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Abstract

A contactless power transfer system has many advantages over conventional power
transmission due to the elimination of direct electrical contacts. With the development of
modern technologies, IPT (Inductive Power Transfer) has become a very attractive
technology for achieving wireless/contactless power transfer over the past decade. IPT has
been successfully employed in many applications for materials handling, lighting,

transportation, bio-medical implants, etc.

To transfer power across an air gap, an IPT system employs a primary power converter to
generate a high frequency alternating current in a track/coil which is then magnetically
coupled to one or more power pick-ups. The design and implementation of the primary
side power converter and controller are of great importance in an IPT system because they
affect the whole system performance under both steady state and transient conditions.
Therefore, any development and control improvement within the primary power converter

are desirable.

This thesis focuses on the development of converters for IPT systems based on circuit
resonance and energy injection control. A voltage fed DC-AC energy injection inverter is
introduced. Basic characteristics and underlying principles of the inverter are studied. A
variable frequency ZCS (Zero Current Switching) control strategy is developed for the
switching operation. The new DC-AC inverter can achieve high frequency AC power
generation using relatively low switching frequencies with predicable current ripple and
transient behavior. Furthermore the soft switching operation ensures low switching losses
and reduced EMI.

A detailed analytical method has been developed and extended to a system level by taking
system bifurcation and power transfer capability into consideration. The critical
boundaries of both the loading and coupling conditions are determined for designing
energy injection inverters without frequency bifurcation. It has been found there is an
optimal coupling coefficient which results in the maximum power transfer capability of

the inverter. Using such a system level inverter design process, a primary track current




regulation method based on energy injection control has been proposed. Furthermore, as
an example, a practical contactless slip ring system has been developed using the proposed

control method.

A new type of direct AC-AC converter is also proposed. A control strategy is developed
based on energy injection control for the AC-AC matrix converter to achieve a high
frequency current generation with soft switching operation. The converter operation is
analytically analyzed in detail, including the current ripple and sag caused by the
alternating input voltage. The theoretical analysis is proven by simulation studies and

practical experiments.

The energy injection concept is also applied to push pull resonant converters with a “dual”
transformation in performance which leads to a boost operation. A mathematical model
employing a stroboscopic mapping technique is developed for a push pull inverter to find
the multiple ZVS operation points. It has been proven by both simulation and
experimental studies that the power transfer capability of a traditional push pull inverter
can be increased significantly by operating it at selected low ZVS frequencies without

using any additional front-end boost circuits.
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Chapter 1

Introduction

1.1 Background

1.2 Introduction to IPT Systems

1.3 Constraints and Challenges of IPT Power
Converters

1.4 Objectives and Scope of the Thesis

1.1 Background

1.1.1 Need for contactless power transfer

Traditionally, electrical power is transferred via a wired circuit by direct cable
connections. With the development of modern technologies, such a conventional power
transfer technology is facing difficulties in many applications, such as AGVs (Automated
Guide Vehicles), material handling systems, aerodrome beacons, clean LCD (Liquid
Crystal Display) manufacturing plants, road lightings, battery charging systems,

biomedical implants, etc.

Trailing cables, sliding contact systems are the traditional methods to supply power to
moveable loads such as AVGs, electrical trams, assembly lines, etc. In these applications,
to transfer power to a moving object, the trailing cable has to follow the movement of the
object. The difficulty of retracting trailing cables limits the speed and range of the
movement. In addition, long-term exposure to the weather increases the risk of system
failure and electric shock. Compared to the trailing cable, a sliding bus bar can supply
power to a fast moving object with less limitation. However, it has electrical isolation
problems. The direct electrical contacts used mean that the sliding bus bar suffers from

friction, spark and erosion problems, and thus reduces the system safety and reliability.
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Therefore, these traditional power delivery solutions are unsuitable in many applications
with moving objects.

For other applications, such as aerodrome beacons, rotating tanks, or radio telescopes, etc.,
a continuous 360° mechanical rotation is required on one side. To transfer power from a
stationary base to a rotary side, an electric slip ring system is commonly used. The
mechanical contacts of the sliding brushes inside the slip ring constrain the rotation speed
and increase the friction. As a result, frequent maintenance is needed which increases the
system operating cost. In addition, the sliding mechanical connection limits the relative

displacement of the stationary and rotary parts.

Contactless power transfer is often needed in extremely clean or harsh environments, for
example, a dust-free LCD (Liquid Crystal Display) manufacturing plant, or a tunnel
lighting system in very wet or under water environments. Direct cable electrical power
transfer is not feasible in such applications, and brushed systems produce carbon residues
that may cause product failure in LCD manufactory. As a result, the manufacturing costs
are further increased by requiring additional equipment to eliminate the friction residues.
Similarly, power delivery in harsh environments increases the erosion of the cable and
could cause an explosion in some applications where flammable gases exist.

Consequently, the system may fail or cause an accident.

With the development of modern technologies, some new and expanding applications of
contactless power transfer are becoming popular, such as portable electric devices,
consumer gadgets, laptop computers, and electrical vehicles to overcome the traditional
charging limitations. Currently batteries are the major solution to supply power to these
devices. In most cases, the batteries of these devices need to be taken out for recharging,
and a backup battery is replaced. As such, the extra battery increases the overall cost.
Although cable connected online charging can be adopted individually, it is not convenient
to carry many different adaptors when traveling. Consequently, there is a desire to produce
equipment and devices which can be charged without any cable connections.

For some systems with special requirements, for example, biomedical TET
(Transcutaneous Energy Transmission) systems, it is not suitable to use a direct contact

power transfer, because it imposes high infection risks by having cables passing through
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the skin. Presently, a battery is the major solution to power low-power biomedical devices,
for example, pacemakers or sensors. Patients have to receive regular treatment for
exchanging the batteries. This increases the sufferings of the patient and the medical risk.
However, for those applications with a higher power requirement, powering by batteries is
infeasible. Therefore, a contactless power transfer solution for power delivery or battery
charging without direct electrical contact is preferred for these special applications.

1.1.2 Possible contactless power transfer solutions

Contactless power transfer has been known for a century since Nicola Tesla tested his coil
in 1890 [1]. Although his experiment was terminated due to the lack of funding; it has
drawn people’s attention to contactless power transfer technologies. Theoretically, power
can be wirelessly transferred through many different methods: laser [2-4], electromagnetic
waves [5-7], static electric field [8-10], and static magnetic fields [11-13].

Laser is an optical method whereby power is transferred wirelessly. It has been found in
applications such as opto-couplers. This method requires the electric power to be
converted firstly to light for emission. The laser beam is then transferred back to electric
power after being received. This method requires the laser transmitter and receiver to be
perfectly aligned, meaning it is not ideal for transferring power to moving devices. In
addition, the technology is very sensitive to the environment. The intensity of the laser
beam decays quickly in air. All of these make constant energy flow across long distances

using lasers very difficult.

Using electromagnetic waves to transfer power wirelessly over long distances is feasible
[14]. It has been proven using microwaves. Experiments in the tens of kilowatts have been
performed recently (1997) at Grand Bassin on Reunion Island [15]. The advantage of
transferring high power over a long distance makes the technology attractive. However,
the problems involved in the large size and the complexities of structure make this power
transfer technology difficult for normal use. In addition, human and equipment safety

concerns constrain its use in normal life.

CPT (Capacitive power transfer) is one of the contactless power solutions to movable
objects via electric field coupling. It uses two plates to form a capacitor to allow power to
jump across an air gap. Unlike a laser which requires a point to point optical transfer
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channel, in a CPT system a distributed electric field serves as a power flow channel,
although electric field intensity is a major concern. If air is the power transfer medium
channel, CPT has the limitation of maximum electric field intensity 30kV/cm and a very
low permittivity € (8.854x10™2) [16]. The low power transfer ability in air makes CPT
unsuitable for high power and large gap applications, unless very high permittivity

dielectric materials are used as the medium between the two plates.

Magnetic rather than electric fields are a more feasible method of achieving wireless
power transfer. An electrical transformer can be regarded as the simplest instance of
contactless energy transfer. However, the non-existence of an air gap, due to the tightly
coupled primary and secondary sides, means that it is not really contactless, and does not
allow far movement. Meaningful inductive power transferring over larger gaps at higher
power levels was introduced recently and termed IPT (Inductive Power Transfer) [17]. By
comparing to the permeability in a CPT system (go (8.854x10*%)), the permeability b
(4nx107) of air makes IPT technology easier to transfer power across a relatively long

distance compared to CPT technology [8].

All these wireless power transfer technologies have advantages and constraints. However,
generally, IPT technology is the most feasible method for normal use complied with
advances in modern converter technologies. Many research groups and commercial
companies have shown an interest in IPT technologies. After many years of development,
IPT has gained successes in many commercial applications, and with improvements of
magnetic materials, high frequency wire capacitors and switches, is now being considered

as a cost effective alternative in more areas.

1.2 Introduction to IPT Systems

1.2.1 System structure and basic operation principle

An IPT system is a system which transfers power from one side to another side wirelessly
via a magnetic field coupling. Figure 1-1 shows a typical configuration of an IPT system.
As shown, such a system comprises two electrically isolated sections: a stationary primary

side and a movable secondary side.
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Figure 1-1: Typical configuration of a contactless power transfer system.

The stationary primary side is connected to a front-end low frequency power source,
which is usually the electric utility at 50Hz or 60Hz, single-phase or three-phase. For some
special applications, the power source can be a DC source or a battery. The primary side
consists of a high frequency power converter which generates and maintains a constant
high frequency AC current in a compensated conductive track loop/coil normally within
the range from 10kHz-1MHz [18, 19]. The pickup coil of the secondary side is
magnetically coupled to the primary track to collect energy. The reactance of the
secondary side increases proportionally with an increase in operating frequency, and as
such is normally compensated by other capacitors or inductors. In order to have a
controlled output for different loads, usually a switch mode regulator is used on the
secondary side to control the power flow and maintain the output voltage to be constant
[20, 21].

1.2.2 General features

The IPT system is electrically isolated between the primary and secondary sides. It has
many advantages over conventional conductive power transfer and other contactless
power transfer technologies. Some of the major features of this IPT technology are listed

below:
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» Mechanical flexibility

Unlike an electrical transformer, an IPT system delivers power using a loose inductive
coupling. A loose coupling is not ideal from the point view of power transfer capability;
however the mechanical flexibility between the primary side and pickup allows the
secondary side of the IPT system to move freely along the track or in the proximity to a
coil on the primary side. This feature makes IPT systems very attractive for both movable

and stationary applications.

» Operation safety

By getting rid of the direct electrical contacts between the primary and the secondary side
of an IPT system, mechanical and electrical wear and tear caused by a traditional sliding
contact power transfer system can be eradicated by an IPT system. The potential electrical
shock under wet or harsh environments is eliminated. This feature greatly improves the

operational safety of the electrical devices.

» Environmentally friendly

Apart from a high operation safety level, another great feature of an IPT system is that the
system is environmentally friendly. Because of the elimination of electrical contacts
between primary side and secondary side, an IPT system can supply power without
affecting most environments, e.g. both in harsh and clear ultra clean environments. It can
supply a carbon residue free power delivery. Since the magnetic field can pass through
most nonmetallic materials, an IPT system can be used in many applications as described
earlier. In addition, the operating frequencies of an IPT system are normally within a range
from 10 kHz-1MHz; this frequency does not affect communication channels. The
operating frequency of a typical IPT system is harmless for human body and its safety has
been proved by many biomedical TET systems [22, 23].

> Reliability

Without the electrical connections, the manufacturing requirements of the primary and the
secondary sides can be treated separately according to their local operating conditions.
Separate primary and secondary side enclosures can overcome electrical shock or
chemical erosion. As such, it increases the lifespan of the electric components and the

overall system reliability as well.
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1.2.3 Achievements of IPT technologies

Owing to the advantages of the IPT technology, it has made many remarkable
achievements in both research areas and in commercial applications. However, it is also
facing some technical challenges. In this section, the achievements and the technical

challenges of the IPT technology are presented.

» Research perspective

There are presently many research groups that have been involved in the research of IPT
technology around the world in the latter half of the 20™ century, such as MIT
(Massachusetts Institute of Technology), The University of Auckland, Tokyo University,
Sojo University, Tohoku University, City University of Hong Kong, Chongging

University, Zhejiang University, etc.

The earlier IPT research by MIT can be dated back to 1966 [24]. A 2.5MW system over a
10mm air gap was reported. The system operates at 18 kHz with ferrites to increase the
coupling between the primary side and the secondary side. The primary track current was
almost 400A. Later in 2006, Professor Marin Soljacic showed their recent technology
“WiTricity” based on IPT technologies to transfer power contactlessly. Their research was
published in Science [25, 26]. A prototype system could achieve a 60W power transfer
ability over more than 2m. Contactless power transfer capability over such a distance has

drawn considerable public interest as a result.

The University of Auckland began work on IPT in the 1970’s but increased its focus on
this technology in the late 80’s. Over the last two decades it has become the world leader
in IPT research for industrial applications. The research interests of the IPT group are
focused on basic IPT theory, system level designs, primary converter technologies,
secondary power flow controls and magnetic coupling designs [27-32]. There are many
research publications on IPT technologies which have attracted wide attention. The
university holds tens of patents on IPT technologies. The power levels of the research
group range from millwatts for biomedical applications to thousands of watts for electrical
vehicle battery charging [33, 34]. Much of the research and patents have been applied
practically in applications by many enterprises and corporations, such as Conductix-
Wampfler in German, Daifuku in Japan, and Telementary Research, Halo IPT,
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Powerbyproxi, Cabco industries, Dream solutions and 3l innovations in New Zealand
[35].

In Japan, Tokyo University, Sojo University and Tohoku University have set up research
groups on IPT technologies. Professor Takao Someya of Tokyo University and his
research group presented their low-cost, low-power, large-area smart sheet, which can
deliver power and offers communications among electric devices such as laptops, portable
gadgets in December 2007 [36]. The smart sheet is a multilayer print sheet, in which each
layer performs different functionality. Functionally, power layers are mainly for transfer
power via inductive coils in the print sheet. The target object detection layer is to sense the
location of the target electric devices, which needs to be charged, through a combination
of organic transistors and plastic micro-electromechanical switches. The system can
automatically detect and charge the devices. The Journal of Nature Material reported the
smart sheet could transfer a 40W power to multiple electric devices [37]. Sojo University,
Yokohama National University and Tohoku University have shown more interest in IPT
applications that include electrical vehicle applications, biomedical devices and
underwater devices. Their research mainly covers modeling of IPT systems and magnetic
coupling improvements, etc. [38, 39]. Among them, multiple primary transmitters for
powering electric vehicles show great promise for powering a moving object. Yokohama
National University specifically focuses on inductive power transfer to high speed moving
trains [40]. In their latest research, artificial biomedical devices powered outside of the
human body shows great potential for new applications of IPT. They also have many
researches from fundamental theories to practical applications of IPT technologies [41-
43].

With the development of IPT technologies, more and more universities and research
groups have joined this area. Professor Jirgen Meins in Brunswick University of Germany
has put their efforts into IPT railway systems. Korean Kyungpook National University has
focused their research on IPT technologies for rotary devices[44, 45]. Professor S.Y. Hui
in Hong Kong has shown their research in battery charging based on coreless printed
circuit board coreless transformer for low power devices, such as mobile phones,
toothbrushes, etc. [46-49]. Zhejiang University, Nanjing Aeronautics, and Astronautics

University and Chongging University of China started their research in early 2000 [50-52].
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They have been researching many aspects of IPT systems including magnetic modeling,
converters, and controls [53-55].

In addition to the expanding list of universities interested in this research, many

commercial research groups have become involved in the development of IPT systems.

» Commercialization perspective

With the development of new semiconductors, as well as theory, IPT technology has
gradually become mature and has translated into production.

The earlier example of transferring the research to manufacture is the corporation between
Daifuku, a Japanese material handling manufacture, and Uniservices, which is the
technology commercial arm of The University of Auckland and focuses on the
commercialization of university’s intellectual property. Figure 1-2 shows some of IPT
products by Daifuku Japan. The first commercialized IPT prototype was developed for an
overhead monorail system in 1991 [17]. Later the “ramrum” material handling application
was successfully manufactured and wildly used in many factories, such as storage and
retrieval systems. Later this mature product was adapted for use in clean factory system,
such as semiconductor and LCD manufacture. A series of CLEANWAY and CLEAN
STOCKER products were successfully developed. AGV systems powered and guided by a
165A IPT track have also been used in car manufacture factories.

(@) “Ramrum” material handling system (b) AVG powered by IPT system

Figure 1-2: Daifuku IPT applications
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Conductix-Wampfler Germany is another company, which has been involved in
developing IPT systems for a wide range of applications [56]. The world’s first vehicle for
people transport was successfully implemented in partnership between Conductix-
Wampfler and Uniservices and has been in operation in Roturua New Zealand shown in
Figure 1-3 since 1998 [57]. A series of products were developed further to meet modern
industrial requirements. A spectrum of IPT based products was developed including IPT
floor, IPT rail, IPT charger for different applications and environments in the last few
years. Their IPT system was firstly installed in BMW plant in Germany and later adopted
by other car manufactures-Daimler, GM, and Ferrari. More IPT solutions are designed and
applied, such as vehicles on the water ride in Walibi World (Holland) and Legoland

(USA), and have been used in elevators, etc.

Figure 1-3: IPT vehicle for people mover in Rotorua New Zealand [58]

Another German company VAHLE specializes their products for inductive power transfer
system in large size applications, such as crane systems, elevators, traffic systems, floor
systems, etc. [59]. In 1999, their CPS (Contactless Power Supply) system was introduced
to conveyor technology. The CPS system has also been successfully used in the Tower

Automotive monorail system in USA.

Recently, many more well-known companies have begun IPT product development for
different applications. Seiko-Epson in Japan firstly announced their commercialized
product of a general purpose wireless power transfer module, which has separate coils to

achieve 2.5W power transfer ability with a 0.8mm coil [60, 61]. As shown in Figure 1-4,
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the smaller size and output power range make it is a common module adopted by many

small electric applications to achieve contactless power charging.

Figure 1-4: Commercialized commonly used wireless power transfer module [61]

In 2003, ABB developed their WISA system (Wireless Interface to Sensor and Actuators)
shown in Figure 1-5. This system is also based on IPT technology and can supply power to

many wireless sensors. Meanwhile, it has wireless communication channels to collect

sensor data [62].

In-ilbutput modul
with Antennas

WNireless
10 — pad

Wireless
Sensor Pad/

Power Supf)ly and /
Primary Loops

Figure 1-5: ABB WISA system based on IPT technology [63]

Energizer [64] recently starts to sell their Energizer-pad product to supply power to mobile
phones and other portable gadgets shown in Figure 1-6. This product intends to offer a
general solution for small electric devices to get rid of the charger adaptors. Such a
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product gives a guide to commercialize the IPT chargers for home applications. Witricity
[65], SpikeCharger [66], Powercast [67], Wipower [68] have developed similar products

to charge small portable gadgets, medical devices, toys, and electric tools.

Figure 1-6: Energizer-pad for charging small portable devices [64]

3l-Innovation Ltd. in New Zealand has been selling their products of wireless
roadway/tunnel lighting systems and equipment, one application is shown in Figure 1-7
since the mid 90’s. PowerbyProxi Ltd. recently has developed contactless slip rings for
many world class companies; one example application is for forest harvest machines for
John Deere [69]. Their new rotary IPT system for wind turbine pitch control is under

development.

Figure 1-7: IPT powered roadway lighting system of 3i Innovations Ltd. [70]

In addition, Telemetry Research Ltd. is one of the companies commercializing IPT
products in biomedical TET areas. It provides wireless power transfer supplies to drive left
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ventricular heart assist devices, implantable stimulators, motors and pumps, and sensors

for freely moving animals [71].

With the vigorous development of IPT technology, a wireless power consortium has been
recently established. It has further drawn the public’s attention to contactless power
transfer technology and aims to supply a better platform for the development of low power
charging applications of general appliances. The new “Qi” low power standard, delivering
up to 5 Watt into wireless power pickups, has been established for wireless IPT

technology [72]. It is being recognized by many consumer electronics companies.

1.3 Constraints and Challenges of IPT Power Converters

In the past decade, IPT systems have advanced significantly, and have gained many
remarkable achievements in different fields. As the majority of applications are magnetic
fields generated from primary side to couple to pickups, the design and development of the
primary power supply has become a critical factor in the IPT system. IPT power converter
technologies have been improved over the past decade, but also face some difficulties and
challenges ahead as power and frequency are increased, such as challenges include
dynamic response, overshoot control, simplicity of control and practical implementation,

gconomic considerations, etc.

As IPT technology relies on the power converter technology, the development of the
conversion and control technique contributes to the IPT systems. Currently, in order to
generate a high frequency current in the primary track, the operation of inverters has to be
equal to the actual frequency of the current. As a result, the circuit transient process
involved in those power converters, such as the overshoot and dynamic response speed
during the startup or load variation, is normally complex. The design and implementation

of the associated controller could be a challenge.

To date, most IPT primary power supplies are directly connected to the mains. The
existence of an AC-DC conversion stage and a front-end DC-DC inverter is required to
obtain a suitable DC input power for IPT inverters. The extra components and circuitry
reduce the overall efficiency of the primary converter. Having an IPT power supply

without energy storage is an intrinsically safe approach for applications and is desirable. In
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addition, a power supply with high efficiency and less cost would be perfect for
applications. However, reducing the power supply cost while maintaining its reliability

could be a challenge.

The power supply can take a large space in many applications because of the relatively
complicated structure. However, for some applications the installation space is very
limited, so that a large sized power supply may not be suitable and may unnecessarily
increase cost. Design structurally simple and compact power supplies with high

performance are desirable and could be a challenge.

As an IPT system has one or more pickups, the loading and coupling conditions of the
secondary side will affect the power transfer ability and system performance. It is always
important to have a stable system in practice. The understanding of the effect of pickups is
desired, and designing a stable IPT system with high performance could be a challenge for

variable frequency controlled power converters.

Practically, it is normally impossible to have one converter to meet all the requirements of
all IPT applications at the same time. Therefore, trade-offs are often needed, and
understanding the requirements and constraints would be the first step in designing better

IPT power converters.

1.4 Objective and Scope of the Thesis

The objective of this research is to propose and develop new converters taking into
account the challenges and constraints of present IPT power converters. The thesis focuses
on the development of new converters based on energy injection control to achieve a
better system performance with reduced system cost, size and power losses. Different
converter topologies and control strategies are investigated for both DC and AC power

sources.
The following thesis chapters are arranged as follows.

Chapter 2 presents an overview of the converter technology of IPT systems, starting from
a fundamental theory of IPT power converters. Basic conversion topologies and switching
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strategies and control methods are presented. Some currently existing power converters

will be discussed in general according to their types and generation classifications.

Chapter 3 presents a new conversion method based on energy injection and free oscillation
control. The basic properties of the DC-AC energy injection converters are studied. The
comparison of both a full-bridge and a half-bridge is undertaken. A soft switching strategy
is developed to implement the energy injection control. The simulation studies and
experiment is implemented to verify a full bridge DC-AC example under both dynamic

and steady state conditions.

Chapter 4 discusses the stability and power transfer capability of the proposed power
converter power at a system level. To design IPT system without bifurcation, the proposed
energy injection inverter is analyzed against loading conditions for IPT systems with
single pickup and multiple pickups. Analysis of the effects of mutual inductance on
frequency stability and maximum power transfer capability is also undertaken. Then the

effect of the component variations on frequency sensitivity is investigated.

Chapter 5 proposes a power flow control method on the primary side based on energy
injection control with secondary feedback. The analysis of the operation and the design
considerations are presented. Simulation study is conducted for the verification under both
the steady state and load variation conditions. A practical contactless slip ring system is

designed and implemented to verify the primary power flow control method.

Chapter 6 proposes a novel direct AC-AC converter to generate high frequency AC
currents without any DC energy storage elements based on free oscillation and energy
injection control. It covers the development of topology and control method. A
mathematical modeling and performance analyses including the current ripple and sag are
undertaken. Simulation and experiments are carried out to verify the direct AC-AC

converter.

Chapter 7 investigates a push pull inverter for IPT system with boost mode operations at
different ZVS frequencies. The operation principle is presented. Accurately soft switching
operation period are discussed with the analysis of the effects on the resonant voltage and
track current at different ZVS frequencies. The existence condition of the multiple ZVS
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operation frequencies is analyzed. Simulation study and experiment are conducted to

verify the boost mode operation.

Chapter 8 summarizes the conclusions reached in this thesis. The contributions of the

thesis are outlined and directions for future work are suggested.
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Chapter 2
Overview of High Frequency Converters

for IPT Systems

2.1 Introduction

2.2 Fundamental of IPT Power Converters
2.3 DC-AC High Frequency Inverters

2.4 AC-AC Conversion Technologies

2.5 Summary

2.1 Introduction

IPT systems have recently become practicable due to technical advances in ferrites, Litz
wire, semiconductor switches and switching control technologies. In order to achieve
power transfer contactlessly from a primary platform to a secondary power pickup circuit
via magnetic field coupling, the key factor lies in the generation of a high frequency
current on a primary track/coil. High frequency power converters are often designed to
achieve such a task. Different types of power converter and associated controllers have
been developed depending on the design considerations and requirements in the cost, size,

power rating, power transfer capability, system stability, EMI, etc. [73].

In order to have a better understanding of the high frequency power converter operations
and their state of the art, this chapter provides a general overview of the popular converter
technologies used for high frequency applications. Basic power conversion topologies,
switching methods, and controllers involved in IPT applications will be presented first.
The chapter then outlines the existing DC-AC high frequency converters, followed by a
description of the basic conversion concepts and the relevant switching control methods.

Finally, a review of the concept and control methods of possible high frequency AC-AC
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converters will be presented. This chapter will, therefore, present the reader with sufficient
knowledge to comprehend the high frequency converters discussed later in this thesis.

2.2 Fundamentals of IPT Power Converters

2.2.1 Conversion types

Converters are commonly used to generate a high frequency current on the primary side of
a contactless power transfer system. Practically, there are two approaches to achieve high
frequency current generation: linear amplifiers or switch mode power converters [74-77].
In the former case, the semiconductor devices are operated in a linear region. Even though
the development of different classes of linear electronics amplifiers provides various
improvements, the nature of high power loss in linear region limits a linear amplifier to
low power applications, where power efficient is not so important. Comparing to linear
amplifiers, switch mode power converters can achieve high efficiency by fully on/off
control [16]. Therefore switch mode power converters are widely used to generate high
frequency track currents for medium or large IPT applications, where the power efficiency

is one of the major concerns [40, 78, 79].

Numerous switch mode power converters are currently being deployed to generate high
frequency track currents for IPT systems. The input power source for a switch mode high
frequency power converter can be either a DC or directly from AC mains [29, 51, 80].
Thus, the switch mode power converter for an IPT system can be commonly classified
further into two categories according to the type of their input sources. They are DC-AC

inverters and direct AC-AC converters.

Practically, because a direct DC source is not ubiquitous for accessing to generate high
frequency currents, at present most of the power converters used for IPT systems are two-
stage AC-DC-AC converters. To obtain a constant DC power source, a front-end AC-DC
rectifier is needed. In addition, energy storage elements are necessary to link the
rectification circuits and the DC-AC inverter to buffer the difference between the
instantaneous input and output power within a two-stage converter. In order to meet the
requirements of international standards and improve efficiency, many methods are applied

to the AC-DC conversion stage, such as synchronous rectifiers, filters, power factor
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correction circuits, etc. Once a stable DC power is obtained, a second stage DC-AC
inverter is required for the high frequency track current generation. A considerable amount
of research has been carried out in the area of DC-AC inverters for IPT systems. Several
topologies and switching control methods have been developed. All of them have various
advantages, disadvantages or limitations in terms of switching stress, power efficiency,
implementation, and EMI for high frequency applications. A brief review of the
commonly used high frequency DC-AC inverters will be presented in the following

section.

Theoretically, an AC-AC converter can also be used to convert an AC power source such
as the mains supply to another AC power source, where the output frequency can be set
arbitrarily. Conventional phase controlled AC-AC choppers, PWM controlled AC
choppers and cyclo-converters cannot achieve a high frequency conversion. However, a
hybrid matrix converter using multiple bidirectional switches and local resonance offers a
possibility to generate a high frequency power from a low frequency power by its matrix
conversion structure. The complexity of the structure and the associated switching control
makes a normal matrix converter difficult to directly fulfill the high frequency generation
task for IPT applications. A new matrix AC-AC converter based on the concept of energy
injection control and circuit resonance is proposed in Chapter 6 to provide a high
frequency current generation approach for IPT applications.

2.2.2 Basic switching techniques

A PWM hard switching technology is commonly used in the design of power converters.
Using such a switching technique, the on and off transients of the switches may take place
at non zero voltage or current instants leading to a hard switching operation [81, 82]. In
addition, during the on and off switching transients, the semiconductors have to withstand

high voltage and current simultaneously resulting in high switching losses and stress.

Although passive inductive or capacitive components can be used as snubbers of
semiconductor switches to reduce the switching dv/dt and di/dt, these extra components
limit the freedom of the PWM switching control [83, 84]. For example, a voltage fed
converter described in [16], parallel capacitors are employed and designed for a certain
residue voltage. Any variation of the dead time caused by the switching control will cause
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an incomplete charging/discharging of the snubber capacitors. As a result, the residue
voltage will be shorted, which may cause devices to fail.

Soft switching techniques, which combine conventional PWM technology with resonant
concepts, offer another switching technique for IPT converters. Such soft switched
converters have similar switching waveforms to those of conventional PWM converters
except that the rising and falling edges of the waveforms are ‘smoothed’ without transient
spikes. Soft switched converters usually utilize the resonance in a controlled manner.
Resonance is allowed to occur just before and during the turn on and turn off processes so
as to create ZVS and ZCS conditions [30, 85]. Apart from this, they behave just like
conventional PWM converters. With simple modifications, many customized and
integrated control circuits designed for conventional converters can be employed for soft
switched converters. Because the switching losses and stress have been reduced, a soft
switched converter can be operated at the very high frequency up to a few MHz level.
They also provide an effective solution to suppress EMI and have been applied within AC-
AC, AC-DC and DC-AC converters. Because of the characteristics of the inductively
coupled contactless power transfer technology, the track or the coil can be treated as an
individual inductor. With a suitable compensation for the reactance of the inherit track
inductor, a full resonance can be constructed. For such a reason, a series of load resonant
converters have been developed and implemented over the past two decades for IPT

applications.

2.2.3 Track tuning method

Although the output of the converter can drive a track or coil directly, it is difficult for a
power converter to drive a long track, or a large coil. This is because, at a high frequency
of operation, the track reactance may become too large for the power supply to generate a
high magnitude track current, unless the output rating of the power supply is very high.
High power ratings require high power V/I rated semiconductors, consequently this
increases the operational difficulty of the converter and its cost. However, with

appropriate tuning, the track reactance can be partially compensated [86].

Apart from the above reactive compensation, another important feature of track tuning is
to construct resonant tanks to obtain soft switching operation for the converter design.
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This track tuning also acts as a harmonic filter to improve the quality of the current and
voltage waveforms, thereby reducing the EMI of IPT systems [87].

A track can be tuned with reactive components placed either in series, parallel, or in a
hybrid form as shown in Figure 2-1 (a)-(c). As will be discussed later, different tuning
configurations may lead to different resonant power converters with quite different
properties, such as reactive power flow, power factor, track current sensitivity, stability,

and efficiency.

) )

(a) series tuning (b) parallel tuning (c) hybrid tuning

Figure 2-1: Track tuning methods

For Figure 2-1 (a) and (b), the compensation capacitor (C) is usually designed to fully tune
the track inductance (L) at a predefined operating frequency f which is normally the
nominal operating frequency of the system. Therefore the value of the capacitor normally

can be expressed as:

(2-1)

However such a design methodology for series or parallel compensation cannot simply be
applied to a hybrid compensation network as in Figure 2-1 (c), because the hybrid tuning
configuration may be different based on the design purposes and converter topologies [51,
88, 89].

2.2.4 Track current controls

As discussed previously, the purpose of the primary side of an IPT converter is to generate
a high frequency current in a track/coil. There are many different control objectives
involved in the design of the primary power converter. Although the IPT converter types
may vary based on applications, the controllers for the power converters are generally
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classified into one of three different categories according to their control mechanisms:
variable /fixed frequency control, magnitude controller, and frequency stability controller.

® Variable/fixed frequency control

In order to generate a high frequency current within a track/coil, there are two major
control strategies, namely, fixed frequency control and variable frequency control. Fixed
frequency control is used to turn on and off the switches at a predetermined frequency.
The fixed frequency control is independent of the loads, or circuit parameters. Therefore,
the fixed frequency controller is easy to implement, but the associated switching stress,
switching losses and EMI are high. In contrast, variable frequency control is another
control approach which controls the switches on and off with some extent of frequency
variation. By varying switching frequency, soft switching at zero voltage or zero current
instances can be achieved. The advantage of the variable frequency control strategy
includes the low switching stress, low switching losses and reduced EMI, etc. The
disadvantage of variable frequency control is that the operation frequency may drift away
from the nominal operation frequency. In the extreme conditions, the operation frequency
will bifurcate, which causes frequency stability and power transfer capability problems [90,
91].

® Magnitude control

The current magnitude control is one of the major tasks of the primary power converters.
To keep the track current constant, a feedback control loop is normally required.
Generally, track current magnitude control can be achieved from the input side by varying
the input voltage or current. To increase or decrease input value, a front-end buck or boost
converter is normally required [33, 92]. Such a solution is very simple in structure and
suitable for all of current fed or voltage fed converters. But the drawbacks are also
obvious. For example, if a buck converter is used to regulate the input DC voltage, more
components are required. Those extra components may contribute to additional power
losses, EMI, size and cost. In addition, the dynamic response can be very different to

analyse and control.

An alternative solution is to regulate the high frequency inverter voltage or current by

controlling the on/off shift angles [93-95]. Because no extra components are required,
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converter size and weight are not compromised. There are many different methods, which
can be used to implement the magnitude control of different converter topologies [93, 96].
For example, as described in [96], an LCL inverter operated at discontinues current mode
is different to a normal series tuned inverter. The control method requires a special
consideration on phase angles to ensure the inverter current fully drops to zero.
Consequently, the effects on control, implementation, or other perspectives will be
different depending on topologies, which will be briefly discussed in a later section of this

chapter.
® Frequency stability control

Frequency stability is another major concern when controlling the primary current. As
described that variations in loading conditions or system parameters may lead to frequency
drift. Although a fixed frequency switching control strategy can control the switches at
predefined frequency, the frequency drift may lead to a phase variation between the input
voltage and the input current. As a result, switching losses may increase, and then system

reactive power may increase.

Adding passive stabilization circuits is one solution, which increases the system Q. This
method can help to reduce the frequency drift caused by load variation. But it cannot
eliminate the frequency variation caused by loads and other system parameter variations.
Actively switching a capacitor or an inductor and using a saturable inductor are commonly
used methods to change the equivalent tack inductance or tuning capacitance. As a result,
the new tuning frequency will be varied against the frequency drifts to stabilize the system

at or near the desired frequency [20, 33, 97].

2.3 DC-AC High Frequency Inverters

A block diagram of a typical DC-AC power inverter for IPT applications is shown in
Figure 2-2. Here high frequency inverter is used to invert the DC power into a high
frequency power to drive the resonant tank. Depending on the type of input source, DC-
AC inverters can be categorized into two groups: voltage fed DC-AC inverters or current
fed DC-AC inverters. There are three IPT power inverters that have been designed and

implemented at The University of Auckland. These are described as: G1 (generation 1),
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G2 and G3, although there are a few associated derivatives, which will be briefly

discussed here.

O———- High Frequency

Inverter

High Frequency Resonant
DC Power 1 AC Power Tank

oO—

Figure 2-2: A block diagram of a high frequency DC-AC converter

2.3.1 Current fed G1 power inverter

Strictly speaking current fed inverters should employ a current source as the input power.
An ideal current source should output a constant current independent of the voltage across

it. It has two fundamental characteristics:

» It supplies a constant current, and
» Its voltage can vary freely.

Practically because a current source cannot stand alone like a voltage source unless
superconductors are used, a commonly used economic solution to construct a current
source is to use a series connected DC inductor with DC voltage source. Such a
configuration provides a quasi voltage-controlled current source with a nearly constant

current at a high frequency steady state operation.

Current fed inverters have two typical inverting configurations: the full bridge topology
and the push-pull topology as shown in Figure 2-3. It can be seen that in addition to the
DC inductor, the full bridge current fed topology consists of four switches. However,
instead of the upper two switches, the current fed push pull configuration employs a
splitting transformer to form a continuous path for the current flowing. Both full bridge
topology and the push pull topology have to keep at least one side of the switch(es) on at

all times to maintain the current flow.

-24 -



Chapter 2 Overview of High Frequency Converters for IPT Systems

o—YYY\_p
ahAe Mimar
Sit A K} Szt A K} Lsp1 Lspa
Iy |\ — N—p»——O
Vbe lg Ve 14/2
———o0 ——o
s- AKF s AKE S AKE S HKCH
o o
(@) Full bridge (b) Push-pull

Figure 2-3: Current fed switching network topologies

It should be noted that two current sources should not be connected arbitrarily to avoid
over-voltage generation. A current fed inverting network cannot be directly connected to a
track/coil within an IPT system. As such, a parallel tuned resonant tank or other derivative

resonant structure with a voltage source property are needed for a current fed inverter [16].

A typical full bridge current resonant inverter is shown in Figure 2-4. The switching
network is connected to the track via a simple parallel tuned capacitor branch. The
switches S;+, S;- and S,+, S,- are controlled to turn on and off to generate a high

frequency inverting current in the resonant tank.
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Figure 2-4: A typical full bridge current fed inverter for an IPT system

A symmetrical fixed frequency switching strategy offers the simplest solution to control a
current fed converter. The diagonal switch pairs are forced to turn on and off
symmetrically, i.e. when S;+ and S,- are on, then S+ and S;- are off. With such a
switching strategy, the full bridge current fed inverter has three different switching states
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under fixed frequency operation as shown in Figure 2-5 (a)-(c). The switches operate with
non ZVS condition for the leading or lagging states as shown in Figure 2-5 (a) and (b).
Therefore, the voltage and current ratings of the inverter are high, unless the switching

instants occur at ideal ZVS conditions as shown in Figure 2-5 (c).
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Figure 2-5: Operational states of the full bridge current fed inverter

The advantage of a fixed frequency switching control strategy is that the control method is
simple and easy to implement. The switching frequency is normally designed to be equal
to the nominal circuit resonant frequency. Therefore, it is not necessary to consider the
system bifurcation. But such a fixed switching operation may result in a high reactive
power when the inverter works under leading or lagging switching conditions. The forced

switching operation therefore can impose a high voltage and/or current stress and high
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EMI. In addition, the fixed frequency control strategy cannot achieve direct output track

current regulation without a front-end DC power regulator.

The PWM phase shift switching strategy is also a fixed frequency switching strategy but
with phase control. The phase switching operation can be used to control the magnitude of
current from a full bridge current fed inverting network, and then to regulate the track
current of the IPT system. To regulate the output current from the inverting network, the
on and off overlap period of the switches is controlled. A typical operation of the phase
shift control is shown in Figure 2-6. It can be seen that the switches are controlled to have
a phase shift angle, so that the inverter current is regulated. As a result the resonant
voltage is controlled. Such a phase shift control results in the top two switches having turn
on losses but no turn off losses, while the bottom two switches have turn off losses but no

turn on losses.
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Figure 2-6: PWM phase shift operation of a full bridge current fed inverter

Apart from the fixed frequency control strategy, a variable frequency control strategy
enables soft switching conditions for all the switches of a current fed inverter during
operation. It allows the switches to follow the system resonance to ensure the input voltage
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and current to the resonant frequency is in phase. Here the zero voltage switching

frequency can be approximately expressed as [98]:

fo_ b op L (2-2)
ZEM Q?

where Q is the quality factor. A special attention for a current fed inverter is that at least

one of the switches has to be conducted to maintain the current flow. The switch
transitions have to be at the zero voltage switching frequency. Failing to achieve ZVS
operation will result in shorting of the resonant capacitor and the occurrence of a large

over-current.

In comparison, the push pull configuration has a similar performance to the full bridge
configuration, except for the splitting transformer. It has a very good feature for IPT
applications because its resonant voltage is twice that of the full bridge owing to the action
of the splitting transformer. This enables the push pull inverter to drive a longer track or a
larger coil. Another good feature of the push pull topology is that no isolated or high/low
side gate drive is needed because the two switches used have a common ground. The
phase splitting transformer basically divides the DC current in two halves, and the peak

output voltage from inverting network can be expressed as [57]:

Vi, =7V, (2-3)

This means the resonant voltage is proportional to the DC input with the variable
frequency control. By controlling the DC input voltage using a DC-DC buck converter, the

output resonant voltage, and consequently the track current can be controlled.

In addition to a traditional push pull inverter, many new inverter structures have been
developed. Figure 2-7 shows a self-sustained push pull inverter without using an external

controller to drive the switches.
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Figure 2-7: Self-sustained push pull resonant inverter without external controller

As shown, only two Zenar diodes and two resistors are connected to drive the switches.
No extra detection and control circuit is needed. This inverter is essentially an autonomous
system. However, if high resonant current is required, the high voltage over the resonant
capacitor causes the voltage drop at the resistors to be high, resulting in high losses.
Therefore such a drawback limits the self-sustained inverter to low power applications.
Moreover, because no power control can be achieved by the switching network of the self-
sustained inverter, an extra power control stage may be required if power flow control is
needed. System bifurcation problems associated to parallel tuned inverters also exist for
such a self-sustained inverter. In addition, a special startup circuit with ramping input
voltage may be needed to reduce the current overshoot at start up [99].

2.3.2 Voltage fed G2 power inverter

Figure 2-8 shows both voltage fed full bridge and half-bridge topologies. The full bridge
configuration consists of four semiconductor switches. However, the half-bridge topology
employs two capacitors on each leg instead of the switches. It is simpler, but needs more
passive components compared to the full bridge topology. Because the half bridge can
only supply 2Vpc/2 (half of the input voltage), the power capability is lower compared to
the full bridge configuration.
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Figure 2-8: Voltage fed switching network topologies

In practice, the output high frequency inverting voltage cannot be arbitrarily connected to
a voltage source type load, and therefore the load type of the voltage fed inverter has to be
purely resistive or have a current sourced property, e.g. a series tuned resonant tank. A
typical voltage fed power supply for high frequency IPT applications is shown in Figure
2-9. It comprises a DC voltage source, full bridge inverting network, track, and its tuning

capacitors.
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Figure 2-9: A typical voltage fed high frequency inverter

In order to generate a high frequency current in the track, fixed frequency operation is
commonly used in this voltage fed G2 power inverter to force the switches to operate at a
predefined frequency of the resonant tank [100]. Similar to a current fed G1 power
converter, the fixed frequency operation of the semiconductor devices for the voltage fed
G2 inverters will also lead to three different operating states in terms of the inverting

voltage and resonant current as shown in Figure 2-10. Ideally, if the switches operate
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exactly at the zero current crossing points as shown in Figure 2-10 (a), the inverter voltage
and the current are in phase; and there should be no switching losses.

However, practically such ZCS operation conditions are difficult to achieve by the simple
fixing frequency switching strategy. This is because the actual resonant frequency of track
current may drift due to variations in one or more of the circuit parameters. Therefore, a
leading or lagging angle between the square wave inverter voltage and the output current

will exist as shown in Figure 2-10 (b) and (c).
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Figure 2-10: Switching state of fixed frequency switching operation

Although the fixed frequency control strategy is very simple and easy to implement,
operation under hard switching results in high switch losses and EMI. In addition, the
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fixed frequency operation has additional difficulties in accomplishing the magnitude
control of the output current, unless phase shift control strategy is applied.

In order to realize the current magnitude control under a fixed frequency operation, the
phase shift control is also commonly used for voltage fed inverters [101]. The phase shift
control strategy developed for the voltage fed G2 inverters is different from that of the
current fed G1 inverter. Here, G2 inverter controls the phase angle of either the two upper
or the two lower switches. A typical switching operation of a series tuned full bridge
inverter under the phase shift control is shown in Figure 2-10 (d). It can be seen that by

controlling the phase shift angle ¢ of the switches, the square wave inverter voltage vi, on

the track can be regulated.

If the switches pairs S;+ and S,+ are completely out of phase, the phase shift angle is 180
degrees, and the output voltage will reach their maximum value to obtain the maximum
track current. Opposite to this, if both the upper switch pairs S;+ and Sy+ are totally in
phase (Si;- and S,- are also in phase as well), the phase angle is zero degree. There is no
output voltage applied to the resonant track, and the track current will eventually become
zero as well. In consequence, continuous phase shift control method is able to regulate the
output magnitude of the current. The relationship between the input voltage and the output
voltage can be expressed as:

V= ”;j/EVDC sin (%) (2-4)

As S;+ and S;- are switched on after the zero crossing point of the current, while S,+ and
S,- are switched off before the zero crossing of the current, then there are no turn-off
losses on S;+ and S;-, and no turn-on losses on Sy+ and S,-. Therefore, soft switching
operation is not fully achieved by such a control method. To achieve soft switching for
these switch pairs, a small parallel soft switching capacitor is normally employed [16].
Due to the charging and discharging of the soft switching capacitors, the switching
operation occurs at either zero voltage or zero current instants so that the switching losses
are eliminated. However, due to the additional components added, the final system

becomes complicated to design and control.
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Full resonant G2 inverters with variable frequency control have been investigated to
achieve soft switching. With such variable frequency operation, the switching frequency is
allowed to follow the natural resonance. Consequently, a full ZCS soft switching operation

can be achieved.

While a front-end inverter could be used to regulate the input voltage and then the track
current, in practice an alternative approach is a quantum inverter that uses an integral cycle
control method to control the magnitude of the high frequency current by generating a
series of voltage pulses in or out of phase with the resonant current on a half cycle basis
[102]. Apart from this, by switching the system to hop among its multiple soft switching
operating points, current magnitude regulation can be also achieved. The advantage of
using variable frequency control is that soft switching condition can be achieved and the
efficiency can be improved. But the variable frequency control methods of a full resonant
G2 power supply cannot cope with system frequency variation unless a frequency
stabilization approach is applied.

2.3.3 Voltage fed G3 power inverter

A voltage fed LCL resonant G3 inverter is one of the widely used topologies in IPT
systems, especially for high power applications [96, 103, 104]. The voltage fed LCL
power inverter improves the performance of the G2 inverter discussed earlier by adding an
LC filter into the track. A typical voltage fed G3 power inverter is shown in Figure 2-11.

Figure 2-11: A typical structure of a voltage fed LCL inverter

Fixed frequency control can also be used for this power inverter. The typical fixed

frequency operation of an LCL power inverter is shown in Figure 2-12.
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Figure 2-12: Typical operation waveforms of LCL resonant inverter

One of the good features of the voltage fed G3 is that the track current does not flow
through the semiconductor switches as only the real power is supplied by the inverting
network. In addition, there is no bifurcation problem associated with this inverter under
fixed frequency switching control. In consequence, switching losses are low compared to
the voltage fed G2 inverter at light load. However, as shown in Figure 2-12, the
disadvantage is that the fixed frequency hard switching operations make the input current
of the LCL inverter very poor. As a result the switching stress and power losses can be
high.

A similar phase shift control method used in a series tuned G2 voltage fed power inverter
can be adapted to regulate the output current for an LCL resonant inverter [105]. The
phase shift control is also used here to control the inverter voltage and current under hard
switching conditions. An improved switching method is proposed in [96]. It operates the
inverter current in a discontinuous mode, by which the inverter is switched so that the
inverter current drops to zero and stays there for a finite period during each half cycle. A
partially variable frequency switching control method to achieve ZCS is proposed as well
in [96]. Here the switches are controlled to ensure that the inverter voltage always has the

same polarity as the input resonant current. By controlling the phase shift angle of
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individual switches in the inverting network, it is possible to control the magnitude of the
inverter input current and consequently the track current. This discontinuous mode control
philosophy was shown to reduce the required VA rating of the power supply as well as the

turn-on losses, but required a complex design procedure.

If the switches are controlled to maintain the resonance of the input current to the LCL
network, the G3 inverter can also operate under continuous current mode at another
operating frequency [51, 106]. Using such a switching strategy, the switching losses are
virtually non-existent due to the soft switching. As a consequence, the system performance
will be different. A large inverter current occurs because the low impedance in a natural

resonant frequency of the whole LCL tuning configuration.

2.3.4 Current fed G3 power inverter

The current fed G3 power inverter is based on modification of G1 power supply. The
current fed G3 converter also requires a parallel capacitor first in order to avoid voltage
overshoots caused by sudden changes in the direction of the inverting current [16].
Following such a principle, a CCL current fed inverter can be developed, where a
capacitor is in parallel with a series tuned LC circuit. It is the dual of the voltage fed LCL
inverter. In addition, if another LC tuning circuit is added to form a tuning = network as
shown in Figure 2-13 below and proposed in [16], the inverter performs even better for
IPT systems. Advantages of using the = network compensation is that unity power factor
can be obtained under fixed frequency operation. In addition, this = network also functions
as a band-pass filter to ensure low distortion in the track current. Similar to normal current
fed inverters, variable frequency operation can be used, but the ZCS operation frequency
may drift away from the nominal resonant frequency. Therefore, a more complicated
performance due to the high order nature of the circuit increases the design process
complexity, and can lead to unpredictable results, if care is not taken in design and

operation.
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Figure 2-13: Basic structure of current fed G3 power inverter

2.3.5 Single switch Class-E inverter

The class-E inverter topology with a single switch offers an alternative to generate high
frequency current for IPT applications. A typical structure of the class E converter is

shown in Figure 2-1.
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Figure 2-14: A typical structure of Class-E converter

A class E topology employs only one switch, a DC inductor Ly, capacitor C and a series
tuned track. The DC inductor here can be considered to form a current source supplying
constant current during circuit operation. The class E inverter has to operate at a fixed
frequency for Lg4 to form a nearly constant current source [107]. The circuit can operate at
zero voltage switching over a limited range of load and the voltage stress of the switch can
be as high as 3.5 times of the input DC voltage [108]. Therefore, the class E inverter is not
suitable for high power IPT applications. In addition, special consideration is required in
designing the controller to match the resonant frequency, because of the two different

resonant frequencies by a tuned Ly and C, or a tuned L and C [109]. An advantage of such
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a class E structure is that the switching control strategy is simple because of the fixed
frequency operation and control of only one switch. Consequently the controller design
can be very simple. Fewer component counts, light weight, compact size, and high

frequency operation make it a popular choice for low power applications [110, 111].

2.4 AC-AC Conversion Technologies

In the above section it has been shown that most practical IPT systems rely on a two stage
AC-DC-AC converter, where the AC-DC rectifier and the DC-AC inverter are decoupled
by an energy storage element. Theoretically, this two stage conversion process can be
reduced to one single conversion stage (direct AC-AC) through the use of a matrix
converter. This type of converter uses bi-directional switches to conduct and block the
current flow in two directions as required. Figure 2-15 shows a basic structure of an AC-

AC matrix converter with an arbitrary number of inputs and outputs.
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Figure 2-15: A basic structure of an AC-AC matrix converter [112]

Due to the lack of power storage components within the matrix converter, the output
power must be equal to the input power at all times, assuming the switches have zero loss.
The frequency at the input side and the output side are however independent. The
restriction on the converter operation is that if each input appears as a voltage source, then

each output must be in the form of a current source, or vice versa. The circuit is arranged
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such that any output line of the converter can be connected to any input line. To illustrate
the basic AC-AC conversion concept, a simplest single phase AC-AC matrix converter is

shown in Figure 2-16.

@ Vac Load

Figure 2-16: A simple single phase AC-AC matrix converter

2.4.1 AC switches

Switches S; to S, in Figure 2-16 are bi-directionally controllable and conductible
semiconductor switches. To date, fast AC switches have not been commercially available.
Figure 2-17 shows three common methods of forming ideal AC switches using available
DC semiconductor switches. The first configuration (Figure 2-17 (a)) combines four fast
diodes in a full bridge configuration and an active switch; the second configuration (Figure
2-17 (b)) employs two fast diodes and two active switches in a parallel connection; the

third configuration (Figure 2-17 (c)) utilizes two switches in a series connection.

Each of these configurations has advantages and disadvantages. For instance, the gate
controller is simple for the first one, because only one semiconductor switch is required to
be driven. The second and the third options have the advantage of allowing the individual
control of each switch. The voltage drop for all these combined switches is however high,
compared to a single switch. In addition the resultant conduction losses are high. Overall,
trade-offs are needed in selecting power switches between the application requirements

and the properties of the actual switching devices.

-38-



Chapter 2 Overview of High Frequency Converters for IPT Systems

-
\ 4
T
H‘; |_
1
(a) () (c)

Figure 2-17: Combined bi-directional controllable ac switches

2.4.2 Control methods

In order to generate power at high frequency and transfer it to the load, the driver circuit
associated to switches can be different, but generally it is simply required to generate the
required high frequency gate signals for the switches. In the configuration shown in Figure
2-16, if only the two diagonal switches are on and off at any time and the AC output and
the AC input are synchronized, as the switching frequency increases, the frequency of the

output will also increase.

Figure 2-18 illustrates the conducting states of the switches of the single phase matrix
converter with different input voltage polarities. The relationship between the AC input
and the high frequency output is shown in Figure 2-19, where the output frequency that
doubles and triples the input frequency is illustrated as an example. In order to generate a
high frequency AC current or voltage, the switches need to operate in such a way that they
operate at a high frequency to synchronize the AC source cycles and output cycles for

different load types all the time.
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Figure 2-18: The state of the switches at different input polarities
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Figure 2-19: The relationship of the input waveform and the output waveform

Based on such a method, a fixed frequency PWM switching strategy with switching
commutation has been reported that drives a three phase to single phase matrix converter
for induction heating applications [113]. However, the converter configuration is very

complicated. The generated PWM switching sequences are very complex at high
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frequency to commutate the switches during zero crossing. In order to implement the
switching commutation, the compromise of the fixed frequency operation leads to a hard
switching operation. Moreover, the magnitude of the current was found to be

uncontrollable, unless a more complicated control is applied.

In general, the circuit transient process involved in a high frequency matrix converter is
normally complex. The switching control and commutation are very complicated.
Therefore, the complicacy of the control and the switch configuration makes a direct AC-
AC conversion difficult to be directly used in practical IPT applications, unless special
structure and control is applied. To overcome the problems, in this thesis, a simple matrix
converter suitable for IPT systems using circuit oscillation and energy injection control

will be investigated.

2.5 Summary

A general overview of the technologies applied in high frequency power converters for
IPT systems was presented in this chapter. Several types of commonly used high

frequency converter topologies and the control strategies were reviewed.

DC-AC inverters are the most widely used for a range of applications. Various
developments labeled generations 1, 2 and 3 have been developed. G1 and G2 are based
on typical current fed and voltage fed topologies respectively. G3 topologies are improved
versions, which use LCL T network in voltage fed configuration or m network in the
typical current fed switching network. In addition, a class E structure was discussed,
which is common in low power applications. Each topology and control strategy has its
own advantages and disadvantages. Fixed frequency often results in high switching losses.
Soft switching is good for achieving high power efficiencies and low EMI. But the circuit
transient process involved in these types of power supplies is normally very complex and

difficult to analyze.

A matrix converter can be developed to provide a direct AC-AC conversion without a DC
link. But synchronizing the operation of the switches between the instantaneous input and
output can be very difficult, and the output waveform quality is usually poor due to the

complicated switching combinations required to shape the waveforms. Furthermore, the
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circuit transient process involved in matrix converters is normally complex. The
difficulties involved in the switching synchronization and the magnitude regulation of the
high frequency output make such matrix converters difficult to use in practical IPT

applications.

In conclusion, although DC-AC inverters and AC-AC matrix converters are available for
high frequency applications, they have different drawbacks in generating high frequency
currents for IPT systems, such as difficulties in implementation, poor output waveforms,
or high switching losses, etc. Therefore research and development of new types of high
frequency converters is still necessary. The following chapters discuss a range of
converters based on circuit free oscillation and energy injection concept suitable for IPT

systems.

-42 -



Chapter 3
High Frequency DC-AC Inverters Based

on Energy Injection Control

3.1 Introduction

3.2 Fundamentals of Energy Injection and
Free Oscillation

3.3 A Full Bridge Energy Injection Inverter

3.4 Summary

3.1 Introduction

In Chapter 2, the basic conversion concepts and existing high frequency power converters
currently used in IPT systems have been presented. Each of them has clear advantages and
drawbacks in terms of the topology and control strategy. Most of the resonant converters
are operated in a forced switching manner [80, 85, 94]. As such, the switching frequency

has to be equal to the fixed frequency.

In this chapter, a new concept of energy injection and free oscillation is introduced.
According to this concept, a new conversion method is proposed based on high frequency
circuit resonance. Some possible topologies and their related control methods are
developed to generate high frequency track currents using low switching frequency for

IPT applications.

3.2 Fundamentals of Energy Injection and Free Oscillation

Most of the existing converters for IPT applications are resonant converters, where the
track is tuned with one or more reactive components in series, parallel or hybrid

connection. Regardless of the tuning method, if a resonant tank is oscillatory, even without
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excitation, a resonant current will oscillate freely provided some energy is stored initially
in the resonant tank. A simple free oscillation path can be naturally formed by connecting
a capacitor to a track inductor. This can be achieved in many ways using a switching
network. However, special attention is required in designing such a network to achieve
energy injection when the power source is taken into consideration. As stated in Chapter 2,
if the input source is a voltage type, it can only inject energy into a resonant network in a
current format. The switching network only allows an energy injection when the capacitor
and the track inductor are in series connection. Figure 3-1 (a) shows a basic configuration
of a voltage sourced energy injection and free oscillation inverter. It comprises a power
supply, a switching network and a resonant tank consisting of a track inductor L, a

capacitor C and a resistor R.

Switching
Network Resonant Tank

G lKF ML

Figure 3-1: Principle diagram of injection method of voltage source.

The inverter has two operating modes: energy injection and free oscillation. When
terminals a and b are connected to the power source by the switching network during a
suitable period, energy can be injected into the resonant tank. However, when the
terminals a and b are shorted by the switching network, the track inductor L, its tuning
capacitor C and the resistor R form a free oscillation network, which is decoupled from the
power supply. The stored energy in the closed path of a resonant tank will oscillate in the
form of an electric field in the capacitor and a magnetic field in the inductor, and finally
will be consumed by the equivalent resistance, which represents the load and the ESR. To
maintain the required energy level in the resonant tank for sustained oscillation and energy
transfer to any attached loads, more energy is required to pump into the tank by

reconfiguring the switch network to connect to the power source. From an energy balance
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point of view, such an operation based on discrete energy injection and free oscillation
control is very different from normal voltage or current fed inverters. Therefore, the
controller design and performance of the inverters based on this approach are very

different from other traditional controllers as well.

3.2.1 Structure and operation

Figure 3-2 shows a simple primary power inverter based on the proposed free oscillation
and energy injection concept for IPT systems. The overall primary inverter simply
comprises two semiconductor switches, which can be MOSFETs or IGBTs with anti-
parallel body diodes, and a series resonant circuit consisting of an equivalent track

inductor L, a capacitor C, and an equivalent resistor R.

!
AL a
-
Sy

Ovee  s,4K3

(o}
o

Figure 3-2: A two switches energy injection inverter

The basic operation of the inverter is shown in Figure 3-3. Initially, switch S; and S, are
all in their off state; there is no electric and magnetic energy stored in the tuned track
loop/coil. The voltage across C and the current in the track loop/coil are all zero. When S;
is controlled on, the source voltage (Vpc) is applied to the resonant track. Consequently,
new energy is injected into the track. If S; is turned off and S; is turned on, the current
freely oscillates in the track loop/coil and the energy transfers indefinitely between C and
L assuming there is no load to damp the oscillation. In practice however, damping does
exist in the form of the load or the circuit loss elements (such as the ESR of the track);
causing the energy in track loop/coil to eventually be consumed. If new energy is injected
into the resonant tank periodically to replenish the energy consumed, the resonant current

in the track loop/coil can be maintained.
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Figure 3-3: Basic operating states of the half bridge inverter

3.2.2 Steady state analysis

The input voltage to the resonant tank can be defined as:

3-1)

Vo Injection
0 Oscillation

There are two individual operating conditions during the control of the proposed inverter:
free oscillation and energy injection. According to Kirchhoff’s voltage law (KVL), second
order differential equations can be obtained for the free oscillation states as:

Lc:j—ltL+ Ri, +v. =0

(3-2)
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Similarly, second order differential equations can also be obtained for the energy injection
states as:

LO(Ij—ItL+ Ri, +v, =V,

dv, (3-3)

 =C—=
dt

Irrespective of the state of the circuit (free oscillation or energy injection), the differential

equation in terms of the track current can be rewritten as:

2.
N pedl i —o (3-4)
dt? dt

LC

The full solution to the track current during the energy injection states can be obtained as:

_t _t
iL (t) _ VDCa:VC (O) . . 0

e “sinwt+i (0)—e * cos(wt +6) (3-5)
@

During the circuit free oscillation states, because the resonant tank is decoupled from the
power supply, the solution of the track current therefore can be expressed without the

input voltage term as:
(O) t t
I (t)= L ———=e "sinwt+i,(0) —e cos(awt + ) (3-6)

where vc(0) and i, (0) are the initial voltage of the tuning capacitor and the initial current of
track inductor. 7=2L/R is the decay time constant, o (the zero phase angle frequency of
the resonant current) is determined by the circuit parameters, which can be further

expressed by the following equation [16]:

a)=a)0\/l—é/2 :a)o«’l_él_éz (3-7)

where @ is the undamped natural frequency (@, =1/4/LC)), which is determined by the

inductance and capacitance of the resonant loop/coil, but it is independent of the load and

ESR. { is the damping factor of the network, which can be expressed as:
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¢ =R/2JL/C =1/2Q ,while Q is the equivalent quality factor which can be defined as
Q=wm,L/R=1/2¢, and the phase shift angle 8 in equation (3-5) and equation (3-6) can

be expressed as:

6 =arctan (ij =arctan [ij =arctan(¢) (3-8)

T 2Q
From equation (3-7) it can be seen that in order to make network oscillation occur, the
damping factor ¢ should be less than 1. Therefore, the quality factor Q must be greater
than 0.5, otherwise the circuit will be over damped. It is easy to understand that a high Q
will help the circuit to generate a high quality track current with lower distortion. In
addition, a high Q primary track helps to store more energy at the resonant frequency, so a
lower switching frequency can be designed to maintain the high resonant frequency.

If the switching transitions are controlled to occur at the zero current crossing points, so
that zero current switching (ZCS) is achieved, then the initial current i (0) is zero. The
corresponding initial voltage of the tuning capacitor vc(0) will be around its peak value if
the circuit Q is high. Under such a condition, the second term of equation (3-6) becomes
zero, resulting in a simple current equation given by:

©)

_t
i (t)= e gin ot (3-9)
ol

And during energy injection, the track current can be expressed as:

t

i (t) = \/Dc;—tc(o)er sin ot (3-10)

The amount of injected energy in each half cycle is determined by the magnitude of the
input DC voltage, the track current, and the injection period [112]. Therefore it can be

expressed as:

E, = OTmVDciL(t)dt (3-11)
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where Ti, is the energy injection period. If switch S; is on and S, is off during every
positive half cycle of the track current, the maximum injection time period is achieved,

and the fundamental voltage magnitude (in rms) can be given as:
V. =—=V. (3-12)

Consequently, the maximum current that can be achieved in the track with this maximum

energy injection can be expressed as:

_ Ve (3-13)

rms
7R

where R is the total equivalent resistance of the primary circuit. Therefore the controllable
range of the reference of the current for the half bridge topology is from zero to the
maximum current described by equation (3-13), which corresponds to no energy injection
and maximum possible energy injection respectively. Ignoring the harmonics, the
maximum power that can be supplied by a given DC voltage source for the simplest half
bridge structure can be obtained by I°R and expressed as:

2
P _ 0.2V—DF§ (3-14)

3.3 A Full Bridge Energy Injection Inverter

3.3.1 Inverter structure

According to the above analysis, it can be seen that energy injection by a half bridge
structure is only possible in one direction of the resonant current. Although the half bridge
topology is simple and easy to control, dual side energy injection control would be better
to allow energy to be injected to the resonant tank faster. Figure 3-4 shows such an
improved inverter structure, which can achieve energy injection from both directions of
the resonant current. Here S; and S4 control the positive energy injection, and the negative
energy injection control is achieved by S, and S; together. S, together with S, or S;
together with S; can form a path for the current free oscillation. Actually there are many
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different combinations of semiconductor switches to construct a switching network to

achieve both the free oscillation and the energy injection control.

S
Cvoe i

S
’ R

8/4 \cb ﬁ

Figure 3-4: Bidirectional energy injection inverter structure

By utilizing the inherent anti-parallel body diodes of some MOSFETs or IGBTs, a full
bridge switching network can be used to achieve the current free oscillation and

bidirectional energy injection as shown in Figure 3-5.

lin a C L
¥
C_ Vbe ﬁv'” ]'
Si— A So- 4 b R

Figure 3-5: An energy injection inverter with full bridge topology

Although the structure of the proposed energy injection inverter is not much different to a
conventional full bridge voltage fed resonant inverter, the control strategy of the proposed
inverter is very different. Here, the switching network can be designed to control the
energy injection in either one or both directions of the resonant current. The unique feature

of the inversion method lies in the control of the resonant current to ensure proper energy
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injection into the network if required. The inverters can be hard or soft switched, and the
basic principle of controlling a full bridge inverter is similar to a half bridge inverter as
discussed in the previous section. The energy injection is required to compensate for the
power losses promptly and smoothly without significantly affecting the frequency and

magnitude of the track current within the circuit.

3.3.2 Operating principle of the full bridge topology

As stated, the operation of the switches of the full bridge inverter is simply to maintain a
constant energy in the primary track. Initially, the four semiconductor switches Si+, S;-,
So+ and Sy- are all in their off state, there is no electric and magnetic energy stored in the
resonant tank. As such, the voltage across C and the current in the track inductor L are all
zero. The operation of the inverter can be divided into three states according to the
outcome of their switching operation, being positive energy injection, negative energy

injection and free oscillation.

> Free oscillation

The switch operation of free oscillation is to construct a close loop to allow current
flowing freely. Due to the structure of a full bridge topology, there are two different

methods that can form such a path.

If only the two upper switches S;+ and S,+ are turned off, while the two lower S;-and S,-
are turned on, switches S;-, Sy-, and their anti-parallel body diodes form a oscillation path

to allow current freely flow as show in Figure 3-6(a).
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Figure 3-6: Basic free oscillation operating states of the inverter

An energy injection path can also be formed by keeping switches S;+and S,+ on, and S;-
and S,- off as shown in Figure 3-6(b). S;-, So- and their anti-parallel body diodes construct

a close loop.

During the circuit free oscillation, because the resonant tank is decoupled from the power
supply, the solution of the track current therefore can be expressed without the input

voltage term. It is same as that for a half bridge topology as described in equation (3-9).

> Energy injection

To inject energy in both directions, S;+, S,- is controlled to be on (S,+, S;- off) in positive
cycle of the resonant current; or S+, Si- is on (Sy+, Sp- off) in the negative cycle of the

resonant current as shown in Figure 3-7(a) and (b) respectively.
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(@) Energy injection state in positive cycle of
resonant current

(a) Energy injection state in negitive cycle of
resonant current

Figure 3-7: Basic energy injection operating states of the inverter

In fact, the operation of an inverter with a full bridge topology is similar to the half bridge
topology. During the energy injection period the resonant circuit is connected to the power
source Vpc with the current flowing in the same direction, so that the energy is brought
into the network. Therefore, the voltage over the tuned track can either be positive or

negative as:

\Y/ Positive Energy Injection
Vm(t)={ oo 9y Injection) (3-15)

-V (Negative Energy Injection )

In the positive energy injection stages, if the switching transient is at the zero crossing

points, the solution of the current can be expressed as:

t
i, (t) :VDC;—\CC(O)e * sin wt (3-16)
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Similarly, if the energy injection happens when the input voltage is added to the track, and
the track current is in negative direction, the solution of the current can be expressed as:

_t
i (1) :VDCw—LVC(O)e “ sin ot (3-17)

Note vc(0) is the instantaneous initial voltage. It is negative at positive zero current
crossing transient (from low to high). It is positive at negative zero current crossing
transient (from high to low). If energy is brought into the resonant tank in a fast and
efficient manner to replenish the consumed energy, the resonant current in the track will
be maintained at the free oscillation frequency. Therefore, the total electromagnetic energy
of the resonant tank can be maintained and controlled., If energy is injected in each
positive and negative cycle, the maximum power that can be supplied by a DC voltage
source is achieved and can be expressed as:
P =£VDCZ (3-18)

™z R

Compared to equation (3-14), the full bridge inverter can supply four times more power
than the half bridge with maximum energy injection. It is simply because a full bridge
inverter can inject energy in both directions of the track current, while the half bridge
topology can only inject energy in the positive direction. Therefore, the power range that
can be controlled by a full bridge topology doubles that of a half bridge topology.
Furthermore, the full bridge topology enables a faster dynamic response during startup or

load variations because of the bidirectional injection.

3.3.3 Variable frequency ZCS control

A control strategy is developed in this section for the full bridge inverter. For the intended
IPT application a high frequency primary track current is often required. Because the only
major difference between the half and full bridge topologies is the control of the energy
injection in either one or both directions of the track current respectively, the control
strategy developed for a full bridge topology can be easily applied to a half bridge

topology. Due to the features of resonance and discrete energy injection, the operating
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period of the switches S;+ and Sy+ is constrained by the direction of the track current and
the requirement of the energy level in the resonant tank.

There are many switching technologies that can be applied to achieve a necessary control.
The options include hard switching, soft switching, and combined hard/soft switching.
Because full soft switching operation can generate good waveforms with reduced
switching losses and EMI, this research focuses on soft switching control realized by ZCS
operation, which is described in [94]. In the full bridge inverter shown in Figure 3-5, the
actual ZCS frequency is not necessarily equal to the nominal natural resonant frequency of
the oscillation circuit. Therefore, a fixed switching frequency controller is unable to follow
the actual resonant frequency variation during operation, consequently the switches can
experience high voltage/current stress, as well as high power losses and EMI when the
load varies or the circuit parameters drift. To achieve a full soft switching operation, a
variable frequency control method is proposed and developed in this research to allow the
frequency variation, thus the actual circuit resonance is ensured and a reasonably good
quality track current can be generated. From controller design point of view, allowance of
variable frequency operation makes zero current switching easy to achieve during both
energy injection and free oscillation states. Furthermore, such a control scheme helps to
reduce the system cost, size and power efficiency due to maximum power factor operation
resulting from the frequency variation. In practice, if the IPT system is properly designed
with a large equivalent primary circuit quality factor Q (with the reflected components
from secondary side taken into consideration), the actual frequency variation is very small

during operation [73].

» Soft-switched startup

Owing to the circuit resonance, the startup of the inverter can also follow the resonance of
the track current. Figure 3-8 shows the soft-switched startup process of the proposed
inverter. Initially, all switches are in their off state, there is not electric and magnetic
energy stored in the track loop/coil. The voltage across C and the current in the track
loop/coil are all zero. When S;+, S,- are controlled on; and S,+, S;- are controlled off, the
source voltage (Vpc) is applied to the resonant loop/coil and energy is injected into the
track in the positive half cycle. After C is fully charged, a free oscillation path for the

current can be formed, if S;+,S,+ are controlled off and S,-,S;- are turned on.
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Figure 3-8: Soft switched startup process

» Steady-state operation

A control strategy that uses the current as the control variable to achieve ZCS operation in
both the energy injection and free oscillation states is proposed. If the peak value of the
track current in previous half cycle is always smaller than a predefined reference, energy
injection will be controlled to occur in next half cycle. Otherwise, if the peak current in the
previous half cycle is larger than the predefined reference, the free oscillation of the
resonant circuit will be maintained. When this basic principle is applied to the full bridge
inverter topology, the control strategy with reference to the track current is illustrated in

Figure 3-9.

| L Free Energy Free Free Energy Free
oscillation injection  oscillation oscillation injection  oscillation

-1
ref tl
Figure 3-9: Steady state ZCS energy injection control strategy

Switches S;+, S,- are turned on at the zero crossing point when the track current in the

network is positive and its peak value in the previous half cycle (t;) is smaller than a
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predefined threshold reference. The on state will be held until the current finishes its
positive half cycle (ty) and goes back to zero. Similarly S,+, S;- can be controlled on to
allow energy injection in the negative cycles (ts) of the track current. If the detected peak
value of the track current is larger than the reference in a previous half cycle, S;- and S,-
(or S;+ and Sy+) will be kept on to maintain free oscillation. All the switches operate at
either zero current crossings, so ZCS conditions are ensured. The detailed control of the
inverter switches is shown in Table 1. The flow chart of the control algorithm is shown in
Figure 3-10.

Initialization

Yes

v
S+, S,-on
S,+, Si- off

Keep current
state
v
No
Keep current
state 4

S+, S,- off
S,+, S1-on

v

_< Keep current /
state \
ﬂ End <

Figure 3-10: Flow chart of the control algorithm
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Table 3-1: Basic control states of a full bridge inverter

Energy injection

i (t)>0,i /prel <+l | i()<Oi/pref<-I,

Si+ Si- Syt S,- Sit Si- Syt S,-

on off on off on off on off

Free oscillation

iL(t)>0’i\L/preTf>+lref iL(t)<O’i\L/pre%>_lref

S+ Si- S,+ S,- Si+ Si- S,+ S,-

off on off on off on off on

3.3.4 Current ripple analysis and discussion

As can be seen from the previous analysis, the energy injection and free oscillation control
approach will introduce current ripples in the track. For analysis and design purposes, it is
important to quantify the magnitude of the current ripple. Because the extent of the current
ripple is load dependent, and it varies with the energy injection instants and different
inverter topologies, it is very difficult to conduct accurate ripple analysis under all the
operating conditions. However, a worst case analysis is possible to find the maximum and

minimum currents, which quantify the worst ripple that an inverter can have.

As discussed, the control of the energy injection is based on the preset current reference.
This reference is within the range from zero to the maximum current. Ideally, the
maximum current of a proposed full bridge topology inverter is related to the parameters
of the inverter and the input voltage, and it is achieved by full energy injection. The output
voltage of a full bridge topology when added to the track, reaches its maximum value with

the fundamental magnitude given by:

v =2y (3-19)
T
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Therefore the maximum current reference that can be requested of the full bridge inverter
can be calculated as:
| =WV (3-20)

ref _max
- 7R

With a given reference lower than the value defined by equation (3-20), the current ripple
occurs around the reference. Among different operation conditions, the maximum peak
current i_max occurs under the condition when there is no load, and the current peak in the
previous half cycle is slightly smaller than or just equal to the reference value I So that
the energy is injected into the resonant network in the next half cycle. The current
waveform under such a worst case condition is shown in Figure 3-11. It can be seen that

the maximum current i._max appears in the following half cycle after the energy injection.

Free
Oscillation

Energy
injection

Figure 3-11: Maximum track current under worst case condition

Because there is no load, the capacitor voltage is zero when the track current is at its peak.
As such, the total energy stored in the resonant circuit before the energy injection can be

expressed as:

store ref

E,. = % LI 2 (3-21)

After the half period energy injection, the total energy storage in the circuit becomes:

1.~ 2

E I-IL_max = % Llref2 + Ein (3'22)
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The amount of injected energy is determined by the magnitude of the input DC voltage
and the track current governed by equation (3-11), where (assuming ZCS operation is
required) the period of the energy injection is half of the resonant period of the track
current. According to equation (3-10), the maximum current during energy injection can
be expressed as:

iA _ VDC —Ve (0)

L

-T
e (3-23)

where vc(0) is the initial value of the capacitor voltage at t=0, which can be determined by:

Ve (0) = ng ref (3-24)

From equations (3-23) and (3-24), the injected energy in a half period can be expressed as:

L
T TVoc (VDC_'_\E I ref)
E, =Voe [ 2i (t)dt = - (3-25)
\Fﬂ
C
Substituting equation (3-25) into (3-22), the maximum current can be obtained and

expressed as:

A 2
= 12+ 2 V0e +\E 2TV (3-26)
- V4 L 7zl

Equation (3-26) shows that the worst case track current overshoot (above its reference
value) is determined by the input voltage, the track current oscillation frequency, and the

circuit parameters.

While the maximum current is caused by the energy injection at no load, the minimum
current i_min IS caused by circuit damping. The worst case scenario arises when the load is

at its maximum, and the peak current is slightly larger than the reference value, so there is

no injection in the next half cycle causing the current to decay. Starting from i, (0)=—I

and V¢ (0)=0, equation (3-6) can be further expressed as:
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t

i (t)=—1, % e © cos(wt +6) (3-27)

Note that strictly speaking when the current is at its peak, the capacitor voltage is not
exactly zero due to the existence of the load. But for inductive power transfer applications,
the primary circuit Q is very high so the error caused by assuming it is zero will be very

small.

For a full bridge topology, the current reaches the minimum value after a half period from
the previous peak value, so ii_min Can be expressed as:

RT

a) [
L_min = Iref _Oe L (3-28)
For a half bridge topology, the minimum current is worse, because energy can only be
injected in positive half cycles. Even the current becomes smaller than Il in the first
positive half cycle, the current damping will continue for another negative half cycle. In
general, the worst case minimum track current (below than the reference current) is mainly

determined by the load, the resonant frequency, and the circuit parameters.

3.3.5 Simulation study

To evaluate and investigate the proposed energy injection control strategy and the
theoretical analysis, simulation studies were undertaken for the proposed full bridge
inverter during startup, steady state and load variations using the PLECS toolbox in a
MATLAB/Simulink environment. The simulation system circuit configuration and the
schematic diagram are shown in Figure 3-12 (a) and (b) respectively. The parameters of

the components are listed in Table 3-2.
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Figure 3-12: System configuration for simulation

In order to investigate the proposed conversion method, the control and the switching
strategy, a simulation study was carried out focusing in particular on the startup transient.
Figure 3-13 shows the simulation result of the track current and the switches gate driver

signals under the proposed energy injection control without load (only ESR is present).

From Figure 3-13 it can be seen that S;+ and S,- are controlled on at the initial stage
resulting in the series capacitor becoming fully charged and equal to the source voltage.
After this, the upper two switches S;+ and S,+ are switched off, while switches S;- and S,-

are turned on, thus a free oscillation path is formed with the track current flowing in the
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negative direction. Once the first oscillation cycle is complete, the current increases
gradually and reaches the reference after only a few cycles. In addition, there is an
invisible overshoot during the startup phase. The maximum overshoot current is well
limited by the last half cycle energy injection, where the previous maximum current is less
than the reference. The maximum current overshoot in the half period energy injection can
be quantified using the previous theoretical analysis for analyzing maximum current

overshoot.

Table 3-2: Circuit components parameters

Notes Symbol Value
Input DC voltage Vbe 24V
Primary track/coil inductance L 67.81 uH
Primary tuning capacitance C 0.88 uF
ESR Resr 0.2Q
Maximum equivalent Load R 0.5Q
Nominal system frequency f 20 kHz
Reference peak current I et 15A

It can be seen that the startup transient is a fully soft switched process, where all the
switches are switched on and off at ZCS condition, therefore the switch losses should be

reduced during the startup.
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Figure 3-13: Simulation results of startup

In addition to the startup transient, Figure 3-14 shows the operation of the inverter under

steady state. It can be seen that the energy is injected using Si+ in its positive direction or

So+ in its negative direction. However, when the both S;- and S,- are on, there is no

energy being injected. As shown, the resonant track current is maintained around the

predefined reference value of 15A, but with an asymmetrical operation. In fact, the switch

operation of such an inverter is determined by the input voltage, the load, the ESR of the

track and the predefined reference. Any small perturbation will change the operation
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condition, thus inverter operation is discrete and almost unpredictable due to the

nonlinearities of the circuit operation.
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Figure 3-14: Simulation results of steady states operation

In order to investigate the proposed control and switching strategy under different loading
conditions, a simulation was undertaken by varying the load from no load condition (with

only ESR present) to full load condition. It can be achieved by varying the value of the

- 65 -



Chapter 3 High Frequency DC-AC Inverters Based on Energy Injection Control

simulation model RL2 in Figure 3-12 (b). The simulation results obtained are shown in
Figure 3-15.
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Figure 3-15: Simulation results of load variation transient

The load variation occurs around 4.5ms as indicated in Figure 3-15. Notably, the
switching operation is different from steady state operation shown in Figure 3-14. The

switching pattern has changed when the loading condition varies. Here S;+ fully stops

- 66 -



Chapter 3 High Frequency DC-AC Inverters Based on Energy Injection Control

injection of energy if the load is removed. For the majority of the time, the converter
operates in a free oscillation state. S,+ operates at a very low switching frequency to inject
energy to compensate the energy consumed by the ESR and the load. It can be seen that

such energy injection control has a very fast response against load variations.

3.3.6  Experimental implementation and results

The same circuit parameters for the simulation study are used to build an experimental
system. To realize the proposed control strategy with fast sampling and minimal delay, a
FPGA controller was designed and implemented to achieve ZCS operation. The circuit

control system and the associated gate driver circuit are shown in Figure 3-16.

Figure 3-16: FPGA based controller and gate driver

Figure 3-17 shows the experimental results of the startup transient response of the
proposed inverter. The gate drive signals of S;+ and S,+ are displayed together with the
resonant track current (i.). It can be seen that at the beginning S;+ is kept on for a short
period (S;- is also on but is not shown). Once the voltage of the capacitor equals the input
voltage, S;+ and S, + are both turned off (S,- and S;- are turned on), and an oscillation
path is formed so that the current oscillates freely in the track. After the initial forced
energy injection and the first half cycle oscillation, S;+ turns on in each positive half cycle
and S,+ turns on in each negative half cycle to ensure the maximum energy injection to
boost the current to the reference 15A as fast as possible. Once the peak track current
reaches a predefined reference, the switching frequency decreases to reduce the energy
injection and maintain the track current relatively constant. The duration of the startup
transient to steady state takes only a few cycles from the experiment. The waveform is
very similar to the simulation result shown in Figure 3-13. The current overshoot during
startup is well controlled. The maximum peak current at the startup transient is about 18A,
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which is close to the simulated value 19.6A shown (only ESR). Both of them are within
the range of the theoretical worst case value 20.47A, which is under no load condition and

can be predicted by equation (3-26).

U ] ] 8 [

>

42 Source +d Slope
3 £

Figure 3-17: The transient response of the proposed inverter on startup

In order to investigate the inverter operation with load, a practical pickup is added to
couple to the primary track having a mutual inductance M=7.66>10° pH. Under such
coupling conditions, the pickup is tuned at the primary operation frequency of 20 kHz and
presents a reflected load Z,=0.5Q to the track. The steady state operation is shown in the

early part of Figure 3-18.

From top to bottom, the waveforms are voltage over the load on the pickup (VRL ), the

primary track current (i), So+ and S;+. Here the track current frequency is operating close
to the nominal resonant frequency which the pickup is tuned to operate at. By the control
strategy the inverter has a good dynamic response. A high frequency track current is
generated, and its magnitude is maintained around the reference level despite the low

switching operation.
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Figure 3-18: The response from full load to no load

In order to investigate the proposed control method for the applications under load
variation conditions, an experiment is undertaken with same specification shown in Table
3-2, but the load on the pickup was suddenly removed. The experimental waveform of the
track current and the gate driver signals are shown in the later part of Figure 3-18. In the
beginning the system operates at steady state. Around 10ms, the load is removed

(indicating no energy is desired by pickup) in order to evaluate the response of the
inverter. At this point the voltage over the load VRL of the load resistor of the pickup is

shown to drop to zero Figure 3-18 (tracel). The inverter now only operates to overcome
the track losses and maintain the current on the primary resonant circuit. Furthermore, the
transient overshoot of the primary current which exists as a result of the energy injection is
naturally limited, which is close to the simulation result shown in Figure 3-15, and can be
well predicted as discussed in the ripple analysis. In addition, all switches operate at low
switching frequencies and the switching pattern is different from the full load condition. It
also can be observed that only S;+ is operating, S, + is standing by under this “no load”
condition. As discussed in previous simulation study, the switching pattern is related to the

reference value of the track current and the loading condition, which is difficult to predict.

It can be seen from Figure 3-18 that small fluctuations in current arise under both full load

and no load conditions, because of the fast energy consumption of the load during the free
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oscillation period, and a slight over energy injection during the half period of energy
injection, which is limited by the half period energy injection if the ZCS condition is
maintained. Figure 3-18 shows that the practical experimental value of the maximum
current is about 19A, which is smaller than the theoretical worst case value of 20.47A. The
practical minimal current obtained is about 14A, which is also within theoretical limit of
the calculated value of 13.74A. In fact, such a waveform is sufficiently good for an IPT
system, where the major task is to transfer the average rather than the instantaneous
power. If necessary, these fluctuations can be minimized or eliminated by controlling the
energy injection using a hard switching strategy, or a combined hard/soft switching
approach, but in either case full ZCS will be compromised.

3.4 Summary

In this chapter, a high frequency inversion and control method was proposed for IPT
applications based on free oscillation and energy injection control principles. The
inversion topologies of the simple half bridge and the improved full bridge configurations

were discussed.

Theoretical modeling and analysis were conducted to understand the operation of the
proposed method. An analysis was taken to predict the about the current fluctuation under
the worst case conditions. A ZCS strategy was proposed to control the full bridge inverter,
which was verified by simulation and experimental studies to evaluate variations under
startup, steady state, and load variations. A FPGA based controller was developed as the
core control unit to implement the control strategy so as to achieve a fast and accurate
ZCS operation. Both simulation and experimental results have demonstrated that the
proposed inversion method is able to generate a high frequency output current at a low
switching frequency. The inverter operates at full ZCS conditions and has very good
startup and steady state properties. Furthermore, track current fluctuations that arise during

operation, but they are well controlled even under load transients.
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Frequency Bifurcation and Sensitivity

Analysis

4.1 Introduction

4.2 Bifurcation Phenomenon

4.3 System Load Model

4.4 Effect of Loading Condition

4.5 Effect of Coupling Condition

4.6 Components Sensitivity Analysis
4.7 Summary

4.1 Introduction

In the previous chapter, DC-AC inverters for IPT systems based on energy injection
control were proposed and discussed. However, the previous study mainly focused on the
primary inverters by assuming that the reflected load was purely resistive. Practically, IPT
systems are designed to deliver power from a stationary primary side to one or multiple
movable secondary loads via magnetic coupling. Therefore, the behavior of the primary
inverter is affected by the pickup circuit(s), and it is mathematically complex and highly
sensitive to variations in system parameters such as self-inductances, tuning capacitances
of primary side and secondary sides, loading conditions, and the mutual magnetic coupling
conditions, etc. For an IPT system with a variable frequency power supply, system
parameter variations may result in a system frequency variation and affect the power

transfer capability; in consequence the system performance can be very different.

In this chapter, in order to have a better design for the proposed primary energy injection
inverter at a system level, the influences of the secondary pickups on the behavior of the
proposed inverter including the phenomenon of system frequency bifurcation, the

sensitivity of various key components and the power transfer capability will be analyzed.
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4.2 Bifurcation Phenomenon

In order to have a better current waveform and reduce the switching losses, the proposed
energy injection controller uses a variable frequency control. The inverter is operated in
such a manner that is to follow the system resonance for achieving soft switching
operation. The switches of the inverter are operated under ZCS conditions with
theoretically no switching losses. Despite the advantages of using a variable frequency
control scheme, the proposed inverters can face frequency stability problems which are
mainly caused by heavy loads and/or tight coupling of one or more power pickups. For
such a high order system, if any of the system operating conditions varies, for instance, the
loading or coupling condition, the system may bifurcate and result in more than one stable

operational frequency [91, 114].

In order to understand the system bifurcation phenomenon, the proposed inverter is
studied together with coupled pickups. Figure 4-1 shows the IPT system, which have a

primary energy injection inverter with a series tuned pickup.

M
N
i | '5
p C 1

Si- - Sz g}

Figure 4-1: A primary energy injection inverter with a series-tuned pickup

Figure 4-2 shows a typical surface plot of the imaginary part of the total impedance of the
resonant network (when the pickup load is treated as linear) by sweeping the system
operation frequency with one of the system operation conditions varying according to the
given system parameters listed in Table 4-1. Figure 4-2 (a) shows the imaginary part of the
total impedance seeing from the primary side with the load variations on the secondary
side. It can be seen that if the secondary side has a light load, there is only one frequency
corresponding to Im(Z;)=0. However, with the load increasing, there are more than one
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zero phase angle frequency appearing.
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Figure 4-2: Imaginary part from the primary with operation conditions variations
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Table 4-1: IPT system parameters

Notes Symbol | Value
Input dc voltage Vbe |25V
Primary coil inductance Ly 67.81 uH
Secondary coil inductance Ls 45.16 uH
Primary tuning capacitance Co 0.905 puF
Secondary tuning capacitance Cs 1.360 uF
Mutual inductance M | 7.66x10°uH
Primary coil ESR Rp 0.150 Q
Secondary coil ESR Rs 0.095 Q
DC Load resistance Roc |0-2Q
Angular nominal operating frequency o 1.276x10° rad/s

Similarly, Figure 4-2 (b) shows the imaginary part of the system with mutual coupling
variations. It can also be seen that the system will have more than one zero phase angle

frequency under tight coupling conditions.

The system bifurcation phenomenon is directly related to system operation conditions, and
it can affect the power transfer capability of the system [115]. If the operation frequency
drifts, the pickup will also be detuned from the designed frequency. As a result, the
primary power inverter may have a lower power transfer capability. Under the worst case
scenario, if the frequency suddenly jumps from the nominal frequency to either the lowest
or highest frequency, it is possible that the transient frequency variations may cause the
controller difficult to response. As such, frequency stability problem will need to be
investigated for the proposed variable frequency energy injection primary inverter with
one or multiple secondary pickups. The results obtained can be very useful for designing

an energy injection inverter.
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4.3 System Load Model

In order to analyze the proposed energy injection inverter at a system level, a power
pickup is included in the IPT system. A typical series tuned pick is shown here in Figure
4-3.

Figure 4-3: Series resonant pickup resonant structures with equivalent load

Here, the pickup is designed to have a resonant frequency at wo, which is given by:
W, = —F—= (4-1)

The load here is a DC load, which is connected to the pickups with the filtering and

rectification circuitry.

It has been shown [28] that under the assumption that the rectifier is in continuous

conduction, the ideal equivalent AC load (R.) can be presented by:
R =— R, (4-2)
T

This implies that the equivalent AC load R, which is used in the following analysis, is
linearly proportional to the actual DC load. In order to simplify the analysis, all the
switches of the primary inverter are assumed to be ideal. There are no delays from energy
injection operation to free oscillation operation and vice versa. With these assumptions,
the circuit shown in Figure 4-1 can be modeled as two separate series tuned circuits that
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are coupled to each other with a mutual inductance (M), and each of them has a self ESR.
The equivalent circuit model of the proposed system is shown in Figure 4-4.

A e s

Figure 4-4: System coupling model

The equivalent impedance of the secondary pickup can be modeled as in [116] by:

Z, = jolL + +R +R, (4-3)

JaoC,

Looking at the primary side, the reflected impedance from the secondary side can be
calculated as:

(4-4)

Accordingly, the total input impedance of the primary inverter can be expressed by:

Z = joL_ +
t J p chp

+R,+Z, (4-5)

By substituting equations (4-3) and (4-4) to equation (4-5), the total impedance of the IPT

system can be expressed as:

Z, = jol, +- ! R+ (4-6)
Jak, joL, + +R,+R,
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After rearranging equation (4-6), the resistive and reactive components of the total
impedance from the primary side can be expressed by a real part and an imaginary part

respectively as follows:

(R, +R )@’M?

Re(Z,)=R, + TR (4-7)
m(z)=olL, -1 @M (0 =VeC,) (4-8)
oC, (R,+R ) +(awL,—YaC,)

4.4 Effect of Loading Condition
4.4.1 Single pickup system

Because the proposed inverter is designed to operate at a variable frequency, when
switching harmonics are ignored, the imaginary part of the system total impedance Im(Z;)

from the above load model has to be equal to zero, which can be expressed as:

o’M? (oL, -1/aC))

ol — - = 2 2
oC, (R+R.) +(wL, -1 aC,)

(4-9)

As can be seen, it is very complicated to analyze the operation angular frequency of the
inverter because of the high order of the system. The angular frequencies (w) here are
determined by circuit parameters, and the loading condition on the secondary side (R.). As
such, it is worth to understand how the loading condition affects the operation frequency
of the primary inverter, and it is necessary to determine a valid load range to design a

proper primary inverter without bifurcation.

In order to simplify the analysis along with the frequency spectrum of the IPT system, a
normalized frequency is introduced based on the designed frequency wy, and it is defined

as:

p=" (4-10)

Note that if the operation frequency is higher than the designed frequency wo, the

normalized frequency is larger than 1, for example, ptis equal to 1.1 if the operating
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frequency is +10% higher than wo. In addition, both the primary and secondary circuits of
an IPT system are normally tuned to the nominal undamped resonant frequency [27]:

11
\ijcp JLC,

According to equation (4-9), all the solutions to the frequency w are the possible

0, = (4-11)

frequencies for achieving ZCS operations. Naturally the nominal frequency wq is one of
the theoretical operating frequencies for the series-series tuned configuration as shown in
1 ) and
C

p

Figure 4-4. If w=w according to equation (4-11), the term (oL, -

(ol —a)%) in the equation can be cancelled. As such, the order of the system is reduced,

S

and equation (4-9) therefore can be simplified as follows:
(1-@’LC,) +&’C2 (R +R )’ ~&*M’C,C, =0 (4-12)

Substituting equation (4-10) into (4-12), the equation (4-12) can be rewritten as a function
of the normalized frequency u as:

' (1_w04CstM 2)+/12 (6‘)02Cs2 (Rs +R. )2 - 2)+1: 0 (4-13)

As stated earlier, all of the obtained solutions result in possible ZCS operating frequencies.
By solving the equation, theoretically, there are four possible normalized solutions as

listed below:

~(@C (R +R.Y —2)+\/(a)02C52 (R+R Y —2)2 ~4(1-@,'CC,M?)

= 2(1—0)04CSCpM2) (4-14)

S

(@ CHR+R) - 2)—\/(%2032 (R+R) —2)2 ~4(1-a@C
2(1-w,'CC M?)

CpMz)

(4-15)
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(@ (R+R) —2)+\/(a)02C52 (R+R) —2)2 -4(1-@,'C,C,M?)
2(1-a,'C,C,M?)

o= (4-16)

~(@C (R +R.)’ —2)—\/(%2@2 (R+R ) - 2)2 ~4(1-@,'C,C,M?)
2(1-a,'C.C,M?)

Hy == (4-17)

Even though the analytical solutions of u3 and w4 are the theoretical angular frequencies,
they are meaningless in practice. This is because they are negative, and it is impossible to
have negative frequencies in a practical system. For such a reason, us and 4 are neglected,

and only x; and u, will be considered.

In order to keep a real solution for equation (4-13), the term
2

(a)OZCSZ(Rs +R ) —2) —4(1—(004CSCPM2) has to be larger than zero in both equation

(4-14) and (4-15). Therefore, the equivalent maximum loading condition has to satisfy the

following boundary condition as:

-2,/(CL7-C CM?) +2LC,
frleie

S

R, > (4-18)

To clearly see the two bifurcation frequencies and the boundary loading conditions,
according to Table 4-1 with other parameters being assumed to be constant, the calculated
results of the two possible frequencies u; and u, are plotted and shown in Figure 4-5. In

addition, for comparison purposes, the nominal frequency g is also plotted here.
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Figure 4-5: Normalized zero phase angle frequency with load range

From Figure 4-5, it can be seen that if the secondary load resistance is high (representing a
light load), the system will have only one normalized angular frequency uo However,
when the secondary load resistance decreases (load resistance) beyond the critical value
R =0.781(calculated from equation (4-18)), the system frequency bifurcates resulting in
two separate resonant frequencies which are either higher or lower than the nominal
frequency. Increasing in the load (decreases of the R;) will cause the bifurcated frequency

to drift away from the nominal frequency.

To verify the theoretical analysis, a practical experiment was carried out with the same
system parameters listed in Table 4-1. In order to clearly compare with the theoretical
frequencies, all the measured practical operation frequencies under different load
conditions are also plotted in Figure 4-5. Notably, under light load, the practical operation
frequency is very close to the system designed frequency wo being almost constant.
However, as the load increases beyond the bifurcation free range, the system operation
frequency starts to bifurcate. Theoretically, the system may end up operating at either of
the two frequencies, but it is difficult to predict which one will be the actual frequency.

According to the observation from the experiment, when the load is heavier than the
critical load, all the practical operation frequencies are smaller than the normalized

frequency. This proves that the critical load condition obtained from the theoretical
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analysis is valid. The obtained result is very important for designing an inverter without

frequency bifurcation.
4.4.2 Multiple pickups system

In addition to an IPT application with a single pickup, some IPT applications have
multiple pickups for distributed loads. Figure 4-6 shows a typical IPT system with
multiple pickups, where the primary inverter is an energy injection inverter with a series

tuned track. Each pickup also has a series tuned configuration.

o H Y Y YL M |_
Cp Lp CSl * ::CO DC1
Ry i Lo Roct
o 1"
M, |_
Ce * p— % DC2
L j—
N Roco
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) RDCn

Figure 4-6: Load modeling of multiple tuned pickups

Similar to a single pickup IPT system, if multiple pickups are coupled to the primary track
with different loading and coupling conditions, the accumulated total impedance on the
primary side can be calculated as:

k COZM 2

Ztotal = Zp + z
"1 jol, +

(4-19)

+R,, +R,,

JwCsn
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where k is the total number of the pickups, M, is the mutual inductance between the
primary track/coil and the n™ pickup. Rs, is the ESR of the n™ pickup. R., is the equivalent
AC load resistance which can be obtained from equation (4-2) under the assumption that
the rectifier on the secondary side is in continuous conduction when delivering power to
the load. To simplify the analysis by assuming all the pickups to be identical under
identical coupling and loading conditions, equation (4-19) can be simplified to:

2 2
L iR+ no™M (4-20)

Jarey, joL, + +R,+R,

z

= joL, +

total

jaC,
Theoretically, if there are no coupled pickups or no load on all coupled pickups, the ZCS
operational frequency of the primary inverter would be equal to the zero phase angle
frequency when only the fundamental is considered. If more pickups are coupled to the
primary side, additional zero phase angle frequencies may exist. Figure 4-7 shows a plot
of the relationship between the zero phase angle frequencies and the pickups numbers,

using the system circuit parameters of Table 4-1.
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Figure 4-7: Relationship of the phase angles and the number of the pickups

It can be seen that with the increase of the total number of the distributed pickups, the
number of the zero phase angle frequencies increases from one to three. This frequency
bifurcation phenomenon of the primary inverter with multiple pickups is similar to the
system with a single pickup, but the total load range over which the circuit bifurcation
occurs can be very different. Figure 4-8 shows the comparison of the phase angle of the

total primary impedance seen from the input of the inverter. Trace 1 presents the phase
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angle of the IPT system with a single pickup which has a load R =1.62Q. Trace 2 presents
the phase angle of the IPT system with three pickups, and each of them has a load
R =1.62Q. For comparison purpose, trace 3 presents the phase angle of the IPT system
with a single pickup. The single pickup has some configuration and coupling is the same
as that for trace 1 except that the load resistance is R =0.54Q that is the same load
condition for trace 3. It can be seen that, the frequency bifurcation occurs for the single
pickup system under heavy load as shown in trace3. However there is no bifurcation for
the multiple pickups system which has the same equivalent load in total as shown in
trace2. This is because the multiple pickups equivalently increase the total mutual
inductance and transfer more power to the distributed loads. This feature makes the

proposed inverter very suitable for an IPT system with multiple distributed pickups.

iZ / /
a/
/

=

10

Phase (degree)
[6)]
1

) / /
-10 / /
-15 / /
-20
0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
Normalized Frequency (u)

Figure 4-8: Phase angel of the system

1) single pickup with nominal load, 2) three nominal load pickups, 3) single pickup with

same load as three nominal pickups.

In order to design the proposed inverter with multiple pickups without frequency
bifurcation, it is desirable to determine the maximum pickup numbers. Similar to the

analysis conducted for a single pickup system, theoretically the pickup numbers can be
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obtained by solving equation Im(Z;)=0. The imaginary part of the system with multiple
pickups can be obtained from equation (4-20). The normalized zero phase angle frequency

of the IPT system with multiple pickups can be expressed as:
,u4 (1_ na)o4CstM ? ) + /uz (a)ozcs2 (Rs + RL)2 - 2) +1=0 (4'21)

Given the nominal frequency wy, there are two other possible zero phase angle frequencies

that can be obtained by:

~(@C2(R +R)*-2)+\/A
Hip = 7 > (4-22)
2(1-ne,'CC M?)
Where the A is expressed by:
A=(w’C (R, +R )2 ~2) ~4(1-na,'C,C,M?) (4-23)

To obtain a valid analytical solution for the equation (4-22); the maximum theoretical

number of the identical pickups can be obtained as flows:

_ALLC(R+R ) -LCI(R +R)’
TRYE

(4-24)

The relationship between the normalized frequencies and the number of pickups is shown
in Figure 4-9. It can be seen that for the given nominal load on each pickup, when there
are more than five pickups coupled to the primary side, the system will bifurcate. The
possible bifurcation frequencies have two solutions and can be calculated by equation
(4-22). Conversely if multiple pickups are designed to have more power and no
bifurcation, the total number of pickups has to be reduced to meet the requirements of
equation (4-24).
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Figure 4-9: Bifurcation frequencies and the pickup numbers

4.5 Effect of the Coupling Condition

4.5.1 Coupling conditions to system frequency

The investigation of the loading effect on system frequency is very important when
designing an IPT system to avoid bifurcation using the proposed energy injection power
inverter. However, in addition to the impact of load variation, understanding of the impact
of coupling is often required. From the coupling model of the system shown in Figure 4-4,
the variation of the coupling between the pickup and the primary track will affect the
system operation frequency and may cause frequency bifurcation phenomenon. Ideally, if
the secondary side does not couple to the primary track, the zero phase angular frequency
of the proposed inverter will be at wo However, if the secondary side is close to the
primary side, the mutual inductance increases. A tighter coupling will cause a higher
reflected load as the reflected impedance of the secondary side is proportional to the
square of the mutual inductance. Consequently, the operating frequency of the primary
side will vary. Similar to the frequency bifurcation caused by increasing the load, the
increase of the mutual inductance will cause the system frequency to have stability
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problem as well. In order to understand how the mutual inductance affects the system
frequency, the operation frequency of the proposed inverter will be analysed.

From the above load model of equation (4-9), it can be seen that the possible zero phase
angle frequencies are not only determined by the loading conditions of secondary side, but
also the mutual inductance (or the coupling coefficient). By introducing the coupling
coefficient:

K=—r— (4-25)

Equation (4-9) can be re-expressed as:

kK’o'L,C,LC,(o’LC, -1)
0*C(0’L,C,-D)(R,+R ) +aC,(&’L,C, -1)(0’L,C,-1)

~—1=0 (4-26)

It can be further expressed as a function of the normalized frequency x and simplified as:
4 2 2 2~ 2 2 _
pt (1=K + 42 (@,°C7 (R + R, ) ~2)+1=0 (4-27)

It can be seen from equation (4-27), there are four possible solutions of the normalized
frequency u. Ignoring the invalid negative frequencies, the possible bifurcation

frequencies are the function of the coupling coefficient and can be expressed as:

2

_(%ZCS2 (R +R ) - 2)—\/(%2052 (R +R ) - 2) 4(1-k?)
2(1-k?)

o = (4-29)

Figure 4-10 shows the calculated values of the normalized frequencies with different

coupling coefficient. It can be seen that except for the nominal frequency uo (o), there are
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two possible bifurcation frequencies u; and u, shown in the figure, if the coupling
coefficient is larger than 0.36.
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Figure 4-10: Normalized frequency with different coupling coefficients

From equations (4-28) and (4-29), it can be seen that these bifurcation frequencies are
mainly determined by the secondary side components (Ls, Rs, Cs), load R, and the coupling
coefficient k. In order to obtain the possible frequency solutions, equation (4-27) should

satisfy the following inequality condition:
2~ 2 2 2 2
(@7C (R +R.)"~2) —4(1-k*)=0 (4-30)

To have an analytical result for the boundary coupling coefficient, all the parameters of the
system are assumed to be constant. The boundary condition of the coupling coefficient

which ensures the system to have a singular frequency can therefore be expressed by:

1
ks\/4L2(4CSLS(RS+RL)2—C52(RS+RL)4) (4-31)

S
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4.5.2 Coupling condition for power transfer capability

Power transfer capability is another important aspect when designing an IPT system. In
addition to design an IPT system without bifurcation, it is preferable to have higher power
transfer ability. Generally, to obtain a higher power transfer to the secondary pickup, a
higher open circuit voltage on the secondary side is required. A higher open circuit voltage
can be achieved when the secondary side works at the same operating frequency as the
primary side, where other system parameters are assumed to be constant [117]. Therefore,
it is preferable to design the secondary side to be fully tuned to the primary operating

frequency.

In addition, as can be seen from the mutual coupling model in Figure 4-4, a high open
circuit voltage can be also obtained if the mutual coupling increases between the pickup
coil and the primary track. Therefore, a common understanding is that a tight coupling will
lead to a higher open circuit voltage because of the increased mutual coupling. However,
when the interaction of system tuning and coupling of both, primary and secondary side
together, with the loading conditions is considered, such an assumption may not be valid
anymore. This is because a high coupling coefficient may cause an increased current drop
within the proposed inverter under high reflected load. If maximum energy injection is
allowed by the primary inverter, the primary power inverter may not supply a constant
track current on the track. As a result, the power transfer capability of the primary side
drops. In this section, a thorough analysis of the primary power transfer capability is
undertaken at a system level.

» Analytical solution

From the coupling model of the IPT system with the proposed primary inverter, the open

circuit voltage of the secondary pickup coil can be expressed by:
V,, =—JjoMI 0 (4-32)

This equation shows that in order to have a higher open circuit voltage on the secondary
side, it requires a higher coupling or a higher primary track current, assuming the system

frequency is constant.
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By considering the primary side impedance and the reflected impedance from the

secondary side, the primary side track current I, can be expressed as:

= - Y (4-33)

oty joL, + +R,+R,

jaoC,
From equations (4-32) and (4-33), it can be seen that the open circuit voltage of the
secondary is determined by the primary side input voltage and the real part of the total
impedance presented on the primary side. By considering the primary current and the
induced open circuit voltage on the secondary pickup coil, the current on the secondary
side can be obtained as:
l, = —JoMV, (4-34)
{ja)Lp+ _ L +Rp](ja)Ls+ _ L +RS+RLJ+a)2M2
C JoC

Jotl, s

The secondary side current is determined by all the circuit parameters. When the circuit
components on both the primary and the secondary side are fixed, the secondary side
output current is proportional to the mutual inductance. Figure 4-11 shows the relationship

of the output current of the secondary side with different mutual inductances.

Output Current (A)
o
I

2 E
¥ 10

0
Frequency {f) u hutual Inductance (H)

Figure 4-11: Pickup current with different mutual inductances and frequencies
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It can be seen that the output current of the pickup varies with different operation
frequencies and mutual inductances. The maximum current happens around the nominal
frequency of 20 kHz. With an increase in mutual inductance within the critical bifurcation
free region, the secondary side current can reach a maximum value at the given input
voltage. Figure 4-12 shows the relationship of the maximum current and the mutual
inductance at the nominal frequency without bifurcation. The boundary M indicates the

critical coupling condition without bifurcation.

3':' T T T T T

Boundary b .

rd

Dutput Current (A)

|:| | | |
0 0.5 1 1.5 2 25 3

Mutual Inductance M (H) at f; . 10"

Figure 4-12: Relationship of the maximum current and the mutual inductance without

bifurcation

If the system operates at the nominal angular frequency wo, and both the primary and the
secondary circuits are tuned to this frequency, the magnitude of the secondary current I in

rms can be simplified as:

oMV,

Il = 4-35
M RO(R AR+ @M 2 (4-35)
The maximum voltage over the load therefore can be expressed as:
a,MR V,
s oL (4-36)

> "R (R_+R,)+@’M
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According to equations (4-35) and (4-36), the output power to the load can be represented
by:

RLa)OZM 2Vin2

P= 2
[R,(R,+R)+@,’M? |

(4-37)

It can be seen that the power transfer capability is determined by the mutual inductance if
other circuit parameters are known. The following expression enables the optimal mutual

inductance for the maximum power on the load to be calculated:

dP _0

e (4-38)

To have the maximum power, according to equation (4-38), the mutual inductance has to

satisfy the follow equation:
M=M,="———— (4-39)

The maximum power which can be transferred to the load can therefore be expressed as:

RLVinZ

Pmax = Tn /b o) (4'40)
4Rp ( R,+R_ )

The optimal coupling condition for the maximum power transfer capability determined by

equation (4-40) can be further expressed using the coupling coefficient kg as:

oy = (4-41)

where Qp=woLp/Ry and Qs=wolLs/(Rs+RL) are the quality factors of the primary coil and
secondary circuit respectively.

» Discussion on power efficiency

Besides pursuing a higher power capability, the power efficiency associated to the mutual

coupling condition is also very important when designing the IPT system with proposed
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inverter tuning structure. From the above analysis, it can be seen that by varying the
mutual coupling, the power capability can be very different. To achieve the maximum
power transfer ability, the associated primary track current must be high, which can lead to

high power losses due to the ESR of the circuit as well.

According to equation (4-33), when the system operates at the nominal frequency, the

input of the power can be expressed by:

_ (RS + RL)Vin2 (4 42)
" R, (R +R)+@,’M’
The power efficiency can therefore be expressed as:
2 2
y= Rioy™ (4-43)

R,(R,+R.) +@,*M?(R +R,)

The power efficiency is related to the mutual inductance. A higher mutual inductance may
result in a higher efficiency but lower power transfer capability. Therefore, at the optimal
coupling coefficient that achieves the maximum power transfer, the power efficiency
would be low. Figure 4-13 shows the relationship between the efficiency and the output
power. It can be seen that under the optimal mutual inductance, the power efficiency is

about 65% for the selected system.

1000 T T T T T T 1
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o
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r r r r 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Figure 4-13: The efficiency and output power vs. mutual inductance
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The characteristic shows that the optimal coupling is very useful for the system which
requires the maximum power transfer with less care of power efficiency, such as a

biomedical implant system, or systems that requires short periods of high power capability.

» Practical verification

An experiment circuit shown in Figure 4-1 has been set up to verify the theoretical
analysis based on the circuit parameters listed in the Table 5-3 with the exception of the
input voltage. This is because to verify the maximum power transfer capability, the
primary side is required to handle a large current. If the input voltage is too high, then the
primary current will also be dramatically increased under the fully tuned and loose
coupling conditions. To simplify the experiment setup and have a safe operation, the input
voltage (Vpc) of the system was chosen to be 4.5V in this experiment study.

For the given circuit, to have a variable coupling, the primary side is fixed and the pickup
is moved to be close to or be away from the primary side. The output power is measured

practically against the coupling variation. Experimental results are plotted in Figure 4-14.

30

’e VRN
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7
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o ©o © o © © © © «H «H 9 <=9 4
© ©o o o o ©o o o o o o o o

Output power (w)

Coupling coefficient

Figure 4-14: Experimental results of the output power under different coupling coefficients

For comparison purposes, the calculated results of output power from equation (4-37) are
also plotted in the same diagram. As shown in Figure 4-14, the maximum power from the
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experiment is about 26W when the coupling coefficient is 0.06. The calculated maximum
power is 27.9W using equation (4-39), and an optimal coupling coefficient of 0.064 is
obtained from equation (4-40). The experiment and theoretical results are in good
agreement. Both, theoretical analysis and experimental results, have verified that an

optimal coupling condition corresponds to the maximum power transfer of an IPT system

4.6 Components Sensitivity Analysis

The above analysis with the selected pickup was based on ideal components, the value of
which are assumed to be constant during operation. However, practically, the components
will have losses, parasitic, tolerances and operational variations. Consequently, these
characteristics will influence the system frequency and the performance. Therefore the
analysis of the effect on the system performance caused by the variation of the
components is necessary. In this section, a sensitivity analysis is performed to help define
the design parameters for an IPT system with the proposed energy injection inverter.

As stated before, the variable frequency operation of the proposed inverter enables the
inverter to operate at the zero phase angle frequency of the load impedance. The system

operational frequency and the power transfer capability depend on all system parameters.

Except for the coupling coefficient k and the load R, which are the major impact factors
on the system frequency, variations in other components and parameters will also
influence the frequency and the related power transfer capability. In particular, the
variation of the tuning capacitors during operation will shift the operation frequency and
result in a reduced power transfer capability.

Figure 4-15 shows an equivalent T shape network model which can be used to analyze the
proposed IPT system . The ESRs of the reactive components are considered and the
detailed parameter values can be found in Table 4-1. In order to avoid system bifurcation,
the load and the mutual inductance are selected to be larger than the calculated values
using equations (4-18) and (4-31). The equivalent AC load resistance of R is selected to

be 1.66C2 as the fully loaded condition in this analysis.
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Figure 4-15: A T network model of proposed IPT system

Normal sensitivity and worst case analysis have been carried out to evaluate both the

increases and decreases of the zero phase angle frequency of the input current where the

voltage and resonant current are in phase. Table 4-2 shows the frequency shift under the

normal sensitivity test, where the components are increased and decreased by 1%.

Table 4-2: Sensitivity analysis results of the frequency shifting around 20 kHz

Variables Af Variables Af
L~ +1% | -133Hz Co~ +1% -133Hz
(-0.653%) (-0.654%)
L~ -1% | +136Hz Co~ -1% +136Hz
(-0.668%) (-0.668%)
L~ +1% | 33Hz Co~ +1% 33Hz
(-0.163%) (-0.163%)
L~ -1% -32Hz Cs~ -1% -32Hz
(-0.160%) (-0.160%)
R~ +1% | ~0Hz R~ +1% ~0Hz
(-7.07E-7%) (-7.07E-7%)
Rp~ -1% | ~0Hz R~ -1% ~0Hz

(-7.07E-7%)

(-7.07E-7%)

It can be seen from Table 4-2 that the frequency shift is more sensitive to component

variations on the primary side. The frequency decreases when the component values of the

primary side increase. However, the trend is different for component variations on the

secondary side. The frequency increases with increasing of the components values of

secondary side, but the sensitivity is low. To clearly see the results, the primary track
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current and the current phase shift with the variation of +1% in the circuit parameters is
shown in Figure 4-16.
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Figure 4-16: Frequency shifting caused by 1% increase of the circuit components

It can be seen that the zero phase angle frequency of the primary inverter varies
accordingly with variations on the components. Figure 4-16 further shows that the phase
angle of track current is clearly related to all components and is more sensitive to the
primary components. Therefore, it implies that the most sensitivity components to the
frequency are on the primary side. Increases of both primary inductance and capacitance
will cause the frequency to decrease. But the magnitude of the maximum achievable track
current is irrelevant to variations on the primary side components. Conversely variations
of secondary side components will affect in both the frequency and the magnitude of track

current on the primary side.

To observe the results more clearly, the sensitivities are analyzed under the worst case

condition of the variation, which is a #5% change in parameter variation. The variation in
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the track current magnitude and the track network input current phase angle around the
nominal frequency of 20 kHz are shown in Figure 4-17 and Figure 4-18 for variations in

both the primary side components and the secondary side components respectively.
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Figure 4-17: Worst case frequency shift with +5% variation on the primary side components
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Figure 4-18: Worst case frequency shift with +5% variation on the secondary side

components

As shown, when the maximum tolerance of the primary side components is set to #5%, the
shift in maximum frequency is up to about #3.0% from the original. A +5% and -5%
variation on primary components causes the -5% or +5% variation on the primary current
respectively. The frequency shift is about +1% with a -5% variation, and +1% with a -5%
variation in the secondary components. The magnitude of the primary current varies about
+5% with 5% variations on components of the secondary side. This means that any
variations of components on the secondary side may cause the track current of the

proposed inverter to increase.

4.7 Summary

This chapter has discussed the behavior and properties of the proposed inverter with the
considerations of the system bifurcation, power transfer capability, and frequency

sensitivity at a system level, which has one or more secondary pickup included.
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System bifurcation phenomenon was discussed using a full system model. The effect of
the loading condition of a single pickup has been discussed. It was found that under
variable frequency operation, the primary inverter with energy injection control may have
more than one operational frequency when the load on the pickup increases to certain level.
A theoretical analysis was undertaken and an analytical critical maximum loading
condition was found. In addition, the frequency stability problem was analyzed for a
system with multiple pickups. It was found that the proposed inverter can achieve a better
power transfer when operating with multiple distributed pickups. To avoid the system
bifurcation, the maximum boundary condition of the number of secondary pickups was
determined.

The effect of coupling between the primary and the secondary pickups on the system
frequency stability was also analyzed. The analytical solution of the boundary coupling
condition was found to enable the design of a bifurcation free power inverter. An analysis
was conducted to investigate the effect of system coupling condition on the output power.
It was found that there is an optimal coupling condition corresponding to the maximum
power transfer capability of the primary inverter. The experimental result has proven the

validity of the theoretical analysis.

The component sensitivity analysis has been carried out finally with a bifurcation free
system designed. Normal sensitivity and worst case analysis were applied. The trends in
the frequency variation are different to the variation on the primary side and the secondary
side components. It was shown that the frequency shift is more sensitive to the variation

on primary side components.
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Chapter 5

A Primary Power Flow Control Method
Using Energy Injection with Secondary
Feedback

5.1 Introduction

5.2 Structure of a Closed Loop System

5.3 Magnitude Regulated Power Flow Control

5.4 Controllable Output Range

5.5 Simulation Studies

5.6 Implementation and Experimental Verification
5.4 Summary

5.1 Introduction

Power flow control is of great importance when designing an IPT system. Due to the
physical independency of the primary and secondary side, the power flow control can
either be achieved on the primary power supply or the secondary power pickup of an IPT

system. Both of them have gained success in different applications.

To date, power flow control on the secondary side is a popular solution and has been
widely adopted by most IPT applications. Among the power flow control techniques on
the secondary side, shorting control is the most well-known control technique and has
gained great success due to the simplicity and effectiveness[118, 119]. By shorting the
pickup coil, the induced power on the secondary side is decoupled from the load. As a
result, the power flowing to the load is controlled. Apart from this shorting control method,
the power flow to the load can also be controlled by tuning/detuning the secondary pickup,
which can be achieved by varying the tuning inductance or capacitance [20, 95].
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Because power regulation can be achieved individually on each pickup, power flow
control on the secondary side is particularly suitable for multiple pickups systems, or a
single pickup system with less limitation on weight, size, or heat, etc. However, practically,
there are many applications where only one controllable pickup is coupled to a single
primary power supply. The presence of extra controllers or switching circuits on the
secondary can make the power pickup too large or too heavy to implement. Taking a
biomedical TET application as an example, extra weight and size by extra circuitries could
inflict severe pain on a patient. In addition, the heat generated by the additional controller
in the pickup may cause tissue damage. Therefore it is preferable to control the power
flow on the primary side for such applications where the size, weight, and heat generation

area major concern.

When the power flow is controlled from the primary side, feedback from the power pickup
is needed. No matter what controller is used, fundamentally power flow control from the
primary side is required to control the primary magnetic field. This can be achieved by
either varying the magnitude of the primary current [33], or tuning/detuning the primary
circuit [120]. To tune or detune the primary circuit, the effective tuning inductances or
capacitances of the primary resonant converter can be changed by switching them in and
out. Again, this involves extra components and circuitry. Consequently, it increases the
power losses, the system cost and size, and control complication. To change the magnitude
of the primary current, one popular method is to vary the input DC voltage, which can be
achieved by using a buck or boost converter. This method is very simple, but it increases
the cost, size and power losses of the primary converter. Another method is to shift the “on”
and “off” switching phases so that the output voltage, and thus the track current is
regulated. Such a method can be very complicated in control and difficult to achieve soft
switching, thereby causing high power losses and EMI. Since auxiliary circuits need to be
added to the main power circuits to realize soft-switching, the final system is often very
complicated and costly.

This chapter proposes a power flow control method on the primary side using energy
injection control to regulate the magnitude of the track current to supply power to a single
power pickup. Compared to the quantum based open loop control for IPT applications

[102], the proposed primary power flow control method can achieve power regulation
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based on cycle control methods with wireless feedback from the secondary side. There are
no extra switching components required to achieve the power regulation. In addition, all
switches operate under ZCS conditions, and the output power flow is fully controllable
from zero to rated maximum. A practical slip ring system is implemented to verify the

proposed primary power flow control method.

5.2 Structure of a Closed Loop System

Figure 5-1 shows the basic structure of an IPT application for a contactless slip ring
system with the proposed primary side track current magnitude control based on RF
feedback from a secondary power pickup. The full bridge series tuned primary power
converter is powered by a constant DC voltage source (Vpc). Unlike other magnitude
control methods, which vary the input voltage by applying a DC-DC power converter such
as a buck/boost converter, the proposed method only controls the semiconductor switches.
The operation of the switches is controlled according to energy injection concepts

determined by the output and the feedback from the secondary power pickup.
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Datg
ﬁ Procesing | T T
Controller Data AD
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V capcitor
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Vpbc| Converter Retsor;(ant W
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Figure 5-1: A magnitude controlled IPT system with a feedback

5.3 Magnitude Regulated Power Flow Control

To achieve the power flow control with soft switching operation on the primary side

inverter, the resonant track current is detected to obtain the zero crossing points. The gate
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drive control signal is generated according to the polarity of the track current and the
output voltage. The output voltage of the pickup is detected on the secondary side. The
value of V, can be determined by the primary circuit through a radio communication
channel. Through this closed-loop control means the power flow control can be achieved
by controlling the magnitude of the primary side track current. As a result, the average
value of the output voltage is maintained to be constant.

According to the primary side track current resonance, the detailed control method can be
divided into three different modes as shown in Figure 5-2. Because of the mutual coupling
of the primary track and the secondary pickup, the power flow control can be achieved by
controlling the switches on and off on the primary side.

Mode 111

Figure 5-2: Operation modes of proposed method
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It can be seen from Figure 5-2, in mode I, switches S;+ and S,- are controlled on when the
resonant current is in the positive direction. The input voltage is added to the primary
resonant tank and in phase with the primary resonant current which is in the positive
direction. Under such a condition, new energy is injected into the primary resonant tank.
The track current is then boosted and the induced power is transferred to the secondary
side because of the mutual coupling. As a result, the voltage over the load increases.

In mode II, switch S,+ and S;- are controlled on, the input voltage is in phase with the
current when it is in negative direction. New energy is then injected and transferred to the
secondary if the required power on the secondary side appears to be insufficient. The
primary power converter operates between these two operation modes | and I, until the
output voltage on the secondary side reaches the demanded value, after which the

operation changes to mode I1I.

In mode I11, the resonant current is in the positive direction. All switches at this point are
off having D,+ and D;- on to conduct the current until the resonant current falls back to
zero. Therefore, no energy is injected during this operation. Instead, the stored redundant

energy flows back to the power source.

Based on the possible operation modes, a detailed control strategy is developed to
maintain the output voltage of the power pickup constant at some desired value. Soft
switching operation of the primary converter is applied to reduce the voltage/current stress
on the switches, the switching power losses, and to maintain the quality of the track
current. To control the power flow on the primary side, the output voltage of the secondary
is detected via the wireless feedback. The output voltage is compared to a predefined
reference value to decide which switch pair to operate. In addition, the soft switching
operation is achieved by detecting the polarity of the high frequency primary resonant AC
current. When the output voltage is larger than the reference and the track current in the
network is larger than zero, S;+/S,- are controlled to be on. This switching state is held
until the current in the track loop finishes its positive half cycle and returns to zero.
S,+/S;- are then turned on to keep the current flow until the output voltage is detected to

be smaller than the reference.
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Because of the existence of the rectification circuit on the secondary side, the resonant
current of the secondary side may be discontinuous. This makes the system operation
nonlinear. As such, the analysis becomes more complicated. To clearly understand all the
operating conditions, the system is further examined with the consideration of the states of

the secondary side current.

From Figure 5-2 it can be seen that, if the secondary side current is continuous, the

equivalent circuit can be expressed as shown in Figure 5-3.

@ V, Co T L] Red Vo
o, @ jow,

Figure 5-3: Equivalent circuit of the system under continuous current mode

Here V, represents the input voltage of the resonant track, which can either be positive or
negative as determined by the operation modes of the semiconductor switches. The
possible operation modes of the system in terms of the directions of primary track current
are presented in Figure 5-4. According to the conduction conditions of the semiconductor
devices on both primary and secondary sides, the three circuit operating modes of the
system can be further divided into eight different states according to the polarities of each

current.
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A Model ModeIl

Figure 5-4: Basic operating states of the proposed converter under continuous mode

The detailed selection conditions of the operating modes, according to the output voltage

and the conditions of the current are listed in Table 5-1.

Table 5-1: Circuit operation states with continuous secondary side current

i,>0 is>0 Vo<Vief Mode | 1
i,>0 is<0 Vo<Vie Mode |_2
i,<0 i5<0 Vo<Viet Mode 11 1
1,<0 is>0 Vo<Vie Mode Il_2
i,<0 i5<0 Vo>V et Mode 11 3
ip<0 is>0 Vo>Viyer Mode 11_4
i,>0 is>0 Vo>V et Mode I11_1
i,>0 1s<0 Vo>V et Mode I11_2

Introducing two nonlinear state selection functions: the switching function S(t) and sign

function Sgn(x), which can be introduced as:

1 S +/S,—,on D,+/D,—o0n
S = (5-1)
-1 S,+/S,—o0n
and
sgng =1 1 *70 5-2
II=111 x<o (>-2)
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according to Kirchhoff’s voltage law, the differential equations for all the different

operating conditions, when the secondary side current is continuous, can be expressed as:

di, L

—Z == (Ryi, +Ve, —V,S(t Riig +V¢, +V,
gt~ a et ())+ (Rl Ve, +e)
dvCp 1

d C,°

i L

%:_"(R +V, +V)+ (Ryi, +Ve, =V,S(1)
chs_l

it C,°

dv, 1 gn(i.)—

dt o CoRDC

(5-3)

where A:Mz—LpLS. Writing equation (5-3) in vector format, the system can be

expressed as:

X = AX +BV
where
LR L MR, MM
A A A A A
L 0 0 0 O
Cp
A | MR, M LR L, VL,
A A A A
0 1 0 0O O
CS
0 1sgn(l) 0 0o - Vo
L CO CORDC

B:[—LSS(t) o TMS®) O}T
A A

(5-4)

(5-5)

(5-6)

If the output voltage is high enough, no energy is required to be injected into the system.

As a result, the primary track current decreases rapidly in just few cycles. Consequently
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the induced power on the secondary side drops and becomes insufficient to sustain a
continuous current through the rectifier. Under this situation, the primary side and the load
are naturally decoupled. The primary side and the secondary side work separately. The
current on the primary side track circulates. However, the secondary side current is
discontinuous. Only the stored energy in the DC capacitor supplies power to the load. The

equivalent circuit on this situation can be shown in Figure 5-5.

Cp Lp Ry

Ip

@ V, —Co D Roc |V,

Figure 5-5: Equivalent circuit of the system under discontinuous mode

The mode of operation under such a situation becomes simple, as the secondary side
current is zero, and is only determined by the conditions of the primary track current and
the output voltage. The detailed selection conditions of the appropriate mode of operation

according to the output voltage and the current are listed in Table 5-2.

Table 5-2: Circuit operation states with discontinuous secondary side current

I,>0 Is=0 Vo<Viet Mode I_3
I,>0 is= Vo<Vef Mode | 4
1,<0 Is=0 Vo<Viet Mode 11_5
1,<0 Is=0 Vo>Viet Mode 11_6
ip>0 is=0 Vo>Viet Mode I11_3
I,>0 i5=0 Vo>Vies Mode I11_4

The differential equations of the system under this situation, where the secondary side

current is discontinuous, can be expressed as:
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di, 1 .
e :_L_p(Rplp +Ve, -V, S(1))
dv
o _ 1, (5-7)
d C, °
dvo__ Vo
dt C.Ryc
Writing in a vector format as in equation (5-4), where
R -
AT 0 0O
LP Lp
Ci 0O 00O
A=| P (5-8)
0 0 00O
0O 0 00O
0O 0 0 0 - Vo
L CORDC
S T
B:{_—(t) 000 o} (5-9)
LP

As the differential equations are for the high order system, it is difficult to get an analytical
solution. As such a discrete time mapping method can be applied to get the system
numerical solutions, by taking the sampling period T.<<T and get the discrete iterative

equations as:

X(©) = 4%, + [, 4 (T, ~)Budz (5-10)

where ¢ (T,) =" =1+ ZE A'T" . The selection of each state is determined according to
n

n=1

Table 5-1 and Table 5-2.

5.4 Controllable Output Range

The above modeling gives the general descriptions of the operation of the primary power

converter. The result shows that the output voltage of the secondary is greatly related to

-110 -



Chapter 5 A Primary Power Flow Control Method Using Energy Injection with Secondary Feedback

the operation of the primary converter. Power flow can be controlled within a range from
zero to the rated maximum. Therefore, it is important to know the controllable region
when designing the IPT system. This section analyzes and qualifies the maximum

controllable output voltage on the secondary side of an IPT system.

According to the above analysis, in order to have a maximum output voltage, the primary
side converter has to operate between mode | and mode Il to have a continuous current.
Therefore, the input voltage on the primary side has to be in phase with the resonant track
current at all times. By neglecting the harmonics generated from the inverting network, the
circuit in Figure 5-3 can be transformed into an equivalent T circuit shown in Figure 5-6
[121]. To simplify the analysis, only the fundamental part of the voltage is considered. The
secondary side DC load can be expressed by an AC load R with an equivalent value
0.81Rpc.

Figure 5-6: Equivalent circuit of a coupled IPT system

From Figure 5-6, it can be seen that the output voltage is related to the input voltage and
the rest of the system components. The output voltage over the load can be expressed as:

ZR
V, ===tV 5-11
0 thr p ( )
Here,
Z, =X, +R,+R_ (5-12)
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r =% (5-13)
Z,=X,+Z, (5-14)

X, =L, —oM -1/ aC, (5-15)
X, =L, —oM —1/ oC, (5-16)
X =oM (5-17)

Substituting equations (5-12) -(5-17) into equation (5-11), the output voltage gain of the

system can be obtained and expressed as:

I:QL
G = RL+RS
Vv ) >
L5 R XR, N X, + X, +(X, X =R (R+R))/ X,
X, R +R, X,(R +R) R +R,
(5-18)

Based on this voltage gain equation, it can be seen that the output voltage is determined by
selected coupling conditions and practical operation if the energy injection is taking place
every half cycles. If the converter is designed to have both primary side and secondary

side tuning at the same frequency:

11
\/chp JLC,

By defining the Qn=R./woM, then the relationship between the normalized frequency and

Wy = (5-19)

output voltage gain of the system can be presented in Figure 5-7.
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Figure 5-7: Relationship between Gy and Q,

It can be seen from Figure 5-7 that different Qn enables the output voltage to vary at
different operation frequencies, but the output voltage gain reaches its maximum value if
the system frequency is at the nominal tuned frequency. However, when Qp, is around or
less than 1, the maximum output voltage gain is not at the nominal frequency, and higher
output voltages occur at different frequencies. This is because a small Qn represents a
large loading condition for the IPT system. As a result, heavy loads cause system
frequency bifurcation. This phenomenon has been discussed in Chapter 4. The maximum
load has to be carefully selected to be within the load boundary as defined in Chapter 4.

If the system operates at the nominal angular frequency wo, by substituting equation (5-15)
- (5-17) into equation (5-18), then the voltage gain from equation (5-18) can be simplified

and expressed as:

G, = R Qn (5-20)
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The relationship between the output voltage gain and the Qpn under different system

coupling conditions is shown in Figure 5-8.

10
9
k=0.4
8
7 k=0.3
6 k=0.2 e R
- —
> —
® 5 A
k=0.1
4 I N —
-
3 — k=0.05
5 A
P ———
1
2 4 6 8 10 12 14 16 18 20
Qm

Figure 5-8: Relationship between Gy and the Q,, under different system coupling conditions

As can be seen from Figure 5-8, at the nominal operating frequency and typically for
Qm>1, the output voltage is higher if the system has good coupling. However, when the
load R, is fixed, the maximum output voltage can be obtained for certain loading condition,

if the Qn, can satisfy the following condition:

Qo =RL/1/Rp(RS+RL) (5-21)

By taking equation (5-21) into equation (5-20), the maximum output voltage gain under

certain load can be obtained and expressed as:

(5-22)
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It can be seen that under the load condition of R =1.62Q, the output voltage is different
under different Qp,. It has been found that if Qy, is equal to Qme=3.19 from equation (5-21),
then the best system coupling conditions can be obtained. For this load example condition,

the coupling coefficient is calculated to be k=0.073, which is also plotted in Figure 5-9.

2.5
<<k=0.1
2
< k=0.073
-
k=0.05
>
o 15 -
7 T —
S/ <R =162
/// T
/
l//
1 /
0.5 '
1 2 3 4 5 6 7 8

Qm

Figure 5-9: Relationship between the output voltage under fixed load with different coupling

conditions

The crossing points represent the output voltage gain curves with different coupling
conditions under a fixed load R =1.62Q. This result means that under a given load
condition, the controllable output voltage range of the IPT system from the primary side

converter has to be within the maximum output gain obtained from equation (5-22).

5.5 Simulation Studies

A simulation study has been conducted to verify the proposed primary power regulation

method based on the magnitude control of the primary current using the PLECS tool box
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in Matlab. A flow chart of the control algorithm of the simulation study is shown in Figure
5-10.

Initialization

Si+, S-on
S,+, S;- off

4

/ Keep Current/
No \ state \ No

S+, S,- off
S,+, S1-on

4
< Keep Current /
state \

End

Figure 5-10: Flow chart of the control algorithm

The simulation study is carried out to verify the proposed primary control under full load
conditions. Detailed primary and secondary circuit parameters used for this simulation
analysis are based on the parameters of a practical slip ring system and are listed in Table
5-3.
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Table 5-3: Component parameters of the contactless slip ring system

Notes Symbol Value
Input dc voltage Vbe 24V
Primary coil inductance Lp 67.81 uH
Secondary coil inductance Ls 45.16 puH
Primary tuning capacitance Co 0.905 pF
Secondary tuning capacitance Cs 1.360 uF
Mutual inductance M 7.66x10°uH
Primary coil ESR Rp 0.150 Q
Secondary coil ESR Rs 0.095 Q
Output voltage Vo 15V
DC load resistance Roc 2Q
Output power P 112W

5.5.1 System response in full load condition

From the given specifications, the output voltage on the secondary side of the IPT system
is required to be at +15V at 112W for the practical slip ring application, which is within
the maximum achievable range of the output voltage by equation (5-22). Figure 5-11
shows the simulation waveforms of primary side current ip, secondary side current i,
output voltage on the secondary side V, and gate drive control signals of (S;+/S,-) from

the startup transient to steady state.

It can be seen that the output voltage on the secondary side is controlled around the
reference value of +15V. The resonance of the current is well maintained on the primary
side by the switch operation with closed loop control. The control of the switches is based
on the magnitude of the secondary side output voltage and the polarity of the primary
current. When the voltage is lower than +15, the primary converter is working in Mode |
(S1+/S,- on) and Mode 11 (S,+/S;- on). Energy is brought into the system continuously,
and the current is rapidly boosted on the primary side with the maximum energy injection

at the startup transient. As a result, the secondary side induced power and the output
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voltage are boosted. Consequently the output voltage reaches its reference value in a very

short amount of time because the maximum energy is being injected.
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Figure 5-11: Simulation result of the track current with reference to output voltage and gate

signals.

Figure 5-12 shows a clear switching operation during the circuit steady state. It can be
seen under steady state, once the output voltage is larger than the reference Vi, the
switches operate at the ZCS points from Mode | and Mode I1l, having S,+/S;- on and
S1+/S,- off. If the output voltage is lower than V¢, the switch operation transfers to Mode
Il and Mode I11. It can be seen that the resonant current is automatically maintained by the

bidirectional conduction of S,+, S;-, Do+, and D;-. The magnitude of the track current on
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the primary side rapidly reduces to a very low level. As a result, the output voltage
decreases. Theoretically, the magnitude of primary current can be zero if the load is very
low and stays low for a long period of time, but the output voltage can still be maintained

around at the +15V.
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Figure 5-12: Simualtion waveforms of the gate signal and primary track current

5.5.2 System response to loading variation

A simulation study of the load variation is carried out to verify the performance of the
primary power flow regulation method. According to practical requirements, the load on
the system will be switched to half its value after 0.016s. The simulation result of this load

variation is shown in Figure 5-13.
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Figure 5-13: Simulation result of the track current with reference to output voltage and gate

signals with load variation

It can be seen that the switching pattern of the converter changes promptly when the load
varies from the nominal load condition to half its value. The primary track current under
such a condition is promptly boosted with full energy injection even at different loading
condition. In addition, because the proposed system controls the energy injection into the
system or circulation back to the power source every half cycle, the speed of the response
can be within one cycle period. The fast response speed is an advantage for the

applications where the loading is not constant.
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5.6 Implementation and Experimental verification

An overview of the prototype contactless slip ring system with the power flow control on
the primary side and the implementation diagram are shown in Figure 5-14 and Figure
5-15 respectively.

Figure 5-14: System overview of a slip ring with primary side power flow control (Courtesy

of Powerbyproxi Ltd*)
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Figure 5-15: Experimental implementation diagram of slip ring with primary side power flow

control

To obtain a fast and accurate ZCS operation and make the smaller size, a CPLD (Complex
Programmable Logic Device) is used as the central controller, which contains
programmable logic components and memory elements. In the design, a small
CoolRunner-I11 CPLD VQ44 package chip in XC2C64A family was implemented in the
real circuit. The LR series RF modules TXM-433-LR and RXM-433-LR have been chosen
due to their low cost, small size, and ease of implementation. The track current signal is
detected to obtain its zero crossing points. The output voltage at the secondary power
pickup is detected and fed back to the primary side CPLD controller.

*The work was funded and supported by PowerbyProxi Ltd - 121 -
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Based on the primary power flow control, the experimental results are shown from the
Figure 5-16 to Figure 5-19. Figure 5-16 presents the operation of the primary converter
under startup transient with a power requirement of 112W using the same circuit setup as
in the simulation study. In Figure 5-16, the upper trace (trace 1) shows the output voltage
of the secondary pickup, while the lower trace (trace 2) shows the primary track current. It
can be seen that with the maximum energy injection (operating between Mode | and Mode
Il in Table 5-1), the output voltage is boosted to the reference value very quickly. The
duration from startup to steady state takes less than 4ms, and the output voltage has almost
no overshoot during the startup transient process with only minimal ripple at steady state
observed. In practice, the response time of the startup depends on the source voltage and
the load condition. A higher source voltage or a lighter load would make the process faster.

Once the system operates at steady state, the switch pattern is stable if the load is stable.

= v Agilent Technologies

Undo 4 Channels
Autoscale All

Figure 5-16: The transient response of the proposed converter during startup

Figure 5-17 presents the operation of the primary converter at steady state with the
nominal load at 112W; the resonant track current waveforms (trace 2) and the gate signal
of S;+ (trace 1) are presented under the condition of a 15V output voltage.
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Figure 5-17: Track current and gate signal of S;+ at 112w

As shown, the magnitude of the primary track current is controlled over a wide range
according to the output voltage on the secondary side. S;+/S,- are controlled to follow the
resonant current in positive direction, and the gate signals are in phase with the track
current if the output voltage is lower than 15V. Because the primary switches operate
randomly according to the energy requirements of the load, the transient process is short
and the injected energy is fully controllable. In addition, it can be seen that the switches

operate under ZCS conditions at each injection period.

In order to test the performance of the proposed primary current regulation method under
different loading conditions, a sudden load variation was introduced. The contactless slip
ring system was made to have a sudden load change from 112W to 56W. The
experimental result of this load variation is shown in Figure 5-18 and can be compared
with the simulation result shown in Figure 5-13.

Here a load step occurs in the middle of the captured waveform about 25ms in Figure 5-18.
It can be seen by using the proposed magnitude control method, the output voltage (trace 1)
is well maintained at 15V with nearly unnoticeable variation, but the primary track current
(trace 2) is different. The average primary current becomes smaller in order to maintain a
light load without losing the rapid boost ability.
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-5 Agilent Technologies

Figure 5-18: The transient process of load variations

To have a close observation for this lighter load condition 56W, a steady state track

current (trace 2) and the gate signal of S;+ (trace 1) is shown in Figure 5-19

:--Agilent Technologies

Figure 5-19: Track current and gate signal of S1+ at 56W

Compared to Figure 5-17, it can be seen that the switching pattern of the primary inverter
changes with the load demand. The switching frequency becomes lower to allow a lower
energy injection to maintain a small average current under a lighter load. A ZCS switching
operation is still maintained. In addition, the fast dynamic response within half of a
resonant cycle is also ensured.
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5.7 Summary

In this chapter, a new power regulation method based on quantum energy injection control

of the primary side was investigated for a single pickup IPT system.

The difference between the proposed control method and other power flow methods used
in IPT systems was discussed. The detailed operation of the primary power flow control
was then analyzed. The proposed method controls the power flow to the contactless power
pickup by regulating the primary track current. An analysis was carried out to obtain the

maximum output range which can be generated by the proposed control method.

Simulation studies were also conducted to verify the proposed power flow regulation
method and performance of the proposed inverter under different operating conditions.
The simulation results show that the proposed power flow control method has an excellent

steady state and dynamic performance at startup and load variations.

Finally, a practical contactless slip ring system was designed and implemented to verify
the power flow control. The experimental results show that the output voltage could be
maintained constant by the primary side power flow control method using wireless
feedback from the secondary side. In addition, these practical results also prove that the
proposed methods can provide a ZCS operation and a fast dynamic response under both

the startup and load variations.
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Chapter 6
A Direct AC-AC Converter

6.1 Introduction

6.2 Elements and Structure

6.3 Operation Principle

6.4 Modeling and Analysis

6.5 PLECS Simulation Study

6.6 Experimental Results and Discussion
6.7 Summary

6.1 Introduction

At present, a DC-AC inverter is a common solution to generate a high frequency track
current for an IPT system. Often a front-end low frequency mains power source is rectified
into a DC power source, and then inverted to the required high frequency AC track
current. Energy storage elements, such as DC capacitors, are used to link the rectifier and
the inverter. These energy storage elements cause the AC-DC-AC converters to have some
obvious drawbacks such as large size, increased system costs, and more complicated
dynamic control requirements in practical applications.

Ideally an AC-AC converter would be a good alternative to obtain this high frequency
power directly from the mains [122]. A matrix structure eliminates the need for the DC
link, but the synchronization between the instantaneous input and output becomes very
difficult, and the quality of the output waveform is usually poor due to complicated
switching combinations involved [123]. Furthermore, the circuit transient process involved
in the traditional forced switched matrix converters is normally complex and difficult to
analyze. The control complications and synchronization limitations make traditional

matrix converters unsuitable for IPT systems.

This chapter presents a direct AC-AC converter based on free circuit oscillation and
energy injection control for IPT applications. A simple but unique AC-AC topology is
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developed without a DC link. A variable frequency control and commutation technique is
developed and discussed. The detailed circuit model and the converter performance are

analyzed.
6.2 Elements and Structure

In chapter 3, based on energy injection control of a resonant network, a half bridge and a
full bridge DC-AC inverter are developed for IPT systems. In principle, any power source
may be used to generate high frequency currents apart from a DC source using free
oscillation and energy injection control providing the converter topologies are properly
designed. For such a reason, if the energy injection control and free oscillation is well
coordinated, the energy storage components of an AC-DC-AC converter can be fully
eliminated. Therefore, an AC power source can be directly used to generate a high
frequency AC current for an IPT system. As a result, the cost, size and efficiency of an

primary IPT converter can be significantly improved.

Eliminating the front-end AC-DC rectification and DC storage capacitors, a conceptual

AC converter based on energy injection control can be created as shown in Figure 6-1.

/
Sa

@ Vac Sy \ R

O—_
—

Figure 6-1: A conceptual direct AC-AC converter with energy injection control

It can be seen from Figure 6-1 that an AC source is directly connected to a resonant
network by switches. The design of the switching topology could be very critical here to
ensure the energy can be injected according to the load requirements, and to ensure that

energy flowing back to the power source is prevented during circuit oscillation.
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In practice, most semiconductor switches such as IGBTs and MOSFETSs have anti-parallel
body diodes. Such a structure ensures the switches can operate bi-directionally but with
only one controllable direction. With a combination of the IGBTs or MOSFETS, an AC
switch can be constructed to achieve bidirectional controllability [124]. As discussed in
Chapter 2, any of the three constructed AC switches can be used to replace the ideal
switches in Figure 6-1. After taking the practical consideration of implementation such as
control simplicity, cost and efficiency, the proposed converter topology is developed as

shown in Figure 6-2, which consists of minimum count of four semiconductors.

2K

Figure 6-2: A typical configuration of a direct AC-AC converter

The ideal switch S, in Figure 6-1 is presented by an AC switch S; and S, as shown in
Figure 6-2. The ideal switch Sy, is replaced by S; and S, to construct a free oscillation path
for the current. By turning on/off the switches through a properly designed conduction
combination, the energy injection and free oscillation can be maintained while the
undesired energy circulation to the source can be prevented. The detailed control scheme

for all those switches is discussed in the following section.
6.3 Operation Principle

6.3.1 Normal switching operation

The proposed AC-AC converter is based on a direct conversion topology without a middle
DC link. Therefore, the commutation and synchronization of the source voltage and the
resonant loop branch need to be considered. To determine the switch operation, it is

necessary to identify the polarity of the input voltage and the resonant current. According

-128 -



Chapter 6 A Direct AC-AC Converter

to the polarity of the low frequency input voltage and the resonant track current, the

converter operation can be divided into four different modes as shown in Figure 6-3.
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Figure 6-3: Switch operation of AC-AC converter

In Figure 6-3, Mode Ill and Mode IV present the current free oscillation in different
directions. Mode | and Mode |1 are the states to control the energy injection based on the
different polarities of the input voltage, which is also determined by the directions of the

resonant current.

A typical current waveform of the converter and the associated switching signals when

the input voltage is in the positive polarity are shown in Figure 6-4.
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Mode  Mode Mode Mode Mode Mode Mode Mode Mode Mode Mode  Mode
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Figure 6-4: Converter operation when input voltage Vac>0

In Figure 6-4, if the negative peak value of the resonant current is smaller than the
designed reference value -l in t3, switch S; is turned on in the following positive cycle
when Vac>0, while S,, S3 and S, remain off. As such, the instantaneous source voltage
Vac is added to the resonant tank. This operation results in a boost in the resonant
current during t,. Regardless of whether the peak current is smaller or greater than the
reference value -l the operation of the converter in the next half cycle of t; would
automatically be switched to Mode 111, where switch S3, S, are on and Sy, S, are turned
off, such that the L-C-R forms a free oscillation circuit enabling the energy to circulate
between the capacitor C and inductor L. However, if the peak current is larger than the
reference -l at t3 the converter operates in Mode IV at the next half cycle of t,. If the
negative peak current is still smaller than the reference -l after a positive energy
injection (for example, peak current is still very small at ts even after the injection at ts,
and more energy is still needed in the next positive half cycle of t;.), then, the converter
will operate at Mode 1 at t7, and continue to repeat the operation between Mode | and
Mode 111 in the following half cycles until its peak magnitude larger than the predefined

reference value.
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The operation of the converter is similar to the situation when the input voltage Vac<0.
The only difference is that S, is used to control the negative input voltage which is
applied to the resonant tank when the resonant current is negative. Additionally, the
peak current would be compared to +l. to determine if the converter is operated
between Mode IlI/Mode 1V, or Mode IV and Mode Il11. The selection of the mode during
normal operation for both positive and negative input is summarized and shown in

Figure 6-5.

Negative input
Positive input

Figure 6-5: Mode selection diagram during normal operation

6.3.2 Switching commutation

The proposed converter inherits the simple matrix structure with less switching
components and without commutation capacitors. By utilizing the body diodes of each
switch, the circuit resonant current can be naturally maintained, even the switches operate
at non ZCS condition. Like a DC-AC inverter, variable frequency control can also be
employed in the AC-AC converter. Switches being operated under such a condition are
switched at the zero crossing points to follow the resonance of the current so as to keep the
magnitude of the current constant. Nevertheless, the variable frequency switching control
also faces problems as a result of the frequency shift [31], which cause uncertainty in the
direction of the resonant current when the input voltage is at its zero crossing points. This
implies that the current completes an entire half cycle over the zero crossing point of input.
The polarity change of the input voltage will make the modes of converter operation vary
between energy injection states and free oscillation states. Therefore, it is necessary to
consider the best switching commutation technique when a variable frequency control

strategy is developed for the proposed AC-AC converter.
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Theoretically, the track current may have four possible operating conditions around the
zero crossing points of the source voltage according to the current directions and the

variation tendency of the input voltage, as follows:

Condition A: The input voltage changes from positive to negative. The current stays

positive over the zero crossing point as shown in Figure 6-6.
Here S; is on to maintain the current while Sz is to be turned on to continue the current.

Condition B: The input voltage changes from positive to negative. The current stays

negative over the zero crossing point as shown in Figure 6-6.
Here S, is on to maintain the current while S, is to be turned on to continue the current.

Vact Vact

Tt Tt
Mode
Mode Mode ‘Mode Mode Mode Mode Mode : Il Mode Mode
IL X | 1] | MR/de ] \Y IL A 1] | v I

Condition A Condition B
Figure 6-6: Operation transient when the input voltage from positive to negative

Condition C: The input voltage changes from negative to positive. The current stays

positive over the zero crossing point as shown in Figure 6-7.
Here S; is on to maintain the current while S; is to be turned on to continue the current.

Condition D: The input voltage changes from negative to positive. The current stays

negative over the zero crossing point as shown in Figure 6-7.

Here S, is on to maintain the current while S, is to be turned on to continue the current.
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Figure 6-7: Operation transient when the input voltage from negative to positive

It can be seen that there are two additional conditions apart from the normal operation
conditions. The operation mode around the zero crossing periods of the input voltage must
change between Mode | and Mode 1V, or Mode Il and Mode I1I. In fact, the switching
commutation between Mode | and Mode IV can be achieved if Sz is always on when the
input voltage is in the positive polarities. Similarly, the switching commutation between
Mode Il and Mode |1l also can be achieved by keeping S4 on if the input voltage is
negative. Such switch operations can maintain the oscillation without affecting the normal

operation.

From the above discussion, the detailed operation of the AC-AC converter for all
conditions is listed in Table 6-1, according to the input voltage, the resonant current and
the predefined current reference. Typical waveforms of the converter with a smooth

commutation using this variable frequency control strategy are illustrated in Figure 6-8.
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Figure 6-8: Waveforms of the converter with smooth commutation

The detailed shifting relationship between the operation modes during operation can be

summarized in Table 6-1.

Table 6-1: Switching states of operation modes

Resonant Current Input SWITCHES/DIODES Mode
Voltage STATUS
. . o I 81/D20n d
i.>0, and previous I, >—1 Vac >0 S,/S3/S4/D./D4/Dyoff Mode I
i_<0, and previous 1, <+ Vac <0 81/83/885//[? 5/32/D4off Mode I
iL<0 Vac >0
Sa/Dson Mode 111
. o 81/82/83/D1/D2/D40ff
Previous 1, >+ Vac <0
iL <0 VAC <0
SofDon Mode IV
. & 81/82/83/D1/D2/D30ff
Previous I, <—I Vac <0
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6.4 Modeling and Analysis

The control strategy of the proposed converter is a discrete energy injection control based
on the polarity of the input voltage and the resonant current. Since the energy injection
occurs discretely, the input phase angle is different for each injection period. During the
energy injection period while Vac>0, the input voltage is in the same direction as the track
current in its positive direction. However, the value of the input voltage during each
injection varies according to the time instant of the injection. The situation is similar when
Vac<0; but the track current would be in the negative direction for energy injection. At
each injection instant the input voltage over the track can be expressed by the

instantaneous value of the AC source as:

v, (0) =V, sin B (6-1)

where \7AC is the peak value of the mains voltage, f=sin(wt) is the phase angle of the input

AC voltage when energy injection occurs. Theoretically, the instantaneous input voltage
during each injection period varies between the beginning and the end of the period. This
variation in the input is very small if the resonant frequency is much higher than the mains
frequency, as is normally the case for IPT systems. For such a reason, the input voltage
applied in each half injection period can be assumed to be constant. The input voltage Vi,

can therefore be defined as:

v, - {\é snp (6-2)

According to the control strategy of the converter, the differential equations of the
equivalent circuit according to the Kirchhoff's voltage law of the circuit can be expressed

as.:

(6-3)
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By solving these equations, the instantaneous value of the current during the energy
injection and free oscillation periods can be expressed respectively as:

. Vsing+v(0) -t

i i e 7 sinwt (6-4)
t
i :V;—(Lme 7 sin wt (6-5)

where 7=2LIR, w is the zero phase angle frequency. vc(0) is the initial voltage at the
switching transient. It can be seen that the solution to the track current for a direct AC-AC
converter is similar to that of the DC-AC energy injection inverters, but the input voltage
is time dependent during different energy injection periods.

6.4.1 Current ripple during controlled periods

Under the discrete energy injection control strategy with variable frequency switching, the
current resonance can be well maintained, but over energy injection will also occur
especially when the AC input voltage reaches its peak. Figure 6-9 shows the typical
waveform of the track current with a reference of the input voltage.
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0.026 0.0261 0.0262 0.0263 0.0264 0.0265
Time(s)
60 r . r : :
<
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40°
0.026 0.0261 0.0262 0.0263 0.0264 0.0265
Time(s)

Figure 6-9: Current ripples during controlled period
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It can be seen that the current presents a small ripple around the reference current during
the controlled period at steady state. The amount of energy injected into the circuit at
different phase angle of the mains voltage varies and can be more than what is required to
maintain a constant track current. Any over injection of energy during each injection
period results in a current overshoot. Similarly, any over consumption during the

oscillation period contributes to the current ripple.

Similar to the analysis of a DC-AC converter in chapter 3, an approximated worst case
method can be used to find the maximum and minimum peak current of the AC-AC
converter caused by the magnitude variation of the AC input. In order to clearly
understand the current ripple during the controlled period, a detailed waveform showing

the track current under the worst case conditions is given in Figure 6-10.

Energy Injection t

Figure 6-10: A detail current ripple waveform

It can be seen that during the control period, if the input voltage is at the positive cycle, the
track current always enters the free oscillation state during its negative cycle. When the
converter operates under free oscillation period, there is no energy injected. As a result,
the track current is naturally damped by the load and ESR. If the peak current in the
negative half cycle is slightly smaller than or equal to the reference value ., energy will
be injected by the controller into the resonant network in the next positive half cycle. With
this energy injection, the current increases from zero to its peak during the positive cycle.

Such a peak value will be larger than the previous negative peak value, but it is not the
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maximum value. This is because the energy will be continually injected during the
remaining time of the entire positive cycle and after this positive peak value. In fact, the
real maximum peak current i__max appears in the following negative half cycle as shown in

the figure after the half energy injection period is complete.

As stated, in the worst case scenario under the no load condition, the capacitor voltage will
approximate to zero when the track current is at its peak. After the energy injection over
half a period, the total energy storage in the circuit equals the stored energy, and the newly

injected energy can be expressed as:

L2
1
2

L _max

:%umz + j}vin (t)-i, (t)dt (6-6)

An energy balance principle can be applied to any energy injection period. But the worst
case occurs when the current is just smaller than l..; and energy is still being injected when

the mains voltage is at its peak value as stated earlier.

As the frequency of the resonant current is much higher than the 50Hz input voltage, the
voltage added to the resonant tank at the peak of 50 Hz can be approximately expressed as:

Vo () Ve (6-7)

Therefore the injected energy during the entire half period over the peak of the mains can

be expressed by:

2

T A N

T _ Ve +27FV, o1, L
Epy = [ 2V (1)1, (Odt == (6-8)

From (6-6) and (6-8), the maximum track current can be obtained as:
A L A
A 2T VAC N LC (I ref \E+VAC)
i L max — Iref 2 + (6'9)
T

It can be seen from equation (6-9) that the overshoot of the maximum track current is
determined by the peak AC input voltage, the controlled reference current, the track

current resonant frequency, and the circuit parameters.
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Although the maximum peak current is caused by the energy injection, the minimum peak
current i_min IS caused by circuit damping. The worst case scenario arises when the load is
at its maximum and the peak current is slightly larger than the reference value. Under such
a condition there is no injection in the next half cycle. Strictly speaking when the current is
at its peak, the capacitor voltage is not exactly zero due to the existence of the load
resistance. But for inductive power transfer applications, the Q of the primary circuit is
normally high so that the assumption of the initial conditions i (0)= -l and vc(0)=0 does
not cause any significant error. For the proposed AC-AC converter, if it is operated when
the input voltage is in its positive cycle, the energy can only be injected in the following
positive half cycle. The initial peak value under such a condition is equal to the reference
value during negative cycles of the resonant current, and there is no energy injection in the
following positive cycle of the current while the damping remains. Instead of damping in
the positive half cycle, the damping of current would last for another negative half cycle.
With such given initial conditions, the minimum peak current i__min can therefore be

obtained as:

D g or (6-10)

According to the structure and control strategy of the AC-AC converter, the minimum
current can only happen in the negative cycles. It can be seen from equation (6-10) that the
worst minimum peak current is determined by the reference current and the circuit

parameters. This is also similar to the DC-AC energy injection inverter with a half bridge

topology.

6.4.2 Current envelope prediction

In addition to the current ripples caused by energy injection and energy consumption
during the current controlled period, current sag occurs when the input voltage changes its
polarity. Figure 6-11 shows the envelope of the typical current waveform when the input
voltage changes from the positive half cycle to the negative half cycle. It can be seen that
around the zero crossing point, the input voltage falls back to zero and the magnitude of
voltage is very low. Consequently, there is not enough energy that can be injected to
sustain the track current to be constant, even if the maximum possible energy is injected in

every half cycle.
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Figure 6-11: Current sags around zero crossing point of the input voltage

It can be seen that before the current sag occurs, the controlled current is around the
reference value Iy although small fluctuations exist due to the control. This means the
input voltage is large enough to supply the energy to maintain a constant current around
Ier. However, over time, the input voltage drops to the boundary value, which is the
minimum value to ensure the desired current without any control. This value can be

obtained by:

V= (6-11)

Theoretically, if the input voltage is smaller than the boundary value, the newly injected
energy will be too small to achieve the desired outcome and reaches zero when the input
voltage is at the zero crossing point. During this period, the injected energy in each
positive half cycle can be calculated by:

V,, -l At

E, =, Vi (i, (Dt = (6-12)
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Apart from this newly injected energy in each half cycle, there will be some stored energy
in the resonant network because of the energy storage components. As discussed before,
because of the high Q characteristic on the primary track, the phase angle of the resonant
current and the capacitor voltage is very small and can be ignored. Therefore, the stored
energy on the capacitor can be treated as zero when the resonant current is at its peak
value. This stored energy in the tank can be expressed in terms of the inductance. At each
positive half cycle, the instantaneous stored energy in the resonant tank can be calculated

and expressed as:

E.=1Li (6-13)

store 2
In order to identify the stored energy in different cycles, as shown in Figure 6-11, the

stored energy during the previous energy injection cycle is equal to:

E %uﬁ (0)2 (6-14)

store
Since the difference in the peak current in two continuous positive half cycle is very small,
the variation of the stored energy in one resonant period can be approximately expressed

as.:

AE,  — % LG () —i, (0)°) = L-Ai. -i (t) (6-15)

stored
In addition to the variation in stored energy variation and the injected energy during the
zero crossing periods, the energy is consumed by the load during each half cycle. The

consumed energy by the load during each resonant period can be expressed as:

CALi(D)2R

consumption 2

E (6-16)

According to the energy balance principle, the injected energy during each cycle should be
equal to the stored and consumed energy when the input voltage is around its zero crossing
point. Thus, the equation for expressing the total energy balance in the resonant tank can

be obtained as:

E, =AE

n store

+E (6-17)

consumption
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Substituting equation (6-12) to equation (6-17), the relationship between the minimum
peak current and input voltage can be determined by:

LA TR v o (6-18)
At 2

Because Ai, and At are very small, equation (6-18) can be expressed in the format of a
differential equation as:
.A
dii, RA 1

L—Lt+—i -=V, =0 6-19
dt 2 L T in ( )

It can be seen from this equation that the analysis of the peak current of the track is
simplified to a first order differential equation with initial values. The envelope can be

presented according to the calculated solutions in the time domain.

The input voltage during the current controlled operation period can be modeled as a
constant voltage \Z which is used to maintain the reference current ls. Therefore, the
initial value of the envelope peak current is the reference current, before the voltage drops
to zero from the boundary value \E Around the zero crossing point of the mains voltage,

the input voltage shows a good agreement with a ramp signal shown in Figure 6-12. It can
be seen that the first trace is the approximated ramp input. In comparison, this ramp signal
is compared to a 50 Hz input in the second figure. The error between each other is almost

imperceptible during the zero crossing point of the input voltage.
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Figure 6-12: Piecewise ramp input voltage

As such, the input voltage of V;,around the zero crossing period can be approximated as a

piecewise ramp input described by:

RI
Vit —t) = —= |1 1007 —t (6-20)
2 arcsin(RIl, 7 /2V,.)
and
50RI , 7°
Vit —t,) = L (6-21)

arcsin(RIrefﬂIZ\;Ac)

A figure of the response envelope current with the piecewise input voltage is shown in
Figure 6-13. In order to clearly see the envelope current obtained by equation (6-19) under
the defined voltage of equation (6-20) and (6-21), the simulation results of track current by

PLECS during the zero crossing point of the mains voltage is also shown in the figure.
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Figure 6-13: Current sag during zero voltage crossing of mains: a) Calculated track current

envelope, b) Simulated track current

It can be seen that the envelope of the peak current described by equation (6-19) under the
piecewise input voltage presents a good agreement with the envelope of the simulation
track current. If the initial value of the peak current I is known, the analytical solution of
the minimum value of the current can be obtained by solving equation (6-19), with the two

given piecewise input functions (Vin(to-t1),Vin(t1-t2)).

By solving equation (6-19) for the function of the first piecewise input yields:
Y
I(t)=Kt+1,-Kr(l-e 7) (6-22)

where time t1=arcsin(RI,ef7r/V2C)/1007r. K is a constant which can be expressed by

K =-100~1 /arcsin(RIrefzz/ZVzc).

ref
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After obtaining the final value of the first damping ramp input, the final value of the first
piecewise input will be the initial value for the next increasing ramp piecewise input
voltage Vin(t1-t2). The solution of the current envelope during this time period of t;-t, can
be expressed by:

4t

I(t) =-Kt+Kz+(l, +Kt, —2Kr+Kzre *)e 7(t, <t <t)) (6-23)

ref

It can be seen from Figure 6-12 that the second piecewise input voltage increases from

zero to the reference value Vv, during the time interval t;-t,, the current however reaches a

minimum a short period after this. This is because initially the injected energy is very low
and the consumed energy is larger than the injected energy. This means that the stored
energy is needed to compensate for the over energy consumption. The total energy in the
resonant tank would therefore decrease. With the voltage increasing, correspondingly the
injected energy would increase. When the injected energy is larger than the energy
consumption, the energy starts to increase. As a result the current envelope increases after

reaching its minimum value. The exact time can be obtained during t;-t, by taking:
1'(t)=0 (6-24)
Therefore the time of the minimum of the current envelope can be obtained as:

t ——rin=KE (6-25)

min —

2

where =2L/R, K =K/L and K, =2K/R+1(t,). After knowing the exact time at which

the minimum peak current occurs, the minimum value can be obtained by substituting

equation (6-25) into equation (6-23). The minimum sag current can then be expressed by:

—Krz 1 a } (6-26)

lin = K{InK—+1—K—(Iref +Kt, — 2Kz +Krze )

2 2

The minimum value of the current sag of the converter is related to the circuit parameters.

Ideally, if the consumption is very low and the stored energy is very large, the exponential
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component has less effect. It requires a large primary Q to act as a filter for filtering off the

low frequency components.

6.5 PLEC Simulation Study

The simulation study of the AC-AC converter was undertaken using Simulink/PLECS to
investigate the operation and analysis of the converter. The PLECS model of the AC-AC

converter is shown in Figure 6-14.
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Figure 6-14: PLECS circuit model of direct AC-AC converter

It consists of four switches, an AC input source, and a tuning track. Gate control signals
(gatel to gated) are fed in from the controller block. The input voltage and track current
are measured and feed back to the controller. The converter is designed according to the

parameters listed in Table 6-2.
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Table 6-2: Converter circuit parameters of a direct AC-AC resonant converter

Figure 6-15 shows the simulation results under variable

which include the waveforms of the input voltage Vac, the track current (lyack), and the

control signals of S;-S,.

Figure 6-15: Simulation waveform of a typical energy injection AC-AC converter
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It can be seen that a low frequency mains voltage can be used to generate a high frequency
current for IPT applications under the proposed topology and operation of the AC-AC
converter. From Figure 6-15, S; and S, control the energy injection and the current
oscillation when the input is in the positive direction. S, and S3 control the energy
injection and free oscillation during the negative direction of the input voltage. In addition,
the switching commutation is achieved smoothly by the proposed switching control
technique. The current waveform is controlled around the predefined reference some
fluctuations including both the ripples during controlled period and the sages during zero
crossing of the input voltage, which have been discussed and compared in the earlier

analysis.
6.6 Experimental Results and Discussion

In order to verify the proposed switching control strategy and the theoretical analysis, an
experiment was conducted using the circuit parameters as in the simulation study. In order
to have a pure resistive load on the primary side, a series tuned pickup was coupled to the
track and provides an effective 1Q load on the primary side. In addition, to enable an easy
implementation and a safe operation, the input voltage and reference current were scaled
to 1/10 of the simulation study. The system control strategy implementation diagram is

shown in Figure 6-16.
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Figure 6-16: Controller block setup diagram

Figure 6-17 shows the experimental results of the converter with ZCS operation, with the

input voltage, track current and gate driver signals of the switches S; and S, (as defined in
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Figure 6-2). It can be seen that the AC-AC converter can generate a high frequency track
current for IPT applications directly from a 50Hz low frequency input. S; and S, are used
to control the energy injection when the input voltage is positive or negative respectively.
The current sags have been demonstrated when the input voltage changes its polarity. The
waveform of the track current is flat but has a small ripple during the controlled period
which agrees with the simulation results. In addition, it can be seen that the maximum
current ripple occurs at around the peak of the input voltage which can be clearly observed

in Figure 6-18 and be in a good agreement with the previous analysis.

- Agilent Technologies

MNormal Peak Det Averaging § @ Realtime
v 16 O

Figure 6-17: Experimental results of the proposed direct AC-AC converter

Figure 6-18 illustrates the experimental waveforms of the input voltage around a zero
crossing point. It can be seen that the input voltage (tracel) is captured as it varies from
the positive peak to the negative peak. The energy injection is controlled to provide a
regulated 4A peak current in the primary track (trace 2) when the 50Hz input voltage is
high enough regardless of being in the positive or negative cycles. It can be seen that in
order to keep the track current constant, the switching frequency of S; (trace 3) and S,
(trace 4) is much lower (about 1/10 of the resonant frequency) when the input voltage is
near its peak. However, as the magnitude of the input voltage decreases, the operating
frequency of S; increases and reaches half of the resonant current frequency to achieve full
injection if the threshold voltage is lower than Vi, in equation (6-11). Finally, switch S;
stops conducting when the input voltage drops to zero in order to change into the negative

direction, while the energy level in the resonant tank drops. The switch S, then starts to

- 149 -



Chapter 6 A Direct AC-AC Converter

inject energy from the zero crossing point. S, works at half the resonant frequency to
obtain a full energy injection from the zero crossing point to the threshold value of the

input voltage.
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Figure 6-18: Current sag at zero crossing point

Current fluctuations can also be seen in the track current waveform (trace2) during
operation. This shows the maximum track current when the input voltage is at its peak
value, while the track current sag occurs around the zero voltage crossing point of the
input AC voltage at a fixed load. Because the system quality factor is very high at a high
frequency, the current damping is low. As expected, that the current ripple approximates a
saw tooth waveform during the current controlled period. The result shows the maximum
ripple occurs around the peak of the input voltage during the controlled period, which is
caused by over injection and overconsumption. As a result, the maximum and the
minimum current ripple during the controlled period are around 5.1A and 3.8A
respectively. This is close and within the calculated values of the maximum value of
5.17A and the minimum value 3.78A, which can be obtained from equation (6-9) and
(6-10) respectively.

In addition to this fluctuation during the controlled period, the track current (trace2) also
shows that there is an obvious current sag around the zero crossing point of the input
voltage. It can be seen that the envelope of track current from the experiment shows a

good agreement with the circuit level simulation result using PLECS (trace2 in Figure
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6-13) and the calculated result (trace 3 in Figure 6-13). The measured current sag of the
experimental result is 1.78A, which is close to calculated value 1.81A using equation
(6-26)

Figure 6-19 shows the transient of the switch commutation at the zero crossing point of the
input voltage. It can be seen that the low frequency input voltage (trace 1) is changes from
negative to positive. The variation of the magnitude of the input is nearly unnoticeable
compared to the 30 kHz resonant current (trace 2). The magnitude of the track current
decreases, even the input voltage starts to increase in the positive polarity. This further
confirms the theoretical analysis. Trace 3 shows the gate drive signal of S,, which controls
the energy injection when the input voltage has a negative polarity. Trace 4 is the gate

driving signal for S,.

-3 Agilent Technologies

Figure 6-19: Switch commutation at Zero crossing point of input voltage

It can be seen that the negative input voltage is controlled by S, which has been applied to
the resonant track when the track current is negative. The direction of the resonant current
is the same as the direction of the input voltage. The converter will operate from Mode 11
to Mode Il as stated in condition D and is shown in the illustration of Figure 6-7. In fact,
the converter may operate at condition C from Mode IV to Mode I, when the input voltage
changes from a negative to a positive polarity. As discussed before, the variable frequency
is closely related to the circuit components and the practical operating conditions. Any
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uncertainty of the variation in the resonant frequency or the input voltage frequency
variation leads to a different operation, which is very difficult to predict.

Here, in Figure 6-19, when the input voltage is at the exact zero crossing point around the
middle of the figure, according to the control strategy, S, is scheduled to turn off. Such a
switch operation is also considered as soft switched ZVS; even though the resonant current
IS not at a zero crossing point. It also can be seen that S, is on when the input voltage is
negative. However, the switch remains in its conduction state until the resonant current
fully completes its half cycle even after the input voltage has already changed to be
positive. The resonant current naturally flows through S, after S, turns off and a smooth
commutation is therefore achieved.

6.7 Summary

In this chapter, a direct AC-AC IPT converter has been proposed. The converter has been
shown to have a simpler structure compared to a traditional AC-DC-AC converter. This

chapter focused on the analysis of the AC-AC converter in relation to the control strategy.

While there are a number of possible topologies for the direct AC-AC converters based on
energy injection and free oscillation technique as discussed, only one selected example
converter topology is described here. The operation principle and a detailed switching
control sequence with reference to the current waveforms were analyzed. System
modeling and theoretical analysis on the performance of the direct AC-AC converter were
also conducted; in particular, the current ripple analysis including the current fluctuation
during normal operation was undertaken. In addition, the current sag around zero crossing
points of the input voltage was analyzed using energy balance principles. In the analysis,

the approximate current envelope has also been derived to show the current sag.

The validity of both the theoretical analysis and the control method has been verified by

simulation and experimental results.
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Chapter 7
Investigation of a Push Pull Inverter

Operating in Boost Mode

7.1 Introduction

7.2 Boost Mode Operation

7.3 System Modeling and Analysis

7.4 Multiple Operation Points Conditions
7.5 Simulation and Experimental Results
7.6 Summary

7.1 Introduction

Among different resonant configurations, the current fed push pull resonant inverter is one
of the most popular primary power supplies for low to medium IPT applications due to its
simplicity and high power efficiency [87]. To transfer power to one or more loosely
coupled pickups, the input voltage of the push pull inverter is normally required to be high
to obtain a high resonant voltage over the parallel tuned resonant tank. Since a parallel
tuning configuration is the dual of a series one, a low frequency switching operation by the
energy injection control, which reduces the current of the voltage fed inverters, thereby
leads to a voltage boost up for a push pull (current fed) converter. As such, a boost in
resonant voltage can help to extend the power transfer capability of the traditional push

pull inverter.

This chapter investigates the boost operation of a push pull inverter. To ensure soft
switching during the boost operation, multiple ZVS operation points will be determined by
using a stroboscopic mapping model. Simulation and experimental analysis will be carried
out to verify the boost operation of this push pull inverter at different ZVS operation

points.
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7.2 Boost Mode Operation

A typical push pull inverter for IPT applications is shown in Figure 7-1. It consists of a
DC inductor, a phase splitting transformer, a parallel tuned track, and two semiconductor
switches. A blocking diode in series with each switch is optional to prevent shorting the

resonant capacitor if a full ZVS cannot be achieved.

. m} ; m}

Figure 7-1: Typical Push pull inverter with series blocking diode

The push pull inverter normally operates at the ZVS frequency [125], where S; and S; are
switched on and off at the zero voltage crossings of Vac to drive the resonant tank.
Therefore, the switches are essentially switched at 50% duty cycle. Under such an
operation, the push pull resonant inverter produces nearly sinusoidal voltage and current in
the resonant tank. Thus the switching losses are essentially eliminated, and a better

waveform with low EMI is achieved.

Due to the high frequency operation, a push pull topology act as a quasi-current source
inverter by alternating the conduction of the switch pairs. If each switch operates for a
longer period than the resonant frequency, the current into the parallel resonant tank will
be increased. For such a reason, if two switches are operated at a lower variable switching
frequency than the fundamental ZVS resonant voltage, the output voltage can be boosted
by following the relationship:

fo<f, (7-1)

Here fs is the actual switching frequency; and f; is the fundamental ZVS frequency (given

in [16]). Under such operation the resonant voltage will become higher. To have a better
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understanding, Figure 7-2 illustrates the waveforms of the push pull converter when the
actual switching frequency is about 1/3 of the fundamental ZVS frequency. For
comparison purposes, the corresponding waveform of the push pull operated at the normal

mode (operating at fundamental frequency f;) is also illustrated in the same figure.

— — - — = T t —— t
188 187 358 3.89 1.9 ® le-3 111 1.212 1114 1118 ® le-d

(a) f=f (b) f=f./3
Figure 7-2: Switch operation of the inverter in boost mode

It can be seen that if the conduction frequency of each switches is lower than the
fundamental ZVS frequency f;, which is about 1/3 of f; in the example figure, the resonant
voltage is increased by about three times. In fact, in addition to the fundamental ZVS
frequency f;, there may be multiple ZVS frequencies existing which can lead to different
boosting features. Using this principle, a push pull inverter can be designed to have a
higher power transfer capability by operating at lower ZVS frequencies. To understand
whether more ZVS frequencies exist and where they are, as well as how the ZVS
frequencies affect the inverter performance, a detailed analysis is undertaken in the

following section.

7.3 System Modeling and Analysis

As discussed, running a push pull inverter at a lower switching frequency than the
fundamental ZVS frequency can boost the resonant voltage. In addition, enabling a better

performance and a reduction in the switching losses and EMI, it is desirable to operate the
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push pull inverter at these low frequency ZVS points. However, even when multiple ZVS
frequencies may exist for a high order push pull inverter, it does not mean all the ZVS
frequency points are suitable for a boost operation without affecting the overall
performance. In order to understand the exact ZVS operating frequencies and how this
operation affects the output performance, a stroboscope mapping model method is used to
analyse the ZVS frequencies of a push pull inverter. Unlike the traditional AC impedance
analysis method, which is more suitable for a sinusoidal linear circuit, the stroboscopic
mapping method is a numerical method for an accurate nonlinear switching circuit
analysis [55]. It treats the switching period as a variable and can be used to find all
possible steady state ZVS frequencies of a switch-mode converter.

7.3.1 Stroboscopic mapping model

In order to ensure soft switching operation of a push pull inverter shown in boost mode,
switches S; and S; must operate alternately at the zero instants of the resonant voltage of
the tuning capacitor. Each of the switches operates during half of the overall period of T
under steady state condition. The equivalent circuit model of each operational state of the
push pull inverter, where either (S; on/S; off) or (S, on/S; off), is shown in Figure 7-3 and
Figure 7-4 respectively. Here the split windings of the transformer are modeled as
uncoupled inductors. Selecting the currents and capacitor voltages in each equivalent
circuit as state variables, the state space equations of the system can be obtained for each

operation.

L pu—

Figure 7-3: Equivalent circuit when Sy is on, S,is off
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From the equivalent model above, when S; is on, S, is off, the differential equation can be

expressed as:

%_ LbVDC — Rd Lbia — Rd Lbib — Lch
dt L (L, +L,)+L,L,
% _ I-aVDC — Rd Laia — Rd Laib + (Ld + La)vc
dt L (L, +L,)+L,L, (7-2)
dv 1. .
C=——(,+I
prai (i, +i.)
di, 1 .
—=——(V.,-R_I
dt L( c eq L)

ol | s

Figure 7-4: Equivalent circuit when S,is on, S;is off

Similarly, when S;is on, S; is off, the differential equation can be expressed as:

% — LyVoe — Ry Lbia —R Lbib _(Ld + Lb)vc
dt L (L + L)+ L,
di, _ LVpe —RyLi, =Ry Ly + LyV,
dt L (L, +L)+L L, (7-3)
dv, 1, .
C=—(,—1
gt ¢l
di, 1 :
—=——(vV,—R,I
dt L( ™ Reall)

Let X =[i,,i,,V,,i,]" and V=[V;c] be the state vector and the input vector respectively.

The system can be described by the following state space model.
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X = AX+ Bv (7-4)
A=A, if S;ison and S, off.
[ RL, RL L - o
Aa Aa Aa i
R,L, RyL, (L;+L,) 0 A,
B B L
A=A =| % A, A, B=8,=| =
1 1 a
0 - 0 -—
C C 0
R 0
0 0 1 - - -
L L L ]

A=A,, if S, is on, and S; off.

RL RL o (Lrh) ] o
Ab Ab Ab i
R,.L, RyL, Ly 0 A,
A A A L,
A=A = 1b b b . B=B,= N
= 0 0 -= °
C C 0
R
0 0 _i eq _O i
L Lp LP _

Ay, =L, (Lpe + L) + L Lpe

Since the system matrix (A) is invertible, and the input voltage Vpc is a constant in each
half operation period, the solution for each operation state can therefore be described as

follows.
X(t)=e"x, +(e" —1)A"Bv (7-5)

Here X is the initial value, and the identity matrix (I) is of the same size as the system
matrix (A). Due to the alternating switching conduction repeating at steady state, X, could

be defined as the initial value of the current state of the n™ switching period T, which is
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also the final value of the last state. Similarly, x,.+1 could to be defined as the final value of
the current state, which is also the initial value at the next period. As such, the iteration

equation of the states of (n+1)™ period, therefore, can be expressed generally as:
X1 =€ x, +(e" —1) A"BY,, (7-6)

Because the actual waveforms of each operation repeat at steady state, the state vector
repeats periodically, which leads to a fixed point x*=xn.1=X,. By the definition of

e’ =®(%), then according to equation (7-6), all of the fixed operation points of the
system can be obtained by:

B CXCa Y S
( Z(ZJ [ZD *(q)l@j—'j‘\z‘leVdc

The resonant voltage and the track current at all the possible switching instants can be

(7-7)

described as follows.

*

f, (T)=Yx (7-8)

Ve

*

f. (T)=2x (7-9)

where Y=[0 0 1 Oland Z=[0 O O 1] are the selection matrices of the capacitor

voltage v¢(t) and the track current i (t) respectively. In order to obtain the ZVS points, the
resonant voltage must be zero at the switching instants. This means that the resonant
voltage of the model at fixed operating periods has to satisfy the boundary condition as

following:

where for the first half cycle:

ng, x*j =Y (CDl (%)xh{@l(%}— |jAﬁBlvch =0 (7-10)

And for the second half cycle;
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HZ(I,I,x*szx*zo (7-11)
2’2

7.3.2 Determination of multiple ZVS periods

From the above stroboscopic mapping method, once the capacitor voltage reaches the
boundary condition, it means that the switches are operating under a zero crossing
condition. Accordingly, all of the obtained values of Ts are the possible ZVS periods of the
push pull inverter. Based on such a mapping method, the voltage and the associated
current at the different switching instants can also be obtained. Figure 7-5 shows the
capacitor voltage and the track current of the stroboscopic mapping model of a given push
pull inverter at different operation periods which are calculated by equations (7-8) and
(7-9). The detailed parameters of the push pull inverter are listed in Table 7-1. The Matlab
code for the calculation of the ZVS periods can be found in the Appendices. As can be
seen from the figure, the ZV'S periods are the points where the capacitor voltage is equal to
zero. It has been found that there are more than one ZVS points for the push pull inverter.
If the push pull inverter is operated at these ZVS periods, the inverter will be fully soft

switched and leads to different voltages and track currents.

Table 7-1: Component parameters of push pull inverter

Notes Parameters Values
Input DC voltage Vbe Vv
DC inductor Lq 1mH
Splitting transformer L, 1mH
Splitting transformer Ly 1mH
Primary resonant capacitor C 0.67 uF
Primary resonant inductor L 3.45 uH
ESR of track Resr 0.012 Q
Total Equivalent load R 0.06 Q
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Figure 7-5: Voltage and current waveforms of ZVS points of the stroboscopic map

To clearly find these ZVS points and their relationship, the first nine of the ZVS periods
and frequencies are listed in Table 7-2.

Table 7-2: Calculated value of first nine ZVS operation points

Z\V/S Points | 1 2 3 4 5 6 7 8 9

T, (16) 9.60 191 |28.7 | 382 (478 |57.3 |669 |76.4 |86.0

f, (kHz) 104.17 | 52.36 | 34.84 | 26.18 | 20.92 | 17.45 | 14.95 | 13.09 | 11.63

The first ZVS point is at 9.60us, which is close to the free oscillation period 9.55us. As
can be seen in Figure 7-5, the track current at the first ZVS point is nearly located at the
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first peak. This implies that if the resonant voltage of the capacitor is equal to zero, the
resonant track current is nearly at its resonant peak due to the approximate 90 degrees
phase angle delay. However, at the second ZVS point, which is about 19.1us in Figure 7-5,
it can be observed that the voltage is at zero but the corresponding track current at this
instant is lower. It is difficult to determine the relationship between the resonant voltage

and the track current at the 2" and other even number operation points.
7.3.3 Waveforms

As shown in Table 7-2, the operation frequencies are nearly an integral multiple of the
fundamental frequencies. After given the exact ZVS operation points, the steady state
waveforms of the inverter output voltage and current can be obtained to understand how

these ZVS operation points affect the resonant voltage and the resultant track current.

Due to the symmetrical operation of two switches, once the ZVS points are calculated by
equation (7-7), the waveforms obtained during half period operation can be obtained. The
resonant voltage waveform is identical for both half cycles at steady state. Therefore, the
waveform obtained before reaching the first boundary condition defined by equation (7-10)
can present the actual current at steady state. The resonant voltage and the track current

can be expressed respectively as:

Ve () =Y [cb1 (%) x*+(CD1 Gj— | j AﬁBldeJ (7-12)
iy (1)=2 (cp1 GJ x*+(<1)1 Gj— | inlBlvch (7-13)

Figure 7-6 (a) — Figure 7-9 (a) show the half period waveform of the mapping model from
equation (7-12) and (7-13), which are the first four operation points including both odd

and even ZVS points. In fact, here the time span doubles for easy comparison with the
zero crossings of f\,C (t). This means the magnitude of the actual voltage and current

waveforms could decay by half over this time. The waveforms of the second half period

repeat in the opposite direction.
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To understand the relationship between the half period and full period waveforms easily, a
steady state waveform also can be obtained by numerical calculation once the operation
frequencies are obtained in Table 7-2. Figure 7-6 (b) — Figure 7-9 (b) show the voltage and

track current using numerical calculations at steady state over an entire operating period.
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Figure 7-7: Voltage and current waveforms of at the 2" ZVS point
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Figure 7-9: Voltage and current waveforms of at the 4" zvs point

It can be seen from Figure 7-6 (a) that the voltage waveform is nearly a half sine wave
from equation (7-12), if the inverter is operated at the fundamental ZVS point. After
repeating this operation over the second half of the waveform as shown Figure 7-6 (b), it
can be clearly seen that the voltage waveform is nearly completely sinusoidal. The track
current waveform is also nearly sinusoidal with about 90 degrees phase delay. At the 2™
ZV/'S operation point shown in Figure 7-7 (a), it can be seen that, the peak value of the
resonant voltage is boosted to about 100V which is nearly three times that of the first ZVS
point. The resonant voltage over the half period is nearly sine wave but it is heavily
distorted over a full period, resulting in a poor current waveform. The current at the
secondary ZVS operation point is also boosted to around 80A. The waveform of an entire
period in Figure 7-7 (b) however is not smooth. There are two continuous half positive or
negative cycles in the voltage waveform at steady state. In addition, the current waveform

is not sinusoidal at all and includes obvious harmonic distortion. When the push pull
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inverter works at the 3" ZVS operation point, the voltage draws a smooth and nearly
sinusoidal waveform again as shown in Figure 7-8 (b), The current waveform also
becomes much better compared to the 2" ZVS point. Although the magnitude of the
capacitor voltage and the track current at the third operation point drops compared with
the 2" operation point, both of them are almost boosted by almost three times over normal
operation compared to the fundamental ZVS point. But it also can be observed from
Figure 7-8, that a small fluctuation arises in both the voltage and current when working at
this 3™ operation point. Figure 7-9 shows that if the inverter is operated at the 4™ operation
point, the operation frequency at this ZVS point is about 1/4 of the ZVS switching
frequency of the fundamental ZVS point. As expected from the earlier results, two parallel
positive or negative half cycle appear on both the voltage and current waveforms. The

quality of the waveforms under this 4™ operation point is very poor and not acceptable.

Further investigation shows that the resonant voltage waveforms of all even ZVS
operation points are heavily distorted. In contrast, the resonant voltage waveforms of all
odd ZVS operation points are smooth with less distortion. The amplitude of the voltage
increases with the decrease of ZVS frequency. Good current waveforms are also obtained
at odd ZVS operation points because the energy injection direction is consistent with the
trend of the voltage oscillation. Such a phenomenon offers a good basis for designing a
push pull inverter with a high power transfer capability without an additional boost stage

to increase the DC input voltage.

Each of the odd operation points can be accurately obtained by the numerical solutions of
the stroboscopic mapping method. But for a system with a high Q, the operation frequency

can be approximated as follows:

1
2n+1

f, n1,23 (7-14)

fS
Here f, is the first ZVS frequency, which is nearly equal to f, =1/ 27+/LC if Q is high.

7.4 Multiple ZVS Operation Points Conditions

According to the above stroboscopic mapping model, the numerical solutions of the

multiple ZVS operation points can be obtained for a given push pull inverter. The
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drawback of the stroboscopic model is that the numerical solution does not predict the
conditions which can ensure a proper ZVS points for boost operation. In fact, the existence
of the multiple ZVS points is determined by the circuit parameters, e.g. the quality factor
of the resonant circuit. By looking at the structure of the push pull inverter in Figure 7-1,
the DC inductor and the phase splitting transformer are mainly required to form a quasi-
current source by alternating the switching operation of S; and S,. In practice, they are
normally designed to be much larger than the track resonant inductance [126, 127]. The
large DC inductance and high frequency operation make the input current almost constant,
so a fifth order push pull inverter could be simplified to a parallel tuned circuit excited by

a current source.

Because the switches conduct alternately, the end of a particular switching period can be
treated as the initial condition for the start of the next switching period. In addition, these
conditions must last for an entire half switching period. The input of the push pull resonant
inverter can be regarded as a step-input current source at each switching period. Figure
7-10 shows a model of the inverter exited by a step current injection at the switching
instant of the ZVS points. Based on such a model, an approximated analysis can be

conducted to find a general condition for the existence of multiple resonant frequencies.

Figure 7-10: Step current injection model at ZVS points

For this step current injection model, the following equation can be obtained:

di, R. 1

gt L

dv. 1. 1 (7-15)
Pe _ 2142,

it C C

If the resonant voltage vc is considered, a second order ordinary differential equation can
be obtained as:
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2
ddtV; 4 RCdstC+vc e (7-16)

LC

With the initial condition VC(0)=0, iL(O):CO:thC—I the complete solution to the

capacitor voltage can be easily obtained and expressed as:
IR -% .
Vv (t)=——e "sin(o;t-6)+ IR (7-17)
sing

where ax =2z f is the free ringing angular frequency, =2L/R is the time constant, and &is

an initial phase angle which can be expressed as:

o, IRC j

(7-18)

@ =arctan| -
[IL(O)+|(1—RC/T)

It can be seen that the voltage equation consists of a forced DC offset component and a
natural resonance with decay component. The competition between the DC offset and the
decay will determine if the voltage has multiple ZVS points.

The ZVS period is determined by the circuit parameters L, C, R, the injection current and
the initial track current. At each ZVS switching instant, the track current is lagging behind
the capacitor voltage. The lagging current will offset the DC effect of the step injection
current and contribute to more ZVS points. However, the initial current cannot be given
arbitrarily, which is determined by operation conditions, e.g. input voltage and Q. A low
input voltage with will cause a low current. At the switching transient, although the track
current is around the negative peak, it can be close to zero if the input voltage is very small.
Under such a condition, if assuming the initial current in equation (7-17) is zero, the
critical ZVS condition obtained for the circuit will be valid for different inputs, which will
cause a higher negative initial value which partly offsets the DC effect of the step injection
current. According to this, if assuming the initial track current i (0)=0, a minimum critical
value of Q obtained is which ensures the existence condition of the ZVS points. Under
such a condition, by considering the complete solution from equation (7-17), the minimum

value of the resonant voltage can be obtained if its derivate is equal to zero as expressed

by:
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Ve (t)=0 (7-19)

It can be derived that the time corresponding to the minimum and maximum voltage is:

t=t (arctan(e, ) + 7 +6) (7-20)
Wy
A meaningful “t” corresponds to a minimal resonant voltage, and there may be more than
one of these points. Substituting equation (7-20) into the equation (7-17), all the minimum
or the maximum voltages can be expressed as:

t

V. =—IRQe “+IR (7-21)

The minimum or the maximum resonant voltage is related to the quality factor of the
tuning circuit, the injection current, and the total equivalent load resistance. For the

existence of the n™ zero voltage crossing, the corresponding Ve, in the next negative half

cycle will have to be smaller than or equal to zero and should meet the following condition:

_tmin

Qe © >1 (7-22)

Here tyin varies for different zero points. It occurs at approximately at ((4n-1)z/2wo),
where n is integer. For example, it is 37/2w, for the 1% operation point and 7z/2a, for the
3" operation point. Because =2Q/wy equation (7-22) therefore can be solved for each
operation point. The critical Q can be obtained to ensure the existence of ZVS points.
Equation (7-22) therefore can be expressed for different operation points as:

(4n-1)

QInQ=> b (7-23)

It is easy to get the numerical solution to different ZVS operation points. For example, if
the inverter is to operate at the 3 ZVS point, the circuit has to be designed to have
Q>3.98 to ensure resonance. Similarly, if it operates at the 5™ ZVS point, Q should be

larger than 5.23.
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7.5 Simulation and Experimental Results

To investigate the operation of the push pull inverter in the proposed boost mode operation,
a simulation study is undertaken using Simulink/PLECS. The PLECS model of the push
pull inverter is shown in Figure 6-14 (a). The gate drive signal is generated according to
the different ZVS periods which were obtained using the stroboscopic mapping method
discussed earlier. The diagram of the push pull inverter is shown in Figure 6-14 (b). It
consists of two MOSFETs and two blocking diodes in series connection to prevent
possible shorting of the resonant capacitor by reversing conduction of the two MOSFETS.

The detailed circuit parameters are listed in Table 7-1.
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Figure 7-11: PLECS circuit model of the push pull converter in boost operation

The multiple odd ZVS points obtained previously are listed in Table 7-2. The simulation
study takes the 3™ and 5™ operation points as examples to evaluate the operation and

performance. For comparison, simulation at the fundamental ZVS point is also undertaken.
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The simulation waveforms of the resonant voltage and the track current are shown in
Figure 7-12.

9.95% 9.9% 9997 9.957 9998 9.9%8 x 162 0999 09992 09%94 09996 09998 xlel 9.562 9.984 9.986 9,988 9.99 9.9929.994 9.9%  x le2
s) s) Ys)

fs=f1 fs=1/3 f; fs=1/5f;

Figure 7-12: Simulation results of the selected odd ZVS points

It can be seen that as expected from earlier analysis the resonant voltage is boosted by
about three and five times compared to the fundamental ZVS operation point when
operation is at a third or a fifth of the fundamental frequency respectively. The track
current is boosted accordingly. But it can also be seen from the simulation result that the
boosted current has some ripples, which is mainly caused by the DC offset and the circuit
decay. Using the Powergui FFT analysis tool within Matlab/Simulink, FFT analysis of
resonant current has been undertaken and results are shown in Figure 7-13 and Figure 7-14
respectively. Although the current amplitude fluctuates, the waveform is smooth and
nearly sinusoidal. The overall THD is 0.81% and 0.87% at the 3 and 5™ ZV'S operation
point respectively. This is sufficiently good for IPT applications, where the average power

transfer is the major interest.
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Figure 7-13: FFT analysis of track current at the 3 ZVS point
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Figure 7-14: FFT analysis of track current at the 5" zvs point

An experimental system has also been set up using the same circuit as in the simulation
study. The Q of the circuit is 36, which is much higher than the theoretical values of 3.98
and 5.23 to ensuring the existence of the 3" and the 5" ZV/S operation points. As shown in
the Figure 7-15 to Figure 7-17, the experiment has demonstrated these two points do exist,
and the inverter is operated at the fundamental, and the 3" and 5" ZV/S operation periods.
The experimental results of the gate drive signal, the resonant voltage, and the resultant
track current are also shown. From top to bottom, the waveforms are the resonant voltage

of the capacitor (trace 2), the gate signal of S; (trace 1), and the track current (trace 3).
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Figure 7-15: Steady state waveforms under 1°' ZVS operation point
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Figure 7-16: Steady state waveforms under the 3 zvs operation point
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Figure 7-17: Steady state waveforms under the 5" ZVS operation point

It can be observed that the push pull inverter results in different resonant voltages and
tracks current when operated at these different ZVS switching frequencies. These
experimental results are very close to simulation results shown in Figure 7-12. The peak
value of the resonant voltage in Figure 7-16 is about 100V, which is nearly three times
over the voltage at the first points shown in Figure 7-15. Accordingly, the voltage in
Figure 7-17 is about five times higher. The track current has also been increased by
operating at different frequencies, which is also nearly three and five times higher by
operating at the 3 and 5™ operation points. As shown, the track current fluctuations are
clearly observable when the push pull inverter operates at the boost mode, but the track
current waveform obtained is sufficiently good for IPT applications where the key interest

is the high frequency magnetic field generation for average energy transfer.

7.6 Summary

In this chapter, a method of operating a traditional push pull inverter in the boost mode has
been proposed. The principle of this boost operation was discussed. It has been found that
operating over a long period operation leads to a boost in both the resonant voltage and
track current of a push pull configuration for IPT systems. To achieve ZVS operation,
different zero voltage crossing points have been found using a stroboscopic mapping
model. The boost ability and quality of the voltage and current at different ZVS operation

frequencies were analyzed. As shown the traditional push pull inverter should be operated
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at one of the ZVS operation points to ensure high quality while boosting the resonant
voltage and track current.

From a system design point of view, the conditions of the existence of different ZVS
points of a push pull inverter were analyzed. The minimum critical Q was defined for
different ZVS operation points, which is important for designing a push pull inverter with
boost operation.

In order to verify the boost operation, a simulation study was undertaken. A practical push
pull inverter was built and tested. Both the simulation and practical results demonstrated
that push pull inverter can operate under boost mode at lower ZVS frequencies, which
offers a good choice of operating a traditional push pull inverter for high power IPT

applications.
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Chapter 8
Conclusions and Suggestions for Future
Work

8.1 General Conclusions
8.2 Contributions of This Thesis Work
8.3 Suggestions for Future Work

8.1 General Conclusions

A comprehensive study on new resonant converters based on energy injection method for
IPT (Inductive Power Transfer) systems was undertaken in this thesis. Attention was paid

to the following four main aspects:

e New conversion methods for voltage and current fed converters,
e High frequency current generation and control methods for IPT systems,
e New resonant converters and practical aspects of IPT applications,

e Performance evaluation of multiple high frequency IPT power converters.

A general introduction to contactless power transfer technology was presented in the first
chapter of this thesis. It has been shown that although wire connected power transfer
technology is mainstream, the need for contactless power transfer; has recently increased
significantly, and will continue to increase in the future due to the need to eliminate direct
electric connections in many emerging industries. Many different solutions were discussed
to achieve this, such as laser, electromagnetic wave, CPT, and IPT. All of these wireless

power transfer technologies have advantages and constraints, and thanks to the rapid
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advances in modern converter technologies, IPT has proven to be the most feasible
technology for most practical applications. Many research groups and commercial
companies have shown their interest, and have been involved in the research and
development of wireless power transfer technologies. Among various research topics, high
frequency current generation on the primary track has been found to be a key aspect in an
IPT system. Consequently, high quality power converters which generate the high

frequency current are of primary importance for IPT applications.

In Chapter 2, a general overview of the technologies of high frequency power converters
for IPT systems was presented. It has been found that resonant converters are the most
suitable solution for IPT applications to generate the high frequency currents required with
minimal switching losses and electromagnetic interference. Since the inherent track can be
used as the inductance in a resonant tank, load resonant converters are preferred in IPT
systems. Several types of commonly used DC-AC voltage and current fed high frequency
resonant inverters (including their topologies and control strategies) were presented and
discussed. In addition, several matrix structures that attempt to provide a direct AC-AC
conversion was also overviewed. Although most of the AC-AC matrix converters have
been developed for low frequency applications, it is possible to generate a high frequency
current using circuit resonance. A fixed frequency PWM switching strategy with
switching commutation is normally used for high frequency current generation. But the
difficulties involved in the switching commutation and the magnitude regulation of the

high frequency output make matrix converters unsuitable for practical IPT applications.

Following the overview of the IPT system and mainstream high frequency converters, a
new concept called “energy injection and free oscillation” was introduced. According to
this, a new conversion method was proposed based on the high frequency circuit
resonance. An extensive study was undertaken into both the simple half bridge and
improved full bridge configurations. Circuit modeling and theoretical analysis were
conducted to understand the energy injection inverters. In order to achieve soft switching
and reduce EMI, a ZCS strategy was proposed to control the full bridge inverter, which is
an extension of the half bridge inverter. Simulations were conducted to verify the
operation of the full bridge energy injection inverter during the conditions of the startup,

steady state, and varying load. Using a FPGA as the core control unit, a practical inverter
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was developed to implement the control strategy with a fast and accurate ZCS operation.
Experimental and simulation results have demonstrated that the proposed inverter based
on energy injection control is able to generate a high frequency output current at a low
switching frequency. The inverter can operate at full ZCS conditions offering very good

startup and steady state properties, which are predicable.

In chapter 4, a thorough study was conducted on the behavior and properties of the
variable frequency controlled energy injection inverter with one or more secondary
pickups at a system level. Like other load resonant converters, the frequency variation may
also limit the proposed energy injection inverters to applications with light loads.
Therefore, a detailed frequency bifurcation phenomenon was discussed including the
effect of loading conditions. It was found that the primary inverter can operate at other
zero current switching frequencies with the variable frequency control strategy when the
load on the pickup increases to a certain level. A theoretical analysis enables the two
bifurcation frequencies, and an analytical critical maximum loading condition to be
predicted enabling frequency bifurcation to be avoided during operation. In addition, the
system frequency stability problem was analyzed for an IPT system with multiple
distributed pickups. It was found that the proposed inverter can achieve a better power
transfer capability for a multiple pickups system. The maximum boundary condition for a
given number of pickup was found, which is helpful for designing a primary inverter

without bifurcation.

The effect of coupling between the primary and the secondary pickups on the system
frequency stability was also analyzed to find the boundary coupling condition
corresponding to bifurcation. The effect of this coupling condition was investigated
against the output power. An optimal coupling factor was found which ensures the
maximum power transfer capability from the primary inverter to the pickup. Experimental
results proved the existence of the optimal coupling. In addition, a circuit sensitivity and
worst case analysis was undertaken when bifurcation did not occur. It was shown that the
output frequency is most sensitive to variations in the primary side components, and

therefore these must be carefully designed.

In chapter 5, a primary side regulation method for closed loop single pickup control was

proposed. The proposed method, which is only suitable for one secondary pickup, controls
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the power flow to the contactless power pickup by regulating the primary track current. A
T transformer model was used to analyze the maximum output voltage capability. A factor
Qm was defined as the ratio of the load R and woM for the analysis. It was found that
under the nominal operation frequency and certain Qp, the output voltage is higher if the
system has a better coupling. A simulation analysis was conducted to verify the proposed
power flow regulation method under different loading conditions. The simulation results
show that the power flow control method proposed has an excellent dynamic and steady
state performance during the startup and load variations. A practical contactless slip ring
system was designed and implemented to verify the power flow control method. The
validation of this proposed power flow control method was proven experimentally.

In chapter 6, a novel direct AC-AC converter was proposed based on free oscillation and
energy injection control. This novel topology with four semi-conductor switches was
developed to obtain a flat high frequency track current without any DC energy storage.
The direct AC-AC converter was shown to have a simple structure and demonstrated a
greater freedom compared to traditional AC-DC-AC converters and traditional matrix
converters. A detailed control strategy to achieve a constant amplitude track current was
proposed. The variable frequency control enables ZCS operating conditions and very
smooth commutations during operation. In addition, the switching transitions are only
necessary when the resonant tank requires energy injection. A mathematical model was
developed to analyze the converter operation and performance with a focus on the track
current for IPT applications. The maximum and the minimum current during the current
controlled period were analyzed by considering the worst case scenarios. In addition, the
uncontrollable current sag caused by the input ac voltage around each zero crossing point
was analyzed using energy and power balance principles. The current fluctuations under
both normal and zero crossing conditions are related to the circuit parameters. At a certain
operation frequency, a resonant tank with a large Q will contribute to a stable current

under all conditions.

To verify the operation and theoretical analysis, simulation and experiment were
conducted. Both simulation and experimental results demonstrated that the proposed direct
AC-AC converter can generate a high frequency current directly from the low frequency

AC input with relatively good waveforms for IPT applications.
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In chapter 7, a push pull inverter was investigated for generating a high frequency current
with boost operation. This configuration is a reverse transformation of the energy injection
concept, which has a lower switching frequency leading to a buck operation for voltage
fed converters. The operation principle of the boost operation for a push pull configuration
was discussed. A stroboscopic mapping model was used to determine the suitable low
frequency ZVS operation points. It was found that a push pull inverter can have multiple
low frequency ZVS points. The effects on the steady state waveform of the resonant
voltage and the track current of operating at different operational ZVS frequencies were
discussed. The result showed that only the odd number ZVS points can boost the resonant
voltage and track current with smooth waveforms. As an indication for future design, the
existence condition of the multiple ZVS operation frequencies was analyzed. It was found
that Q determined the system multiple operation points. The minimum critical Q for

ensuring the existence of the required multiple ZVS points was defined.

Both the simulation and experimental results have proven that the voltage and current can
be made to increase when the ZVS operation frequency is reduced. It was found that the
proposed boost operation offers a simple and cost-effective solution to deliver more power

for an IPT system with a given push-push resonant converter.

8.2 Contributions of This Thesis Work
The main contributions of the thesis work include:

Proposing DC-AC inverters based on free oscillation and energy injection control, and
experimentally demonstrating that the inverters can generate high frequency current with

flexible control and low switching frequency for IPT applications.

Determining the critical loading and coupling conditions corresponding to frequency

bifurcation, which is very useful for designing a stable primary energy injection inverter.

Determining an optimal coupling coefficient, corresponding to the maximum power

transfer capability of an IPT system.

The proposal and implementation of a power flow control method for an IPT system on

the primary side inverter based on energy injection control.
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The proposal and development of a direct AC-AC matrix configuration based on circuit
oscillation and energy injection. The converter has a simple structure supplying a number

of useful features for generating high frequency current without a DC link.

The proposal and investigation of a boost operation method using a traditional push pull
inverter. A stroboscopic mapping model method is used to accurately locate the ZVS

operation points for this boost operation.

Part of the above contribution has been published in three journal papers [128-130], seven
conference papers [131-137]. In addition, one journal paper [138] and one book chapter
have been accepted [139]. A provisional patent based on the energy injection controlled

power converters has been filed.

8.3 Suggestions for Future Work

The work of this thesis is focused on the development of an alternative high frequency
power converter based on energy injection control for IPT systems. Various theoretical
analyses, system and component level simulations and experimental tests have been
successfully undertaken to achieve and validate the research objectives presented in this
thesis. However, there are many more areas which have been opened up for further
investigation. Suggestions for future research are given below.

Studies on nonlinear phenomena

The developments of power converters for IPT systems are mainly concerned with switch-
mode nonlinear circuits comprising semiconductor switches and passive energy storage
components. A switch mode converter acts between different switching transients during
operation. Additionally, if pickups are included, the effect of the rectification circuit and
additional high order characteristics significantly complicate the circuit behavior and the
analysis. There is a need for further fundamental studies on nonlinear circuits that include
the practically nonlinearities, transients and high order to help to guide engineering design

and promote further practical applications in future.
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Multiphase AC-AC converters

As discussed in Chapter 6 of this thesis, a single phase input can cause current sags when
the input changes its polarity. In fact, this is caused by insufficient energy injection at the
zero crossing points. If multiple phases are used, a more complicated switching network
can be built to smooth out the energy injection by shifting between the various phases of
the input source. Accordingly current ripples and sags can be reduced. In addition,
multiple phase converters can also help to increase the power transfer capability. It opens
an important and interesting research area in designing network oscillation, isolation, EMI,

and protection of AC-AC high frequency IPT power converters.
Improvement on high frequency operation detection

Detection techniques are critically important to ensure voltage fed energy injection
resonant converters to operate under ZCS conditions. Passive current detection methods
like current transformers are widely used in IPT applications, but time delays exist in the
detection due to the phase delay between the primary and secondary current, as well as the
propagation delay due to signal processing. As such, the existing current detection method
is more suitable for low frequency IPT systems. To design converters that can operate at
MHz level as desired for some low power (L00W-1KW ) with accurate ZCS operation, the
improvement on the zero crossing detection of the resonant current and associated signal

processing technology are required.
EMI filter design

Although the concept of circuit resonance and energy injection could be used to develop a
high frequency converter for IPT systems, the current pulse generated by a fast switching
network could be a practical concern. This is because the current pulse is discrete and
determined by loading or coupling conditions. Variations in the operation conditions will
cause different switching patterns, and therefore different current pulse sequences.
Therefore, the design of the common mode EMI filter design is important and need for the
consideration as part of the design of energy injection converters for different IPT

applications to meet industrial EMC standards.
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Appendices

Code of Stroboscopic Mapping Model for Detecting ZVS
Frequencies of a Push Pull Inverter

% initial circuit parameters
Ld=1000%10" (-6) ;
La=1000%10" (-6) ;
Lb=1000%10" (-6) ;

Rd=0. 1:

C=(0.67)*10" (-6) ;

Lp=3. 45%10" (-6) ;

R=0. 072;

w=1/sqrt (Lp*C) ;

U=10;

% State matrix
DETa=Lb* (LLdc+La) +La*Ldc;

DETb=La* (Ldc+Lb) +Lb*Ldc;

Al1=[-Rdc*Lb/DETa, —(Rdc*Lb)/DETa, -Ldc/DETa, O;
—Rdc*La/DETa, —Rdc*La/DETa, (Ldc+La) /DETa, 0;
0,-1/C,0,-1/C;
0,0, 1/Lp, -R/Lp];
B1=[Lb/DETa;
La/DETa;
0;
0l;

A2=[-Rdc*Lb/DETb, —Rdc*Lb/DETb, — (Ldc+Lb) /DETb, 0;
—Rdc*La/DETa, —Rdc*La/DETa, Ldc/DETb, 0;
1/C,0,0,-1/C;
0,0, 1/Lp, -R/Lp]:

B2=[Lb/DETb;
La/DEThb;
0;
0l;
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%Selection matrix
Y=[0 0 1 0];
7=[0 0 0 1];

%ZVS frequencies detecting
t=0. 01e-6:0. 02e-6:8e—4;
k=1;

for i=1:length(t)

phl=expm (Al*t (i) *0. 5) ;
ph2=expm (A2xt (i) *0. 5) ;

X0=inv (eye (4) -ph2%ph1) * (ph2%inv (A1) * (phl-eye (4) ) +inv (A2) * (ph2-
eye(4)))*B1*U;

Ve (1) =Y*XO0;
IL (i) =7%X0:

if i>1&&Ve (i) *Ve (i-1) <=0
Tz (k)=t(i);
k=k+1;

end

end

Tz

fz=1./Tz
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