (f) normalized transconductance versus normalized
coupling coefficient k for S/P, LC/P, S/PS, S/CL, and LC/CL compensated IPT
circuits with LIC output.
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that a higher order circuit allows more flexibility in design due to the extended

parameter set, and if appropriate values of parameters and topologies are chosen,

desirable characteristics can be achieved, as summarized below for the input

voltage terminated IPT circuits:

1. The S/S and S/P compensation circuits are the two basic types of compen-

sation circuits that cater for input voltage termination.

2. Sensitivity to variation in the input voltage and primary inductance im-

proves significantly if the input is converted to a current source by connect-

ing upfront an inductor in series. The resulting circuits are LC/S and LC/P

configurations, which are effectively current-fed P/S and P/P circuits. The

range of input voltage is widened due to the near constant input current.

The extended circuits become more tolerant to inductance Lp fluctuation

because of the change of compensation conditions at the primary side.

3. The output-side LIC-LIV and LIV-LIC conversions contribute to maintain-

ing the high tolerance to fluctuation of the compensation component Cs.

Specifically, the S/S topology achieves LIC with optimized low sensitivity

to Cs fluctuation. To preserve the simple advantage but serve an LIV appli-

cation, one may extend the secondary side to S/SP to achieve LIV, which

preserves the near zero sensitivity to Cs variation.

4. The input-side and output-side extensions based on the basic second-order

compensation topologies can be systematically applied to widen the cou-

pling range, and hence to provide a higher degree of freedom for choosing

parameter values. Specifically, output-side extensions perform well with

loosely coupled transformers. This means that in situations where high

capacity is needed to address varying misalignment and transfer gap, the

output-side extension topologies can be considered.
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Figure 3.7: Experimental LC/S compensated IPT converters.

Figure 3.8: Experimental S/S and extended S/SP compensated IPT converters.

3.4 Experimental Validation

To validate the analysis presented above, S/S, LC/S and S/SP compensated IPT

configurations are constructed, as shown in Figs. 3.7 and 3.8. The inverter, shown

in the yellow dashed box, consists of MOSFET VT1 to VT4, using C2M0080120.

The rectifier, shown in the blue dashed box, consists of diodes D1 to D4 which

are implemented by IDH08G65C6XKSA. The filter capacitor Cr is 5 µF. A photo

of the experimental setup is shown in Fig. 3.9. The specific parameters listed in

Table 4.4 are used in our experiments.

Fig. 3.10 shows the analytical and measured sensitivity ratio of LC/S circuit

to S/S circuit against input voltage variation under LIV output condition. Com-

pared with the analytical results of λv(Vin)LC/S−S/S, the measured results show a

higher sensitivity when L1 is small. The reason is that a small series inductor

does not guarantee near constant input current, and the sensitivity of the cir-

cuit with an input-side inductor will change dramatically when the inductance

value is small. When the value of λv(Vin)LC/S−S/S equals 1, the sensitivity of the

output to input voltage variation of the LC/S topology is the same as that of
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Table 3.4: Parameters of IPT Circuits for Experiments under LIV Output Con-
dition

Parameters S/S-LIV S/S-LIC LC/S S/SP

Lp [µH] 75.76 75.76 75.76 75.76
Ls [µH] 76.85 76.85 76.85 76.85
Cp [nF] 33.43 33.43 33.43 33.43
Cs [nF] 32.96 32.96 32.96 32.96
L1 [µH] NA NA 76.20 NA
C2 [nF] NA NA NA 320.6
k 0.552 0.552 0.552 0.552
f [kHz] 149.4 100 100 100
Vin−pp [V] 50 50 50 50

Figure 3.9: Experimental setup of IPT converters.

the S/S topology. The measured results of input current versus load variation

of S/S and LC/S compensated IPT converters are shown in Fig. 3.11. The nor-

malized input current of the S/S converter varies dramatically as load resistance

increases, whereas the LC/S converter permits a near constant input current as

load changes. This indicates that the external series inductor at a certain value

connected with the voltage source allows for a near constant current at the input

side.

Figs. 3.12(a) and 3.12(b) show the transient waveforms when the load resis-

tance is stepped from 10 Ω to 50 Ω in the S/S compensated converter, and the

S/SP compensated converter is extended by S/S compensation, respectively. It is

found that the output current of the S/S converter and the output voltage of the
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Figure 3.10: Ratio of input-voltage-to-output-voltage sensitivity of LC/S to that
of S/S compensation circuits.

S/SP converter are almost unchanged as the load resistance varies. This matches

well with the analytical results. Fig. 3.13 shows the measured output current of

the S/S compensated converter and the output voltage of the S/SP compensated

converter versus the load resistance. The results show that by adding a capacitor

in parallel at the output side, a constant current output can be converted to a

constant voltage output.

To facilitate comparison of different topologies, normalized values are used.

In particular, we normalize values of inductance, capacitance and coupling coeffi-

cient with respect to the resonant point, with the corresponding voltage gain and

transconductance being set to 1. Thus, the universal range from 0.8 to 1.2 can

be used for comparison instead of the actual values. Figs. 3.14(a), 3.14(b) and

3.14(c) demonstrate the measured normalized voltage gain versus the normalized

value of Lp, Cs and k of the experimental S/S, LC/S and S/SP compensated

converters with LIV output, respectively. Here, the variation of the value of k is

achieved by changing the gap of the transformer in the IPT converter. It can be

readily observed from Fig. 3.14(a) that the LC/S topology is capable of maintain-

ing a relatively constant output for a larger Lp variation. This means that the



56 3. Pathways to Higher Order Compensated IPT Circuits

0 20 40 60 80 100 120 140 160
0

1

2

3

 

 

N
or

m
al

iz
ed

 I in

RL ( )

 S/S
 LC/S
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IPT converters.
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Figure 3.12: Experimental waveforms of (a) S/S compensated and (b) S/SP
compensated IPT converters when load resistance varies from 10 Ω to 50Ω.

input-side extension helps to make the IPT converter less sensitive against vari-

ation of Lp at the primary side. Likewise, in Fig. 3.14(b), when the normalized

value of Cs changes from 0.8 to 1.2, the normalized voltage gain of the S/SP com-

pensated converter changes very little compared with the other two converters,

verifying that the output-side extension serves to reduce the system sensitivity

to variation of Cs at the secondary side. Fig. 3.14(c) illustrates that when k

decreases, the voltage gain of the S/SP topology increases, while the other two

topologies show different rates of decline in voltage gain. Thus, compared with

second-order compensated circuits and their input-side extensions, the output-
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Figure 3.13: Output current or voltage versus load resistance for S/S and S/SP
compensated IPT converters showing sensitivity to load change.

side extensions perform better in maintaining constant output voltage when the

transformer has a loose coupling or large misalignment. The above experimental

results agree with the analytical results.

Thus, we have clearly seen the connection from second-order to third-order

compensation circuits, and the parameter conditions under which both widen-

ing the range of input voltage and converting LIC output to LIV output can be

achieved. In addition, the system sensitivity of output to parameter fluctuations

are shown to be improved by extending second-order to higher order compensa-

tions.

3.5 Summary

The literature abounds with numerous design examples of higher order compen-

sation circuits for inductive power transfer converters that address the variation

of parameters and improve the operating range for the applications concerned. It

is generally accepted that higher order circuits offer better flexibility and higher

degree of design freedom by expanding the parameter space. Specific applications
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Figure 3.14: Measured normalized voltage gain versus (a) normalized Lp; (b)
normalized Cs; (c) normalized coupling coefficient k of S/S, LC/S and S/SP
compensated IPT converters.

require combating variation of specific variables or parameters such as input volt-

age variation, load variation and transformer’s coupling variation. In much of the

reported work, specific topologies were proposed with detailed analytical equa-

tions derived corresponding to the specific topologies. However, a general circuit

theoretic pathway leading to a suitable design for specific application is neither

available nor well understood.

This chapter presents a new perspective of higher order compensation circuits

based on sensitivity analysis, and compares the sensitivities of various compen-

sation topologies with the basic second-order compensation circuits in terms of



3.5. Summary 59

input voltage change, design parameter change and coupling range. The analy-

sis presented here provides a convenient connecting pathway from second-order

circuits to higher order circuits, mapping each type of topological extension with

the specific performance outcome. In practice, the presented analysis offers a

quick design guideline for deriving higher order compensation circuits capable of

enhancing specific performance areas such as widening of input and load ranges.

Specifically, the results show that adding an inductor or capacitor at input side

and output side of a second-order circuit in specific fashions can effectively re-

duce the sensitivity of the system to parameter variation, provided the added

inductor or capacitor exceeds a certain value. In addition, with higher order

compensation at the output side, the system can achieve a higher voltage gain.

Furthermore, with a certain range of the inductance in series (or capacitance in

parallel), a voltage source (constant current output) can be made equivalent to a

constant current source (constant voltage output). The proposed perspective of

topological extension from second-order compensated circuits offers a simple and

effective basis for understanding how higher order compensation circuits combat

parameter variation.
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Chapter 4

Pathways to Higher Order

Compensated CPT Circuits

In this chapter, we examine the compensation topologies of CPT converters from

the circuit viewpoint, and connect basic second-order and higher order compen-

sated CPT circuits systematically, thereby providing a comprehensible interpre-

tation on design pathways from second-order to higher order compensated CPT

converters. Similar to the IPT analysis, we first establish the connection between

second-order and higher order compensated CPT circuits through the transfor-

mation between a voltage source and a current source, and the conversion be-

tween load-independent current (LIC) and load-independent voltage (LIV) out-

puts. Moreover, we compare compensation schemes of different orders in terms of

sensitivity to coupling and compensation parameters, and provide a methodology

for extending to higher order compensated converters at the input and output

sides, achieving better performance in tolerance of parameter variations while

retaining the original merits.

61



62 4. Pathways to Higher Order Compensated CPT Circuits

-

+

parallel/series (P/S)

-

+

series-parallel/series (SP/S)

1L

inI

oV
inV

oVTB
pL

sL

LR TBpL

sL

LR

Figure 4.1: Transformation from P/S to SP/S compensation circuits

parallel/series (P/P) series-parallel/series (SP/P)

1L

inI
inV

TB
pL

TBpL

-

+

oV

sL

LR
-

+

oV

sL

LR
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4.1 Connecting Second and Higher Order Com-

pensations

4.1.1 Input-side Extension

For the basic compensation circuits discussed in the last section, an input current

source is required when parallel compensation is adopted at the primary side. In

practice, this requirement is usually achieved by connecting a voltage source in

series with an inductor at the input side. As exemplified in Fig. 4.1, by adding a

series inductor L1 to the voltage source, a third-order series-parallel/series (SP/S)

compensation circuit is obtained, which is rooted from the P/S compensation

circuit. To permit the characteristic of constant input current as in P/S circuits,

the value of L1 in the SP/S circuit should satisfy some specific conditions. With

the requirement of LIC output, we put the operating conditions as (2.24), and

the input current of the SP/S circuit can be obtained as

Iin =
k2

cLsVin

LpRL + jk2
cωLs(L1 + Lp)

. (4.1)
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Thus, the condition of L1 of the SP/S circuit for achieving near constant input

current can be expressed as follows:

L1

Lp

� RL

ωk2
cLs

− 1. (4.2)

Likewise, a third-order series-parallel/parallel (SP/P) compensated circuit can be

extended from the basic P/P compensated circuit by adding a series inductor at

the input side, as shown in Fig. 4.2. To maintain a near constant input current,

the value of L1 in the SP/P circuit should satisfy

L1

Lp

� k−2
c (ω−2Ls

−2RL
2 + 1)

− 1
2 − 1. (4.3)

For primary series compensation terminated by an input voltage source, higher

order compensation can also be obtained via transformation from a voltage source

to a current source. For example, as illustrated in Fig. 4.3, the S/S compensated

circuit can be theoretically extended to a parallel-series/series (PS/S) compen-

sated circuit, by replacing the input voltage source with a current source con-

nected in parallel with a capacitor C1. Then, the third-order PS/S compensation
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Figure 4.5: Equivalent circuits of third-order CPT converters with extensions
at the output side of (a) S/SP circuits derived from S/S circuits and (b) S/PS
circuits derived from S/P circuits.

can be further extended to a fourth-order LCL/S compensation, using a voltage

source in series with an inductor L1 serving as an equivalent current source. In

this case, the value of L1 should satisfy

|L1 − Lp| �
∣∣∣∣k2

cωLsRL
−1 − 1

ω2Ct

∣∣∣∣ . (4.4)

Similarly, in order to maintain a constant input current, the condition of L1

in an LCL/P compensated circuit, which is extended from the basic S/P circuit

(explicated in Fig. 4.4), can be found as

L1 �
k2

cCrRL

ωCt

. (4.5)

The transfer properties of the above extended compensated circuits can be

obtained using (2.20) to (2.24), as listed in Table 4.1.

4.1.2 Output-side Extension

The principle of transformation between voltage source and current source can

be applied to the output side. As discussed in Section 2.3, an S/S compensated

circuit can achieve LIC output when operating at the resonant frequency. In

order to convert the LIC output to an LIV output without changing the operating
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condition, an external shunt capacitor is connected with the load, as shown in

Fig. 4.5(a), hence extending the second-order S/S compensation to a third-order

S/SP compensation. Likewise, Fig. 4.5(b) shows that an LIV output can be

converted to an LIC output by adding a series inductor or capacitor at the load

side of the S/P compensation. Then, a third-order S/PS compensated circuit

is obtained. Since these extended circuits operate under the same conditions as

listed in Table 2.4, the value of b12 or b21 would be non-zero when using (2.20)

and (2.21) to describe the output characteristics. In this case, the LIV(C) output

conditions of S/SP and S/PS compensated circuits can be calculated as follows:

ωC2RL � 1 for S/SP circuits (4.6)

|Z2|RL
−1 � 1 for S/PS circuits (4.7)

where Z2 denotes the impedance of the external component L2 (C2) in the S/PS

circuit, i.e., Z2 = jωL2 or Z2 = (jωC2)−1.

Thus, the basic second-order compensation circuits, and the third-order com-

pensation circuits which are extended from the output side, can be connected by

performing conversion between CC and CV outputs.

Furthermore, in order to achieve a ZPA input while realizing the conversion of

output characteristics, higher order compensation is needed and can be obtained

via adding more components at the output side. Taking the fourth-order S/LCL

compensated circuit as an example, we substitute the Gv and Zin expressions in

(2.20) and (2.24) by elements of the transfer matrix of S/LCL circuits. Then, the

transfer properties can be obtained, as listed in Table 4.1.

Since both S/SP and S/LCL compensated circuits can be derived from the

basic S/S circuits at the load side, we compare these three circuits together. Ac-

cording to the features listed in Tables 2.4 and 4.1, it can be observed that both

S/SP and S/LCL compensated circuits are capable of realizing the conversion
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Figure 4.6: Equivalent circuit of double-sided LC compensated CPT converters.

from CC to CV output at a kc-independent frequency. Moreover, S/SP circuits

maintain the original operating conditions at the expense of losing the feature of

ZPA input, whereas S/LCL circuits permit the feature of ZPA input by chang-

ing the resonant condition of Ls at the secondary side. On this basis, we can

determine appropriate compensation topologies with various desired features.

4.1.3 Double-side Extension

In practice, the capacitance values of Ct and Cr are generally quite small, and

relatively large inductors are required for compensation [47,92]. In order to reduce

the required inductance, external capacitors are usually connected in parallel with

the coupling capacitors at both sides of the CPT converter [9,10,80]. Considering

the shunt capacitors Cp0 and Cs0 as components of the compensation topology,

the S/S compensation circuit can be derived into a double-sided LC compensation

circuit, as depicted in Fig. 4.6. In this case, the operating conditions of LC/CL

circuits for LIC output can be derived, i.e.,

ω =
1√

Lp(Cp0 + CtC2

C2−k2cCs0
)

=
1√

Ls(Cs0 + CrC1

C1−k2cCp0
)

(4.8)

It should be noted that in many of the existing studies on CPT topologies,

the external shunt capacitors Cp0 and Cs0 are always considered as components

of the capacitor coupler. In this case, capacitance of Ct, Cr and Cm in Fig. 2.5

in Chapter 2 are changed to C ′t, C
′
r and C ′m. According to Kirchhoff’s voltage
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Table 4.1: Basic Properties of Higher order Compensated CPT Circuits Under
Load-Independent Output Conditions. kc =

√
CtCr

Cm
.

Type Operating frequency Transfer ratio

SP/S ω = 1√
(Lp‖L1)Ct

= 1√
LpLs

Lp+k2cL1
Cr

Gi = −j ωCmLp

L1+Lp

SP/P ω = 1√
(Lp‖L1)Ct(1−k2c )−1

= 1√
LsCr

Gv = Cp

Cm

LCL/S ω = 1√
L1C1

= 1√
LsCr

= 1√
Lp(C1‖Ct)

Gv = − C1

Cm

LCL/P ω = 1√
L1C1

= 1√
LsCr

= 1√
(Lp−L1)Ct(1−k2c )−1

Gi = −j ωC1Cs

Cm

S/SP ω = 1√
LpCt

= 1√
LsCr

Gv ≈ −Cm

C2

S/PS ω = 1√
LpCt(1−k2c )−1

= 1√
LsCr

Gi ≈ Cm

CrZ2

S/LCL ω = 1√
LpCt

= 1√
L2C2

= 1√
Ls(C2‖Cr)

Gv = −Cm

C2

and current equations, the changed parameters of the coupler can be expressed

as follows [55]:

C ′t = C ′12 +
Ct(C

′
34 + C ′r)

Cr + C ′34(1− kc
2)

(4.9)

C ′r = C ′34 +
Cr(C

′
12 + C ′t)

Ct + C ′12(1− kc
2)

(4.10)

C ′m =
Cm(C ′12 + Ct)(C

′
34 + Cr)

CtCr

− C ′12C
′
34

Cm

(4.11)

From the expressions of the new parameters in the coupler, it can be noticed

that the coupling parameter kc is involved in determining the value of new self-

capacitors C ′t and C ′r. This means that these equivalent self-capacitances are

not fixed anymore when the coupling parameters change, i.e., C ′t and C ′r are

both coupling-dependent. This property would complicate the further analysis on

system’s sensitivity. Thus, to analyse the sensitivity against coupling parameters

precisely and coveniently, the afore-mentioned calculation method of taking the

external shunt capacitors as part of the compensation is adopted in this chapter.
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Table 4.2: Basic Properties of Higher order Compensated CPT Circuits Under
Load-Independent Output Conditions. kc =

√
CtCr

Cm
.

Type Extension Output property ZPA input

SP/S L + P/S LIC Yes

SP/P L + P/P LIV No

LCL/S LC + S/S LIV Yes

LCL/P LC + S/P LIC Yes

S/SP S/S + C LIV No

S/PS S/P + L(C) LIC No

S/LCL S/S + CL LIV Yes

LIV(C): load-independent voltage (current); ZPA: zero phase angle.

4.2 Sensitivity Analysis

In this section, the basic second-order and the extended higher order compen-

sated CPT circuits are compared in terms of their sensitivity against fluctuations

of system parameters, with the purpose of establishing the performance differ-

ence between higher order and second-order compensations of CPT converters.

According to the above analytical results of LIV(C) output expressions and cor-

responding conditions, the impacts of variations in coupling and compensated

parameters are considered in this section. Before detailed analysis, we define

the sensitivity of CPT topology A’s transfer ratio (i.e., the voltage gain Gv or

the trans-conductance Gi) against the variation of parameter x as S(x)A. For

example, for current output cases, we have

Si(x)A =

∣∣∣∣∆Gi(x)

∆x

∣∣∣∣
A

. (4.12)

4.2.1 Sensitivity to Coupling Parameters

As mentioned in Section 2.3, with requirements of specific output characteristics,

the operating frequencies of some of the basic second-order compensated CPT
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circuits are related to mutual capacitance Cm. The effect of fluctuation in the

coupling parameter on the circuit output can be expressed in terms of the sensi-

tivity to Cm. Taking S/S and the corresponding extended compensation circuits

as examples, we substitute the Gv expressions of S/S with LIV output in Ta-

ble 2.4 by (4.12), the sensitivity against Cm when Cm fluctuates to λCm can be

calculated as

Sv(Cm)S/S =
∣∣∣Gv(λCm)−Gv(Cm)

(λ−1)Cm

∣∣∣
=
∣∣∣−λωRL+j(λ+1)Cm

−1

λ2ωCmRL+j(1−λ2)

∣∣∣ . (4.13)

where λ is the variation factor, and λ > 0.

Similarly, the sensitivity of LCL/S and S/LCL circuits with LIV output

against Cm fluctuation can be expressed as

Sv(Cm)LCL/S =
C1

λC2
m

(4.14)

Sv(Cm)S/LCL =
1

C2

. (4.15)

To illustrate the theoretical results more clearly, numerical simulations are

performed as shown in Figs. 4.7(a) and 4.7(b). The parameters listed in Table

4.3 are used in our simulations. Normalization of data is applied here to provide

a clear view of differences in sensitivity among the topologies.

In LIV output cases, from Fig. 4.7(a), it can be observed that for S/S, S/P,

and SP/P circuits (formed by extending the input side of P/P circuits), the

voltage gain decreases rapidly when mutual capacitance Cm changes. In contrast,

the voltage gain of S/S-based output-side extension of S/SP and S/LCL circuits

increases proportionally with the increase of Cm, whereas the voltage gain of

input-side extension of LCL/S circuits is approximately inversely proportional

to Cm. This means that fourth-order compensated circuits perform better in

permitting both ZPA input and LIV output, with the same sensitivity to coupling

parameter as third-order compensated circuits. Moreover, the tolerance of S/S



70 4. Pathways to Higher Order Compensated CPT Circuits

Table 4.3: Parameters of CPT Circuits for Simulation

Parameter Value Parameter Value

Ct [pF] 19.73 Cr [pF] 19.73
Cm [pF] 24.86 f [MHz] 1.2
Vin−pp [V] 50 RL [Ω] 10

based compensated circuits with LIV output against coupling parameters can be

substantially enhanced, by adding a capacitor at the load side of the S/S circuit

meeting the LIC output requirement, i.e, the S/SP circuit are much less sensitive

to Cm than the S/S circuit when achieving an LIV output.

Likewise, for LIC output cases shown in Fig. 4.7(b), S/P and LCL/P com-

pensated circuits show the worst performance in maintaining the output current

when Cm fluctuates. In comparison, the S/LC (one type of the S/PS) circuit is

less sensitive to Cm fluctuation, whereas the S/LL (the other type of the S/PS)

circuit presents a quite high maximum output point within the fluctuation range

of Cm. Also, S/S and SP/S circuits (rooted from P/S circuits) show the same

sensitivity to Cm fluctuation with LIC output. The results reveal that when LIC

output is required by extending the load side of a basic S/P compensated cir-

cuit to a proper third-order S/LC compensated circuit, a higher tolerance of the

output current to fluctuation in coupling parameters can be achieved.

Based on the above analysis, it can be observed that the output voltage or

current of some specific compensated circuits drops dramatically when coupling

parameters fluctuate. This implies that in practice, when the coupling distance

or transfer media changes between any two plates of the capacitor coupler, the

system performance will be greatly affected. To address this issue, frequency

control strategies such as the frequency-tracking approach can be applied. In

order to simplify the CPT system design, priority can be given to compensation

circuits where the operating conditions are coupling-independent.
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4.2.2 Sensitivity to Compensation Parameters

At the primary side, Lp serves as the main designed parameter determined by the

operating condition listed in Tables 2.4 and 4.1. Taking S/S, LCL/S and S/LCL

circuits with LIV output as examples, when Lp fluctuates to αLp, the sensitivity

of the S/S compensated circuit against Lp can be expressed as

Sv(Lp)S/S =
ωCmCrRL

|jCr + ((α− 1)Cm − αCr)(−ωCmRL + j)|
. (4.16)

Similarly, the sensitivity expressions of LCL/S and S/LCL compensated cir-

cuits against Lp are given by

Sv(Lp)LCL/S = 0 (4.17)

Sv(Lp)S/LCL =
ωCmCrC2RL∣∣j(α− 1)Cm

2 + ωCrC2
2RL

∣∣ . (4.18)

It can be readily observed from the calculation results that the compensated

inductor Lp at the primary side theoretically has no effect on the voltage gain

of the LCL/S circuit when LIV output is required. Likewise, the theoretical

expressions of the sensitivity of other compensation circuits analyzed in Section

III against Lp value can be obtained. To illustrate more clearly, simulations

of the above circuits based on the T-type model presented in Section 2.1.2 are

performed, using the parameters listed in Table 4.3, as shown in Figs. 4.7(c)

and 4.7(d). Both theoretical and simulated results show that for the LIV output

situation, the LCL/S compensated circuits demonstrate the highest tolerance to

Lp fluctuation, followed by S/SP circuits, whereas the voltage gain of the other

circuits drop as Lp varies. For the LIC output, the LCL/P circuits perform

well when Lp changes. Other circuits show varying degrees of change with the

fluctuation of Lp. Specifically, both the S/P and SP/S compensated circuits

achieve a higher current output when inductance of Lp increases to a certain
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value, whereas the output of S/LL and S/LC compensated circuits decline rapidly

as Lp value changes.

At the secondary side, the effects of the main compensated parameter Ls on

system output can be assessed in a likewise fashion, based on the definition of

sensitivity in (4.12) and transfer expressions (2.20) and (2.21). Analytical results

are shown graphically in Figs. 4.7(e) and 4.7(f). From Fig. 4.7(e), the results

reveal that by extending the S/S compensated circuit at the load side to higher

order S/SP and S/LCL compensated circuits, the LIC output can be converted to

an LIV output, and this conversion maintains the high tolerance to Ls fluctuation.

Likewise, it can be observed from Fig. 4.7(f) that by adding a capacitor or an

inductor in series at the output side, the conversion of LIV to LIC as well as the

preservation of high tolerance to Ls fluctuation of the S/P compensated circuit

can be achieved.

4.3 General Design Strategies for CPT Com-

pensation Circuits

Based on the afore-described extensions at the input and output sides, as well

as the discussion on the exhibited transfer characteristics, the basic second-order

and higher order compensation schemes of CPT converters can be systematically

connected. In the design of CPT converters, a higher-order compensation usually

allows a higher degree of freedom of parameter choice because of the extended

components in the circuit. In addition, the expected transfer properties can be

achieved when appropriate topologies and corresponding parameters are matched.

Detailed descriptions are summarized as follows:

1. The S/S, S/P, P/S and P/P compensation circuits are the four basic types

of second-order compensated CPT circuits, of which S/S and S/P circuits
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Figure 4.7: (a) Normalized voltage gain versus normalized primary inductor Cm

for S/S, S/P, SP/P, S/SP, LCL/S and S/LCL compensated CPT circuits with LIV
output; (b) normalized transconductance versus normalized primary inductor Cm

for S/S, S/P, SP/S, S/LL, S/LC and LCL/P compensated CPT circuits with LIC
output; (c) normalized voltage gain versus normalized secondary capacitor Lp for
S/S, S/P, SP/P, S/SP, LCL/S and S/LCL compensated CPT circuits with LIV
output; (d) normalized transconductance versus normalized secondary capacitor
Lp for S/S, S/P, SP/S, S/LL, S/LC and LCL/P compensated CPT circuits with
LIC output; (e) normalized voltage gain versus normalized coupling coefficient
Ls for S/S, S/P, SP/P, S/SP, LCL/S and S/LCL compensated CPT circuits
with LIV output; (f) normalized transconductance versus normalized coupling
coefficient Ls for S/S, S/P, SP/S, S/LL, S/LC and LCL/P compensated CPT
circuits with LIC output.
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are terminated by input voltage source, P/S and P/P circuits are termi-

nated by input current source. For voltage source driven circuits, which are

commonly used in practical applications, S/S circuits perform much better

than S/P circuits in terms of sensitivity to parameter variations in most

cases.

2. The output-side LIC-LIV and LIV-LIC conversions contribute to maintain-

ing the high tolerance to fluctuation of the compensation component Ls.

Specifically, the S/S topology achieves LIC with optimized low sensitivity

to Ls fluctuation. To preserve the simple advantage but serve an LIV ap-

plication, one may extend the secondary side to S/SP or S/LCL to achieve

LIV, which preserves the near zero sensitivity to Ls variation.

3. A near constant input current can be obtained by connecting an inductor

in series with the input voltage source. The resulting schemes are SP/S and

SP/P circuits, which are effectively current-fed P/S and P/P compensated

CPT circuits. To reduce the system sensitivity against primary compen-

sation component Lp’s fluctuation while maintaining the constant input

current, a further input-side extension can be adopted, which generates the

fourth-order LCL/S and LCL/P configurations.

4. Both the input-side and output-side extensions rooted from the basic second-

order compensation topologies can be systematically applied to improve the

tolerance to coupling parameters. In addition to the third-order compen-

sation topologies, higher order compensation topologies can be applied via

further extension, to preserve the property of ZPA input while achieving

the above desired characteristics, and hence to provide more flexibility for

choosing parameter values. Specifically, the input-side further extension can

achieve a higher output when the capacitor pair is loosely coupled. This

means that in situations where high capacity is needed to address varying
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misalignment and transfer gap, the input-side extension topologies can be

considered.

5. Double-side extension with capacitors in parallel with the capacitor pair can

be applied for reducing the large inductance of the compensation circuits

due to small self-capacitor values.

4.4 Experimental Validation

In order to regulate the value of Cm conveniently and accurately during the

verification process of sensitivity against coupling parameters, the value of Cm at

various distances among the coupler pairs is measured and calculated first. Shown

in Fig. 4.8 are four plates P1 to P4 with the same dimension of 200 × 300 × 1

mm3, adopted as the CPT coupler pairs in the experiments. The vertical distance

between P1 and P3 (P2 and P4) is H, which is also noted as the gap distance

between the primary side and the secondary side. D represents the horizontal

distance between the two pairs.

Fig. 4.9(a) illustrates the value of coupling capacitor Cm changing with dis-

tance D at various gap H. Fig. 4.9(b) depicts curves of Cm versus H. Here the

value of Cm at a horizontal distance of 25 mm is normalized, with the initial value

of Cm at a gap distance of 6 mm being set to 1. The marked range of 0.8 to 1.2 is

adopted in our experiments on sensitivity analysis. Figs. 4.9(a) and 4.9(b) show

that Cm decreases with the increase in distance D, and increases with gap H.

The measured results agree well with the theoretical results in Chapter 2.

To compare the characteristics of coupler plates in various materials, the cou-

pling capacitance among four aluminium plates using the same dimensions as the

copper plates are also measured. The measured results of Cm changes with vari-

ous distance D and H are illustrated in Fig. 4.10(a) and Fig. 4.10(b) separately.
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P1

P3

P2

P4

H

Figure 4.8: Layout illustration of capacitor plates.

(a) (b)

Figure 4.9: Coupling capacitance Cm versus (a) horizontal distance D at various
gap distance and (b) gap H at various horizontal distance of copper plates.

It can be observed from Figs. 4.9 and 4.10 that compared to the copper plates,

the coupling capacitance produced by aluminium plates is more susceptible to

the gap distance, and varies more dramatically with the distance. In order to

reduce the error that may be caused by changing distances, and hence to ensure

that Cm changes to the desired value, the capacitor coupler composed of copper

plates is adopted in the following experiments.

To verify the analysis presented above, prototypes of CPT converters with

S/S and corresponding extended compensation topologies have been built, using

the configuration of Fig. 5.12, a photo of which is shown in Fig. 4.12. The coupler
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(a) (b)

Figure 4.10: Coupling capacitance Cm versus (a) horizontal distance D at various
gap distance and (b) gap H at various horizontal distance of aluminium plates.
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Figure 4.11: Experimental S/S compensated CPT converter.

parameters are measured and listed in Table 4.4. MOSFETS V T1 and V T2 are

components of the half-bridge inverter, using EPC2034C. The rectifier diodes D1

to D4 at the secondary side are implemented by MBR20150CD, and the output

filter uses Cbus of 100 µF. The specific parameters listed in Table 4.4 are used in

our experiments.

Fig. 4.13(a) gives the transient waveforms when the equivalent resistance

of load varies from 50 Ω to 8.3 Ω in the S/S compensated CPT converter.

Fig. 4.13(b) shows the waveforms of the S/SP compensated converter when the

load resistance is stepped from 104 Ω to 47 Ω. It can be observed that by adding

a shunt capacitor at the output side with the specific value, the S/S compensation

is extended to the S/SP compensation, and the desired transformation from LIC

to LIV output is achieved without changing operating conditions.
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Figure 4.12: Experimental setup of the CPT converter.

Table 4.4: Parameters of CPT Circuits for Experiments

Parameter Value Parameter Value

C12 [pF] 5.32 C34 [pF] 5.83
C13 [pF] 107.22 C24 [pF] 106.43
C14 [pF] 5.28 C23 [pF] 5.15
Cp0 [pF] 470 Cs0 [pF] 470

Lp [µH] 49.7 Ls [µH] 49.7
f [MHz] 1.2 VIN [V] 20

Fig. 4.14 shows the measured results of voltage gain varies with system pa-

rameters in S/S, S/SP and LCL/S compensated converters. Here, normalization

of data is adopted to compare the sensitivity among the converters with vari-

ous types of compensation. Thus, with the initial values of Lp, Ls and Cm at

the resonant point being set to 1, the ranges of variation in these parameters

are normalized to 0.8∼1.2, 0.8∼1.2, and 0.8∼1.5, respectively. The correspond-

ing output voltage is also normalized accordingly, with the initial value at the

resonant point set to 1. It can be observed from Fig. 4.14(a) that when Cm

deviates from the resonant point, the voltage gain of the S/S topology drops
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(a)

(b)

Figure 4.13: Experimental waveforms of (a) S/S compensated CPT converter
when load resistance varies from 50 Ω to 8.3 Ω and (b) S/SP compensated CPT
converter when load resistance varies from 104 Ω to 47 Ω.

accordingly. In addition, as Cm increases, the voltage gain of LCL/S and S/SP

topologies show increasing and decreasing trends, respectively. Thus, input-side

or output-side extensions can be adopted when a relatively high voltage gain is

required. From Fig. 4.14(c), the S/SP topology is capable of maintaining a con-

stant output voltage when Ls varies considerably, whereas the output voltage of

S/S and LCL/S topologies drops dramatically when Ls fluctuates. This proves

that the output-side extension helps to significantly reduces the sensitivity to the

fluctuation of Ls at the secondary side. Likewise, Fig. 4.14(b) illustrates that

the voltage gain of the S/S topology decreases rapidly with Lp, while the output

voltage of the LCL/S topology is kept constant as Lp varies. The results reveal

that the input-side extension serves to reduce the system sensitivity against Lp.
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Figure 4.14: Measured normalized voltage gain versus (a) normalized Cm; (b)
normalized Lp; (c) normalized Ls of S/S, LCL/S and S/SP compensated CPT
converters.

The measured results agree with the analytical results.

4.5 Summary

In much of the reported work addressing capacitive power transfer (CPT) con-

verters, compensation topologies were designed based on equivalent circuit models

with various parameters adjusted to achieve specific operating requirements for

the applications concerned. Higher order compensated CPT converters were pro-

posed to offer a higher degree of design freedom for selecting system parameters

and to alleviate the design constraints. However, connections between the ba-
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sic second-order and higher order compensated CPT topologies have not been

established fundamentally and systematically from the circuit viewpoint and op-

erational viewpoints.

This chapter first presents the transfer characteristics of all possible basic

second-order compensated CPT circuits, based on a T-type equivalent model.

Then, a new insight into higher order compensated CPT circuits based on sensi-

tivity analysis is proposed, and the sensitivities of various compensation schemes

on CPT circuits are compared against fluctuations of the coupling and com-

pensation parameters. The presented analysis provides a convenient connecting

pathway from second-order to higher order CPT circuits, bridging each type of

topological extension with the specific performance. In practice, the presented

analysis provides a convenient design guideline to derive higher order compen-

sation circuits capable of improving specific performance while maintaining the

original merits of second-order compensation circuits. Specifically, the results

show that adding an series inductor at the input side of a second-order CPT

circuit can offer a constant primary current, and adding an inductor or capacitor

in series (parallel) at the output side can converse a constant load-independent

voltage (current) output to a constant load-independent current (voltage) out-

put. In addition, the extension to fourth or higher order compensation circuits

enables the CPT converter to reduce its sensitivity against parameter variations

as well as to maintain the property of zero phase input. The proposed perspective

of topological extension from second-order compensated CPT circuits provides a

simple and effective basis for understanding the significance of specific compen-

sation components in higher order CPT circuits and how the circuits combat

parameter variations.
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Chapter 5

Application: IPT Systems with

Multiple Outputs

In the previous chapters, we discussed the impact of various compensation topolo-

gies on the system output and general design process of wireless power transfer

converters with single input and single output (SISO). With the changing ap-

plication scenarios of wireless power transfer, the development of single-input

multi-output (SIMO) and multi-input multi-output (MIMO) coupling structures

have gained popularity, which also come with numerous side effects on the system

performance in terms of output power transfer efficiency, and so on. In this chap-

ter, the properties of inductive power transfer (IPT) configurations constructed

with various coupling structures and compensation topologies will be explained

in detail. The corresponding control strategies for realizing optimum system per-

formance will be explored. Finally, a third-order compensated IPT converter for

multi-output application will be discussed to simplify the control process while

retaining the merits of the original topologies.

83
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Figure 5.1: Equivalent circuit of the single-input double-output IPT circuit.

5.1 Coupling Structures

5.1.1 Single-Input Double-Output Structure

Shown in Fig. 5.1 is the equivalent circuit of a single-input double-output (SIDO)

IPT converter using series-series (S/S) compensation. To facilitate the analysis,

we assume that the converter is terminated by an ideal sine AC voltage source

Vin at the input side, and two equivalent loads RL1 and RL2 at the output side.

The transformer consists of a primary coil with the self-inductance LP and two

secondary coils with self-inductances LS1 and LS2. Each inductor is connected

with a series compensated capacitor. From Kirchhoff’s voltage law (KVL), the

state equation of the SIDO circuit is


V̇in

0

0

 =


ZP −jωMPS1 −jωMPS2

−jωMPS1 ZS1 jωMS1S2

−jωMPS2 jωMS1S2 ZS2



İP

İS1

İS2

 (5.1)
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where MPSi (i = 1, 2) denotes the mutual inductance between the primary coil

and the i-th secondary coil; MS1S2 denotes the mutual inductance between the

two secondary coils; ω denotes the operating frequency; ZP and ZSi are the total

impedances at the primary and the i-th secondary side, respectively; and MPSi =

k
√
LPLSi, where k is the coupling coefficient.

Assuming that both the secondary coils are placed in the same plane, the two

coils are thus radially coupled. When the two coils are orthogonally positioned or

are separated by a certain distance, the coupling coefficient k between the coils

will be less than 0.01, i.e., MS1S2 ≈ 0. Then, the equivalent reflected impedance

Zr of the SIDO system can be expressed as

Zr =
ω2M2

PS1

ZS1

+
ω2M2

PS2

ZS2

(5.2)

Since there exist several LC-resonant networks in the SIDO system, we define

the self-resonance frequency as ωP = 1/
√
LPCP, ωSi = 1/

√
LSiCSi. Putting ωP

and ωSi in (5.2), the real and imaginary parts of the reflected impedance Zri can

be expressed separately as


<(Zri) =

ωLPkPSi
2QOi

1 +QOi
2(1− ξSi

2)
2

=(Zri) = −ωLPk
2
PSiQ

2
Oi(1− ξSi

2)

1 +Q2
Oi

(
1− ξSi

2
)2

(5.3)

where ξSi = ωSi/ω, ξP = ωP/ω; Q denotes the quality factor of the component;

QLi = ωLSi/RLi; and QOi = ωLSi/(RSi +RLi), i = 1, 2.

Using the quality factor and the impedance expressions, the transfer efficien-
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cies of the primary and secondary sides can be obtained as


ηP =

<(Zr1) + <(Zr2)

<(Zr1) + <(Zr2) +RP

ηS = ηS1ηS2 =
QO1QO2

QL1QL2

(5.4)

Substituting (5.3) into (5.4), the transfer efficiency η of the whole SIDO system

is given by

η = ηPηS =
QO1QO2

QL1QL2

( ∑2
i=1ASi

1 +
∑2

i=1 ASi

)
(5.5)

where

ASi =
kPSi

2QPQOi

1 +Q2
Oi(1− ξ2

Si)
2 .

When operating at the resonance frequency, i.e., ξP = ξSi = 1, the transfer

efficiency can be simplified as

η =
QPQO1QO2QL1

−1QL2
−1

1 +
(
kPS1

2QO1 + kPS2
2QO2

)−1 (5.6)

Combining (5.1), (5.3) and (5.6), the output power of the SIDO IPT system

operating at the resonance frequency is given by

Po =
Vin

2η√(
RP +

∑2
i=1<(Zr)

)2
+ =(Zr)

2

=
Vin

2QO1QO2

QL1QL2

∑2
i=1 kPSi

2QPQOi

RP

(
1 +

∑2
i=1 kPSi

2QPQOi

)2

(5.7)

5.1.2 Double-Input Double-Output Structure

The transfer characteristics of a double-input double-output (DIDO) IPT con-

verter can be extended from the above analysis. As shown in Fig. 5.2, the two

primary coils (equivalent to inductors LP1 and LP1) of the DIDO converter are

terminated by two independent sine AC voltage sources at the input side. The
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Figure 5.2: Equivalent model of the double-input double-output IPT circuit.

mutual inductance MP1P2 can be neglected when the two primary coils are or-

thogonally positioned or are separated by a certain distance. Thus, the transfer

efficiency of the DIDO system is given by



η =
2∏
j=1

2∏
i=1

ηPjηSi

ηPj =

∑2
i=1<(Zrji)∑2

i=1<(Zrji) +RPj

ηSi =
QOi

QLi

(5.8)

The real and imaginary parts of the reflected impedance Zrji of the i-th sec-

ondary side to the j-th primary side in (5.8) are


<(Zrji) =

ωLPjkji
2QOi

1 +QOi
2(1− ξSi

2)
2 = RPjAji

=(Zrji) = −ωLPjkji
2QOi

2(1− ξSi
2)

2

1 +QOi
2(1− ξSi

2)
2 = −RPjBji

(5.9)
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Figure 5.3: Equivalent model of the multi-input multi-output IPT circuit.

where

Aji =
kji

2QPjQOi

1 +QOi
2(1− ξSi

2)
2 ,

Bji =
kji

2QPjQOi
2(1− ξSi

2)
2

1 +QOi
2(1− ξSi

2)
2

for i, j = 1, 2. Then, substituting (5.9) into (5.8) gives a simplified representation

of efficiency, which leads to an expression for output power Po of the DIDO IPT

system as

Po = Pin · η

=
2∏
j=1

2∏
t=1

QOt

QLt

∑2
i=1Aji

1 +
∑2

i=1Aji

×
2∑
j=1

Vin
2

RPj

√
(1 +

∑2
i=1 Aji)

2
+
∑2

i=1 Bji
2

(5.10)
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(a) (b)

Figure 5.4: (a) Simulated output power on RL1 versus value of RL2; and (b)
output power on RL2 versus value of RL1.

Figure 5.5: Simulated transfer efficiency versus load impedance.

5.1.3 General Multi-Input Multi-Output Structure

Based on the above analysis, a logical extension from the DIDO IPT converter

to a MIMO IPT converter is possible, as shown in Fig. 5.3. The corresponding

transfer efficiency and output power can be readily obtained as follows:

η =
m∏
j=1

n∏
t=1

QOt

QLt

∑n
i=1 Aji

1 +
∑n

i=1Aji
(5.11)

Po = Pin · η

=
m∏
j=1

n∏
t=1

QOt

QLt

·
∑n

i=1 Aji
1 +

∑n
i=1Aji

×
m∑
j=1

Vin
2

RPj

√
(1 +

∑n
i=1Aji)

2
+
∑n

i=1Bji
2

(5.12)
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where QOt = ωLSt/(RSt+RLt) and QLt = ωLSt/RLt, for t = 1, ..., n. Thus, we can

obtain the transfer characteristics of any S/S compensated MIMO IPT converter

under various operating conditions using the calculation results above. Here, with

the requirement of load-independent output, the simple constant current (CC)

output conditions are adopted. Both primary and secondary sides of the converter

operate at the self-resonance frequency, i.e., ωP = ωS = ω and ξP = ξS = 1.

Substituting these operating conditions into (5.9), it can be readily obtained that

the factor Bji = 0, and the simplified impedance Zrji is given by

Zrji = kji
2RPjQPjQOi. (5.13)

Then, the total transfer efficiency of an MIMO IPT converter with S/S com-

pensation can be further simplified as

η =
m∏
j=1

n∏
t=1

QOt

QLt

∑n
i=1 k

2
jiQOi

1 +
∑n

i=1 k
2
jiQOi

(5.14)

Similarly, the total output power of the MIMO IPT converter is simplified as

Po =
m∏
j=1

n∏
t=1

QOt

QLt

∑n
i=1 kji

2QOi

1 +
∑n

i=1 kji
2QOi

m∑
j=1

Vin
2

RPj(1 +
∑n

i=1 kji
2QOi)

(5.15)

Assume that the system parameters of each input or output branch are con-

sistent with the MIMO IPT converter. The total output power given in (5.15)

becomes

Po =
mVin

2QO
n(nk2QPQO)

m

RPQL
n(1 + nk2QPQO)m+1 (5.16)

In order to achieve maximum power output, we differentiate (5.16) with re-

spect to RL, giving the optimal load value as

RL,Pm =
1

2m

[
RS(n−m) +

ω2M2n

RP
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+
1

RP

((
RSRP(n−m)− ω2M2n

)2
(5.17)

+ 4mnRS(ω2M2n+RSRP)
) 1

2

]

Thus, by transitioning from SIDO IPT circuits to DIDO IPT circuits, and fi-

nally extending to a generic MIMO IPT circuit, we can obtain theoretical results

for the transfer features of any MIMO IPT circuit with S/S compensation based

on the above formulas. Accordingly, the optimal operating point for maximum

power output or maximum efficiency transfer can be calculated. In this paper,

normal operation of each load is mainly concerned. Then, the priority of max-

imum power output is considered as higher than maximum efficiency transfer.

Therefore, the unified design will be centered on power distribution and regula-

tion. The above formulas will also be used later in our proposed unified design

procedure.

5.1.4 Illustrations by Simulations

In order to reveal the load characteristics of multi-output IPT systems, we present

simulations based on the equivalent model shown in Fig. 5.1. The parameter

values listed in Table 5.1 are used. From Fig. 5.4(a), it can be readily observed

that with a certain value of RL1, the power delivered to RL1 increases as RL2

increases, and the growth gradually slows down. Similar results can be observed

from Fig. 5.4(b). In addition, the maximum power transfer points to RL1 and RL2

can be identified. Likewise, Fig. 5.5 illustrates the trend of the transfer efficiency

as the values of RL1 and RL2 increase. With one load fixed, the optimal efficiency

point of the other load can be readily identified.

In short, from the foregoing illustration, the output power of each load in a

multi-load IPT system is affected by the change of resistance in either load of the

system. Thus, when the number of output terminals changes, regulation of the
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Table 5.1: Simulation Parameters of Single-input Double-output IPT Circuits

Parameter Value

Primary inductor LP 300 µH
Secondary inductor LS1, LS2 80 µH
Coupling coefficient kPS1, kPS2 0.15
Operating frequency f 100 kHz
ESR RP 0.4 Ω
ESR RS1, RS2 0.2 Ω
Input voltage Vin (rms) 50 V

ESR: Equivalent series resistance.
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Figure 5.6: (a) Equivalent circuit and (b) corresponding theoretical waveforms of
a tunable resistor RL. (RL = R0 +Rx)

output power or equivalent load value is necessary to achieve maximum power

transfer.

5.2 Control Strategies

5.2.1 Load Control

As mentioned in Section 5.1, the primary and secondary sides of the MIMO IPT

system with S/S compensation operate at the same resonance frequency ω. In
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this case, Aji and Bji in the Zji expression (5.9) are

 Aji = kji
2QOi

Bji = 0,
(5.18)

implying that the input impedance Zji is purely resistive, i.e., zero phase angle

(ZPA) input is achieved. Since the output current of the system is independent

of the load, using the standard transfer ratio expression of S/S compensated IPT

circuit with LIC output [86], we get the output current Ioi of the i-th secondary

side as

Ioi =
m∑
j=1

Vin

ωMPjSi

(5.19)

As discussed in Section 5.1.4, in order to fulfill the power required for normal

operation of the load and the maximum power output condition when the number

of input and output terminals varies, it is necessary to regulate the load resistance

RL without changing the coupling parameters of the IPT system.

In the following, a control strategy is presented to conveniently set the load

resistance to the desired value. Assume that the equivalent resistance of each

load is the same, and the coupling distance between each primary coil and the

i-th secondary coil does not vary a lot. Then, each output terminal of the IPT

system is expected to deliver the same current value.

Shown in Fig. 5.6(a) is the equivalent circuit of a tunable resistor RL, consist-

ing of an initial resistor R0 and a variable resistor Rx, i.e.,

RL = R0 +Rx. (5.20)

By adjusting the duty cycle D of the anti-parallel MOSFETs connected in

parallel with resistor Rx, the value of RL can be controlled. The corresponding

waveforms of current iL, the PWM wave, current ix flowing through Rx, and
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the output power delivered to Rx are illustrated in Fig. 5.6(b). The conduction

angle can be adjusted by controlling duty cycle D, thus regulating the equivalent

output power Px. Specifically, the alignment position of the PWM signal is πD

in a current cycle. By detecting the zero-crossing current and delaying the angle

by (π/2 − πD/2), precise control of the load resistance can be achieved. Thus,

the equivalent load value Rx with initial resistance of Rx0 can be expressed in

terms of duty cycle D as

Rx

Rx0

=
I2
x0

I2
x

= 1−D − 1

π
sin(πD). (5.21)

5.2.2 Power Tracking Control

The aforementioned control method enables the IPT system to achieve the max-

imum power output by regulating the load value, and can be utilized in specific

applications such as heating and energy storage. However, this control strategy

of load regulation is no longer applicable when the load impedance is fixed. In

this case, DC-DC converters can be employed between the rectifier and the load

to regulate the equivalent resistance of DC load. Three most commonly used

DC-DC converters of buck, boost, and buck-boost converters, as shown in Fig.

5.7, are analyzed in detail here for various applicable scenarios in terms of the

number of input and output terminals.

From Fig. 5.7(a), when current iL flowing through inductor L maintains a

positive value throughout the switching period T , the converter operates in con-

tinuous conduction mode (CCM); If the value of inductor L is too small or the

period is too long, then inductor current iL could fall to zero during OFF time

of the period. In this case, an idling interval is introduced where iL = 0, and

the converter operates in discontinuous conduction mode (DCM). Then, the re-

lationship between the input voltage and output voltage of the buck converter in
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Figure 5.7: Three typical DC-DC converters of (a) buck converter, (b) boost
converter and (c) buck-boost converter.

CCM and DCM can be obtained as follows:


VO = DVIN for CCM

VO =
2VIN

1 +
√

1 + 8L1

RLTD2

for DCM
(5.22)

where D is the duty cycle of the converter.

According to the rule of volt-second balance, we can get the expression of

equivalent input resistance Req of the buck converter as


Req =

RL

D2
for CCM

Req =
RL

4

(
1 +

√
1 +

8L

RLTD2

)2

for DCM
(5.23)

Similarly, the output voltage and the equivalent resistance in CCM and DCM
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of the boost converter, as illustrated in Fig. 5.7(b), can be found as


Vo =

VIN

(1−D)
,

for CCM.

Req = (1−D)2RL,

(5.24)



Vo =
VIN

2

(
1 +

√
1 +

2RLTD2

L

)
,

for DCM.

Req = RL

(
1 +

√
1 +

2RLTD2

L

)−2

,

(5.25)

For the buck-boost converter shown in Fig. 5.7(c), we have


Vo =

−DVIN

(1−D)
,

for CCM.

Req = (D−1 − 1)
2
RL,

(5.26)


Vo = −DVIN

√
RLT

2L
,

for DCM.

Req =
TL

D2
,

(5.27)

Thus, by controlling duty cycle D of the converters, the desired value of

equivalent resistor Req can be obtained.

According to equation (5.17) in Section 5.1.3, the optimal load value should

increase as the number of outputs, and decrease as the number of inputs, to

ensure the tracking of output power. Since the buck converter is a step-down

converter, the output voltage is lower than the input voltage. In this case, the

equivalent resistance of Req is larger than RL. Therefore, the buck converter can

be adopted in multi-output scenarios, not applicable to multi-input scenarios.
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Table 5.2: Simulation Parameters of Buck, Boost and Buck-boost Converters

Parameter Buck Boost Buck-boost

Inductor L in CCM 230 µH 30 µH 230 µH
Inductor L in DCM 20 µH 2 µH 2 µH
Load resistor RL 50 Ω 50 Ω 50 Ω
Operating frequency f 100 kHz 100 kHz 100 kHz

Figure 5.8: Duty cycle of the buck converter versus number of output terminals.

Compared to the buck converter, the boost converter contributes to step up the

output voltage, and Req is smaller than RL. In this case, the boost converter is

suitable for IPT systems with multiple inputs and single output. For buck-boost

converters, since both step-up and step-down of the voltage can be achieved, the

resistance of Req can be adjusted to larger or smaller than load resistance RL by

virtue of regulation in duty cycle. Thus, the buck-boost converter is applicable

to IPT systems with multiple inputs and multiple outputs.

Numerical simulations of theses three converters are conducted to evaluate

the range of regulation in duty cycle D, using the parameters listed in Table 5.2.

Curves in Figs. 5.8, 5.9 and 5.10 explicate the relationship between the duty cycle

with the number of input or output terminals of in CCM and DCM of various

converters. The simulations results agree well with the theoretical results.
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Figure 5.9: Duty cycle of the boost converter versus number of input terminals.

(a) (b)

Figure 5.10: Duty cycle of the buck-boost converter versus number of input out-
put terminals in (a) discontinuous conduction mode (DCM) and (b) continuous
conduction mode (CCM).

5.3 Design Principle

In this section, a design process for MIMO IPT systems with optimal power

output is presented. Let PE represent the total rated power of the loads, and

Po denote the output power capacity of the system. The design procedure starts

with a single-input structure, and the series of steps are:

1. Obtain the load information, e.g., number of outputs n, rated output PE,

and operating conditions.
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2. Determine if a single-output or multi-output structure is required.

3. Obtain theoretical results of output power Po and the equivalent reflected

impedance Zr using the procedure given in Section 5.1.

4. If Po exceeds PE, retain the single-input structure and calculate the desired

optimal load value for each load using equation (5.17) in Section 5.1, or

calculate the value of load under normal operating conditions using Ohm’s

Law. Otherwise, choose the multi-input structure and go back to Step 2.

5. Apply the load or the voltage control to regulate the load value(s) to the

optimal point(s), based on the control strategies presented in Section 5.2.

As the equivalent load of each output is set to the optimal value, maximum power

output can be achieved.

5.4 Experimental Validation

In order to verify the analysis presented above, a laboratory prototype is con-

structed based on the SIDO IPT system shown in Fig. 5.1. In order to simplify

the design of the load side, the same structure of the secondary coil is used with

a different value of load resistance. Moreover, to estimate the mutual inductance

between the two secondary coils, a large primary coil is adopted in this experi-

ment, and the two secondary coils are symmetrically arranged with respect to the

primary coil (i.e., diagonally positioned), as illustrated in Fig. 5.11, thus ensur-

ing the same mutual inductance between the receiver and the transmitter, i.e.,

MPS1 = MPS2.

As shown in Fig. 5.12, the designed configuration consists of a DC power

supply, a high-frequency inverter, a transformer composed by a primary coil

(transmitter) and two secondary coils (receiver), compensation circuits and the
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Figure 5.11: Layout of coupling structure used in experimental single-input
double-output IPT system.
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Figure 5.12: Configuration of experimental single-input double-output IPT sys-
tem.

corresponding controller. The bus DC voltage source is supplied to the H-bridge

inverter made up of SiC power components (C2M0080120), which have low con-

duction and switching losses. Current detection and protection circuits for the

inverter are included to ensure the stability of the switching devices. The thresh-

old of the detection and protection current is set to 7 A. For the compensation

components, NP0 ceramic capacitors are utilized as the compensation capacitors

for both primary and secondary sides to minimize the effect of temperature on

the capacitances, thus ensuring the stability of resonance parameters. The values
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Table 5.3: Parameters of Experimental Single-Input Double-Output IPT Circuit

Parameter Value

Primary inductor LP 228.45 µH
Secondary inductor LS1 99.58 µH
Secondary inductor LS2 98.23 µH
Primary capacitor CP 11.2 nF
Secondary capacitor CS1 25.8 nF
Secondary capacitor CS2 26.2 nF
Transformer size (primary) 475×475 mm2

Transformer size (secondary) 327×245 mm2

Coupling coefficient kPS1, kPS2 0.19
Operating frequency f 100 kHz
Input voltage Vin 50 V

Figure 5.13: Measured waveforms of single-input single-output IPT system with
RL = 10 Ω.

of the components used in the experiment are shown in Table 5.3.

To compare the performance of IPT systems with various output terminals

at various load resistance, only one output terminal of the system in Fig. 5.12

is adopted first, which changes the SIDO system to a SISO system with same

parameters. Then, the SIDO system is evaluated with the same load value as

in the SISO system. Fig. 5.13 shows the measured waveforms of the SISO IPT

configuration when the load resistance is regulated to the optimal point of 10 Ω,

with the maximum output power of 31.2 W.

Fig. 5.14 shows the measured waveforms of the SIDO IPT configuration when

the two secondary coils are connected to loads with the same equivalent resistance



102 5. Application: IPT Systems with Multiple Outputs

Figure 5.14: Measured waveforms of single-input double-output IPT system with
RL1 = RL2 = 10 Ω.

Figure 5.15: Measured waveforms of single-input double-output IPT system with
RL1 = 10 Ω, RL2 = 30.5 Ω.

of 10 Ω. The measured waveforms indicate that the output power of each load is

approximately 20.2 W, which is unable to maintain normal operation of the load,

and the load value is also not the optimal point.

Fig. 5.15 shows the measured waveforms of the SIDO IPT configuration when

the control is applied to regulate the resistance of load RL2 to the optimal point

of 30.5 Ω, while keeping RL1 unchanged. It can be observed that the output

power of load RL2 increases to 33.7 W. Both the measured and theoretical results

reveal that by adjusting the load value, it is possible to achieve a variety of power

output combinations for different loads, as well as to better meet the output

requirements of different load characteristics. Furthermore, by regulating the

equivalent resistance of the load to the optimal point, maximum power output

can be preserved despite variation in the output terminals.
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5.5 Optimal design with LC/S compensation

The previous section introduces load control and output voltage control strate-

gies to achieve expected output power based on the S/S compensation in multi-

load applications. In practical operations, the output current on each branch is

affected by changes in the number of outputs, resulting in the requirement to

constantly adjust the control parameters to achieve stable power tracking. Ac-

cording to the analysis on transfer performance of various compensation topolo-

gies in Chapters 2 and 3, higher order compensation with an inductor connected

in series with the voltage source can provide a constant primary current. This

property can be adopted here to address the issue of unstable output power and

optimize the design.

To facilitate the topology design for multi-load applications, the series com-

pensation at the secondary side is retained, and LC compensation is adopted

at the primary side. The system satisfies operating conditions of ω = 1√
LPCP

=

1√
LSCS

, and L1 = LP. Assuming that the mutual inductance is fixed, based on the

analysis in Chapters 3, primary current IP is constant. This constant IP ensures

a constant induced voltage source at the secondary side, i.e., jMIP is constant.

According to the properties of LC/S compensation circuits listed in Table 3.1,

the output voltage of the i-th output terminal can be expressed as

Voi =
MPSiVin

L1

(5.28)

which is constant and load-independent. Then, the output power of the i-th

output terminal is given by

Poi =
MPSi

2Vin
2

L1
2RL

(5.29)

Similarly, For the LC/S compensated MIMO IPT system with m inputs and

n outputs shown in Fig. 5.16, the output voltage and output power of the i-th
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Figure 5.16: Equivalent circuit of the LC/S compensated multi-input multi-
output IPT circuit.

output terminal can be found as

Voi =

∑m
j=1 MPjSiVin

L1

(5.30)

Poi =

∑m
j=1 MPjSi

2
Vin

2

L1
2RL

(5.31)

Thus, by simply optimizing the design of the compensation topology at the

primary side, the output performance of IPT systems with various input and

output terminations is improved. Specifically, this optimization is better applied

to multi-load scenarios since the secondary-side structures remain the same. In

addition to the LC/S compensated topologies, higher order ones such as LCL/S

and LCC/S topologies can also be adopted for high-power requirements.

5.6 Summary

In this chapter, we have further explained the effect of compensation topology

on the application of multi-output inductive power transfer (IPT) systems, and

attempted to provide general design guidelines for IPT systems for multi-load
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applications. Transfer characteristics and the respective suitable applications of

various coupling structures with series-series (S/S) compensations have been dis-

cussed in detail via circuit analysis. A set of design procedures of IPT systems has

been proposed to meet various operating conditions, power requirements and the

number of loads. Furthermore, phase-shift control and PWM control strategies

at the load side are presented to permit an optimal power output with various

load impedance. Moreover, a third-order LC/S compensated IPT converter with

multiple outputs has been developed to enhance the constant output at various

output terminals and facilitate the control design.
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Chapter 6

Conclusions and Suggestions for

Future Work

In this chapter, we summarize the main contributions which have been achieved

in this project. Also, some suggestions and potential areas of investigation will

be given for future research extension.

6.1 Contributions of the Thesis

Inductive power transfer (IPT) and capacitive power transfer (CPT) are two com-

mon approaches of wireless power transfer (WPT) in a variety of applications such

as battery charging for consumer electronics, electric vehicles, implantable med-

ical devices, and so on. For the design of compensation topologies in IPT and

CPT systems, it is generally accepted that higher order circuits offer better flex-

ibility and a higher degree of design freedom by expanding the parameter space.

Unlike the previous studies that focus on topological properties and performance

enhancement for specific applications, this project aims to provide general design

pathways from basic second-order to higher order compensation by establishing

systematic connections among various compensation topologies. In particular,

107
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since studies on compensation design for CPT converters are still at a prelimi-

nary stage, basic second-order and higher order compensation topologies are sys-

tematically analyzed. The analysis presented in this thesis offers a quick design

guideline for deriving IPT and CPT systems with various compensation circuits

ranging from second order to higher order. Specifically, the main contributions

can be summarized as follows:

1. A unified circuit model of IPT and CPT converters for simplifying the

analysis on transfer properties has been explored.

First, transfer properties of basic second-order compensated IPT circuits have

been studied based on a T-type two-port network model. Then, various existing

models of CPT couplers have been introduced. On this basis, we have presented

an equivalent T-type model which is coupling-independent for CPT converters.

Comparison and evaluation of the presented model with a most commonly used

model have been conducted, to highlight the advantage of the T-type model with

regard to simplicity and accuracy in the analysis of compensation topologies. Fi-

nally, a unified equivalent model for IPT and CPT converters have been developed

with a standard set of system parameters.

2. Characteristics of compensation topologies in CPT converters have been

systematically investigated.

Based on the proposed equivalent circuit model, all possible CPT topologies

with basic second-order compensation terminated by a voltage source or a cur-

rent source have been investigated in detail. The transfer properties in terms of

constant load-independent output and corresponding operating conditions, zero

phase input and corresponding operating conditions have been developed. Unified

conditions satisfying various desired characteristics have been derived to offer a

theoretical basis for investigating the transfer properties in extended higher order

compensated IPT and CPT converters.

3. General design pathways to higher order compensation of IPT and CPT
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converters have been studied in detail.

A new physical perspective of higher order compensation circuits has been pre-

sented, connecting basic second-order and higher order compensation topologies

through current and voltage interchange at the input side, and conversion be-

tween constant current and voltage at the output side, for IPT and CPT convert-

ers separately. Then, the sensitivities of various topologies with the second-order

and higher order compensation in terms of coupling parameter and compensation

parameter changes have been compared and assessed in detail. Numerical simu-

lations and experimental prototypes constructed by IPT and CPT configurations

with various compensation topologies have been conducted to verify the theoret-

ical analysis. Both theoretical and experimental results suggest that adding an

inductor or capacitor at the input side and output side of a second-order circuit in

specific fashions can effectively reduce the sensitivity of the system to parameter

variation, provided the added inductor or capacitor exceeds a certain value. In

addition, for IPT converters, with higher order compensation at the output side,

the system can achieve a higher voltage gain. For CPT converters, the exten-

sion to fourth or higher order compensation circuits enables the CPT converter

to reduce its sensitivity against parameter variations as well as to maintain the

property of zero phase input. Moreover, double side extensions comprised by

external shunt capacitors contribute to enhance the self-capacitance of capacitor

pairs.

4. Application of IPT configurations with multiple outputs has been devel-

oped.

To highlight the function of various compensation topologies in WPT systems,

configurations of IPT converters constructed by various number of input and out-

put terminals with second and third order compensation topologies have been

studied in depth. First, the transfer characteristics and the respective suitable

applications of various coupling structures with series-series (S/S) compensations
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have been discussed in detail via circuit analysis. Then, a set of design proce-

dures of IPT systems has been proposed to meet various operating conditions,

power requirements and the number of loads. Furthermore, phase-shift control

and PWM control strategies at the load side haven been presented to achieve

an optimal power output with various load impedance. Finally, enhancement of

a third order compensated IPT converter with corresponding parameter design

has been presented. By adding an external compensated component and chang-

ing operating conditions, the topology and control design has been significantly

simplified.

6.2 Suggestions for Future Work

The work conducted in this thesis has focused on the characteristics of IPT and

CPT converters. Various theoretical analyses, system and component level sim-

ulations, and experimental verifications have been undertaken to achieve the re-

search objectives. Useful results have been presented for practical design and

applications. To conclude this thesis, several topics are suggested here for future

research.

6.2.1 Design of System Control Strategy

In Chapters 3 and 4, we have analyzed the properties of IPT and CPT converters

with second and higher order compensation topologies, and compared the sen-

sitivity of system gain to various system parameters’ fluctuations. In practical

operation, the main purpose of analysis on parameter fluctuation is to obtain

the pre-control range of the system, that is, to achieve strong robustness against

specific parameter fluctuations. Thus, the capabilities including passive fault tol-

erance achieved by designing the compensation topologies, and active fault tol-

erance realized by controlling the values of system parameters can be integrated
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to improve the system’s stability.

By designing a compensation topology with enhanced robustness, the passive

fault tolerance of the system can be improved. Moreover, for gain fluctuation

caused by parameter variations, the capability of control modules in combating

parameter constraints can be improved to make the system more stable.

The sensitivity of the system gain in the case of single parameter fluctuation

has been analyzed in this thesis. However, in some specific applications, the sys-

tem is usually affected by simultaneous multi-dimensional parameter variations.

Thus, it is necessary to conduct a more complete analysis and evaluation of

the sensitivity against multi-dimensional parameters, thereby improving the con-

trollability and the stability of the system in the case of simultaneous multiple

parameter perturbations.

6.2.2 Optimization of System Efficiency

In Chapters 2 to 4, compensation topologies with various operating conditions

are studied. Following the connections among these topologies based on sensi-

tivity analysis, the impact of compensated converters of various order on system

efficiency can be analyzed in depth. Theoretically, with the same operating condi-

tions, the transfer efficiency of higher order compensated systems would be lower

than that of basic second order compensated systems due to the addition of pas-

sive components in higher order compensation topologies. In this case, optimal

design of higher order compensated IPT or CPT systems can be explored in terms

of changing resonance conditions and parameter values in specific topologies to

improve the transfer efficiency. In addition, on the basis of the system’s stabil-

ity mentioned in the previous section, the effects of multi-dimensional parameter

fluctuations on the transfer efficiency can be further investigated to develop use-

ful design methods for achieving optimal efficiency of IPT or CPT systems with
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various compensation topologies under single or multiple parameter fluctuations.

6.2.3 Study on Various Coupling Structures

In Chapter 5, applications for IPT systems with multiple inputs and outputs

have been investigated in terms of the basic second-order and improved third-

order compensation circuits. From the perspective of IPT or CPT, with the

diversification of application scenarios, the future wireless charging mode will

gradually change from the traditional one-to-one to the many-to-many mode,

thus further reducing the dependence of the system on the position of WPT, as

well as improving the spatial adaptability and energy availability. In particular,

the diversity of coupling structures is worthy of further study for large-range and

low-power sensor networks and consumer electronics. For follow-up work, on the

basis of sensitivity analysis of single-input single-output converters, the impact

of various coupling structures (various input and output terminations) on the

system stability and transfer efficiency is worthy of further analysis. Meanwhile,

as the number of input and output terminals increases, the order of the system

increases exponentially, resulting in the design of system parameters becoming

much more complicated. Thus, the design of simplifying the topology together

with combating parameter constraints applied for various coupling structures is

also a topic worthy of discussion.

6.2.4 Design Pathways for Hybrid Inductive and Capaci-

tive Power Transfer Converters

For IPT converters, additional capacitors are required as components of the topol-

ogy to compensate equivalent self inductance of the transformer, thereby reducing

the reactive power transfer and enhancing the power transfer capability. In CPT

converters, which can be viewed as a dual version of the IPT converters, induc-
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tors are the necessary compensating components. In order to make full use of the

components in the compensation topologies, hybrid IPT and CPT converters are

employed in recent research. The mixed technique of IPT and CPT combines the

advantages of the IPT system in terms of high-power and long-distance power

transfer with those of the CPT system in terms of high tolerance to metal objects

and low heat generation, while compensating for the high voltage produced by

capacitor plates and wide range of electric-field radiation, hence improving the

safety and reliability of the system. Despite the individual reports focusing on the

use of selected hybrid compensation topologies for specific desired performance,

general design methods for combined IPT and CPT compensation with various

orders in combating parameter variation remain open for further research. In

addition, with the enhancement of power transfer performance due to the use

of higher order compensation, the external passive components may have higher

voltage and current stresses, especially in the case of CPT. Therefore, in the de-

sign process of hybrid converters, the capability in reducing voltage and current

stresses of various topologies can be considered for optimization of the parameter

design of hybrid IPT and CPT circuits, and for improving the reliability of the

overall system.
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