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Abstract

This thesis focuses on power control and efficiency optimization of inductive power

transfer (IPT) systems, including the design of a single-stage IPT converter

for electric vehicle (EV) battery charging, a maximized efficiency control of

a three-stage IPT system and a development of a stability criteria of power

distribution systems. Power is transferred via magnetic field coupling of an

IPT system, that it is a kind of commercially available wireless power transfer

(WPT) technique. Compared with conventional wired power transfer, IPT

can be wireless, convenient, reliable and flexible. IPT has attracted many

attentions in a wide spread applications, from low power to high power, from

short distance to mid-distance and from stationary to dynamic. However, there

are still some challenges in practical IPT applications due to low and varying

coupling coefficient of the loosely-coupled transformer. Therefore, the study in

this thesis will focus on power control and efficiency optimization in some specific

applications. The applications are explained as follows.

Maximum power efficiency and load-independent output are widely studied

for the IPT converters with basic compensation topologies (i.e., series-series,

series-parallel, parallel-series, parallel-parallel). The operating frequencies of

the IPT converters to achieve maximum power efficiency and load-independent

output depend on the design of the compensation networks. In this thesis, we

study the feasibility to achieve maximum power efficiency and load-independent

output simultaneously with appropriate design of the compensation networks.
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Taking the variation of coupling coefficient k into consideration, secondary

series compensation topologies (i.e., series-series, parallel-series) are more suitable

in dynamic applications, because the design of the compensation network is

irrelevant to k.

In stationary EV battery charging application, a typical charging profile uses

constant current (CC) charging followed by constant voltage (CV) charging, with

power varying from the maximum rated power down to a minimum of 3%. An IPT

system should be designed with minimum number of converter stages to achieve

high efficiency. However, high efficiency for such a wide load range is difficult

to achieve. Moreover, the efficiency-to-load relationship is distinctly different for

CC and CV charging, posing difficulties for single-stage IPT converter design. In

this thesis, a single-stage IPT converter is designed, complied with the battery

charging profile. Soft switching is ensured and overall efficiency is optimized for

the whole process of CC charging and CV charging.

Due to the variation of the coupling coefficient, it is hard to control the output

power together with maintaining maximum power efficiency for a single-stage

IPT converter. Therefore, in practical IPT applications with varying coupling

coefficient, it is common to cascade the IPT converter with front-side and load-

side DC/DC converters. The two DC/DC converters are normally controlled

cooperatively for the requirements of output regulation and maximum efficiency

tracking using a control technique based on perturbation and observation, which

is inevitably slow in response. In this thesis, a decoupled control technique

is developed. the load-side DC/DC converter is solely responsible for output

regulation, while the front-side converter is responsible for impedance-matching

of the IPT converter by controlling its input-to-output voltage ratio. DC and

small-signal transfer functions are derived for designing the parameters of fast

linear controller.

It is common that a DC power distribution system consists of a single



source and multiple load converters sharing a common DC voltage bus. Same

configuration can also be adopted in an IPT power distribution system. Without

a voltage regulator, the series-series compensated IPT (SSIPT) converter provides

a constant current output with high output impedance where operating at its

power efficient point. Multiple load-side converters can be connected to the

SSIPT converter in parallel. Such current source DC power distribution system is

relatively unexplored. In this thesis, a more general set of criteria based on power

balance is proposed. To ensure the stability of the system, the load-side converters

are distinguished between voltage-driven and current-driven converters.

All the applications proposed are developed with detailed analysis, verified

with simulation and experimental measurements from some appropriate proto-

type converters.
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Chapter 1

Introduction

1.1 Motivation

Over a century ago, Nicola Tesla successfully carried out a wireless power transfer

(WPT) experiment in which a lamp was wirelessly powered [7]. Since that, both

radiative and non-radiative WPT technologies have been in progress with the

efforts of many researchers and their technological attempts [8–17]. In addition,

emerging applications and markets are also driving the development of WPT,

because of its benefits of wireless connectivity. Nowadays, non-radiative WPT via

magnetic field coupling, also called inductive power transfer (IPT), has attracted

many attentions in a widespread applications, from low-power to high-power,

from short-distance to mid-distance and from stationary to dynamic, with the

following advantageous features:

1. It is user-friendly. Since there is no physical contact in IPT systems,

the hassle and unsafety from connecting electrical cables can be removed.

Without actions of plug/unplug to provide physical path, IPT systems can

be activated autonomously, which brings great convenience to users and

maximizes charging opportunities.

1
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2. It improves product reliability. The transmitter and receiver coils of the IPT

systems are usually water proof by being sealed in something or embedded

somewhere. Even in hazardous environment (e.g., underwater applications),

the reliability of the IPT systems is high.

3. It enhances flexibility. For applications (e.g., biomedical implants) which

are inconvenient to replace batteries or connect cables for charging, it is

feasible to use IPT systems for continuous power supply.

4. It realizes in-motion charging. Without constrains of electric wires, IPT

systems can be extended to dynamic power supply, which can address the

energy bottleneck of battery-powered devices.

However, there are still some challenges for IPT systems arised in specific

applications. Power control and efficiency optimization are important to IPT

systems. In stationary battery charging applications, power varies in a wide range,

which is a challenge to the design of IPT systems. Power control using multi-

stage and hybrid-topology IPT systems causes additional component losses, thus

design of a single-topology IPT system considering power control with efficiency

optimization is desired. In dynamic applications with variations of coupling

coefficient and load power, multi-stage IPT systems are usually used for power

control and maximum efficiency tracking. Conventional coordinate control cannot

meet the requirement of fast response, thus a better linear control method should

be used. In addition, as IPT systems emerge in power distribution systems,

the stability should be studied. Especially, when the IPT system operates as a

current source with high impedance and the similar configuration is adopted as

voltage-source power distribution system, load converters should be distinguished

between current-source driven and voltage-source driven. This thesis is going to

address these challenges.
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1.2 Fundamentals of Wireless Power Transfer

Instead of using conductors to transfer power, WPT transfers power from a

transmitter to a receiver over an air gap distance, by means of electromagnetic

field [18, 19]. A transmitter generates high-frequency time-varying electromag-

netic field by some kind of device, while a receiver uses similar kind of device to

receive power. The shape of device can be a coil of wire, a metal plate or an

antenna. In far-field region, the electric and magnetic fields are perpendicular to

each other and propagate as an electromagnetic wave carrying power. Power is

transferred in form of electromagnetic radiation. In near-field region, we should

restrict our consideration to an electric field or a magnetic field alone. Power can

be capacitively coupled in electric field or inductively coupled in magnetic field.

According to power transfer mechanisms, literature review is classified into three

categories:

1.2.1 Electromagnetic Radiation

Microwave and laser are two forms of electromagnetic radiation used for wireless

power transfer.

In a typical microwave wireless power transfer (MWPT) system, an unidi-

rectional power beam of microwave generated by a dish-like antenna travels

through the atmosphere and is received by another antenna. Due to diffraction, to

reduce the power wasted in the free space, larger antennas or shorter wavelength

(i.e., higher frequency) are necessary to achieve sufficiently directional microwave

beam. MWPT systems have been studied in space applications. The concept of

Solar Power Satellite (SPS) was first introduced by Glaser in [20] that placing a

satellite in stationary orbit to wirelessly transfer energy harvested in outer space

to the receiver on earth by microwave. More researches have been carried out to

study the feasibility of building SPSs [15,21–23]. MWPT systems have also been
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studied for mid-range electric vehicle (EV) charging [24,25], and 10 KW MWPT

prototype for EV charging with over 80% efficiency was also implemented by

researchers in Kyoto University.

Basic concept of laser wireless power transfer (LWPT) is the same as

photovoltaic power generation. Benefiting from advanced technology in both

solid-state lasers and photovoltaic cells, by converting electricity into laser beam

and pointing to a remote photovoltaic receiver, LWPT system is closer to practice

[26, 27]. Compared with the microwave, laser beam has higher energy density,

thus LWPT systems are studied for high power applications, like future space

elevator [28]. Moreover, due to compact device size and flexible installation [29],

LWPT systems can also be applied in power supply for mobile devices (e.g., sensor

networks) [30].

1.2.2 Capacitive Power Transfer

Capacitive Power Transfer (CPT) is power transfer by electric field using

capacitive coupling. In a CPT system, the transmitter and the receiver electrodes,

usually metal plates, form a capacitor, with the air gap as the dielectric.

An alternating voltage source is applied to the transmitter plate to generate

oscillating electric field, and the receiver plate gets the power by electrostatic

induction. The power transfer capability increases with the capacitance, the

frequency and the intensity of the capacitor’s voltage that produces the electric

fields [31]. Due to the limitation of the size and low permittivity of air gap,

the capacitance is usually very low. To improve the power transfer capability,

the frequency or the voltage intensity should be increased. However, higher

switching frequency will increase the power loss and higher electric field will

result in significant safety concerns [32,33]. Therefore, most of the CPT systems

are usually designed for low power applications, for example, integrated chips,
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portable devices, small robots and so on [34–38]. Nevertheless, since the size of

EV is relatively large, sufficient large capacitance can be designed for high power

transfer. Some studies have been carried out high power CPT systems for EV

charging, with relatively large air gap distance and high power efficiency [39–41].

1.2.3 Inductive Power Transfer

Inductive Power Transfer (IPT) transfers power by magnetic field using inductive

coupling. In an IPT system, the transmitter and the receiver coils of wire form

a transformer. An alternating current source is applied to the transmitter coil

to generate oscillating magnetic field, and the receiver coil gets the power by

magnetic induction. The power transfer capability increases with the mutual

inductance, the frequency and the intensity of the conductors current that

produces the magnetic fields. The mutual inductance depends on coupling

coefficient of the coils, which decreases significantly as the air gap distance

increases. To increase the power transfer capability, two coils of wire are usually

in a short distance.

Resonant inductive coupling is a form of inductive coupling in which power

is transferred by magnetic fields between two resonant circuits, one in the

transmitter and one in the receiver. Compared with ordinary non-resonant

inductive coupling, resonant inductive coupling has higher efficiency by using

resonant circuit and therefore has greater transfer distance than non-resonant

inductive coupling [42]. The principle behind resonant inductive coupling is that

energy transfer is efficient in a system of coupled resonance [43, 44]. A well

known experiment by MIT researchers has demonstrated this theory [44]. Both

coupled mode theory [42,44–46] and circuit theory [47–50] have been widely used

to studied resonant inductive coupling.

The following chapters will focus on modern IPT systems using resonant
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inductive coupling techniques.

1.3 Applications of IPT systems

IPT systems of different power levels can be designed to transfer power efficiently

over an air gap from short-distance to mid-distance. Due to the elimination of

physical electric contacts, IPT systems are suitable for wireless power transfer in

not only clean environments but also hazardous (e.g. wet, dirty) environments

[51, 52]. The IPT systems are relatively safe to human body, because the power

is transferred by magnetic field, which interacts with human body very weakly

compared with electric field. The advantages of IPT systems are safety, reliability,

maintenance free, and long product life. IPT systems are suitable for both static

and dynamic applications. Some of the applications will be discussed below.

1.3.1 Consumer Electronics

In 21st century, more and more consumer electronics emerge and benefit

us in many aspects of our life, such as entertainment (e.g., music player),

communication (e.g., mobile phone), health care (e.g., e-toothbrush) and office

work (e.g., laptop). Each charger of the consumer electronics usually comes with

a long cable connecting to the power socket, which takes up a lot of space and has

poor mobility. To eliminate the inconvenient cables, IPT systems are developed

for battery charging of consumer electronics. The transmitter coils of an IPT

system are usually designed as planar platform [53–58], which is space-saving

when embedded into the desk or wall. More than one consumer electronics, each

of which has its own receiver coils, can be placed on the planar platform freely

and charged simultaneously [59–63]. Such planar IPT charging platforms usually

have abilities to locate the positions, identify the compatibility and monitor the

condition of the loads.
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(a) (b) (c)

(d) (e) (f)

Figure 1.1: Qi-compatible consumer electronics: (a)Samsung Galaxy S8, (b)
Hama wireless charging power bank, (c) Philips DiamondClean toothbrush.
Rezence-compatible consumer electronics: (d) Incipio wireless charging case, (e)
Motorola Moto 360 smart watch, (f) Qualcomm Toq headset.

IPT technologies for battery charging of consumer electronics have been

widely commercialized. Qi [64] and Rezence [65] are two major wireless charging

standards, both of which are supported by over 200 industrial companies. Fig. 1.1

shows some Qi-compatible and Rezence-compatible consumer electronics.

1.3.2 Biomedical Implants

Biomedical implants are the man-made devices and structures inserted into the

body of the patients to improve the quality of life, by simulating internal organs,

monitoring internal vital signs and delivering drugs. Most of these biomedical

implants contain electronic circuits and the power requirement typically ranges

from a few microwatts [66–69] to a few tens of milliwatts [70–73]. It is a

challenge to provide reliable power supply to the biomedical implants, because of

size limitation and inaccessibility of the battery. In addition, it is dangerous,

unconformable and costly to replace the biomedical implants by surgery, if

the batteries are depleted. IPT is an effective power supply approach for
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Figure 1.2: An artificial heart with IPT system [1].

biomedical implants [74]. Typically, receiver coils are implanted inside the body

to receive power from the external transmitter coils. With IPT systems to provide

continuous power for the biomedical implants, the battery can be miniaturized

or even eliminated. Nowadays, IPT systems are widely studied to implement in

different biomedical implants, such as artificial organs [75–78], neurostimulation

systems [79, 80], drug delivery systems [81] and so on. Fig. 1.2 shows a total

artificial heart, called AbioCor, which successfully worked in human body in

2001 [1]. This artificial heart was powered by a rechargeable battery, which is

continuously charged by an IPT system. However, further development of this

artificial heart has been terminated due to insufficient evidence of its biological

efficacy.

1.3.3 Electric Vehicles

Electric vehicle (EV) has been more and more attractive to consumers in the

last decade, because it can eliminate exhaust emissions and cure our addiction to
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(a) (b)

Figure 1.3: (a) A stationary EV charging system developed by INTIS [2], (b) A
dynamic EV charging system developed by ORNL [3].

gasoline. Moreover, EVs have better user experience and lower maintenance cost

[82, 83]. However, the conventional wired EV chargers cannot offer convenience

and reliability of EVs, which is a drawback of EV especially in hazardous

environments. Aside from wired chargers, the size of onboard EV battery is also

a bottleneck because of low energy density and high cost of Lithium-ion batteries,

which limits long-distance mobility of EVs. Prospecting to improve convenience,

reliability and mobility of the EVs [84, 85], IPT systems are developed for EV

charging. Without physical connections, IPT systems are suitable for stationary

EV charging. Once parked over the transmitter coils with good alignment, EVs

can be charged efficiently. Fig. 1.3(a) shows a 30 kW stationary EV charging

system developed by INTIS company [2]. Some other IPT systems for stationary

EV charging have been studied in [52, 86–91]. If IPT systems are incorporated

into the roadway, EVs can get power directly while moving. As an example,

Fig. 1.3(b) shows a prototype of dynamic EV charging system developed by Oak

Ridge National Laboratory (ORNL) [3]. It can further downsize the onboard EV

battery, shorter dedicated charging time and unlimit driving range capability.

Some other IPT systems for dynamic EV charging have been studied in [92–98].
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1.3.4 Other applications

Besides the aforementioned, IPT can be used in many other applications. In

some industrial manufacturing systems, such as machine tools [99] and robot

manipulators [100, 101], frequent reconfiguration is required. IPT systems can

provide more freedom in reconfiguration, due to reliable power and data transfer

without physical contacts. IPT systems have also found applications in wireless

lighting [102–104], which can save the cables, plugs and sockets. In underwater

environment, where plugged connectors are impractical, it is a feasible way to use

IPT systems to charge underwater vehicles wirelessly [105–107]. Novel Domino

[108] IPT systems also find applications in power grid, where Domino resonators

are embedded in insulation discs to provide high-voltage insulation and wireless

power transfer capability [109]. It is believed that more and more potential

applications are to be exploited.

1.4 Literature Review

1.4.1 Coupler Design

In IPT systems, power is inductively coupled from a pair of coils, which are usually

called transmitter pad and receiver pad, over an air gap distance. To increase the

coupling, coil topologies in transmitter pad and receiver pad are widely studied.

Unipolar coil and bipolar coil are two basic forms of coils. Unipolar coil is

intuitively derived from pot core transformer [110–114], and it is characterized

by the presence of only one magnetic pole in each coil surface. Coil geometry

of unipolar coil can be circular and square. A widely studied and common used

circular pad (CP) is shown in Fig. 1.4(a) [115–117]. Besides the circular coil, CP

also has a ferrite layer to guide the magnetic flux and a shielding layer to reduce

the leakage magnetic field [117]. A bipolar coil characterized by the presence of
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(a) (b)

Figure 1.4: Construction of (a) circular pad (CP), (b) double-D pad (DDP) [4].

two magnetic poles in a single coil surface. Fig. 1.4(b) shows a pad, called double-

D pad (DDP), where the bipolar coil is made of two regular coils electrically

connecting to each other and generating opposite magnetic polarities. The layout

of ferrite layer and shielding layer of DDP is similar to that of CP [88, 118]. A

fundamental flux path concept is proposed in [88, 119] to study the relationship

between the size of a transmitter coil and its ability to throw magnetic flux to a

receiver coil. The fundamental flux path height is approximately one quarter of

the pad diameter for CP, while the flux path height is approximately half of the

pad diameter for DDP. Therefore, DDP has significant improved performance of

magnetic coupling compared with CP in similar size.

From Fig. 1.4, as a receiver pad, CP only captures vertical flux, while DDP

only captures horizontal flux [5]. DDP has poor position tolerance in x-axis due to

the decrease of horizontal flux with the misalignment and there is a null coupling

point under a certain horizontal misalignment in x-axis [118]. To improve the

position tolerance, the work in [88] proposed adding a quadrature unipolar coil
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(a) (b)

Figure 1.5: Construction of (a) double-D quadrature pad(DDQP), (b) bipolar
pad (BPP) [5].

to existing DDP as shown in Fig. 1.5(a), which is named DDPQ. It has better

coupling performance because two consisted pads can work together to capture

both vertical flux and horizontal flux. It has been shown that a DDP-DDQP

coupler provides a charge zone three times larger than a DDP-DDP coupler

and five times larger than that of a CP-CP coupler [88]. Another design called

bipolar pad (BPP) is proposed in [120], which consists of two identical, partially

overlapped and mutually decoupled coils as shown in Fig. 1.5(b). BBP matches

the performance of DDQP as a secondary pad, but with the advantage of using

less copper [120]. The interoperability characteristics of DDP, DDQP and BPP

are further studied in [5,121], which demonstrates that DDQP and BPP perform

better than CP and DDP, but at the cost of making the design and control more

complicated.

Charging platform is widely used in applications of consumer electronics

because it supports more than one electronic loads and allows them to be placed

freely within the charging area [53, 58, 63]. The charging platform is formed by

extending a single unipolar coil into a coil array structure [54,122,123]. Magnetic

flux flows vertically out of the charging surface and the secondary coil can be

placed anywhere to pick up power regardless of its position. Nowadays, lumped

IPT systems are also used in RPEVs as an alternative to the long power supply
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rail scheme [97]. Coil topologies are preferred to be selected from DDQP and

BBP because of better coupling and tolerance to misalignment as mentioned

above [124]. A large number of small transmitter pads are laid down under the

road [125]. With segmentation switching technique, only the transmitter pads

covered by the receiver pad are excited to transfer power.

1.4.2 Compensation Network

Compensation networks are usually used to tune the transmitter coil and the

receiver coil, forming a resonant circuit in the transmitter side (also called primary

side) and a resonant circuit in the receiver side (also called secondary side).

Researches in design of the compensation network and the operating frequency

are different, depending on the requirements of the IPT converters:

1. Maximize power transfer capability and minimize voltage-ampere (VA)

rating. IPT converters are design to operate at secondary resonant

frequency to achieve maximum power transfer capability [126, 127]. In

the primary, the compensation networks are designed to have zero phase

angle (ZPA) and minimize VA rating [126, 128, 129]. IPT converters may

have more than one operating frequency to have ZPA, which is related to

compensation network, loading condition and variable frequency control.

Variable frequency control may have bifurcation phenomenon which should

be avoided to ensure the control stability. [126, 130–132].

2. Achieve load-independent current (LIC) or load-independent voltage (LIV)

output. Conventionally, IPT converters are controlled to have constant

current or voltage output, at the cost of wide range input modulation

or frequency modulation, which usually leads to efficiency compromission.

Therefore, native load-independent output characteristic is desired in IPT

converters [133–135]. LIC [136] and LIV [137] of Series-Series and Series-
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Parallel compensated IPT converters are firstly studied and compared.

Some IPT converters with higher order compensation networks are also

studied to achieve load-independent output, such as LCC-LCC [138],

Series/Series-Parallel [139], LCL Series-Parallel [130] and so on. With a

more general method introduced in [140], compensation networks can be

derived to achieve load-independent characteristics.

3. Optimize the efficiency. It shows that maximum achievable efficiency of IPT

converters only depends on the coupling coefficient and the quality factor

of the windings, if well compensated [136]. IPT converters can be further

optimized by facilitating soft switching (i.e., zero voltage switching (ZVS)

for MOSFET drivers and zero current switching (ZCS) for IGBT drivers).

Input phase angle of of the IPT converters can be slightly adjusted by

designing the compensation network and choosing the operating frequency,

to achieve ZVS and ZCS [134, 135, 141, 142].

4. Designed to be robust to coupling variation. IPT converters are desired

to operating against coupling variation which usually occurs due to

misalignment of the couplers. Some design approaches of the compensation

network are studied, which makes the IPT converters insensitive to coupling

variation [143,144]. With well design compensation network and operating

frequency control, coupling-independent LIV of the Series-Series IPT

converter is also achieved [145, 146].

1.4.3 Control

In a typical IPT converter, a full-bridge converter is usually used to generate an

AC voltage source and drive the primary resonant circuit. Alternating magnetic

field generated by the primary side induces alternating current in the secondary

side. A secondary full-bridge rectifier converters alternating current into direct
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current output. Some control methods are discussed as below

1. Frequency modulation. As a resonant converter, frequency modulation

of the full bridge inverter can regulate the output power [75, 147–149].

Bifurcation phenomenons and related instability issues have been reported

when frequency control is performed to track the ZPA of the input voltage

and current [52,126]. Frequency modulation may be restricted to a limited

frequency bandwidth, due to the electromagnetic safety issue [150]. The

efficiency of IPT converters decreases significantly when the operating

frequency shifts away from the resonant frequency [151].

2. LIC and LIV control. As discussed in Section 1.4.2 , the IPT converters can

operate at load-independent frequencies to achieve LIC and LIV. However,

the operating frequencies are usually related to coupling coefficient. There-

fore, when there is position variation of the coupler, operating frequency

should be adjusted to match load-independent frequency. Self oscillating

and phase lock loop control are used to track the operating frequency of

an SSIPT converter to achieve LIV [145, 146]. Phase shift PWM control

can also be implemented to regulate the output, but the regulation depth

is usually restricted by a soft switching region [134].

3. Topology switching control. IPT converters should be tuned perfectly under

different coupling conditions and load conditions. When the operating

frequency is fixed, variable inductors [152] and switchable capacitors

[153,154] are usually used to keep the IPT converters perfectly tuned. Using

this approach, the IPT converters can be adaptive to coupling variation

[155] and load variation [156]. In some battery charging applications,

hybrid topologies are designed for the IPT converters, where the secondary

compensation networks usually can be changed by switches. LIC and LIV
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thus can be achieved for constant current (CC) and constant voltage (CV)

charging through switching the compensation topology [157–159].

4. Control of additional cascaded converters. Due to less freedom for control

in a singe-stage IPT converter, additional front-side converter or end-side

converter can be cascaded to an IPT converter. If the end-side converter

is independently controlled to regulate the output power, the primary

can be controlled on its own regardless of the loads. Also, with a load-

side converter, wireless communication can also be eliminated [160]. It is

especially useful for IPT systems with multiple secondary pickups, such

as roadway IPT systems [161, 162]. As mentioned above, when the IPT

converters operate at LIC or LIV, the modulation depth of phase shift PWM

is shadow. Therefore, a front-side converter can extend the modulation

of input voltage of the IPT converter, while soft switching condition of

the IPT converter can be maintained. In [163, 164], Perturb and Observe

(P&O) based coordinated control is adopted in a three-stage IPT system to

regulate the output power and optimize the efficiency. In [160,165], similar

P&O methods are used to track the maximum efficiency, while the load-side

converter is independently controlled to regulate the output power.

1.4.4 Safety

High frequency electromagnetic fields (EMF) generated by IPT systems can

induce high field strength in nearby objects, including human bodies, animals and

other electronic equipments. Therefore, the design of the IPT systems for different

applications should meet the safety standards and guidelines for electromagnetic

field exposure (e.g. ICNIR [166]). Methods to reduce EMF can be categorized

into

1. Passive reduction. It is common to use high permeability materials, such
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as ferrite, to guide the magnetic flux intensively, thus reducing magnetic

flux in unwanted directions [88, 117, 167]. It can improve the efficiency of

the IPT systems, but at the cost of expensive high conductivity materials.

High conductivity materials, such as aluminum, can be also used to shield

the unwanted magnetic flux by inducing eddy current. However, it usually

brings additional loss to the IPT systems [168].

2. Active cancellation. Opposite magnetic flux can be generated to cancel

unwanted magnetic flux by using additional systems, which usually includes

coils, power source, phaser detectors and controllers [169–171].

1.5 Objective of the Thesis

Since there are still some challenges in practical IPT applications, the study of

this thesis will focus on power control and efficiency optimization in some specific

applications. The objectives of this thesis are as follow:

Efficient single-topology IPT converter for battery charging. For

most stationary Li-ion battery charging applications, a CC charging followed by

a CV charging is the preferred charging algorithm, with load power varying from

the maximum rated power down to a minimum of a few percentage. To eliminate

extra loss associated with multi-stage and hybrid-topology IPT system, a single-

topology IPT converter should be designed to charge the battery. However, high

efficiency is hard to achieve for such a wide load range. To achieve CC and CV

outputs, several implementation options of a single-topology IPT converter will

be first compared in this thesis. We will select the most attractive implementation

case and elaborate the design with soft switching for the entire battery load range

and overall efficiency optimization for the whole charging profile.

Controller design for efficiency optimization in three-stage IPT
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system. Once there is large variation of the coupling coefficient or the load power,

a single-stage IPT converter cannot maintain at its maximum efficiency point. A

three-stage IPT system is therefore used to meet the requirement of output power

regulation and maximum efficiency tracking, where an IPT converter is cascaded

with a front-side converter and a load-side converter. However, conventional

cooperative control of these two converters, such as P&O, is inevitably slow in

response, showing poor robustness in applications requiring fast output power

regulation. In this thesis, a linear control scheme based on observing the voltage

ratio will be designed to track the maximum efficiency. It shows more robust than

P&O control, making the three-stage IPT system more suitable for applications

with fast variation of coupling coefficient and load power.

Stability analysis of current-source DC power distribution. It is a

popular configuration in voltage source DC power distribution that multiple load

converters, in parallel connection, are sharing a common input DC voltage bus.

With similar configuration, multiple downstream load-side converters can also

be connected in parallel to the IPT converter. SSIPT converters are among the

most power efficient IPT converters. However, unlike a voltage source, an SSIPT

converter provides a constant output current with high output impedance when

it operates at its most power efficient point. Such current source DC power

distribution system is relatively unexplored. The load-side converters may be

either voltage-driven or current-driven converters. Therefore, this thesis will

first revisit the stability of current source DC power distribution system using

impedance-based approach. A more general set of criterion, based on power

balance to distinguish the load-side converters, are also derived.

1.6 Outline of the Thesis

The thesis is arranged in the following order.
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Chapter 1 provides the background and literature review of the IPT systems.

Three kinds of WPT technologies are introduced, including electromagnetic

radiation, capacitive power transfer and inductive power transfer. IPT is widely

used and its applications are further introduced. The literature review of recent

development of IPT systems is provided in terms of coupler design, compensation

network, control method and safety issue. The objective and outline of the thesis

are presented.

In Chapter 2, four basic compensation topologies (i.e., SS, SP, PS and

PP) are reviewed based on conditions to achieve maximum efficiency and load-

independent output. To achieve both maximum efficiency and load-independent

output, the design and selection of the IPT converters are evaluated. For

secondary series compensation (i.e., SS and PS), the choice of operating frequency

and the design of compensation network is independent of coupling coefficient.

With minimum number of converter stages to achieve high efficiency, an single-

stage IPT converter is designed for EV battery charging in Chapter 3. The

characteristics of SSIPT converter are reviewed, including LIC and LIV, which

naturally provide the required CC and CV outputs for EV battery charging. The

efficiencies at these two operating points are analyzed, and the overall efficiency

of the SSIPT converter for the whole charging profile is optimized by determining

a nominal load quality factor Qn.

In Chapter 4, linear controller design for efficiency optimization in a three-

stage IPT system is proposed. A three-stage IPT system usually has more

freedom for output control and efficiency optimization. The relationship

between maximum SSIPT converter efficiency and voltage ratio is first studied.

Advantages of the proposed linear control method is readily observed compared

with conventional P&O method. Large-signal and small-signal transfer functions

are derived for controller design.

Chapter 5 starts with a revisit of the impedance-based stability criterions
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for voltage-source system and current-source system. An unexplored power

distribution system is proposed, where an SSIPT converter without voltage

regulator is in parallel with multiple independently controlled load converters.

A more general set of stability criterion based on power balance is proposed to

distinguish the load converters individually between voltage-driven converter and

current driven converter.

Chapter 6 concludes the thesis. The major contributions are summarized.

Some suggestions for future research are discussed.



Chapter 2

Overview of Four Basic IPT

Compensation Topologies

The power efficiency of the IPT converters are relatively low, due to low

coupling coefficient of the loosely-coupled transformer. Therefore, it is important

to maintain the IPT converters operating at their maximum efficiency points

by selecting proper compensation network, operating frequency and the load.

Given a compensation network, previous studies only studied the optimum

operating frequency and the loading condition to achieve maximum efficiency

[50,136,137,172,173]. However, to simplify controller design for output regulation,

load-independent output characteristics are also important for IPT converters

[133–135].

In this chapter, four basic compensation topologies are reviewed and evaluated

based on conditions to achieve maximum efficiency and load-independent output.

We will combine maximum efficiency and load-independent output for the design

and selection of the IPT converters.

21



22 2. Overview of Four Basic IPT Compensation Topologies

2.1 Four Basic Compensation Topologies

Four compensation topologies of a loosely-coupled transformer are shown in

Fig. 2.1. RP and RS are the resistances of the primary winding and secondary

winding, respectively. The magnetic coupler has self inductances LP and LS ,

and mutual inductance M . The coupling coefficient is defined as the traditional

transformer, given by

k =
M√
LPLS

(2.1)

The primary winding and the secondary winding can be compensated by a

single capacitor. Therefore, we have four basic compensation topologies labeled

as SS, SP, PS, PP of the IPT converters as shown in Fig. 2.1, where the first S

or P stands for series or parallel compensation of the primary winding and the

second S or P stands for series or parallel compensation of the the secondary

winding. Primary series compensated topologies are usually driven by an AC

voltage source, while primary parallel compensated topologies are usually driven

by an AC current source.

2.2 Maximum Power Efficiency

In this section, the power efficiency of these four basic compensation topologies

will be highlighted first. Since the Equivalent Series Resistance (ESR) of the

capacitor is assumed to be negligible, the calculation of the power efficiency is the

same for secondary series compensation topologies, i.e., SS and PS. Similarly, the

calculation of the power efficiency is the same for secondary parallel compensation

topologies, i.e., SP and PP. Therefore, we will use circuits of SS compensated

IPT (SSIPT) converter and SP compensated IPT (SPIPT) converter, as shown

in Fig. 2.2 for power efficiency calculation.
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Figure 2.1: The four basic compensation topologies of IPT system (a) SS
compensation. (b) SP compensation. (c) PS compensation. (d) PP
compensation.
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Figure 2.2: Circuit of (a) SSIPT converter. (b) SPIPT converter.
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Figure 2.3: Equivalent circuit model of (a) SSIPT converter. (b) SPIPT
converter.

Fig. 2.2 shows an equivalent circuit of commonly used SSIPT converter and

SPIPT converter model [136,137,173]. The circuits are driven by an approximate

equivalent AC voltage source vi at a fundamental angular frequency ω modulated

by the inverter. The output is usually rectified to drive a DC load with RL being

the AC equivalent resistance. RP and RS are the resistances of the primary

winding and secondary winding, respectively. Fig. 2.3 gives an equivalent circuit

of Fig. 2.2 for the analysis of steady-state solutions. In the subsequent analysis,

a frequency-domain equivalent circuit is adopted and only the fundamental

component is considered here for simplicity [126, 136, 137, 173, 174]. The

fundamental component approximation is sufficiently accurate for a high quality

factor resonant circuit that works near resonance.

The power efficiency of the IPT models shown in Fig. 2.3 can be determined by

considering the power loss in RP and RS [137]. The power efficiency is therefore

given by

η =
ℜ(Zr)

RP + ℜ(Zr)

ℜ(ZS)−RS

ℜ(ZS)
(2.2)

where ZS is the impedance of the secondary network including the loading

resistance. Zr is the reflected impedance of ZS from the secondary to the primary,
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given by

Zr =
ω2M2

ZS

, (2.3)

ℜ(Zr) is the real component of Zr.

ZS is the impedance of either the secondary series compensated network or the

secondary parallel compensated network. By using the tailing subscripts −S and

−P to distinguish the impedance of secondary series compensation and parallel

compensation network, ZS−S and ZS−P are given by

ZS−S = jωLS +
1

jωCS

+RS +RL, and (2.4)

ZS−P = jωLS +RS +
1

jωCS

||RL, (2.5)

respectively. Therefore, Zr−S and Zr−P are given by

Zr−S =
ω2M2

jωLS + 1
jωCS

+RS +RL

, and (2.6)

Zr−P =
ω2M2

jωLS +RS + 1
jωCS

||RL

, (2.7)

respectively.

In general, resistances RP and RS of the primary windings and the secondary

windings are frequency dependent. In this chapter, the resistances are represented

as quality factors in resonant circuits. We make an assumption that QP and

QS are maximized at ωP and ωS, respectively. When the operating frequencies

are within a certain range of ωP and ωS, QP and QS are near their maximum.
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Therefore,

QP =
ωLP

RP

≈ ωPLP

RP

, (2.8)

QS =
ωLS

RS

≈ ωSLS

RS

. (2.9)

The loading resistance RL of a series compensated circuit and a parallel

compensated circuit are represented by quality factors, given by

QL−S =
ωSLS

RL

, (2.10)

QL−P =
RL

ωSLS

. (2.11)

respectively.

The primary resonant angular frequency ωP and the secondary resonant

angular frequency ωS are defined as

ωP =
1√

LPCP

, and (2.12)

ωS =
1√

LSCS

. (2.13)

By substituting (2.4), (2.5), (2.6) and (2.7) into (2.2), the power efficiency

of secondary series compensation and secondary parallel compensation can be

calculated as

η−S =

ω
ωS
k2 1

QL

1
QP

( ω
ωS

1
QS

+ 1
QL

)2 + 1
QP

( ω
ωS

− ωS

ω
)2 + ω

ωS
k2( ω

ωS

1
QS

+ 1
QL

)
, (2.14)

η−P =
k2 ω2

ωPωS
QL

1
QP

[(QL + 1
QS

− ω2

ω2
S

QL)2 + ( ω
ωS

+ QLω

QSωS
)2] + k2 ω2

ωPωS
(QL + 1

QS
+

Q2
L
ω2

QSω2
s
)
.

(2.15)

It has been studied that, given a load, there exists a local maximum of η at
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the operating frequency, donated by ωM [50, 136, 137, 172, 173]. By solving dη

dω
,

the efficiency of secondary series compensation is maximized at

ωM−S =
ωS

√

1− ( 1
QL

+ 1
QS

)2

2

(2.16)

≈ ωS for
1

QL

+
1

QS

≪ 1, (2.17)

QL,M−S =
QS

√

1 + k2 ωS

ωP
QPQS

(2.18)

≈ 1

k

√

QS

QP

for QP ≫ 1, QS ≫ 1. (2.19)

and the efficiency of secondary parallel compensation is maximized at

ωM−P =
ωS(1 +

1
QLQS

)
1
2

Γ
(2.20)

≈ ωS

Γ
, (2.21)

QL,M−P =

√

√

√

√

1
Q2

S

+ 1+k2

Γ2

(1− 1
Γ2 )2 +

1
Γ2Q2

S

+ k2

Γ4

. (2.22)

where

Γ = (1 + k2ωSQP

ωPQS

)
1
4 . (2.23)

Fig. 2.4 shows the power efficiency versus load quality factor of secondary

series compensation and secondary parallel compensation. By substituting (2.17)

and (2.19) into (2.14), and substituting (2.21) and (2.22) into (2.15), maximum

achievable power efficiencies of secondary series compensation and secondary

parallel compensation can be compared. Fig. 2.5 shows that maximum achievable

power efficiency points of secondary series compensation and secondary parallel

compensation are close with optimum design of compensation network.

From (2.17) and (2.21), it can also be observed that the operating frequency to
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achieve maximum efficiency is k-independent for secondary series compensation,

while it is k-dependent for secondary parallel compensation.

2.3 Load-independent Current and Load-independent

Voltage Output

It is common to cascade load-side converters to the IPT converters, which requires

the IPT converters to act as current source or voltage source. Otherwise, it is hard

to control the load-side converters cascading to an uncertain source. To eliminate

controllers for output regulation, load-independent output characteristics are also

important for IPT converters. For primary series compensation, i.e., SSIPT and

SPIPT converters, current transfer function and voltage transfer function are

defined as G = io
vi

and E = vo
vi
, respectively. For primary parallel compensation,

i.e., PSIPT and PPIPT converters, current transfer function and voltage transfer

function are defined as G = io
ii

and E = vo
ii
, respectively. In this section, load-

independent current (LIC) and load-independent voltage (LIV) of SS will be

calculated as an example [136, 137, 173]. Then, LIC and LIV for all four basic

topologies will be summarized and given in a table.

From the circuit model of SSIPT converter shown in Fig. 2.3(a), we have

vi = ZP iP + jωMiS (2.24)

jωMiP = −ZSiS (2.25)

where ZP = jωLP + 1
jωCP

+ RP and ZS = jωLS + 1
jωCS

+ RS + RL. By solving

(2.24) and (2.25), the output current io is calculated

io = −iS =
vi

ZPZS + ω2M2
(2.26)
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Therefore, current transfer function G and voltage transfer function E are

calculated by

G =
io
vi

=
jωM

ZPZS + ω2M2
(2.27)

E =
ioRL

vi
=

jωMRL

ZPZS + ω2M2
(2.28)

By assuming RP = RS = 0, ideal current transfer function and ideal voltage

transfer function, denoted as Gi and Ei are given

Gi =
jωM

(jωLP + 1
jωCP

)(jωLS + 1
jωCS

+RL) + ω2M2
(2.29)

Ei =
jωMRL

(jωLP + 1
jωCP

)(jωLS + 1
jωCS

+RL) + ω2M2
(2.30)

respectively.

Gi and Ei can be load independent at some operating frequencies. The

frequencies can be found by setting the coefficients of RL in (2.29) and (2.30)

to zero. When ideal current transfer function or ideal voltage transfer function is

load-independent, the IPT converters operate at load-independent current (LIC)

output or load-independent voltage (LIV) output, respectively.

LIC operating point of SSIPT converter is derived, with the magnitude of

ideal current transfer function GLIC and operating frequency ωLIC given by

GLIC = |Gi(ωLIC)| =
1

ωPk
√
LPLS

,when (2.31)

ωLIC = ωP . (2.32)

LIV operating points of SSIPT converter are derived, with the magnitude of
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ideal voltage transfer function ELIV and operating frequency ωLIV given by

ELIV = |Ei(ωLIV,L)| =
√

LS

LP

k(ω2
P + ω2

S −∆)

(2k2 − 1)ω2
P + ω2

S −∆
, or (2.33)

ELIV = |Ei(ωLIV,H)| =
√

LS

LP

k(ω2
P + ω2

S +∆)

(2k2 − 1)ω2
P + ω2

S +∆
, when (2.34)

ωLIV,L =

√

ω2
P + ω2

S −∆

2(1− k2)
, or (2.35)

ωLIV,H =

√

ω2
P + ω2

S +∆

2(1− k2)
, (2.36)

respectively, where

∆ =
√

(ω2
P + ω2

S)
2 − 4(1− k2)ω2

Pω
2
S (2.37)

With similar calculations, we can derive the operating conditions to achieve

LIC and LIV for SPIPT, PSIPT and PPIPT converters. Table. 2.1 and

Fig. 2.6 give a summary of the operating conditions for four basic compensation

topologies.

Table 2.1: Summary of LIC and LIV
LIC LIV

ωLIC GLIC ωLIV ELIV

SS ωP
1

ωP k
√
LPLS

ωL

√

LS

LP

k(ω2
P
+ω2

S
−∆)

(2k2−1)ω2
P
+ω2

S
−∆

ωH

√

LS

LP

k(ω2
P
+ω2

S
−∆)

(2k2−1)ω2
P
+ω2

S
−∆

SP
ωL

2k√
LPLS

√

ω2
P

+ω2
S
−∆

2(1−k2)

ω2
P
+ω2

S
+∆ ωQ

1
k

√

LS

LP

ωH
2k√
LPLS

√

ω2
P

+ω2
S
+∆

2(1−k2)

ω2
P
+ω2

S
−∆

PS ωP
1
k

√

LP

LS

ωL

2ω2
P (1−k2)

√
LPLS

√

ω2
P

+ω2
S
−∆

2(1−k2)

(1−2k2)ω2
P
−ω2

S
+∆

ωH

2ω2
P
(1−k2)

√
LPLS

√

ω2
P

+ω2
S
+∆

2(1−k2)

(1−2k2)ω2
P
−ω2

S
−∆

PP
ωL 2k

√

LP

LS

ω2
P

ω2
P
−ω2

S
+∆ ωQ

ωP

√
1−k2

√
LPLS

k

ωH 2k
√

LP

LS

ω2
P

ω2
P
−ω2

S
−∆
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Variables ωQ, ωL and ωH in Table 2.1 are given as

ωQ =
ωP√
1− k2

, (2.38)

ωL =

√

ω2
P + ω2

S −∆

2(1− k2)
, and (2.39)

ωH =

√

ω2
P + ω2

S +∆

2(1− k2)
(2.40)

respectively, where

∆ =
√

(ω2
P + ω2

S)
2 − 4(1− k2)ω2

Pω
2
S. (2.41)

2.4 Load-independent Output and Maximum

Efficiency

Achieving maximum efficiency and having load-independent output (LIC or LIV),

will be two objectives of the IPT converters. Therefore, we will further compare

these four compensation topologies through studying the feasibility of achieving

maximum efficiency and load-independent output at the same time.

Table 2.2: Summary of Operating frequencies ωM , ωLIC and ωLIV

ωM ωLIC ωLIV

SS, PS ωS ωP ωL, ωH

SP, PP ωS

(1+k2
ωS
ωP

)
1
4

ωL, ωH ωQ

As shown in Table 2.2, ωM is the operating frequency to achieve maximum

efficiency, while ωLIC and ωLIV are the operating frequencies to achieve LIC and

LIV, respectively. By equating ωM to ωLIC or ωLIV, we can select the operating
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Figure 2.6: Current transfer function of (a) SS, (c) SP, (e) PS, and (g) PP
compensated IPT converters. Voltage transfer function of (b) SS, (d) SP, (f) PS,
and (h) PP compensated IPT converters.
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frequency ω, where

ω = ωM = ωLIC or ωLIV (2.42)

to have maximum efficiency and load-independent output at the same time. The

resonant frequencies ωP and ωS should be designed to to satisfy (2.42). The ratio

between ωP and ωS is defined as µ, given by

µ =
ωP

ωS

. (2.43)

Therefore, ωP , ωQ, ωL and ωH are given as

ωP = ωSµ (2.44)

ωQ =
ωS

(1 + k2

µ
)
1
4

(2.45)

ωL = ωS

√

µ2 + 1−
√

(µ2 + 1)2 − 4(1− k2)µ2

2(1− k2)
(2.46)

ωH = ωS

√

µ2 + 1 +
√

(µ2 + 1)2 − 4(1− k2)µ2

2(1− k2)
(2.47)

Equation (2.42) can be solved numerically by plotting equations (2.44) - (2.47)

versus µ for various k as shown in Fig. 2.7. From Fig. 2.7(a), a single intersection

point is found at µ = 1, being k-independent. From Fig. 2.7(b), there are several

intersection points at different values of µ, which are k-dependent. Therefore, we

can conclude that

1. For secondary series (i.e., SS and PS) compensated IPT converters, the

design of the resonant frequency to achieve maximum efficiency and LIC

simultaneously is k-independent. The operating frequencies are also k-

independent. Therefore, they are suitable for applications with k-variation.
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Figure 2.7: Operating frequencies versus µ for (a) achieving load-independent
output and maximum efficiency for secondary series compensation, and (b)
achieving load-independent output and maximum efficiency for secondary parallel
compensation. The intersection points are indicated with upward arrows.
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2. For secondary parallel compensated (i.e., SP and PP) IPT converters,

the design of the resonant frequency to achieve maximum efficiency and

LIV simultaneously is k-dependent. In addition, the operating frequencies

to achieve maximum efficiency and LIV is also k-dependent. Therefore,

they are not suitable to be used in applications with k-variation, because

additional controls for compensation network matching and operating

frequencies are needed.

2.5 Summary

Comparison of secondary series compensation and secondary parallel com-

pensation has been studied in the chapter, in the view point of achieving

maximum efficiency and load-independent output simultaneously. For secondary

parallel compensation, the choice of operating frequency and the design of

the compensation network depends on coupling coefficient. Therefore, it is

not suitable for applications with variation of coupling coefficient. Compared

with secondary parallel compensation, secondary series compensation has the

following advantage: the choice of the operating frequency and the design of

compensation network is independent of coupling coefficient, which is suitable for

applications with variation of coupling coefficient. Since an equivalent current

source is needed to drive IPT converters with primary parallel compensation,

extra components are needed to generate current source from existing voltage

source, which will incur extra loss. Therefore, series compensation is preferred to

parallel compensation in the primary. In the following chapters, we will choose

series-series compensated IPT (SSIPT) converter.



Chapter 3

Single-stage IPT Converter for

EV Battery Charging

Lithium-ion (Li-ion) batteries are widely used in EVs. The charging profile

of lithium-ion batteries for electric vehicles mandates a constant current (CC)

at rated power for a depleted battery, and follows by a constant voltage (CV)

charging at a power level down to 3% of the rated power in order to fully charge

the battery as shown in Fig. 3.1. An inductive-power-transfer (IPT) converter

should be designed with minimal number of stages to achieve high efficiency.

However, the efficiency-to-load relationship is distinctly different for CC and CV

charging operations, posing difficulties for single-stage design.

The IPT converters can achieve optimal efficiency at some resonant fre-

quencies with matched input and output impedances. Deviating from this

optimal matching point, the converter efficiency suffers [175]. In view of the

narrow input impedance and output impedance ranges of resonant converters,

multi-stage converter topologies with input and/or output power converters

connected in-front-of and/or after the IPT converter have been proposed [160,

164,176], hoping to improve system efficiency by operating the resonant converter

without modulation at its optimal load while allowing losses of extra efficient

37
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Figure 3.1: Typical charging profile for a Li-ion battery cell [6].

converters. The obvious drawbacks of these multi-stage converters are that

(a) more converters are used, (b) more complicated control may be needed for

the coordination of controls between the primary and secondary sides of the

IPT converter, and (c) these topologies are for general applications as they

are designed for an arbitrary variation of load range without optimizing the

power loss and the charging time of the battery charging profile. Without the

additional cascaded power converter(s) for the tracking of the input and/or

load impedance, a single-stage IPT converter has less degree of freedom for

optimization under the specific charging profile. The single-stage IPT converter

can be designed for maximum efficiency at maximum load power. Thus,

the IPT converter can efficiently operate with shallow modulation at either

its load-independent voltage output (LIV) operation point using series-parallel

compensation or load-independent current output (LIC) operation point using

series-series compensation [136, 137]. At these operation points, the equivalent

reactance on the inverter switches is near ZPA. To achieve energy-efficient CC

and CV charging stages with narrow-range PWM control and/or FM control,

switching of IPT compensation topologies from series-series (S-S) compensation
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to series-parallel (S-P) compensation is needed [158,159]. These hybrid- or dual-

topology IPT converters necessitate extra power switches along the main power

path of the converter, incurring additional cost for power switches and power loss.

This chapter describes the design of a single-stage IPT converter that complies

with the battery charging profile and at the same time achieves optimal efficiency.

Design optimization includes soft switching for the entire battery load range,

efficiency optimization for CC and CV modes of operation, and system efficiency

optimization for the whole battery charging profile. Measured results of two

experimental IPT battery chargers are presented for illustration and verification.

3.1 Implementation Cases for EV charging

To eliminate the power loss associated with the multi-stage and hybrid-topology

IPT converter at rated power, some design options for a single topology IPT

converter are available. First, the single topology IPT converter can operate

near its maximal efficiency point and be controlled for the required two stages of

battery charging. Alternatively, it may operate at its optimal efficiency point for

the first stage of CC or second stage of CV charging and use a control technique

with reduced efficiency for the other stages of charging. Furthermore, it may

operate at its optimal efficiency points at LIC and LIV for the first and second

stages of charging respectively. The possible cases of implementations for a single

topology IPT converter are summarized in Table.3.1.

In Table. 3.1, cases (C1) to (C2) are mostly achieved by utilizing different

depth and type of modulations. Without modulation, the converter can be

efficiently operated at operation points LIV and LIC. As a rule of thumb,

efficiency suffers from more depth of modulation.

Case (C1) has been used in a single-stage S-S compensated IPT (SSIPT)

converter with a simple narrow-frequency-range FM control [177]. Normally,
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Table 3.1: Cases of Implementation
Case Operating point CC charging CV charging
(C1) LIV MC MC
(C2) LIC MC MC
(C3) LIV MC native
(C4) LIC native MC

(C5)
LIC native
LIV native

note:
MC - modulation and control
native - minimal modulation for efficiency

a frequency limiter is used to implement the FM control [177] to maintain

stability in the loosely-coupled systems [4, 126, 177]. It is obvious that the single

topology SSIPT converter operating near the LIV operating point [177] can only

be optimized for efficiency with an operating frequency at a single loading point

for the CC and CV modes of charging for an EV battery. Likewise, this also

applies to case (C2). However, due to their operations near LIC operating point,

cases (C2) and (C4) require deep modulation to satisfy the wide current range

within the CV charging stage of the battery charging profile. Thus, a large

variation of the phase angle between the driving voltage and the current of a

compensated IPT transformer is needed, making soft switching impossible if FM

or PWM control is employed for the required load range [178]. In contrast, an

IPT converter operating at its resonance, i.e., SSIPT converter operating at LIC

operating point, is found to be most power efficient [86, 160, 163, 164, 176, 179],

making implementation of case (C3) less attractive than case (C5).

In this chapter, a single-stage SSIPT converter operating at LIC for CC

charging and at LIV for CV charging complying with an EV battery profile (i.e.,

case (C5)) is designed and optimized for efficiency and ease of control.
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3.2 Characteristics of SSIPT converter

In Chapter 2, it shows that the SSIPT converter can operate at resonant frequency

ωP , which is the LIC operating point, for the best efficiency at rated load.

However, the SSIPT converter operating at ωH , which is the LIV point, can

be more efficient than operating at LIC point at light load [137]. To facilitate

the implementation (C5) of a single topology IPT converter complying with the

battery charging profile, this section will first go into the analysis of the power

efficiency at these two operating points.

Operating frequencies for ideal load-independent transconductance GLIC

and voltage transfer ratio ELIV of the SSIPT converter have been studied in

Section. 2.3 by assuming zero power loss. However, in practical applications,

operating at these frequencies is subject to small variations of GLIC and ELIV due

to load variation. In this section, practical transconductance, voltage transfer

ratio, and input phase angle will also be studied by taking equivalent winding

resistance RP and RS into consideration. Also, µ will be designed to be smaller

than 1 to facilitate ZVS of MOSFET switches.

3.2.1 Efficiency and Control

As an illustration, the efficiencies versus load quality factor for µ = 1, operating

frequencies ω = ωP (CC mode) and ω = ωH (CV mode) are calculated using

(2.14), as shown in Fig. 3.2. In the calculation, we use QP max = QSmax = QP =

QS = 100 and k = 0.3, 0.4 and 0.5. Fig. 3.2 shows that the peak efficiency in

the CC operation appears at a higher QL than that of the CV operation. This

trend supports the implementation case (C5) of battery charging described in

Section 3.3. Hence, the location of QL has practical importance for the peak

efficiency and deserves further analysis.

For constant RP and RS, the maximum efficiencies ηmaxR(ωP ) and ηmaxR(ωH)
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Figure 3.2: Comparison of efficiency η versus QL operating at ωS (CC mode) and
ωH (CV mode) for various k by using the model of (a) constant IPT transformer
winding resistance and (b) constant IPT transformer winding quality factor.
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with µ = 1 can be calculated using (2.14) and the corresponding load quality

factors can be approximated as

QLCCR
≈ 1

k
for QP , QS ≫ 1 (3.1)

QLCVR
≈ 1

k

√

1− k

1 + QP

QS

for QS ≫ 1 (3.2)

Likewise, for constant QP and QS, we have

QLCCQ
≈ 1

k
for QP max, QSmax ≫ 1, and (3.3)

QLCVQ
≈ 1

k

√

1− k

1 + QP max

QS max

for QSmax ≫ 1. (3.4)

Using equations (3.1) to (3.4), plots of QL and ηmax versus k at peak efficiency

can be obtained, as shown in Figs. 3.3 and 3.4. The QL of the battery is high

during CC charging, while it is low during CV charging. Therefore, the system

efficiency for implementation case (C5) will follow the solid curve during the CC

mode of charging and the dashed curve during the CV mode of charging, as shown

in Fig. 3.2. In Section 3.3.1, the location Qn where the system switches from CC

mode to CV mode will be chosen for optimizing he overall efficiency of the EV

battery charging profile.

In Section 3.2.3, µ will be designed smaller than 1 to facilitate zero-voltage-

switching (ZVS) of MOSFET switches during CC mode of operation. In previous

study [173], µ < 1 has been reported to improve efficiency of an SSIPT converter

in CV mode where the maximum efficiency increases with decreasing µ, as

shown in Fig. 3.5(a). Moreover, Fig. 3.5(b) shows the efficiency versus QL.

When QL > 2, the efficiency improves with decreasing µ, and when QL < 2,

the efficiency degrades slightly with decreasing µ. The overall degradation of

efficiency for µ < 1 in the CV mode for the normal load range is thus insignificant.
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Figure 3.3: Comparison of QL versus k at peak efficiency operating at ωS (CC
mode) and ωH (CV mode). Both models of constant IPT transformer winding
resistance and constant IPT transformer winding quality factor give near identical
result.

The efficiency trend of the converter designed with µ < 1 for the CC mode is

plotted in Fig. 3.6(b). The efficiency degrades significantly with decreasing µ.

The degradation of peak efficiency versus µ is shown in Fig. 3.6(a). Therefore, in

our design, µ will be restricted to a few percent below 1 to facilitate soft switching

during CC mode of operation.

3.2.2 Practical Transconductance and Voltage Transfer

Ratio

As the converter is of high power efficiency, operating at the frequencies found in

Section 2.3 will still be subject to small variations of GLIC and ELIV due to load

variation. The practical load-independent transconductance G(ωP ) can be found
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Figure 3.4: Comparison of ηmax vs. k operating at ωS (CC mode) and ωH (CV
mode) using model of (a) constant IPT transformer winding resistance and (b)
constant IPT transformer winding quality factor.
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Figure 3.5: Efficiency comparison of SSIPT converter operating at ωH (CV mode).
(a) Peak efficiency vs. µ; (b) efficiency vs. QL.
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Figure 3.6: Efficiency comparison of SSIPT converter operating at ωP (CC mode).
(a) peak efficiency vs. µ; (b) Efficiency vs. QL.
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by substituting ωP into (2.31). The normalized error ∆g is defined as

∆g =
|Gi(ωP )| − |G(ωP )|

|Gi(ωP )|

= 1−
∣

∣

∣

∣

∣

µ2k2

j µ2−1
QP

+ µ2

QPQS
+ µ

QPQL
+ µ2k2

∣

∣

∣

∣

∣

(3.5)

which can be simplified by putting µ ≈ 1, i.e.,

∆g(QL) ≈
1

1 + k2QPQL

for QS ≫ QL. (3.6)

The practical load-independent voltage transfer ratio E(ωH) can be found by

substituting ωH into (2.28). The normalized error ∆e(ωH) can be defined as

∆e =
|Ei(ωH)| − |E(ωH)|

|Ei(ωH)|
= 1−

∣

∣

∣

∣

E1

E2 −E3

∣

∣

∣

∣

, (3.7)

where

ν =
ωH

ωS

, (3.8)

E1 =

(

−ν2

µ2
+ 1

)[

−ν2 + 1 +
jν

QL

]

−E3, (3.9)

E2 =

(

−ν2

µ2
+ 1 + j

ν2

µ2QP

)

E4 (3.10)

E3 =
ν4

µ2
k2 (3.11)

E4 = −ν2 + 1 + jν

(

ν

QS

+
1

QL

)

. (3.12)

From equations (3.5) and (3.7), ∆g increases with decreasing QL while ∆e

increases with increasing QL, i.e., G(ωP ) and E(ωH) decrease with increasing

load. For illustration, Fig. 3.7 shows the percentage error on ∆g and ∆e versus

QL. The load quality factor QLCCR
or QLCCQ

to achieve maximum efficiency

at a particular k in CC mode is shown in Fig. 3.3. The value of QL read from
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Fig. 3.3 can be used to estimate the errors of ∆g and ∆e using Fig. 3.7. The input

voltage variation of the prototype IPT converter described in Section 3.4 can thus

be designed to be within a few percent, permitting soft switching by using phase

shift PWM control to regulate the desired output current and voltage of the IPT

converter.

3.2.3 Input Phase Angle

Inductive input phase angle is important for the MOSFET main switches to

achieve zero voltage turn-on. The input impedance of the equivalent circuit model

shown in Fig. 2.3(a) is given by

Zin = ZP + ZrS . (3.13)

The corresponding input phase angle is given by

θin = tan−1

(ℜ(Zin)

ℑ(Zin)

)

. (3.14)

To achieve zero voltage turn-on of MOSFET switches, inductive input

impedance is expected for both CC and CV modes of operation. For CC mode,

the input phase angle is given by

θCC = tan−1
−k2(1− 1

µ2 )

1
QP

[

A2
1 + (1− 1

µ2 )
2
]

+ k2A1

(3.15)

= tan−1

{

QL

(

1

µ
− µ

)}

, for QP ≈ QS ≫ QL, (3.16)

where A1 = ( 1
QS

+ 1
µQL

). Fig. 3.8(a) shows the input phase angle θCC versus

QL in CC mode. When µ = 1, θCC is exactly zero, which leaves no room for

PWM control with soft switching. When µ is designed to be slightly smaller than

1, positive input phase angle can be achieved to have PWM control with soft
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Figure 3.7: Plots of (a) ∆g and (b) ∆e vs. QL.
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switching.

For CV mode, the input phase angle is given by

θCV = tan−1
( v

2

µ2 − 1) [A2
2 + A2

3]− v2

µ2k
2A3

v2

µ2QP
[A2

2 + A2
3] +

v2

µ2k2A2

, (3.17)

where A2 = ( 1
QS

+ 1
vQL

) and A3 = (1 − 1
v2
). Fig. 3.8(b) shows the input phase

angle θCV versus QL in CV mode, where the positive input phase angle guarantees

PWM control with soft switching.

3.2.4 Control Scheme

The main circuit of the SSIPT system for EV battery charging with a control

scheme is illustrated in Fig. 3.9. The DC voltage UIN is modulated as a high

frequency AC voltage vin by the set of H-bridge power MOSFET switches that

drive the transmitting coil through a series compensation network. The power

flow is unidirectional in this application, therefore passive rectifier is used to

converter ac power to dc power. Since battery charging is a slow process for the

converter, the battery can be modeled as a resistor Rbattery, which varies slowly

according to the battery charging profile. The rectifier with the battery can be

modeled as an equivalent resistor RL, i.e.,

RL =
8

π2
Rbattery. (3.18)

The system will operate at ωP which is slightly lower than ωS to provide

a constant current, and at ωH to provide a constant voltage. Since errors are

inevitable in the output current and voltage, the input voltage is regulated by a

H-bridge inverter using a phase shift PWM control. The fundamental component
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Figure 3.8: Input phase angle vs. QL for (a) CC mode; (b) CV mode of operation.
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of vi is modeled as

vi =
4

π
UIN cos

θ

2
or vi =

4

π
UIND. (3.19)

where UIN is the DC input volatge, θ ∈ (0, π) is the phase shift angle of the

H-bridge and D = cos θ/2 ∈ [0, 1] is the equivalent duty cycle. The driving

signals are generated by a DSP controller. Information of the charging voltage

and current in the secondary side is collected and transmitted wirelessly to the

controller at the primary side.

3.3 Design Consideration

3.3.1 Maximizing Overall Efficiency

Suppose a battery pack consists of y parallel-connected batteries, and each battery

consists of x series-connected cells [180]. The nominal values of voltage, current
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and resistance of a battery pack are given by

Un = 4.2x V, (3.20)

In = yC A, and (3.21)

Rn =
Un

In
=

4.2x

yC
Ω (3.22)

where In is the current at CC charging, Un is the voltage at CV charging, and C

is the maximum current the battery can supply for one hour. Depending on the

values of x and y, different battery packs have different specifications.

For simplicity of calculating the averaged charging efficiency, the battery

charging profile is approximated by several piecewise-linear segments, as shown

in Fig. 3.10(a). From the charging parameters given in Table 3.2, the equivalent

resistance (Ω) of the battery Rbattery ranges from 0.714 Rn to 20 Rn, i.e., from

3x
yC

to 4.2x
0.05yC

, as shown in Fig. 3.10(b). We define the load quality factor at the

point of switch-over from CC to CV charging as Qn, which is ωSLS
8
π2Rn

according to

(2.10), (3.18) and (3.22), and this gives a charging profile ranging from 0.05 Qn

to 1.4 Qn, as shown in Fig. 3.10(b).

The equivalent resistance of the battery varies with time within the whole

charging profile. Therefore, the charging efficiency varies with time. From

Figs. 3.2 and 3.10(b), the choice of Qn affects the charging efficiency versus time

as shown in Fig. 3.11. The optimization of the converter efficiency for the whole

charging profile is thus simplified to choosing Qn (or ωSLS since Rn is fixed) that

maximizes the charging efficiency for the charging profile, i.e.,

ηoverall =
output energy

input energy

=

∫ T

0
UC(t)IC(t)dt

∫ T1

0
UC(t)IC(t)
ηCC(QL(t))

dt+
∫ T

T1

UC(t)IC(t)
ηCV (QL(t))

dt
, (3.23)
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where T1 is the CC charging time, T is the total charging time, and QL(T1) = Qn.

Table 3.2: Charging Parameters
Time (h) [point in Fig. 11] Current (A) Voltage (V)
0 [a] yC 3x
0.125 [b] yC 3.725x
0.375 [c] yC 4x
0.625 [d] yC 4x
0.875 [e] yC 4.2x
1.25 [f] 0.6yC 4.2x
1.75 [g] 0.27yC 4.2x
2.25 [h] 0.133yC 4.2x
2.75 [i] 0.05yC 4.2x

We have done extensive numerical calculations to obtain an optimum Qn,o that

corresponds to ηoverall(Qn,o) = max(ηoverall). Interestingly, there is no observable

change in Qn,o for a range of QP and QS from 10 to 5000. Therefore, it is safe to

omit QP and QS in obtaining Qn,o. To facilitate design, Fig. 3.12 presents Qn,o

versus k graphically. In Fig. 3.12, the red curve plots Qn,o versus k, showing that

Qn,o is not a function of QP or QS. Moreover, when comparing Qn,o with QLCC ’s

in (3.1) and (3.3), Qn,o is a bit higher than 1
k
for all values of k. The blue curves

show max(ηoverall) versus k for different values of QP = QS. From Fig. 3.12, a

higher overall efficiency can be achieved by using a transformer with higher k,

QP and/or QS.

3.3.2 Loosely-coupled Transformer

The loosely coupled transformer for stationary EV charging can be designed with

a circular pad, a double-D pad, a double-D quadrature pad or a bipolar pad

[5, 117]. The popular primary and secondary circular pad structures shown in

Fig. 3.13 will be adopted. In this chapter, the circular pads of equal size have

an outer diameter of do, inner diameter of di and a separation gap of g. For

a given structure, a higher k can be achieved with a larger do
g

and/or a larger
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(a) (b) (c)

Figure 3.13: Circular unipolar coupled transformer with constant inner and outer
radii and evenly distributed wire distance for (a) N = 10, (b) N = 20 and (c)
N = 40.

ferrite section area [117]. According to the overall charging efficiency indicated in

Fig. 3.12, using a larger pad diameter and/or better magnetic and/or conducting

material, a higher ηoverall(Qn,o) can be achieved.

In Fig. 3.13, the simplified pad has two layers. The top layer contains the coil

that generates magnetic field and the second layer contains the ferrite to reduce

the reluctance. The two pads are arranged with a magnetic linking path h. It

is assumed that the secondary pad is attached to the underside of an EV, while

the primary pad is buried under the ground. Once an EV has stopped over the

charging system, power is transferred across the air gap via magnetic coupling

from the primary pad to the secondary pad.

The structure and the dimension of the loosely coupled transformer are usually

designed according to some expected ranges of k, LP and LS. We have performed

Ansoft Maxwell simulations using the transformer structures shown in Fig. 3.13

with do = 500 mm, di = 100 mm, g = 100 mm and the number of turns N =

NP = NS of the coils varying from 5 to 40. Design curves shown in Fig. 3.14

show how k and LS vary with N , which are consistent with the results shown in

reference [181].
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3.3.3 Converter Design

Given an input voltage UIN, the converter as shown in Fig. 3.9 provides the

required charging current In and voltage Un according to (3.20), (3.21) and the

battery profile shown in Fig. 3.10. Here, QL varies from 1.4Qn to Qn during CC

mode of charging and from Qn to 0.05Qn during CV mode of charging. Therefore,

the design should satisfy (2.31) and (2.34), which are practically equivalent to

π2In
8Di(QL)UIN

= |Gi(ωP )|
(

1−∆g(QL)
)

=
1−∆g(QL)

ωPk
√
LPLS

, and (3.24)

Un

Dv(QL)UIN
= |Ei(ωH)|

(

1−∆e(QL)
)

= ∆H

(

1−∆e(QL)
)

√

LS

LP

, (3.25)

where ∆H =
∣

∣

∣

k(µ2+1+∆)
(2k2−1)µ2+1+∆

∣

∣

∣
is a function of k and µ only and duty cycles Di and

Dv varying with QL are given in (3.19) for operation with LIC and LIV output,

respectively. At rated power QL = Qn, which corresponds to switching of CC
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mode to CV mode, both (3.24) and (3.25) should be satisfied, giving

Qn =
π2

8

In
Un

√

LS

CS

(3.26)

=
1

kµ

Di(Qn)

Dv(Qn)

(

1−∆g(Qn)

∆H (1−∆e(Qn))

)

, (3.27)

where Qn should be designed close to Qn,o, as obtained from (3.23) for the

maximum overall charging efficiency (see Fig. 3.12). As Rn = Un

In
in (3.26) is

fixed for a given battery, the converter can be designed with a suitable value

of LS

CS
for achieving Qn = Qn,o. According to the simulated results shown in

Fig. 3.12, max(ηoverall) increases with k at a reducing rate (saturates as k becomes

large), and from Fig. 3.14, k also increases with LS at a reducing rate. Hence,

increasing LS will offer diminishing return of max(ηoverall). We may therefore use

X = ∆k
∆N

= 0.001 as an indicator for choosing an initial value of N or LS. Other

indicators may also be adopted for design [5, 117]. The value of ωS = 1√
LSCS

obtained in (3.26) should be verified as being within the efficient operating range

of the magnetics, switches, etc. Otherwise, a better choice of N or LS should be

used.

Duty cycles Di(Qn) and Dv(Qn) at rated power loaded by Qn should be

designed close to 1 for best efficiency. For the reasons analyzed in Section 3.2, the

LIC operating point has a much tighter tolerance than the LIV operating point

for soft switching implementation. Therefore, Di(Qn) should be given priority

and set as 1. Thus, from (3.24) and (3.25), we have

In
UIN

=
8

π2

1−∆g(Qn)

ωPk
√
LPLS

, and (3.28)

Un

UIN
= Dv(Qn)∆H

(

1−∆e(Qn)
)

√

LS

LP

. (3.29)

The values of duty cycles Di(1.4Qn) at the beginning of the CC charging mode
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Table 3.3: Design Specification
Name Parameter Value
Input voltage UIN ≈190 V
Nominal charging voltage Un 175 V
Nominal charging current In 6.4 A
Air gap distance g 100 mm
Transformer outer diameter do 500 mm

and Dv(0.05Qn) at the end of the CV charging mode are thus given by

Di(1.4Qn) =
1−∆g(Qn)

1−∆g(1.4Qn)
, and (3.30)

Dv(0.05Qn) = Dv(Qn)
1−∆e(Qn)

1−∆e(0.05Qn)
. (3.31)

According to Fig. 3.6(a), the implementation of soft switching by using µ < 1

in CC mode comes with an efficiency penalty as studied in Section 3.2.1. In prac-

tice, µ can be assigned as 0.96. Using (3.15), θCC(Qn, µ) and θCC(1.4Qn, µ) can be

obtained which should be larger than 2 cos−1 {Di(Qn)} and 2 cos−1 {Di(1.4Qn)},

respectively. Otherwise, a smaller µ should be assigned with additional efficiency

penalty. Thus, soft switching during CC mode of charging is guaranteed. Using

(3.17), θCV (Qn) and θCV (0.05Qn) can be obtained, which should be larger than

2 cos−1 {Dv(Qn)} and 2 cos−1 {Dv(0.05Qn)} respectively. Thus, soft switching

during CV mode can also be guaranteed. A more detailed illustration will be

given in Section 3.4.

3.4 Experiment Evaluation

3.4.1 Experiment

Two prototypes of an 1.5 kW IPT system with and without soft switching

during CC mode of operation for EV battery charging, as shown in Fig. 3.15,

are built with design specifications given in Table 3.3. Switching devices used
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Table 3.4: Comparison of Calculated and Measured Transformer and Circuit
Parameters

Parameter Calculated Measured
k 0.468 0.447
NP 20 20
NS 20 20
LP 163 µH 163.46 µH
LS 163 µH 161.96 µH
µ 0.96 1 0.96 1

Qn,o 2.4 2.4 2.43 2.43
CP 63.48 nF 58.50 nF 61.70 nF 61.70 nF
CS 59.04 nF 59.04 nF 57.56 nF 61.96 nF
fP 49.41 kHz 51.47 kHz 50.11 kHz 50.11 kHz
fH 67.88 kHz 69.21 kHz 70.09 kHz 68.79 kHz

Parameter Calculated Measured
µ 0.96 1 0.96

∆g(Qn,o) 0.0159 0.0153 0.0157
∆e(Qn,o) 0.0381 0.0409 0.0386
Di(Qn,o) 1 1 1
Dv(Qn,o) 1 0.9570 1
Uin,min 191.66 V 191.54 V 186.5825

∆g(1.4Qn,o) 0.0115 0.0110 0.0113
Di(1.4Qn,o) 0.9955 0.9957 0.9956

2 cos−1 {Di(Qn,o)} 0◦ 0◦ 0◦

2 cos−1 {Di(1.4Qn,o)} 10.8640◦ 10.6477◦ 10.7883◦

θCC(Qn,o) 10.7700◦ 0◦ 10.5200◦

θCC(1.4Qn,o) 14.8975◦ 0◦ 14.5536◦

∆e(0.05Qn,o) 0.0021 0.0023 0.0021
Dv(0.05Qn,o) 0.9640 0.9613 0.9634

2 cos−1 {Dv(Qn,o)} 0◦ 33.7273◦ 0◦

2 cos−1 {Dv(0.05Qn,o)} 30.8603◦ 31.9918◦ 31.0901◦

θCV (Qn,o) 36.2488◦ 34.3081◦ 35.8358◦

θCV (0.05Qn,o) 85.2603◦ 84.9369◦ 85.2000◦
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Figure 3.15: Experimental prototype of the IPT system.

are Infineon CoolMOS IPW60R199CP with Ron = 0.041 Ω. Rectifier devices

are STMicroelectronics STTH60AC06C with VF = 0.8 V at rated power. The

loosely coupled transformer is constructed according to Section 3.3.2 using Litz

wire AWG38 with NP : NS = 20 : 20. The calculated and measured transformer

parameters are shown in Table 3.4. The measured parameters will be used for

the subsequent design. The winding resistances are measured near the calculated

operating frequencies. i.e., RPw
= 293 mΩ and RSw

= 298 mΩ at fP = ωP

2π
; and

RPw
= 379 mΩ and RSw

= 378 mΩ at fH = ωH

2π
. These give the winding quality

factors of approximately 174 at 50 kHz and 185 at 68.5 kHz. The equivalent

resistance RP for the model can be obtained asRP = RPw
+2Ron [173], which gives

QP = 136 at fP = 50 kHz and 152 at fH = 68.5 kHz. In contrast, QS is determined

by the windings resistance only. Moreover, the loss due to the rectifier diodes

can be modeled as a voltage source of 2VF connected in series with the battery.

Essentially, the quality factors of this transformer stay between the models of

constant resistance and constant quality factor described in Section 3.2.1. With

the parameters k, QP and QS measured, QLCC
can be obtained from (3.1) or

(3.3), and QLCV
can be obtained from (3.2) or (3.4).

Two prototype converters are designed with µ = 0.96 and 1. Since the physical
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transformers have k = 0.447, Qn,o can be read from Fig. 3.12 as 2.4. From (3.26),

CS is calculated as 59.04 nF for the two converters. Compensation capacitors CS

and CP are measured. Their values are shown in Table 3.4. Using ∆g and ∆e

determined from (3.5) and (3.7), Di(Qn,o) can be assigned as 1 and Dv(Qn,o) can

be obtained as shown in Table 3.4 according to (3.27).

The rated output voltage Un and current In can be scaled up or down with a

suitable value of UIN by using (3.6), (3.7) and (3.28), (3.29). The value of Uin,min

can be uniquely determined in this design. However, if (3.28) and (3.29) give two

significantly distinct values of Uin,min for CC and CV charging, the design should

be re-iterated with some appropriated values of LP and LS .

Using (3.15), θCC > 2 cos−1 {Di(Qn)} is checked for Qn varying from Qn,o

to 1.4Qn,o. Hence, soft switching during LIC operation is guaranteed for the

converter designed with µ = 0.96. Using (3.17), θCV > 2 cos−1 {Dv} is verified

forQn varying from 0.005Qn,o to Qn,o. Hence, soft switching during LIV operation

is also guaranteed for the converter designed with µ = 0.96. The values calculated

are shown in Table 3.4, where it is observed that the converter with µ = 1 does

not have soft switching during LIC output operation.

3.4.2 Soft Switching in LIC and LIV Operation

Using the prototype IPT converter designed with µ = 1, waveforms of the

converter at the start and end of the CC charging stage are shown in Figs. 3.16(a)

and 3.16(b), respectively. It can be observed that soft switching is still achievable

in Fig. 3.16(b), but Fig. 3.16(a) shows hard switching. Moreover, with µ = 0.96,

corresponding waveforms are shown in Figs. 3.17(a) and 3.17(b), which clearly

show ZVS operation.

Using the prototype IPT converter designed with µ = 1, waveforms of the

converter at the start and end of the CC charging stage are shown in Figs. 3.18(a)
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Figure 3.16: Waveforms of vAB, iP and IO at (a) start and (b) end of CC charging
mode of the IPT converter designed with µ = 1.
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Figure 3.17: Waveforms of vAB, iP and IO at (a) start and (b) end of CC charging
mode of the IPT converter designed with µ = 0.96.
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Figure 3.18: Waveforms of vAB, iP and IO at (a) start and (b) end of CV mode
of charging of the IPT converter designed with µ = 1.
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Figure 3.19: Waveforms of vAB, iP and IO at (a) start and (b) end of CV mode
of charging of the IPT converter designed with µ = 0.96.
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Figure 3.20: Measured charging efficiency η versus load quality factor QL.

and 3.18(b), respectively. Also, for µ = 0.96, corresponding waveforms are shown

in Fig. 3.19(a) and 3.19(b). All waveforms of LIV operation show ZVS.

3.4.3 Efficiency

A comparison of the calculated and measured efficiencies of the converter with

µ = 0.96 for the load quality factor varying from 0.11 to 3.08 of the battery

charging profile is shown in Fig. 3.20. The efficiencies have been measured using

two Voltech PM100 power analyzers, one for the DC input power and the other

for the DC output power. Theoretical calculations are shown in solid curve for CC

output and dashed curve for CV output. Practical measurements are marked with

‘◦’ for CC mode and with ‘⋄’ for CV mode. The reasons for the practical efficiency

being lower than the theoretical efficiency for both LIC and LIV operations are

• turn-on switching loss is not completely eliminated after employing ZVS,

• turn-off switching loss is not considered in the model,

• the output rectifying diode-bridge has nonlinearity which cannot be fully
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represented by a single loading resistor RL,

• the model only considers the fundamental frequency component and omits

all other components, and

• the rectifying diodes have forward voltage VF varying with the load, which

has not been considered in the loss calculation.

The experimental charging efficiency versus time of the two prototype

converters are shown in Fig. 3.21. The converter with µ = 0.96 achieving ZVS

gives a higher charging efficiency (marked with ‘◦’) while the hard switching

converter with µ = 1 gives lower charging efficiency (marked with ‘�’) in CC

charging mode. When the LIC output converter is controlled to operate in CV

mode, the measured efficiency (marked with ‘△’) decreases rapidly due to the

required fast decrease of duty cycle at lighter load conditions and the converter

ends up with hard switching. In Fig. 3.21, only four hard switching ‘△’ data

points are shown for the LIC operation providing a constant output voltage. The

measured efficiency points (marked with ‘⋄’) are the same data points appeared

in Fig. 3.20. There is no observable change in measured efficiency of the LIV
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waveforms at the two phase legs of the H-bridge. (b) Measured charging efficiency
η versus duty cycle D with LIC operation with µ = 1. The LIC output is
regulated by varying D to provide the required constant output current for CC
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output for the two prototype converters.

The losses in hard switching can be analyzed in terms of the typical square

voltage waveform vin after modulation and the current waveform iP of the H-

bridge inverter, as shown in Fig. 3.22(a). The switching loss and diode reverse

recovery loss during switching are estimated assuming a phase angle of θ
2
. Power

losses included in the calculation are switching loss PSwitch, diode reverse recovery

loss PRR, conduction loss PCond, primary winding loss PP , secondary winding loss

PS and forward voltage drop loss PF of the rectifier diodes [182]. The power

efficiency is thus estimated as η = PO

PO+PSwitch+PCond+PRR+PP+PS+PF
. A comparison

of the calculated and previously measured efficiency of the prototype converter

with µ = 1 is given in Fig. 3.22(b). Since the duty cycles required for CV output

by using the LIC operating point is well below the ZVS limit of D = 0.995 for the

prototype converter with µ = 0.96, a converter with a much smaller µ than 0.96

is needed to achieve soft switching. Fig. 3.22(c) shows the loss components versus

D, which verifies that the additional losses, i.e. PSW +PRR, due to hard switching

increases significantly with decreasing D. In contrary, the efficiency gained from
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soft switching is unable to counteract the extra loss incurred by using a much

smaller µ, as explained in Section 3.2.1. Hence, the converter operating with LIC

output has a narrow range of control by using PWM modulation and is unsuitable

for use as a CV output converter.

As a final remark, the converter operating efficiently with LIC output has a

tight modulation margin which is only good for achieving soft switching against

load variation. This supports the view that implementation cases (C2) and (C4)

of battery charging cannot achieve high efficiency as described in Section 3.1.

Fortunately, the charging current needs not be precise [183], and thus as long as

the current rating of the battery has been taken care of, the converter can be left

uncontrolled at its maximum duty cycle. If a precise output current is needed

against input voltage variation, a fixed-frequency-on-off control can be utilized

for this converter [184]. Finally, the experimental charging voltage and charging

current versus time for the ZVS converter with µ = 0.96 are shown in Fig. 3.23.

The overall experimental charging efficiency is found to be 94.5%.

3.5 Summary

An IPT EV charging system, which is based on a single compensated topology

and two fixed operating frequencies, has been described in this chapter. The

series-series capacitor compensation topology has the characteristics of load-

independent current output and load-independent voltage output at two different

operating frequencies, which are suitable for constant-current charging and

constant-voltage charging of the EV battery, respectively. Analysis and design for

efficiency optimization have been studied in depth, and experimental evaluation

of a 1.5 kW IPT EV battery charger has been reported.
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Chapter 4

Control Design for Optimizing

Efficiency

In Chapter 3, a single topology IPT converter is designed for EV battery charging

by operating at LIC and LIV. However, this design is not suitable for general

applications which usually have arbitrary variation of coupling coefficient and

output power. Therefore, this chapter will go into a general multi-stage IPT

system and propose a simple and fast voltage control scheme for efficiency

optimization and power control. Such IPT system can be used in arbitrary

applications with variations of coupling coefficient and load condition.

Design and optimization of inductive power transfer (IPT) systems have been

widely studied. One of the main objectives is to achieve high efficiency. The

optimization involves the choice of appropriate structure of magnetic couplers

[117] and their interoperability [121]. It is well known that a higher coupling

coefficient and higher coil quality factors of the pair of windings of the magnetic

coupler would increase the system efficiency [4, 185]. Optimization approaches

for these two parameters to achieve high efficiency have been proposed [88, 186].

Meanwhile, since the system efficiency is not monotonically varying with the

load, optimum loads that achieve maximum efficiency of the system are also

75
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studied [50, 172, 173]. Moreover, various design aspects to achieve maximum

efficiency for different converter transfer functions using series and parallel

compensations have been studied [136, 137]. Previous studies show that given a

coupling coefficient and coil quality factors, an IPT converter should be designed

to operate at some fixed operating frequencies with load-independent transfer

characteristic to modulate slightly for soft switching when a simple half-bridge

or full-bridge inverter circuit is used, and to operate within a restricted load

range in order to achieve maximum efficiency [134, 136, 137, 158]. Among the

four basic types of compensation, the widely used series-series compensated IPT

(SSIPT) converter is the most power efficient IPT converter when it is operating

with load-independent output current [50,134,136,137,158,172,173]. However, in

some practical applications, the design may not meet the required wide variations

of the coupling coefficient, the load resistance and the load power. Thus, once

an IPT converter has been designed at a particular coupling coefficient and a

particular load, the efficiency of the IPT system cannot always be maintained

near its maximum point.

To improve the system efficiency under variation of the load, a load-side

DC/DC converter is connected between the load and the secondary of an SSIPT

converter to adaptively control the equivalent load observed by the SSIPT

converter, thus maintaining a maximum efficiency of the front-end power amplifier

driver [164,187]. To achieve output regulation, source modulation is needed. The

modulation can be provided by either a pulse-width modulated inverter, a front-

side DC/DC converter which amplitude-modulates the inverter circuit, or a power

amplifier. The inverter circuit is mostly implemented by either a half-bridge or

full-bridge circuit which provides the highest efficiency but suffers from shallow

modulation due to the need for maintaining soft switching [136, 137, 173]. The

depth of modulation can be greatly improved when the inverter is amplitude-

modulated by a front-end DC/DC converter. The combined circuit incurs a
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penalty of additional loss due to the extra power stage. The power amplifier can

be considered as a circuit consisting of a front-side DC/DC converter, amplitude

modulating an inverter circuit with an output filter. The study by Li et al. [163]

shows that a system consisting of the SSIPT converter with front-side and

load-side DC/DC converters (the system is denoted as F-SSIPT-L) can achieve

better overall system efficiency compared to a system consisting of the same

SSIPT converter and a load-side DC/DC converter utilizing the modulation of

the internal inverter (such a system is denoted as M-SSIPT-L) with frequency

modulation. A maximum efficiency tracking (MET) algorithm has been proposed

by Li et al. [163], where the secondary DC/DC converter regulates the output

voltage while the front-side DC/DC converter maximizes the system efficiency.

Another MET algorithm has also been studied using the F-SSIPT-L system

where the front-side DC/DC converter controls the input current of the SSIPT

converter for better handling of small coupling coefficient and light load [165].

Furthermore, a MET algorithm has been applied to the inverter to minimize

the input power of an M-SSIPT-L system where the load-side dc/dc converter

solely regulates the output [160]. The benefit is that no wireless data feedback

is needed from the secondary to the primary of the magnetic coupler. The MET

control schemes studied so far are based on perturbation and observation (P&O)

of the system power or the system efficiency [160,163–165]. It is well known that

P&O based control schemes are slow due to the uncertainties of perturbation

speed and amplitude. Moreover, such control schemes are based on real-time

processing of both voltage and current for obtaining information of power or

efficiency, resulting in high error of the processed information and necessitating

the use of cost-ineffective current sensor(s).
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Figure 4.1: SSIPT converter cascaded with a front-side converter and a load-side
converter.

4.1 Maximum IPT Converter Efficiency and

Input-to-output Ratio

For simplicity, the SSIPT converter is normally designed to operate at the aligned

resonant frequency, i.e., ω = ωP = ωS, where ωP and ωS are given in (2.12)

and (2.13), respectively. As a result, the power efficiency η is maximized at a

particular load quality factor QL,opt given in (2.19). Therefore, the optimum load

resistance RL,opt is therefore given by

RL,opt = RS

√

1 +
ω2M2

RPRS

. (4.1)

The magnitude of the transconductance |G| at this operating frequency is given

by

|GLIC| =
ωSM

RP (RS +RL) + ω2
SM

2
. (4.2)
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The voltage transfer ratio at maximum efficiency is thus given by

∣

∣

∣

∣

vo
vi

∣

∣

∣

∣

= |GLIC|RL,opt ≈
√

RS

RP

for
ω2M2

RPRS

≫ 1. (4.3)

From (4.3), it is possible to maintain a high IPT converter efficiency by

controlling the converter voltage ratio at
√

RS

RP
against variation of the load.

4.2 SSIPT Converter Voltage Ratio Control

A general three-stage IPT system is illustrated in Fig. 4.1 [160,163,165]. The IPT

system includes a front-side dc/dc converter, an SSIPT converter and a load-side

dc/dc converter. The operating frequency of the inverter is fixed at the resonant

frequency to achieve maximum efficiency. The control functions of the three-stage

system provide

1. regulation to the output voltage or current, and

2. control for maximum efficiency of the SSIPT converter.

Three control schemes with optimization functions PIN, η and Verr are shown in

Fig. 4.1 and compared in Table 4.1. Dynamic response of P&O based controller

are slow to track the maximum efficiency. Moreover, the output voltage and

current of the IPT converter maybe overshoot or undershoot in response to

variations of coupling coefficient or load condition. Some advantages of our

proposed linear control method can be readily observed:

1. The control function versus modulated input m1 (duty cycle of the front-

side converter) is monotonic with a well defined control reference Verr = 0

to minimize the error voltage Verr = V1 −
√

RP

RS
V2. With a proper design, a

simple linear PI controller can be implemented with either analog or digital

techniques. This results in a faster response.
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2. The sampled voltages can be used for the linear PI controller without further

processing. This results in a faster and more accurate response. Moreover,

no current sensor is required, and the system cost is lower.

In view of the potential advantages of our proposed control, the details of our

converter system are given subsequently. The steady-state operation of the

converter system is studied in this section. Small signal analysis will be conducted

in Section. 4.3.1. The load-side converter regulates the output voltage or current

to the load R and it appears as a power load PO at the output and sinusoidal

magnitudes, we have 1
ωM

=
∣

∣

∣

io
vi

∣

∣

∣
=

π
2
I2

4
π
V 1

, which gives

PO = V2
8

π2ωM
V1. (4.4)

To achieve (4.3), it is equivalent to minimize |Verr| given by

Verr = V1 −
√

RP

RS

V2 = V1 −
√

RP

RS

POπ
2ωM

8V1
. (4.5)

When using a front-side PWM converter, V1 is the modulated output of VIN

from a modulation index m1 = V1

VIN
. Monotonic curves for the control function

Verr of (4.5) are shown in Table. 4.1 under different coupling coefficient k = M√
LPLS

.

linear PI controller can be usd for its simple structure, better robustness and

higher reliability. The design will be presented in Section.4.3.
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Figure 4.2: Schematic of the system.

4.3 Controller Design

Linear PI controllers will be designed to optimize the efficiency of the SSIPT

converter system. Fig. 4.2 shows the schematic of the proposed control. For the

SSIPT converter, an H-bridge inverter is used to generate an AC voltage at the

resonant frequency. Thus, the SSIPT converter behaves as a transconductance

converter. The current output is cascaded with a buck-boost converter which is

regulated with a stand-alone PI controller to achieve a constant voltage output

VOUT. The front-side converter is a buck converter whose output voltage V1 drives

the SSIPT converter. Voltages V1 and V2 of the SSIPT converter are sampled.

No current sensor is needed here. Voltage V2 after scaled by a factor of
√

RP

RS
is

transmitted wirelessly from the secondary to the primary of the magnetic coupler

and connected to the input of the PI controller of the buck converter. The voltage

error Verr is controlled to be zero by the buck PI controller to attain maximum

efficiency of the SSIPT converter.

At the optimal efficiency point, the steady-state parameters of the converters

are calculated using Req = π2

8
ωM

√

RS

RP
, Rbuck = π2

8
ωM

√

RP

RS
, V2 = VOUT

√

Req

R
,

and V1 = VOUT

√

Rbuck

R
, by assuming that all converters are lossless.
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4.3.1 Small-signal Model of Transcondutance

The small-signal transfer function of the SSIPT converter can be derived and

calculated using the generalized averaging technique given in [188] for ordinary

PWM and resonant power converters. Later, the same technique has been

rephrased as dynamic-phasor model and applied for single-phase induction

machines [189], microgrid systems [190] and extended for the perspective control

of power converters [191]. Since the application of the generalized averaging

technique or the dynamic-phasor model may not be obvious for the IPT

converters, the procedure is highlighted as follows. A sinusoidal signal x(t) with

time-varying magnitude X and phase angle θ can be written by

x(t) = X sin(ωt+ θ) (4.6)

= X [cos θ sinωt+ sin θ cosωt] (4.7)

= Xd sinωt+Xq cosωt (4.8)

= ℑ
(

(Xd + jXq)e
jωt

)

, (4.9)

where Xd = X cos θ, Xq = X sin θ are the direct and quadrature components of

x(t). The time functions of the slow time-varying properties of X , θ, Xd and Xq

are omitted for brevity. It can be readily shown that

dx(t)

dt
= ℑ

{[(

dXd

dt
− ωXq

)

+ j

(

dXq

dt
+ ωXd

)]

ejωt
}

. (4.10)

For a pure capacitor C having current iC(t) and voltage vC(t), and a pure inductor

L having current iL(t) and voltage vL(t), the following basic relationships hold

iC(t) = C
dvC(t)

dt
, and (4.11)

vL(t) = L
diL(t)

dt
. (4.12)
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Substituting (4.9) and (4.10) into (4.11) and (4.12) and simplifying, we have

IC,d + jIC,q = C

(

dVC,d

dt
− ωVC,q

)

+ j

(

dVC,q

dt
+ ωVC,d

)

, and (4.13)

VL,d + jVL,q = L

(

dIL,d
dt

− ωIL,q

)

+ j

(

dIL,q
dt

+ ωIL,d

)

. (4.14)

We can write x(t) as a complex vector given as Ẋ = Xd + jXq. Hence, (4.13)

and (4.14) can be simplified at steady-state to become

İC = IC,d + jIC,q = jωV̇C , and (4.15)

V̇L = VL,d + jVL,q = jωİL, (4.16)

which is commonly used in complex vector analysis. Obviously, (4.13) and (4.14)

are vector transformations of (4.11) and (4.12). We can write (4.13) and (4.14)

in matrix forms as

IC = C

(

Iω +
d

dt

)

VC , and (4.17)

VL = L

(

Iω +
d

dt

)

IL, (4.18)

where XY = [XY,d, XY,q]
T is a column vector and

Iω =







0 −ω

ω 0






(4.19)

is a 2× 2 matrix.

The SSIPT system shown in Fig. 2.2(a) is governed by a state-space equation

given as

d

dt
X = AX +BV, (4.20)
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where

X =

[

vP (t) vS(t) iP (t) iS(t)

]T

(4.21)

V =

[

vi(t) vo(t)

]T

(4.22)

A =



















0 0 1
CP

0

0 0 0 1
CS

−αP β −αPRP βRS

β −αS βRP −αSRS



















(4.23)

B =







0 0 αP −β

0 0 −β αS






(4.24)

αP =
1

LP (1− k2)
, (4.25)

αS =
1

LS(1− k2)
, (4.26)

β =
k

(1− k2)
√
LPLS

, (4.27)

Here, vP (t) is the voltage of CP , vS(t) is the voltage of CS, iP (t) is the current

of LP and iS(t) is the current of LS. The SSIPT system has input vi(t) and

output vo(t) powering load RL. All state variables are sinusoidal.

Equation (4.20) can be readily vector transformed using (4.17) and (4.18) to

obtain

d

dt
X = AX+BV, (4.28)
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where

X =

[

VP VS IP IS

]T

(4.29)

V =

[

VI VO

]T

(4.30)

A =


















−Iω 0 1
CP

I2 0

0 −Iω 0 1
CS

I2

−αP I2 βI2 −αPRP I2 − Iω βRSI2

βI2 −αSI2 βRP I2 −αSRSI2 − Iω



















(4.31)

B =







0 0 αP I2 −βI2

0 0 −βI2 αSI2







T

(4.32)

where I2 is the 2-dimensional identity matrix and variable XY = (XY r, XY i)
T .

A converter is cascaded with the SSIPT instead of a resistor. Assumed that

the converter is well controlled to maintain a constant voltage or current output,

it can be considered as a constant power load [192]. The extended describing

function of VO is given

VO,d = −2PO

IS,d
I2S,d + I2S,q

, (4.33)

VO,q = −2PO

IS,q
I2S,d + I2S,q

, (4.34)

PO is the output power of the SSIPT. With (4.28), (4.33) and (4.34), The

small signal model of (4.28) can be derived,











d

dt
X̂ = ÂX̂+ B̂V̂I

ÎO = ĈX̂

(4.35)
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where

X̂ =

[

V̂P V̂S ÎP ÎS

]T

(4.36)

V̂I =

[

V̂I,d V̂I,q

]T

(4.37)

ÎO =

[

ˆIO,d
ˆIO,q

]T

(4.38)

Â =














−Iω 0 1

CP
I2 0

0 −Iω 0 1

CS
I2

−αP I2 βI2 −αPRP I2 − Iω β(RSI2 + Iδ)

βI2 −αSI2 βRP I2 −αS(RSI2 + Iδ)− Iω















(4.39)

B̂ =

[

0 0 αP I2 −βI2

]T

(4.40)

Ĉ =

[

0 0 0 −Iω

]

(4.41)

Iδ =







P −P

P −P






, and (4.42)

P = 2PO

−i2S,d + i2S,q

(i2S,d + i2S,q)
2 . (4.43)

The frequency response of the transconductance of the SSIPT converter is

plotted using Matlab with details shown in Fig. 4.3. It shows that, within a band-

width of 1
100

of the fundamental frequency, the simulated transconductance can

be approximated as the ideal transconductance 1
ωM

, which is load-independent.

4.3.2 Voltage Error Control Loop

We define x̂y as small signal of Xy. Since the designed bandwidth of the control

will be far lower than 1
100

th of the fundamental frequency, the SSIPT converter

in Fig. 4.2 will be considered as a flat-frequency transconductance, given by
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GI =
î2
v̂1

=
8

π2ωM
. (4.44)

General wireless communication protocols, like 2.4G, are fast enough to

transmit the output voltage V2 of the SSIPT converter, and time delay is not

considered here [4]. The load-side buck-boost converter is assumed to be ideally

controlled as a constant power load, and its input small-signal impedance is

considered as a negative resistance −Req in this small-signal model [192]. Voltage

v̂2 is thus given as

v̂2 = v̂1GI(−Req) = −v̂1

√

RS

RP

. (4.45)

From (4.3) and the bandwidth considered, the voltage error transfer function
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Figure 4.4: Block diagram of the voltage control loop of the cascaded buck-SSIPT
converter system.

of the SSIPT converter is assumed as

Gverr =
v̂1 − v̂2

v̂1
= 1 +

√

RS

RP

. (4.46)

The input voltage v̂1 of the SSIPT converter is controlled by the front-side

buck converter in Fig. 4.2, the control to output transfer function of the buck

converter is given by [193]

Gvd1 =
v̂1

d̂1
=

VIN

LaCas2 +
La

Rbuck
s+ 1

. (4.47)

The control loop of the system is shown in Fig. 4.4. The transfer function of

the input duty cycle d̂1 to the voltage error v̂err is given by Gvd1Gverr, of which the

Bode diagram is shown in Fig. 4.5(a). For this system, the design of compensator

GC1 is similar to that of a buck converter [194]. Thus, a simple PI controller GC1

can be chosen as

GC1 =
KP s+KI

s
. (4.48)

4.3.3 Stability Analysis

The open loop transfer function T of the front-side buck converter cascaded with

the SSIPT converter is given by
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T = GC1Gvd1Gverr. (4.49)

A third-order characteristic equation of the system is obtained by solving

1 + T = 0 as

a3s
3 + a2s

2 + a1s+ a0 = 0. (4.50)

where a3 = LaCa, a2 = La

Rbuck
, a1 = (1 +

√

RS

RP
)KPVIN + 1 and a0 = (1 +

√

RS

RP
)KIVIN.

The load R and the coupling coefficient k usually vary within some ranges

during operation. To have stable control, KP andKI should be designed to ensure

system stability for all operating ranges. From the characteristic equation, R does

not contribute to the design of KP and KI . An example design of the controller

shown in Fig. 4.4 illustrates that all roots are located in LHP. Therefore, the

stability of the system is ensured for k varying from 0.1 to 0.3.

4.4 Experiment Evaluation

An experimental prototype as shown in Fig. 4.6 is built to verify the linear

control scheme and a version of P&O control scheme [160] is also implemented

for comparison. The parameters of the schematic shown in Fig. 4.2 are given in

Table 4.2.

4.4.1 Design of Control Parameters

When the magnetic coupler is designed without a magnetic core, the variation

of the air gap distance has little effect on the self inductances. Thus, the
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Figure 4.5: (a) Frequency response of v̂err versus d̂. (b) Locations of pole (marked
with ‘x’) and zero (marked with ‘o’) of the system with KP = 0.01, KI = 0.5,
when k increases from 0.1 to 0.3 as indicated by the arrow direction. Simulation
parameters of the SSIPT converter are LP = LS = 30 µH, CP = CS =21.11 nF,
and ω

2π
= ωP

2π
= ωS

2π
= 200 kHz. Parameters of the buck converter are La = 1.2

mH, Ca = 760 µF, VIN = 50 V, VO = 30 V, and R = 20 Ω.
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Figure 4.6: Experiment setup of the system and enlarged image of the loosely
coupled transformer.

Table 4.2: Components and Parameters of the System
Converter Parameters Symbol Value

Buck

Switch Sa IRF540N
Diode Da MBR20100CTG
Inductor La 1.2 mH
Capacitor Ca 780 µF

SSIPT

Switches Sb1-Sb4 MTP5P06V
Diode Db1-Db4 MBR20100CTG
Inner diameter di 9 mm
Coil width w 1.2 mm
Outer diameter do 88 mm
Primary turns NP 29
Secondary turns NS 30
Air gap distance g 45 mm 33 mm 25mm
Coupling coefficient k 0.1217 0.1739 0.2541
Primary self inductance LP 31.48 µH 31.477 µH 31.467 µH
Secondary self inductance LS 32.98 µH 32.974 µH 32.955 µH
Primary winding resistance RP,w 245.8 mΩ 245.76 mΩ 245.59 mΩ
Secondary winding resistance RS,w 246.3 mΩ 246.32 mΩ 246.33 mΩ
Compensation capacitance CP 19.98 nF
Compensation capacitance CS 19.08 nF

Buck-
boost

Switch Sc IRF540N
Diode Dc MBR20100CTG
Capacitor Cc1 680 µF
Inductor Lc 1.2 mH
Capacitor Cc2 470 µF
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resonant frequency can be considered as constant and the operating frequency

of the inverter can be fixed. However, when the magnetic coupler is designed

with a magnetic core to improve the coupling coefficient, the variation of the

air gap distance will affect the self inductances significantly [117]. Therefore,

the operating frequency of the inverter should be dynamically adjusted to match

the resonant frequency by using additional control, such as the self-oscillating

control given in [145]. For the prototype studied in this chapter, since the

magnetic coupler is designed without a magnetic core, the variation of the air

gap distance has little effect on the self inductances, as shown in Table II, and

no additional control for frequency adaptation is applied. The input voltage VIN

of this prototype is fixed at 50 V. The output voltage VOUT is maintained at 30

V. A PI controller with KP = 0.01 and KI = 0.5 is designed for voltage control.

The SSIPT converter is designed to operate at zero input phase angle. Apart

from the winding loss, additional loss to be incorporated into RP from the inverter

includes conduction loss from Ron and turn-on loss Pswitch−on of the MOSFET

switches. Additional loss to be incorporated into RS includes loss due to the

rectifier forward voltage VF . Therefore, RP and RS in 4.3 are approximated as

RP ≈ RP,ω+2Ron+
16Pswitch−on

π2I21
and RS ≈ RS,ω+

16VF

π2I21
where RP,ω and RS,ω are the

primary and secondary winding resistances, respectively, of the magnetic coupler.

The efficiency of the SSIPT converter is measured by a Yokogawa PX8000

Precision Power Scope. The buck-boost converter is closed loop controlled and

the buck converter is also closed loop controlled with different control references.

The efficiency curves of the SSIPT converter versus output power for different

values of the voltage ratio are measured as shown in Fig. 4.7. At V2

V1
= 1, near

maximum efficiency (with less than 1% error) can be achieved under different

loading conditions. Therefore, V2

V1
= 1 is used as the control reference for achieving

maximum efficiency.
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Figure 4.7: Measured efficiency of SSIPT converter versus output power under
various voltage gains at (a) k = 0.1739, (b) k = 0.2541.
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4.4.2 Small-Signal Response

Fig. 4.8 shows the measured frequency response of the input duty cycle to the

voltage error of the SSIPT converter. It matches the simulation result shown in

Fig. 4.5(a) and verifies that the design of small-signal parameters of the controller

for the cascaded buck-SSIPT converter can follow that of a buck converter.

4.4.3 Transient Response Against Variation of k

To show the performance of the proposed control, variation of the air gap distance

is introduced by using a dc motor which dynamically varies the position of the

secondary side coupler. In Fig. 4.6, an enlarged image shows the prototype of

the loosely coupled transformer with position variation driven by a motor. At

position A, the air gap distance g is 25 mm and the coupling coefficient k is

0.2541. At position B, g is 45 mm and the coupling coefficient k is 0.1217. More

parameters of the loosely coupled transformer are shown in Table.4.2.

Experimental waveforms using voltage error control for the dynamical varia-

tion of g at a time scale of 2 s/div are shown in Fig. 4.9. The efficiency of the

system is kept at its optimum by observing that the instantaneous voltages V2

and V1 are kept almost identical under variation of k (or g).

As a comparison, experimental waveforms using an implementation of the

minimum input current P&O control are also measured as shown in Fig. 4.10.

The same variation speed of g as in Fig. 4.9 is used. In the minimum input current

P&O control, a perturbation frequency 20 times faster than that adopted in [160]

is used with the same perturbation size. Thus, the P&O control in this chapter

is theoretically faster than that in [160]. Fig. 4.10 shows that, the instantaneous

input current IIN needs more than 8 second to settle to the steady-state solution.

The response of this P&O control is much slower than the voltage error control

proposed in this chapter against variations of k.
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(a)

(b)

Figure 4.8: Measurements of the frequency response of input duty cycle to voltage
error of the SSIPT at (a) k = 0.1739, (b) k = 0.2541.
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Figure 4.9: Transient waveforms of key control parameters of voltage error control
with g dynamically changing (a) from 25 mm to 45 mm, (b) from 45 mm to 25
mm. The load resistance R is 10 Ω.
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Figure 4.10: Transient waveforms of key control parameters of an implementation
of the minimum input current P&O control with g dynamically changing (a) from
25 mm to 45 mm, (b) from 45 mm to 25 mm. The loading condition is R is 10
Ω.
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4.4.4 Transient Response Against Load Variations

Fig. 4.11 shows the waveforms of voltage tracking processes of the load R

switching from 55 Ω to 10 Ω and from 10 Ω back to 55 Ω. Using the PI controller,

the steady-state error is eliminated. Within 300 ms, the input voltage V1 and the

output voltage V2 are tracked, so that maximum efficiency of the system are

maintained. We have performed experiments using the same parameters based

on the P&O control implemented in Section.4.4.3. We found that the transient

voltage fluctuations can be harmful to the converters. Therefore, a reduced load

range switching from 30 to 10 Ω is used for comparison of performance between

the voltage error control and the P&O control. Four key parameters IIN , V1, V2

and VOUT of the system as shown in Fig. 4.2 are chosen for the comparison of

waveforms. In Fig. 4.12, the timebase is set at 4 s/div, the test systems are open

loop before t1 with R = 30Ω, the controls are applied after t1, and the loads are

switched to R = 10Ω at t2. Fig. 4.12(a) shows the transient waveforms when

the voltage error control is used. It can be observed that VOUT is always tightly

regulated regardless of the excitations applied. This shows that the independently

controlled load-side buck-boost converter can be stable with the input current I2

(not shown) and voltage V2 for the whole period of time indicated in Fig. 4.11(a).

As soon as the voltage ratio control is applied at t1,
V2

V1
is immediately regulated

at 1. At the same time, IIN is also reduced immediately, thus improving the

system efficiency. At t2, the output power increases by threefold by switching

the load resistance from 30 Ω to 10 Ω. The voltage ratio is rapidly followed and

controlled with V1 = V2 = 30V at steady state.

Under the same experimental condition, the minimum input current P&O

control produces the transient waveforms shown in Fig. 4.12(b). The system is

completely out of control after t2 upon load switching. The system instability can

be explained as follows. With the same initial condition as that of the voltage
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Figure 4.11: Transient waveforms of voltage tracking processes for R switching
from 55 Ω to 10 Ω and from 10 Ω to 55 Ω at (a) k = 0.1739, (b) k = 0.2541.



4. Control Design for Optimizing Efficiency 101

t1 t2

VOUT (10V/div)

V2 (10V/div)

V1 (10V/div)

IIN (0.5A/div)

(a)

over voltage

out of control

t1 t2

minimum

input current

VOUT (10V/div)

V2 (10V/div)

V1 (10V/div)

IIN (0.5A/div)

(b)

Figure 4.12: Transient waveforms of (a) voltage error control, and (b) minimum
input current P&O control. At t1, the control is executed. At t2, load resistance
R is switched from 30 Ω to 10 Ω. k is 0.1739.
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ratio control, the minimum input current P&O control is executed right after t1.

It takes more than 10 seconds to search for the minimum input current. As shown

in Fig. 4.12(b), the voltage ratio V2

V1
can be kept between 0.8 and 1.2, which are

within the range of maximum efficiency as indicated in Fig. 4.7. At t2, the output

power increases three times by switching the load resistance from 30 Ω to 10 Ω.

The SSIPT converter is a transconductance converter and the load-side converter

is a current-driven converter. The output current I2 of the SSIPT converter is

proportional to V1. Due to the slow regulation of V1 by the P&O control, I2

cannot keep up with the sudden large increment of the output power. However,

the control loop of the load-side converter is fast. Therefore, the voltage input

V2 of the current-driven load-side converter rises rapidly trying to acquire more

power. As shown in Fig. 4.12(b), V2 becomes saturated because of over voltage,

leading to the output voltage being out of control. By comparing Fig. 4.12(a) and

Fig. 4.12(b), the voltage error control has better robustness against load-variation

due to its faster regulation speed.

4.4.5 Discussion

Table 4.3: k-independent Converter Transfer Function at Maximum Efficiency
Topology Converter at maximum efficiency

SS vo
vi

=
√

RS

RP

PS vo
ii
= ωLS

√

RS

RP

For an IPT converter with a k-independent input-to-output transfer function

and maximum efficiency, the linear control method proposed in this chapter can

be used. Two example converters are shown in Table. 4.3. For IPT converters

having k-dependent input-to-output transfer functions and maximum efficiency,

before applying this linear control method, the k-dependent characteristic should

be removed by some means, such as using a self-oscillating control as proposed
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in [195]. Design parameters of the IPT converters are usually known during the

design phase. Equivalent series resistances RP and RS can be estimated from

device parameters. The approximated voltage ratio V2

V1
can be calculated using

(4.3) as a control reference. Moreover, if the parameters are not available during

the design phase or whenever verification is necessary, they can be measured

experimentally as illustrated in Fig. 4.7. Alternatively, automatic in-circuit

measuring methods, such as the P&O method, can also be implemented to

determine the voltage ratio V2

V1
at maximum efficiency dynamically at the expense

of using more sensors. The voltage ratio V2

V1
determined can be stored as a

control reference for the linear control method proposed in this chapter to improve

performance.

4.5 Summary

To achieve maximum efficiency of an inductive power transfer (IPT) system, it

is common to use nonlinear perturbation and observation (P&O) control for an

IPT system consisting of an IPT converter cascaded with front-side and load-

side dc/dc converters. The P&O control is inevitably slow. A linear control

scheme is proposed to achieve fast maximum efficiency tracking for an inductive

power transfer system in this chapter. By observing that the maximum efficiency

occurs at a specific input-to-output voltage transfer ratio, a small-signal model

for the IPT converter and the front-side converter operating as a combined

transconductance converter is developed in this chapter. To be compatible with

the current output of the transconductance converter, the load-side converter is

designed with a stand-alone trans-resistance converter. The controllers for the

system are analyzed and experimentally verified to be fast and effective in this

chapter.
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Chapter 5

Stability Criteria for SSIPT

Power Distribution System

In previous chapters, we have discussed that the SSIPT converter can provide a

constant output current which is independent of load variations when operating

at its power efficient point [136,158]. The SSIPT converter cascaded with a single

load-side converter for output power regulation is studied in Chapter 4. In this

chapter, we will generalize the current-source system where the SSIPT converter

is cascaded with multiple load-side converters.

Wireless power transfer systems are often designed with an inductive power

transfer (IPT) converter cascaded with a downstream pulse-width modulation

(PWM) converter to achieve a high overall system efficiency under line or load

variation [150, 160, 163, 187, 196]. As an example, a three-stage IPT system is

studied in Chapter 4. In this chapter, we will go further into a current-source

system where an SSIPT converter is cascaded with multiple load-side converters.

The series-series compensated IPT (SSIPT) converters [160,163,187,196] are

among the most power efficient IPT converters [136, 158]. In this current-source

system, no voltage regulation is needed at the interface of the cascaded power

converters. Therefore, an equivalent source converter of the system has high

105



106 5. Stability Criteria for SSIPT Power Distribution System

output impedance which makes it difficult to meet the Middlebrook stability

criterion applied to a voltage-source system that a stable cascaded converter

should have its upstream power converter having a substantially lower output

impedance compared to the input impedance of its downstream power converter

[197–199]. However, the impedance-based stability criterion for current-source

systems presented by [200, 201] is not general enough for applications with

multiple loads, as shown in Fig. 5.1. In such a system, the converters can share

either a common voltage bus or a common current loop. Additionally, as will

be shown in Section 5.3, the definition of either a voltage-source system or a

current-source system is still unclear for the configurations shown in Figs. 5.1(b)

and (c), making direct application of the Middlebrook stability criterion and its

dual rather difficult.

In this chapter, we analyze the general cascaded converter system by

considering an equivalent model as seen by one of the DC/DC converters and

apply power balance to gain insights into the difference between a voltage-source

system and a current-source system. A general set of impedance based criteria of

stability will be developed as a generalization of the criteria presented in [200,201].

The set of stability criteria developed from this simple model will be verified

experimentally by a cascaded SSIPT-PWM converter system. A stable prototype

of independently controlled IPT and PWM converters will be demonstrated.

5.1 Impedance-based Stability Criterion

Impedance-based stability criterion [197] has been applied for the voltage source

system consisting a voltage-source converter and a load converter connected in

cascade,with a regulated voltage being the interface between the source and load

converters.Based on a small-signal model, the Middlebrook stability criterion

states that the system is stable if the following conditions are satisfied
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V1 the source converter having an output voltage Vo and output impedance Zs

is stable without being loaded,

V2 the load converter having an input impedance Zl is stable when connected

to an ideal voltage source Vo, and

V3(a) aggressively, Tv = Zs/Zl satisfies the Nyquist stability criterion, or

V3(b) conservatively, |Tv| ≪ 1

Cascaded-converter systems with an inverter of high impedance current source

output connected to the low impedance input of a grid voltage have been studied

by Sun [200] who identified the systems as as current source systems and presented

a stability criterion as a dual to that given in [197]. Specifically, this current source

system is stable if the following conditions are satisfied:

C1 the source converter having an output current Io and impedance Zp is stable

without being loaded,

C2 the load converter having an input impedance Zl is stable when connected

to an ideal current source Io, and

C3(a) aggressively, Tc = Zl/Zp satisfies the Nyquist stability criterion, or

C3(b) conservatively, |Tc| ≪ 1

The above stability criteria have been applied to dc power distribution

systems with multiple sources and loads where the numbers of sources and loads

are changing dynamically [201]. Apart from verifying condition V1 or V2 as

appropriate for each converter, the system’s minor loop gain Tv (referred to in

V3) has been extended to include every impedance (or admittance) of the system
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given by

Tv =
parallel of all m source impedances

parallel of all n load impedances
(5.1)

=

∑n
j=1

1
Zlj

∑m

j=1
1

Zsj

. (5.2)

Likewise, similar modification has been proposed for the current-source system.

However, only the usual voltage source systems are studied in detail [201] due

to the fact that such voltage source systems, having a dominating bus voltage

regulator, are the only systems considered in most DC power distribution systems.

5.2 Steady-state Operation Points from View-

point of Power Balance

To differentiate a voltage-source system from a current-source system, we can

consider the DC steady-state model of the system by referring to Fig. 5.1 with

all small-signal variables being replaced by their DC counterparts. For brevity,

we can start with n = 1, where Fig. 5.1(a) becomes identical to Fig. 5.1(c) and

Fig. 5.1(b) becomes identical to Fig. 5.1(d). The DC operating circuit for n =

1 is shown in Fig. 5.2, where the source and load share the same voltage bus V

and current loop I.

Fig. 5.1 shows equivalent small-signal models of closed-loop converters. We

assume that the converters are stable, operating safely within their voltage,

current and power ratings, and can be perfectly controlled to their DC operating

points with a finite bandwidth fBW . In this sense, the voltage-source converter S1

has been stably biased to its DC operating point as an ideal voltage source Vo with

a small source resistance RS, which represents the resistance of interconnection

as well as the intentional output resistance from control algorithms such as the
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Figure 5.1: Impedance-based models of a source converter S1 and n load
converters W1, · · · ,Wn. Components inside the dotted line blocks are the small-
signal-equivalent circuit of the converters. (a) Voltage source converter S1 sharing
a common voltage with n load converters. (b) Current source converter S1 sharing
a common voltage with n load converters. (c) Voltage source converter S1 sharing
a common current with n load converters. (d) Current source converter S1 sharing
a common current with n load converters.
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Figure 5.2: DC operation models of a source converter S1 and a load converter
L1. Components inside the dotted line blocks are the DC-equivalent circuit of
the converters. (a) Voltage source converter S1 sharing a common voltage with a
load converter. (b) Current source converter S1 sharing a common voltage with
a load converter.

droop controller. The DC operating circuit shares the same circuit structure as

shown in Fig. 5.1, with the corresponding DC variables being represented with

uppercase letters and subscripts as appropriate. Likewise, we have an ideal DC

current source Io and its large parallel output resistance RP for a current-source

converter.

The n-load converters are normally regulated with a constant output voltage

or current. When such near lossless converters are connected with resistive loads,

their inputs will behave as a near perfect constant power sink PWi = VWiIWi ,

where i = 1, , n. Obviously, the same PWi can be biased at different points on a

constant power curve, such as points A, B or C, as shown in Fig. 5.3. It should

be noted that point A has a DC resistance of RA = VA

IA
while its incremental

resistance on the constant power curve is −RA, which should equal Zwi within

fBW . Obviously, to meet the output power requirement of PWi, the load converter

Wi can be biased anywhere on the power curve. The choice of biasing at a point

on the power curve will be decided by the practical requirements of meeting

the voltage and current ratings by designing a suitable RWi and the regulation

bandwidth dictates the associated Zwi(f) = −RWi with f < fBW.
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Figure 5.3: Constant power curve with biasing points A, B and C.

With reference to Fig. 5.2(a), the power output from S1 should be identical to

the power input to W1. The power PI = PW1 feeding to RL = RW1 can be plotted

as shown in Fig. 5.4, which gives the expected maximum power transfer when

RL is equal to RS. Moreover, an intended input power PI can be biased at two

loading resistances RLx and RLy such that RLx < RS < RLy. For a native source

resistance RS, operating at RLy will be more efficient than that at RLx. However,

if RS is a virtual equivalent resistance as a result of application of some control

algorithms which are common in some AC or DC voltage bus systems [202], there

would not be much difference in efficiency between the operation points RLx and

RLy. It can be observed that a small increment of RL at RLx acquires a higher

PI , while a small increment of RL at RLy corresponds to a lower PI . This gives

an intuitive explanation on the requirement that the load RLy is stable when it is

connected to an ideal voltage source as the two systems give near identical δPI

δRL
,
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Figure 5.4: Power transfer characteristic of a voltage-source system.

especially when RL ≫ RS. It can be observed in Fig. 5.4 that the load converter

W1 operating with RLy, i.e., RL > RS, will become unstable when it is operating

near RS and even worse for RL ≤ RS as δPI

δRL
will deviated significantly from that

operating with RLy [203]. It is obvious that converter W1 switching operation

points from RLy to RLx should have its feedback circuit redesigned.

Likewise, with reference to Fig. 5.2(b), a current-source system has a power

transfer characteristic as shown in Fig. 5.5. It is similar to Fig. 5.4 except that

the current-source system is normally operating at RLx while for a voltage-source

system, it is normally operating at RLy. Based on our previous analysis on

voltage-source systems, we can arrive at a corresponding set of results using

the Duality Principle. Specifically, for a voltage-source system, δPI

δRL
at RLx is

proportional to RLx, while for a current source system δPI

δRL
at RLy it is inversely

proportional to RLy. This gives an intuitive explanation for the requirement that

the load RLx is stable when it is connected to an ideal current source as the

two systems give near identical δPI

δRL
, especially when RL ≪ RP . Similarly, it

can be observed from Fig. 5.5 that the load converter W1 operating at RLx, i.e.,
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Figure 5.5: Power transfer characteristic of a current-source system.

RL < RP , will become unstable when it is operating near RP and even worse for

RL ≥ RP . It is also obvious that converter W1 switching operation points from

RLx to RLy should have its feedback circuit redesigned.

It can be concluded from Figs. 5.4 and 5.5 that for the source converter having

output resistance RO and the load converter having input resistance RL, the

system is considered a voltage source system if RL ≫ RO, otherwise it must

have RL ≪ RO and the system is a current source system. Meanwhile for f <

fBW, RL ≫ RO is equivalent to |Zl(f)| ≫ |Zo(f)| and RL ≪ RO is equivalent

to |Zl(f)| ≪ |Zo(f)| that these two conditions are subsets of the conservative

conditions V3(b) of the Middlebrook stability criterion and C3(b) of the dual of

the Middlebrook stability criterion.
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5.3 Current or Voltage Driven Subsystems of

Single Source Multiple Loads

In Section 5.2, the single-source single-load system is readily distinguished as

being a voltage-source system or a current-system by considering the relative

magnitude of the source and load resistances at DC operation. In Fig. 5.6, two

loads W1 and W2 are assumed independently controlled, or otherwise, they can

be combined into a single load such that the system is equivalent to a single-load

system as shown in Figs. 5.2(a) or 5.2(b). To distinguish between a voltage-

source system and a current-source system, we assess the converter subsystems

individually. It can be readily observed from Fig. 5.6(a) that as long as

RS ≪ (RW1||RW2), (5.3)

we have

(RS||RW2) ≪ RW1, and (5.4)

(RS||RW1) ≪ RW2. (5.5)

For S1, an equivalent resistance of RL = (RW1||RW2) is being driven. Equation

(5.3) identifies a voltage-source system for S1. Likewise, (5.4) and (5.5) identify a

voltage-source system for W1 and W2. They can be designed stable by following

the Middlebrook stability criterion [197] for their individual equivalent circuits.

Similar arguments apply to Fig. 5.6(d) with respect to a current-source system

with RP ≫ (RW1 + RW2) and each load is designed to be stable when it is

connected to an ideal current source. The results can be readily generalized to

an n-load voltage-source system with RS ≪ RW1||RW2|| · · · ||RWn and an n-load

current-source system with RP ≫ (RW1+RW2+ · · ·+RWn). Common properties
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Figure 5.6: DC circuit models of four possible configurations consisting of a
source converter S1 and two load converters W1 and W2.

of systems represented by Fig. 5.6(a) and (d) are:

• there is a dominated source which regulates either the bus voltage or current

of the system, and

• each load shares the same system defined by the source converter, i.e., a

voltage or a current source system.

The stabilities of these well defined voltage-source or current-source systems can

be easily assessed by applying either (V1) to (V3) or (C1) to (C3) to each of the

source or load converters, or simply (5.2) or its dual [201].

The systems shown in Figs. 5.6(c) and (d) are less attractive than those shown

in Figs. 5.6(a) and (b) which share a common voltage bus for easy connection or
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disconnection of loads. The identification and possible modification of the voltage

or current source system shown in Fig. 5.6(b) will be developed as follows. For

the current-driven system shown in Fig. 5.6(b), by applying Middlebrook stability

criterion [197, 200] to each of the subsystem, the source S1 is stable if (C1) and

the conservative condition (C3b) (we only need this condition to be satisfied for

f < fBW) are satisfied, which is equivalent to

RP ≫ (RW1||RW2), (5.6)

the load W1 should assume being driven by a current source. If so, we have

(RP ||RW2) ≫ RW1 (5.7)

and the load W2 should assume being driven by a current source. If so, we have

(RP ||RW1) ≫ RW2. (5.8)

It can be observed from Fig. 5.5 that (5.7) and (5.8) cannot be satisfied

simultaneously if RW1 and RW2 are of similar order of magnitude and both W1

and W2 are stable when they are connected to an ideal current source. Without

loss of generality, let us assume

RW1 ≪ RW2 (5.9)

such that (5.7) is satisfied, i.e., subsystem W1 is stable if it is stable when

connected to an ideal current source. Now, for subsystem W2, (5.8) can never be

satisfied, i.e., subsystem W2 cannot be stable when it is designed to be driven by
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a current source. Fortunately, from (5.9) we have

(RP ||RW1) ≪ RW2, (5.10)

which satisfies the stability criterion V2 of subsystem W2, as given in Figs. 5.2(a)

and 5.5, i.e., subsystem W2 can be stable if it is stable when it is connected to

an ideal voltage source [197], where the parallel connection of the current source

and resistance (RP ||RW1) are regarded as its Thevénin’s voltage source equivalent.

Since from the load’s perspective, Thevénin’s voltage source and Norton’s current

source are interchangeable, this result is important in several aspects:

1. From the perspective of W1, it is driven by a current-source as shown in

Fig. 5.5 with the source resistance (RP ||RW2).

2. From the perspective of W2, it is driven by a voltage-source as shown in

Fig. 5.4 with the source resistance (RP ||RW1).

3. The systems in Fig. 5.4 and Fig. 5.5 are equivalent in terms of the load

stability criteria.

4. For the single-source-two-load system, the design of subsystem W1 which is

assumed stable when it is connected to an ideal current source is different

from that of W2 which is assumed stable when it is connected to an ideal

voltage source.

5. For the stable single-source-two-load system, the power level of subsystem

W1 will be much higher than that of subsystem W2 when they are controlled

independently. To have the freedom of operating at any power level, the

controls of the subsystems must be well coordinated. In such a case, they

reduce to a single-load system.
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In summary, the lowest (highest) resistance of the system in Fig. 5.6(b)

(Fig. 5.6(c)) acquires most of the power from the current (voltage) source and

converts the current (voltage) source into an equivalent voltage (current) source

for driving the other load.

The identification of current or voltage driven load subsystems can be readily

generalized to an n-parallel-load current-source system with the conditions that

RP ≫ (RW1|| · · · ||RWn), (RP ||RW2|| · · · ||RWn) ≫ RW1 and (RP ||RW1) ≪ RWi

for i = 2 · · ·n, where W1 is stable when it is connected to an ideal current

source, and Wi(i = 2 · · ·n) is stable when connected to an ideal voltage source.

Similarly, it can be generalized to an n-series-load voltage-source system with the

conditions that RS ≪ (RW1 + · · ·+RWn), (RS +RW2 + · · ·+RWn) ≪ RW1 and

(RS + RW1) ≫ RWi for i = 2 · · ·n, where W1 is stable when it is connected to

an ideal voltage source, and Wi(i = 2 · · ·n) is stable when connected to an ideal

current source.

The stability of each subsystem can be assessed by applying the source system

identified. The system is stable when all subsystems satisfy the individually

identified Middlebrook stability criterion or its dual.

5.4 Illustrative Example: Single-Current-Source

Two-Load System

5.4.1 Inductive power transfer converter

In this section, the single-source-two-load system as shown in Fig. 5.6(b) is

selected for design and verification. As shown in the block diagram of Fig. 5.7,

an IPT converter will be selected as S1 which can operate with its most efficient

configuration and has a current output. Two independently controlled DC/DC

PWM converters W1 and W2 will be designed as load converters of the system.
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Figure 5.7: Block diagram of the single-current-source-two-load system.

The source converter S1 and load converters W1 and W2 have internal DC

operation models shown in Fig. 5.6(b). S1 has an equivalent resistance RP which

takes into account the losses due to the IPT transformer windings, magnetic

cores and electronic devices. Such an IPT converter normally has a switching

frequency current ripple filtering capacitor CO which may pose constrains on

the design of load converters W1 and W2. Using the extra stability conditions

developed in Section 5.3, subsystem W1 should be designed stable when it is

connected with a current-source input, while subsystem W2 should be designed

stable when it is connected with a voltage-source input. Hence, a stable system

has RW1 ≪ (RP ‖ RW2) and RW2 ≫ (RP ‖ RW1). Moreover, to be qualified as a

current source converter, RP ≫ (RW1 ‖ RW2).

Existing PWM converters as shown in Fig. 5.8 are mostly designed with a

voltage-source input. The current-source-input converter can be derived from

the basic voltage-source converter based on duality principle [204], as shown in

Fig. 5.9. However, converters in Figs. 5.9(a) and (c) are not compatible with the

filtering capacitor CO without appropriate modification. In this example, a higher

power dual-boost converter and a lower power buck converter will be chosen as

the two parallel load converters W1 and W2 respectively.
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Figure 5.8: Basic PWM voltage converters.
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Figure 5.9: Basic PWM current converters.
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Figure 5.10: Schematic of the single-current-source-two-load subsystems.
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Table 5.1: Parameters of Converters
Parameters Symbol Value
Primary self inductance LP 31.46 µH
Secondary self inductance LS 33.02 µH
Mutual inductance M 9.32 µH
Coupling coefficient k 0.289
Primary compensation capacitor CP 19.73 nF
Secondary compensation capacitor CS 18.8 nF
Switching frequency fS 202 kHz
Inductance L1 2 mH
Capacitance C1 470 µH
Proportion Constant Kp1 0.04
Integration Constant Ki1 0.01
Inductance L2 2 mH
Capacitance C2 470 µH
Proportion Constant Kp2 0.04
Integration Constant Ki2 0.01

5.4.2 Experimental Evaluation

Fig. 5.10 shows the detailed schematics of subsystems S1, W1 and W2 of the

system shown in Fig. 5.7 with parameters given in Table 5.1. The input voltage

of S1 is VIN = 30 V. Since the SSIPT converter operates at resonant frequency fS,

the output current is load-independent [136,160,163,187,196]. The equivalent DC

output current of the IPT converter can be estimated as IO = 8
π2VIN

1
2πfSM

= 2.05

A.

In this system, W1 regulates an output current of IO1 = 3 A, driving a load

R1 = 3.75 Ω at a power of 33.75W. Also,W2 regulates an output voltage UO2 = 15

V, driving a load R2 = 35 Ω at a power of 6.43 W. Using the viewpoint of

power balance and ignoring the power loss of the converters, the bus voltage

is estimated using V IO = (33.75 + 6.43) W as V = 19.6 V. The DC input

equivalent resistances of the converters on the voltage bus V are RW1 = 11.4 Ω

(21.1 dBΩ) and RW2 = 59.8 Ω (35.5 dBΩ). These resistances should guarantee

RW1 ≪ (RP ‖ RW2) and RW2 ≫ (RP ‖ RW1). The converters are built and their

impedances are measured to be shown in the following subsections.
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Figure 5.11: Output characteristics of S1. (a) Steady-state output current IO
versus load resistance RL. (b) Small signal response of output impedance.
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Figure 5.12: Measured input VI steady-state characteristics of PWM converters
W1 and W2. The dotted constant power curves fit well with the input powers
33.75 W of W1 and 6.43 W of W2.

5.4.3 Output Resistance of the SSIPT Converter

Fig. 5.11(a) shows measured steady-state output current IS versus load resistance

RL of S1. The low-frequency output transfer function can be represented by a

Norton equivalent circuit with a parallel connection of current IO = 2.05 A and

resistance RP = 350 Ω. Fig. 5.11(b) shows the small signal output impedance

of S1. With a bandwidth from 0 Hz to 1 kHz, S1 should be stable driving an

impedance lower than, say 50 dBΩ.

5.4.4 Input Resistance of Load Converters

Bus voltage versus input current of the two PWM converters are measured as

data points ‘*’ as shown in Fig. 5.12. The dotted lines are constant power curves

of the converters. Small signal impedances of the converters are also measured

as shown in Fig. 5.13, where W1 should be stable when it is driven by an idea

current source with infinite impedance and W2 should be stable when it is driven

by an idea voltage source with zero output impedance.
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(a) dual boost converter W1

(b) buck converter W2

Figure 5.13: Measured input impedances of PWM converters.
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5.4.5 Stability Verification of the Single-Current-Source-

Two-Load System

From the measurements taken in Section 5.4.4, small-signal responses of the

three converters are compared based on the perspectives of each converter for

the indication of local stability. Fig. 5.14 indicates that they are all locally stable

within the measured bandwidth from 0 Hz to 1 kHz. To verify the system stability

in general, step transient responses are performed.

The control of the subsystems are tested by maintaining power balance at

steady state. Firstly, the control of W2 is disabled by fixing D2, such that it

behaves as a resistor of RL2 =
R2

D2
2
. W1 is tested for its stability under closed-loop

control. Fig. 5.15(a) shows the step response to a sudden reduction of the output

reference current IRef1 of W1. It shows that RL1 decreases with decreasing output

power, which coincides with the slope of the operating point RL1 in Fig. 5.5 and

verifies the effectiveness of the control shown in Fig. 5.10.

A similar experiment is done to test the stability of the control for W2. The

duty cycle of W1 is disabled by fixing D1, such that it behaves as a resistor of

RW1 = R1

D2
1
. W2 is tested for its stability under closed-loop control. Fig. 5.15(b)

shows the step response to a sudden reduction of the output voltage reference

URef2 of W2. It shows that RW2 increases with decreasing output power, which

coincides with the slope of the operating point RLy shown in Fig. 5.5 and verifies

the effectiveness of the control shown in Fig. 5.10.

Finally, W1 and W2 are controlled independently. Fig. 5.16 shows the system

in response to the cold start of W2. It shows that the single-current-source-two-

load system is stable, when the design is based on the generalized stability criteria

developed in this chapter.
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Figure 5.14: Measured magnitude of impedance ratio for object based stability
verification of local stability within the bandwidth from 0 Hz to 1 kHz for
converters (a) S1 using (C3a), (b) W1 using (C3a), and (c) W2 using (V3a).
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Figure 5.15: Step response of the system. (a) Sudden reduction of the output
reference current IRef1 of W1 leading to a reduction of input voltage V , a
characteristic of a current source system. Traces UO1 and IO1 are the output
voltage and current of W1. Trace RW1, input resistance of W1, is calculated
based on measured data, using RW1 =

V 2

UO1IO1
, where the loss of the converter is

ignored. (b) Sudden reduction of the output voltage reference URef2 ofW2, leading
to an increment of V , a characteristic of a voltage source system. Traces UO2 and
IO2 are output voltage and current of W2. Trace RW2 is the input equivalent
resistance of W2, calculated using RW2 =

V 2

UO2IO2
, where the loss of the converter

is ignored.
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Figure 5.16: System in response to the cold start of W2. Traces I1 and IO1 are
the input and output currents of W1. Traces V and UO2 are the input and output
voltages of W2.

5.5 Summary

Impedance-based stability criteria for cascaded systems of converters is revisited

in this chapter. A more general set of criteria is presented here, which is suitable

for the design of systems consisting of a single source cascaded with multiple load

converters. This set of impedance-based stability criteria can be conveniently

applied to a current output converter cascaded with multiple independently

controlled current and voltage converters, such as those used in inductive power

transfer systems.
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Chapter 6

Conclusions and Suggestions for

Future Research

This chapter summarizes the 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 General Conclusions

A basic research of inductive power transfer (IPT) system was undertaken in this

thesis. It includes design of single-stage IPT converter for EV battery charging,

efficiency control of a three-stage IPT system and stability of an IPT power

distribution power system.

Fundamentals of WPT are introduced in Chapter 1 of this thesis. Three

kinds of mechanisms of wireless power transfer have been reviewed, including

electromagnetic radiation, capacitive power transfer and inductive power transfer.

Due to the advantages of IPT, it has found applications in static and dynamic

power supply, including consumer electronics, biomedical implants, electric

vehicles and many others. Literature review is given to study recent advances in

131
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IPT systems in the aspects of coupler design, compensation network, control and

safety.

Four basic compensation topologies (i.e., SS, SP, PS and PP) are first

reviewed and evaluated in Chapter 2, based on conditions to achieve maximum

efficiency and load-independent output. We combine maximum efficiency and

load-independent output for the design and selection of the IPT converters. For

secondary series compensation topologies (i.e., SS and PS), the choice of the

operating frequency and the design of compensation network is independent of

coupling coefficient k, which are suitable for dynamic applications.

In Chapter 3, implementation cases of single-stage IPT converter for EV

battery charging are first studied. Operating at its native LIC and LIV points,

SSIPT converter requires minimal modulation for CC and CV output. By

designing µ = ωP

ωS
< 1, soft switching is facilitated during CC. And the overall

efficiency for charging profile is optimized by determining a nominal quality factor

Qn. Experiment results evaluate the design of efficient single-stage IPT converter

for EV battery charging.

In Chapter 4, a common three-stage IPT system is used for output power

regulation and maximum efficiency tracking. By observing that the maximum

efficiency occurs at a specific input-to-output voltage transfer ratio, linear control

scheme based on voltage ratio is proposed, which can have faster and more

accurate response compared with nonlinear control scheme (i.e., P&O). A small-

signal model of the IPT converter and the front-side converter operating as a

combined transconductance converter is developed. The controllers for the system

are analyzed and experimentally verified to be fast and effective in this chapter.

In Chapter 5, impedance-base stability criteria for voltage-source system and

current-source system are first reviewed. A current-source system is introduced,

where an SSIPT converter is operating at current-source output and two load-

side converters are cascaded in parallel. A more general set of stability criterion
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based on power balance is proposed to distinguish the load-side converters

between voltage-driven and current-driven converter. Experiment results verify

the stability of this system.

6.2 Contributions of This Thesis Work

The main contributions of this thesis work are as follows.

• By combining maximum efficiency and load-independent output, four basic

IPT converters (i.e., SS, SP, PS and PP) are evaluated. Due to k-

independent operating frequency to achieve load-independent output and

maximum efficiency, secondary series-compensated IPT converters are more

suitable in applications with variation of k.

• An efficient single-stage SSIPT converter is designed for EV battery

charging, by utilizing LIC and LIV characteristics for CC and CV charging,

respectively. The design is elaborated with soft switching and overall

efficiency optimization for the whole charging profile.

• A three-stage IPT system is used to meet the requirements of output power

regulation and maximum efficiency tracking. A linear control scheme based

on observing the voltage ratio is proposed, which performs much better than

conventional P&O control in applications with fast variations of coupling

coefficient and loading condition.

• A more general set of criteria is proposed, which is suitable for the design

of systems consisting of a single SSIPT converter, operating as a current

source, and multiple load converters in parallel connection.
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6.3 Suggestions for Future Work

The work conducted in this thesis has focused on characteristics of single IPT con-

verter, efficiency control of IPT converter and stability of IPT systems. Various

theoretical analyses, system and component level simulations, and experimental

verifications have been undertaken to achieve the research objectives. Useful

results have been presented for static and dynamic applications. Further, more

areas have also been opened for investigation in the future. To conclude this

thesis, several areas are suggested here for future research on the topic.

Frequency Control with Magnetic Shielding

The efficiency of the IPT converter depends on the coupling coefficient of the

loosely-coupled transformer. Therefore, it is common to use magnetic core to

guide the magnetic flux, which can help improving the coupling coefficient.

However, with magnetic core, the variation of the air gap distance will affect

the self inductances of the coils in the primary and the secondary significantly.

Therefore, the operating frequency should be dynamically adjusted by some

control methods to satisfy the output requirement of the IPT converter.

Control Design for Optimizing Efficiency for General IPT Converters

In chapter 4, control design for optimizing efficiency for SSIPT converter has been

studied. For more general IPT converters, such as SP, PS, PP and high order

compensated converters, the output characteristics of maximum efficiency should

be further studied. Unlike SSIPT converter, of which the operating frequency

is k-independent, frequency control should also be studied to achieve maximum

efficiency for most IPT converters.
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Output Impedance and Compensation Network

It is common to cascade load-side converters to the IPT converters, which requires

the IPT converters to act as a current source or a voltage source. Otherwise, it

is hard to control the load-side converters cascading to an uncertain source. It

has been shown in Chapter 5, SSIPT converter has hight output impedance when

operating at ω = ωP = ωS. It is also studied in Chapter 3 that the efficiency of

SSIPT converter can be improved by designing ωP < ωS. However, such design of

the compensation network will affect the output impedance of SSIPT converter,

may lead to stability problems when cascading load-side converter. Therefore, to

ensure the stability of the IPT systems, we should further investigate the relation

between output impedance and compensation network design.

Compensation and Control for IPT converters with Multiple Receivers

It has been studied in [120] that bipolar pad (BBP) matches the performance of

double-D quadrature pad (DDQP) as a secondary pad, but with the advantage of

using less copper. It has also shown in [5,121] that the design and control of BBP

type IPT converter are more complicated. Studies of compensation network for

BBP are still missing. Characteristics of BBP type IPT converters should first

studied and compared under different design of compensation network. Output

control and efficiency control can be further studied for practical applications.
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