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ABSTRACT

Inductively coupled power transfer (ICPT) systems use electromagnetic fields to transfer electric
power from a primary source (power supply) to one or more secondary loads (pickups). Because there
is no physical contact between the primary and secondary, ICPT systems are intrinsically safe and
reliable. This technology has been significantly commercialised for around a decade. Present
applications include material handling, public transport, and battery charging.

This thesis focuses on the design of ICPT systems for high power applications where both the
primary and secondary coils are compensated by capacitors. The main aim is to develop systems with
smaller size, less weight, lower cost, greater power and better efficiency. Previous work in this field
has concentrated on either the power supply or the pickup. This thesis instead focuses on the
interactions between the power supply and the pickup. When power is transferred from the primary to
the secondary, the primary is affected by the secondary loading. This can result in poor displacement
power factor (DPF), reduced power transfer capability, and a loss of controllability.

First, steady state linear mathematical models are developed to represent the load seen by the power
supply that includes the primary compensation capacitor, the electromagnetic structure, the secondary
compensation capacitor, and the pickup load. These models quantify the system behaviour in terms of
the fundamental design parameters, and are used to evaluate a design procedure for ICPT systems.
This evaluation provides an insight into the system, enabling suitable design decisions as well as
quantification of frequency bifurcation boundaries in variable-frequency systems.

Several new primary tuning schemes are also proposed, taking into account the secondary loading
effects. In loosely coupled systems, the primary and secondary resonant circuits can be tuned
independently as the secondary loading effect on the primary are negligible. In well-coupled systems,
the secondary loading affects the primary resonance significantly, and the proposed new tuning
schemes greatly improve the DPF and power transfer capability. Various sensitivity analyses to
variations in the primary and secondary compensation capacitances as well as misalignment of the
electromagnetic structure show that systems designed using the proposed new tuning schemes have
similar sensitivities compared with the original tuning.

Throughout the thesis work, an LCL resonant inverter driving a contact-less electric vehicle battery

charger was used to verify the proposed theory. The operation of this inverter under discontinuous
-j-
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current mode is also investigated. A novel design procedure is detailed and verified that enables this

inverter to deliver maximum power to the load.
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LCL

2 EFIL

Z

Py
Prated
Q
Q
Qpo
Qs
Qs
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R

Rec

ReZ

SP

SS

Ss
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VA
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VAR,
VAR,
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tan o
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CHAPTER 1 : INTRODUCTION

CHAPTER 1

INTRODUCTION

1-1 Background of ICPT systems

1-2 Fundamental structure of ICPT systems
1-3 Motivations of the research

1-4 Contributions of the thesis

1-5 Scope of the thesis

1-1° BACKGROUND OF ICPT SYSTEMS

Inductively coupled power transfer (ICPT) systems utilize electromagnetic fields to transfer electric
power from a stationary primary source to one or more movable secondary loads without contact.
Using power electronic technology, ICPT systems with very low magnetic coupling strength have
recently been practically realized [1][2] with the number of commercial applications growing every
year.

Potential applications of ICPT systems are unlimited. Present applications include material
handling, public transport and battery charging. ICPT systems are free of sparking, wear, tear and
hazard. They are immune to dirt, moisture, water, snow, ice, and can be used in potentially explosive
atmospheres. They are also safe, quiet and highly reliable. This low maintenance requirement
improves productivity.

More than a hundred years ago, alternating current at approximately 1-2 kHz was proposed by
Hutin and Leblanc [3] to supply power from a track to a railway vehicle across an air gap. Multiple
secondary coils with independent circuit breakers were used for regulation of the power transferred to
the motor.

In 1974, an ICPT system was suggested by Otto [4] to supply power to a moving vehicle. The
suggested operating frequency was 4-10 kHz.

In 1994, Boys and Green suggested an ICPT system operating at 10 kHz for electric vehicles [5-6].
This is probably the first design suitable for practical industrial applications. The application of this
invention to material handling systems and in particular to monorail and conveyor systems has since
been licensed to Diafuku (Japan), one of the largest manufacturers of conveyors and material handling
systems in the world. As shown in Fig. 1-1, successful commercial systems include clean room
applications for semiconductor manufacturing industry as well as assembly lines for the car

manufacturing industry.
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(a) Clean room inter-process transportation. (b) Monorail material handling.

Fig. 1-1. Application examples from Daifuku (Japan).

In 1997, the Electrical and Computer Engineering (ECE) Department at The University of
Auckland working with Wampfler AG in Germany through Auckland UniServices developed an ICPT
system to provide intervention free battery charging to a specially designed low weight vehicle for use
in a public transport system (Fig. 1-2), at the Whakarewarewa thermal park, Rotorua, New Zealand [2].
The charging bay is buried under the ground and the charging process is transparent to the driver.
When the driver stops at the loading platform, the charging unit automatically senses the vehicle and
begins charging if required. Four charging bays are provided allowing opportunity charging
throughout the day. This minimizes the necessary on-board batteries, while still allowing the vehicles

to be operated continuously.

Fig. 1-2. Public transport system (New Zealand).

After the success of this public transport system, Wampfler, in cooperation with Auckland
UniServices and the ECE Department at The University of Auckland, invested intensively in the

commercialisation and marketing of the ICPT technology. Various examples are shown in Fig. 1-3.
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(b) BMW-Floor conveying system, BMW
AG, Site Dingolfing, Germany.

(c) E-bus, “Porto Antico”, Genoa,  (d) Elevator, “Hermes (e) Trolley, “The Grove”,

Italy. Tower”, Hanover, Fairfax-District, Los
Germany. Angeles, U.S.A.

Fig. 1-3. Application examples from Wampfler (Germany).

A recent competitor to Wampfler and Daituku, VAHLE (Germany), has utilized ICPT technology
successfully in its contact-less power transfer systems for material handling. More than 20 systems
have been sold mainly to the car manufacturing industry. Its customers include Volkswagen
(Germany), Volkswagen (PR China), Ford (Brazil), Volkswagen (Czech Republik), SML/Ford
(Belgium), Karmann (Germany), Deckel Maho (Germany), Volkswagen (Poland), Ford (Germany),
Gampro (Germany), IHI (Japan), Los Alamos National Laboratory (USA), and Nissan (USA).

In the low power market, there is growing interest in inductive charging of portable consumer
products. Inductive charging systems include an electromagnetic or radio frequency coil that generates
an electromagnetic field, which is coupled to a receiver coil within the device that includes a battery
[7-12]. Scientists are currently researching the possibility of re-charging the battery of the artificial
heart through the skin from a coil outside the body [13].

Environmental influences of electromagnetic fields (EMF) are growing fast with advancing
technology such as mobile telecommunications. Thus, the anxieties and speculations about the health
hazards of EMF exposure are spreading among all populations of the world. The potential health

effects of EMF exposure therefore need to be clarified scientifically.
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The World Health Organization (WHO) started from 1996 to assess the scientific evidence of
possible health effects of EMF exposure in the frequency range from 0 to 300GHz. All reviews
conducted so far have indicated that exposures below the limits recommended in the ICNIRP (1998)
EMF guidelines [14], covering the full frequency range from 0 to 300GHz, do not produce any known
adverse health effect. However, there are gaps in knowledge still needing to be filled before better
health risk assessments can be made.

The Medical School of The University of Auckland examined the effect of 10 kHz magnetic fields

in an experiment on animals [15-16]. Likewise no health hazard was found.

1-2 FUNDAMENTAL STRUCTURE OF ICPT SYSTEMS

The block diagram of an ICPT system is shown in Fig. 1-4. The system can be separated into six
subsystems that include the switching power supply, the primary compensation, the electromagnetic
coupling, the secon@ary compensation, the secondary switching controller and the load.

The power source ;)f an ICPT system is usually the electric utility supplying voltage and currentata
line frequency of 50 or 60Hz, single or three phases. For portable applications, the power source can be
a battery supplying dc voltage and current.

In order to increase the amount of power transferred via the electromagnetic structure in a practical
ICPT system, the power supply is used to provide high frequency voltage and current (normally above
the audible range). The reactance of both the primary and secondary windings increases in proportion
to increases in the operating frequency, and as such is normally compensated by capacitors. A

secondary switched mode controller may be used to control the power flow to the load.

2/3 ® o{Switching|_[Primary | _yru Secondary|—{Secondary
line o—power compen- compen- switching Load
mput o {sunnly sation sation — |controller

Fig. 1-4. The block diagram of an ICPT system.

1-3 MOTIVATIONS OF THE RESEARCH

This research focuses on the design of ICPT systems for high power applications, where both the
primary and secondary are compensated. It is desired to enable increasing air gaps as well as
increasing track length and number of pickups, while achieving greater power and better efficiency.
The size, weight and cost of such systems are presently much higher than a wired connection. The

challenge is to reduce the gap.
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The compensated secondary pickup in an ICPT system is normally designed to ensure its tuned
frequency is close to the nominal operating frequency of the system. If the operating frequency shifts
away from this tuned frequency, the pickup is said to be detuned resulting in significantly lower power
transfer capability.

There are two groups of ICPT systems: fixed and variable frequency systems [17]. In fixed-
frequency systems, the pickup can be correctly tuned to operate at the maximum power point. In
consequence, the size and cost of the pickup are minimized. However, the power supply may operate
with a poor displacement power factor (DPF) and needs to be oversized to provide the additional
reactive power. This results in an increase in the size and cost of the power supply.

In variable-frequency systems, the operating frequency is allowed to vary so that the power supply
operates close to unity DPF. The size and cost of the power supply are therefore minimized. However,
pickup frequency detuning is unavoidable and the pickup needs to be oversized to transfer the required
power since it does not operate at its “ideal” maximum power point. This increases the size and cost of
the pickup.

Under variable-frequency operation, the system may become “unstable” because of the onset of
frequency bifurcation with load variation. Here, more than one operating mode is present in the
frequency spectrum. If the system can not operate stably at the desired operating load, the required
power will be unavailable. The phenomenon of bifurcation has been investigated in selected ICPT
systems [1][17]. Further investigation is required to enable general design criteria to ensure system
stability.

A direct approach to improve the DPF of the power supply and minimize the frequency detuning of
any pickup is dynamic tuning. Here the inductance or capacitance is adjusted dynamically at either the
primary or the secondary. In addition to the increased complexity of the controller, dynamically tuned
systems have larger size and higher cost. Another approach proposed in [17] has additional resonant
circuits consisting of inductors and capacitors at the output stage of the power converter, which
significantly maximize the DPF, minimize the pickup frequency detuning, and reduce the influence of
bifurcation. Again, the size and cost and complexity of the total system are increased due to additional
inductors and capacitors required.

Previous work concentrates on either the primary power supply or the secondary pickups. This
research instead investigates the interactions between the power supply and the pickups in order to
identify influences of such interactions on the DPF, the power transfer capability, and the operating
frequency. Whenever the interactions between the primary and secondary are negligible in comparison
to the primary and secondary self-resonance, the primary and secondary resonance can be assumed to

be independent of each other. This significantly simplifies the analysis and design of the power supply
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as well as the pickups. Here, a constant primary current with a fixed frequency is usually assumed in
the pickup design. For the design of the power supply, the loading effect from the pickup is normally
assumed to be a variable resistor in series with the primary winding [17]. However, interactions
between the primary and secondary resonant circuits become significant when the magnetic coupling
strength of the system is improved, the pickup load increases, or more pickups are added [1]. A precise
analysis of such systems requires the primary and secondary resonant circuits to be solved

simultaneously. This approach is used here.

1-4 CONTRIBUTIONS OF THE THESIS

The contributions of this thesis have emanated mainly from investigations into the interactions
between the power supply and the pickup, as well as from exploring suitable design approaches to take
into account such interactions.

Quantification of System’s Behaviour: Steady state linear high order mathematical model has been
developed to represent the load seen by the power supply, which includes the primary compensation
capacitor, the electromagnetic structure, the secondary compensation capacitor, and the pickup load.
The electromagnetic structure and the primary and secondary compensation capacitors are assumed to
be loss-less. The pickup load is assumed to be resistive. Four models have been developed for the four
basic compensation topologies (a series compensated primary and secondary, a series compensated
primary and parallel compensated secondary, a parallel compensated primary and secondary, a parallel
compensated primary and series compensated secondary). The DPF of the power supply, the
frequency detuning of the pickup, the bifurcation phenomenon and the power transfer capability are all
quantified in terms of the fundamental design parameters, which include the operating frequency, the
magnetic coupling coefficient, and the quality factors associated with the primary and secondary
resonant circuits. This provides an insight into the system’s behaviour at the design stage to assist the'
choice of the primary and secondary compensation topologies as well as the decision of the
fundamental design parameters [18-22].

Description and Evaluation of a Design Methodology: A procedure has been described to
illustrate step by step a design approach for ICPT systems. Here the primary and secondary resonances
are assumed to be independent. The objective is to minimize the total cost by suitable choices of the
operating frequency, the primary current, the electromagnetic structure, the primary and secondary
compensation, the pickup regulator, and the high frequency switching power supply. The designed
systems are evaluated to determine the degree of system deviation from the desired operating point

resulting from loading effects of the pickup on the primary. This investigation shows that systems
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designed using the four basic compensation topologies behave quite differently when the secondary
loading effects are significant. The necessary design considerations for each topology are identified to
ensure power transfer capability and controllability.

New Primary Tuning Schemes for Variable-Frequency Systems: Several new primary tuning
schemes are proposed to improve the power transfer capability of variable-frequency systems. The
system design approach is kept unchanged, and no additional components are added. The power
transfer capability is simply improved by modifying the primary compensation capacitance to
minimize frequency variation from the pickup tuned frequency. The necessary modification is
determined for each of the four basic compensation topologies. Design criteria are developed for each
system to ensure bifurcation is avoided. Significant improvements in power transfer capability are
achieved for well-coupled systems where the primary and/or the secondary are parallel compensated,
providing the design criteria are satisfied [19-21].

New Primary Tuning Schemes for Fixed-Frequency Systems: Additional primary tuning schemes
are proposed to improve the DPF of fixed-frequency systems. Unity DPF is achievable independent of
load with suitable choice of the primary compensation capacitance for series tuned primary systems. In
the case of parallel tuned primary systems, load independent unity DPF can also be achieved but
requires a shift in the ideal operating frequency that in turn affects the power transfer capability of the
pickups and the required secondary VA rating. Despite the change in operating frequency, rated power
can still be achieved in the majority of ICPT systems, providing (as is the case in practice) they are
either loosely coupled systems with reasonable secondary quality factor or well-coupled systems with
low secondary quality factor.

Sensitivity Analysis: The proposed new tuning schemes have been investigated further using
several sensitivity analyses. Variations in the primary and secondary compensation capacitances as
well as misalignment in the electromagnetic structure were considered and evaluated in terms of their
influences on power transfer capability, DPF, and operating frequency. Systems designed using the
new tuning schemes have similar sensitivities compared with the original tuning.

Investigation of an LCL Resonant Inverter: While the LCL resonant inverter is commonly
operated with continuous current, operating under variable frequency control with discontinuous
current is able to reduce the required inverter VA rating as well as the turn-on losses. The latter
requires a complex design process. To deal with this complexity, a feasible design procedure was

detailed to enable the inverter to deliver maximum power to the load [22].
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1-5 SCOPE OF THE THESIS

Chapter 2 gives an overview of ICPT systems including the electromagnetic structure, the primary
and secondary compensations, the power converters, and control options. The main objective is to
clarify the current status of this technology at the on-set of this thesis work and its connections to the
work of the thesis.

Chapter 3 develops a general load model as seen by the power supply. This impedance model
combines the primary and secondary resonant circuits into a single high order mathematical model
allowing the interactions between the primary power supply and the secondary pickups to be well
described. The new load model is then normalized to characterise system behaviour in terms of the-
fundamental design parameters.

Chapter 4 uses the normalized load model to evaluate a design methodology where the primary and
secondary resonances are assumed to be independent. A design procedure is described in detail along
with a brief review of the design options for pickup regulators and power supplies. Influences of the
interactions between the primary and secondary on the DPF of the power supply, the frequency
detuning of the pickup, and the bifurcation phenomenon of the controller are investigated.

Chapter 5 proposes new primary tuning schemes for variable-frequency systems taking into
account the secondary loading effects on the primary. The objective is to minimize the size and cost of
the pickup by reducing frequency detuning. In order to avoid bifurcation, design criteria are developed
to identify the boundary where bifurcation occurs.

Chapter 6 proposes alternative primary tuning schemes for fixed-frequency systems. The aim here
is to minimize the size and cost of the power supply with better efficiency by improving the DPF of the
power supply for all loading conditions.

Chapter 7 compares the relative sensitivity of the various systems described in earlier chapters. The
sensitivity analysis focuses on variations in the primary and secondary compensation capacitance as
well as misalignment of the electromagnetic structure.

Chapter 8 investigates an LCL resonant inverter using a variable-frequency controller operating
under discontinuous current mode. A differential equation model is developed to analyse the capability
of the inverter, while the load model describes the capability of the resonant tank. A steady state
analysis using power flow balance between the inverter and the resonant tank enables suitable design
and control to maximize power transfer.

Chapter 9 concludes the thesis and identifies relevant future work.
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2-1 INTRODUCTION

This chapter outlines the state-of-the-art ICPT technology. The electromagnetic structure, the
primary and secondary compensation, the power supply and controller are all discussed here.

The materials and geometry of the electromagnetic structure commonly used _fo; ICPT applications
are introduced first. An electromagnetic coupling model is used to clarify the necessary approaches to
boost the power transfer capability of the loosely coupled electromagnetic structures.

~ The requirements of primary and secondary compensations are then expléined, along with the
fundamental theory in the analysis of both primary and secondary resonant circuitg. This thegry is used
to characterise the primary and secondary resonances. A summary of the basic compensation
topologies is also given.

The necessary capability of power converters used for ICPT applications is then discussed. Suitable.
voltage and current sourced power converters for both low and high power applications are briefly
introduced. Impedance matching between the inverter and primary compensation topologies are also
pf\ésen’;ed. |

| Finally, the chapter reviews controllers commonly used for both the primary power supply and the

secondary pickup, before pointing out future trends of the ICPT technology.

2-2 ELECTROMAGNETIC STRUCTURES

Similar to electromagnetic components such as inductors, transformers and induction motors, the
electromagnetic structure of an ICPT system is constructed using magnetic cores surrounded by

conductor windings. Magnetic cores concentrate the flux, while conductor windings conduct the
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electric currents. This section introduces commonly used materials and geometry, and investigates the
coupling and capability of the electromagnetic structure. These are essential in the analysis and design

of ICPT systems.

2-2.1 MATERIAL

The materials commonly used for the magnetic cores and the copper windings in an ICPT system
are similar to those used in the transformers for high-frequency power electronic applications. A brief

summary is given in this section.

2-2.1.1 MAGNETIC CORES

Materials used for magnetic cores can be separated into two groups. In the first group are alloys
principally of iron and small amounts of other elements including chrome and silicon. The iron alloy
core material has a high electrical conductivity and saturation flux, typically around 1.8 tesla.

Iron alloy core materials can be found in three basic types. The first type is laminated magnetic steel.
The objective of introducing laminations is to reduce eddy current losses by insulation between
laminated steels. Laminated steel was evaluated in [1] in search of the most suitable materials for ICPT
applications. Operating at 10 kHz, it was found that its power transfer capability is substantially
limited by its core losses.

The second type of iron alloy core is powdered iron where particles are electrically isolated from
each other producing a core with significantly greater resistivity than that obtained by lamination.
Because of lower eddy current losses, powdered cores can be used at higher frequencies than
laminated cores.

The third group of iron alloy cores, such as ‘METGLAS’ and ‘FINEMET’, are manufactured from
various amorphous alloys of iron and other transition metals such as cobalt and nickel in combination,
with boron, silicon, and other glass-forming elements. The electrical resistivity of such alloys is larger
than most magnetic steels and thus can be used for higher frequencies.

Due to eddy current loss, iron alloy core materials are usually used only in low frequency
applications below 2 kHz, and as such are not suitable for most ICPT applications where the operating
frequency is above 10 kHz [2-5].

The other group of materials used for magnetic cores are ferrites. Ferrite materials are basically
oxide mixtures of iron and other magnetic elements. They have a high electrical resistivity but rather
low saturation flux densities, typically about 0.3 tesla. Because oflow eddy current losses, ferrite cores

are usually the material of choice for ICPT applications.
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2-2.1.2 CONDUCTOR WINDINGS

Presently the common choice of material for the conductor winding is copper because of its high
conductivity as well as ductility. The high ductility of the copper makes it easy to bend the conductors
into tight windings around a magnetic core and thus minimizes the amount of copper and volume
needed. The high conductivity of copper also results in less copper required for the windings and thus
decreases the volume and the weight..

The copper conductor may be composed of a single round wire or it may be a special multistranded
conductor such as Litz wire in which each strand has a diameter of the order of a few hundred microns
or less. Litz wire reduces losses due to skin effect and proximity effect, both of which become

significant as the frequency is increased.

2-2.2 GEOMETRY

In a traditional transformer, the primary and secondary are fixed on a common core for tight
coupling. However, the secondary in many ICPT systems is allowed to move freely relative to the
primary, and as such the magnetic cores of the primary and secondary need to be separated. The
magnetic core may be eliminated in the primary and/or the secondary to minimize the weight and cost
of the system. In a multiple pickup system, more than one secondary draws power from a common
primary. The layout of the electromagnetic structure of an ICPT system is application dependent, and
there is virtually no limit to possible configurations. Configuration examples are introduced in this

section.

2-2.2.1 PRIMARY ELECTROMAGNETIC STRUCTURES

The primary electromagnetic structure can be classified according to the configuration of the
primary coil. For single pickup applications, the primary coil is typically constructed as a lumped coil
coupled to a similar lumped coil in the secondary. In multiple pickup systems, the primary coil is
usually extended to enable suitable coupling to the lumped coil of each pickup. Common
configurations of the primary coil are shown in Fig. 2-1. The extended primary coil is shown in the
figure as having a single turn. Multiple turn coils can be set up in the same way.

The primary coil can be extended with the cable and its return constructed in parallel as shown in
Fig. 2-1 (a). The cable and its return are in close proximity to concentrate the flux. The secondary is
placed between the parallel cables, and is allowed to move freely. This configuration is used in many
applications where the vehicles move along linear routes [2].

An alteration of the above configuration is to partially twist the parallel cables together as shown in
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Momentum Dynamics Corporation
Exhibit 1025
Page 041




CHAPTER 2 OVERVIEW OF ICPT SYSTEMS

Fig. 2-1 (b). With the cable and its return partially twisted, the primary inductance is reduced. However,
the secondary is allowed to draw power only at predetermined locations where the parallel cables are
not twisted. A typical application of this configuration is roadway lighting [3].

Alternatively, the primary coil can be extended with the cable and its return constructed to form a
loop as shown in Fig. 2-1 (c). The secondary is placed close to the cable, and is also allowed to move
freely. This configuration is suitable for automatic guided vehicles.

The simplest configuration of the primary coil is a lumped coil as shown in Fig. 2-1 (d). This
configuration is commonly used for battery charging of electric vehicles [5-6] and portable electronic

devices [7-8].

I Secondary B

] 3
g JSecondary A | "|___ Secondary C g
A T ) f
’ &
g
= E
Secondary E c“?:
Secondary D

O —

(@) Extended primary coil with the cable and its  (c) Extended primary coil with the cable and its
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return configured in parallel and partially twisted.

Fig. 2-1. Common configurations of the primary coil.

2-2.2.2 SECONDARY ELECTROMAGNETIC STRUCTURES

The secondary electromagnetic structure can be categorized according to the configuration of the
secondary core. Common configurations are shown in Fig. 2-2. E-cores and H-cores are used in
applications where the vehicles are running on a profile with the cable and its return fitting into each
slot respectively. T-cores are used in applications where a guidance slot is given with the cable and its

return positioned to the right and left of the guidance slot. Flat cores are used in applications where a
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flat floor surface is demanded for full accessibility with the cables embedded in the ground.

Secondary core Secondary core Secondary core Secondary core

/ / L L
Iolol olo olo o

D /A X
Primary coil Primary coil Primary coil Primary coil

(a) E-core. (b) H-core. (c) T-core. (d) Flat core.
Fig. 2-2. Common configurations of the secondary core.

2-2.3 ELECTROMAGNETIC COUPLING MODEL

There are many approaches that can be used to investigate the coupling between the primary and
secondary windings. The most commonly used modeling methodologies are the conventional
transformer model [9-14] and the mutual inductance transformer model [15-22]. The conventional
transformer model uses the concepts of transformed voltage and reflected current to describe the
coupling effect. Both the transformed voltage and reflected current are expressed in terms of the turns
ratio. With this model, the magnetizing and leakage inductance must be separated for circuit analysis.
The \conventional transformer model is therefore well suited for closely coupled systems such as
transformers, because the leakage inductance is usually small. In ICPT systems, however, the leakage
inductance is usually comparable or much larger than the magnetizing inductance, and the
conventional transformer model becomes very complex. In order to simplify the circuit analysis for
ICPT systems, the mutual inductance transformer model is used in this thesis because this model does
not require the magnetizing and leakage inductance to be separated.

Using the mutual inductance transformer model, as shown in Fig. 2-3, the electromagnetic structure
can be presented by three coupling parameters: the primary self-inductance L;; the secondary

self-inductance Lg; and the mutual inductance M between the primary and secondary.

————
+ +
Vp Lp L, Vs

Fig. 2-3. Circuit of the mutual inductance transformer model.

The mutual inductance M is related to the magnetic coupling coefficient k by:
215 -
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M
Lk @b

The primary voltage and current are represented as ‘vp’ and ‘i,’, while the secondary voltage and

'k=

current are shown as ‘v’ and ‘i.’
The interactions between the primary and secondary can be represented (under the assumption that

no saturation occurs) by:

di,  di
=L —2_M—= 2-2
Yo =5 dt dt 2-2)
and
di j
v, =m e _p 4 (2-3)
dt dt

Assuming sinusoidal voltages and currents, (2-2) and (2-3) can be simplified to:
| v, = joL I, - joMI, (2:4)
and
V, = joMI, - jol,I, (2-5)
The equivalent circuit of the sinusoidal mutual inductance transformer model can be derived from
(2-4) and (2-5), and is shown in Fig. 2-4. In this circuit, an induced voltage represents the influence of
the primary current on the secondary, while the effect of the secondary current on the primary is shown
as a reflected voltage. The induced and reflected voltages in this model are specified in terms of tHe

mutual inductance M, the operational frequency w, the primary current I,,, and the secondary current .

L, L

Vp - VS

e ®
Fig. 2-4. The sinusoidal mutual inductance transformer model.

The mutual inductance M can be determined in a physical system by an open circuit test. The
secondary is left open circuit and a sinusoidal primary current I, with a known frequency  is made to
flow in the primary. The secondary voltage V; is measured, and is called the open circuit voltage V. in
this thesis. Since the secondary current I; is zero, (2-5) leads to the open circuit voltage V. given as:

Ve=0M, - (2-6)

The mutual inductance determined by the open circuit test is therefore:

V.

M = —o°c g
of @-7)
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Alternatively, the mutual inductance M can be determined by a short circuit test. A short circuit is
placed on the secondary and a sinusoidal primary current I, is made to flow in the primary. The
secondary current I is measured, and is called the short circuit current I in this thesis. In this case, the
secondary voltage V is zero and (2-5) leads to the short circuit current I, given as:

Isc = L £ (2-8)

5

The mutual inductance determined by the short circuit test is therefore:
ISCLS
M= 7 (29

P

2-2.4 CAPABILITY OF THE ELECTROMAGNETIC STRUCTURE

In this section, the capability of the electromagnetic structure is analyzed using the mutual
inductance transformer model developed above. The load voltage and current are characterized for all
load conditions. The design factors that need to be optimized to achieve maximum power transfer

capability are then determined.

2-2.41 LOAD VOLTAGE AND CURRENT
(RNCER: P 5
Itis assumed inthe following analysis that a constant current I, at a known frequency o flows in the
primary, while the secondary supplies power to a linear and resistive load. The equivalent secondary

circuit is shown in Fig. 2-5 using the induced voltage due to the primary current.

Ir
. —
+
V, R S Vr

Fig. 2-5. 'Equivalent secondary circuit supplying
power to a linear and resistive load.
The impedance of the secondary as seen by the induced voltage is:
' Z = joL, +R (2-10)
The load current (secondary current) equals the induced voltage divided by the secondary

impedance, and is given by:
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oMl JjoMI
L=1,=1270 - T2 (2-11)
Z JoL, +R
The load voltage (secondary voltage) can be calculated by substituting (2-11) into (2-5) resulting in:
JoMI R

Ve =V, ==
JjoL, +R

5

(2-12)

Eliminating the load resistance R from (2-11) and (2-12), the relation between the amplitudes of the

load voltage and current is:
V2 =(oM, ) (L, } 12 (2-13)

The above equation can be normalized using the open-circuit voltage and short-circuit current

ATNEIA ]
(V—OCJ =} (L,,J (2-14)

The normalized load voltage and current given by (2-14) are shown in Fig. 2-6 for the complete load

resulting in:

range. As the load varies from short circuit (R=0) to open circuit (R=c0), the load current drops from I

to zero, while the load voltage increases from zero to V.

1—\—=

L Open-circuit: R=co

o
e

o
o

Maximum power: R=wmL

©
N

L

Short-circuit: R=0

0 :
0 0.2 0.4 0.6 0.8 1
Normalized load current Ig/I,.

Fig. 2-6. The normalized load voltage and current of
the uncompensated pickup.

o
N

Normalized load voltage Vr/Vc

2-2.4.2 POWER TRANSFER CAPABILITY

The secondary voltage is zero under short-circuit conditions, while the secondary current is zero at
open-~circuit. Consequéntly, the power transfer capability is zero under both short-circuit and open-
circuit conditions. Maximum power is achieved at a particular load between these two conditions.

The power transfer is the product of the load current and voltage. Since the load current and voltage
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in (2-11) and (2-12) are complex variables, the coupling power must be represented by the load current

(voltage), multiplied by the conjugate of the load voltage (current) as given by:

. e AN
P=IRVR=1RVR:IR1RR=—RR—R (2-15)
Substituting (2-10) and (2-12) into (2-15) results in:
P @’ M*RI} )16
W} +R? (2-16)
The maximum power transfer can be calculated at the following load condition:
oP
Pl 2-
OR @17
Solving (2-17) results in:
R=wL, (2-18)

At this load condition, both the normalized load voltage and current shown in Fig. 2-6 are equal to

1/42.

The maximum power transfer calculated using (2-16) and (2-18) is:

oM*I}
max 2L (2' 1 9)
The above equation can be rearranged as:
V.1
IS ——2 = (2-20)

Substituting (2-1) into (2-19) results in:
P, = G)mlj (AL"’—ZJ = G)w]ﬁ (xz,) (2-21)
According to (2-21), the power transfer capability of an electromagnetic structure is proportional to
the operating frequency (o), the square primary current (Ipz), and the coupling factor (ksz=M2/Ls).
The nominal operating frequency should be chosen as high as possible taking into account practical
considerations such as size, cost and efficiency. The limit is determined by switching losses in the
semiconductors as well as high frequency losses in the passive components. To fully utilize the
capability of the copper windings of an ICPT system, the primary current is normally controlled at the
maximum rating to ensure maximum power transfer capability. Improving the magnetic coupling such
as reducing the air gap or adding magnetic material results in increases of the three coupling
parameters (M, L, and Ls). A major aim in the design of the electromagnetic structure is to maximise
the coupling factor ksz (=M?/Ls) in order to maximise the power transfer, while minimize the weight

and cost.
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2-3 COMPENSATION

Both the primary and secondary of the electromagnetic structure are often compensated by
capacitors to boost the power transfer capability of the pickup, while minimizing the VA rating of the
power supply. This section introduces the basic compensation topologies. The compensation level and

the resonant behaviour of the primary and secondary resonant circuits are quantified for each topology.

2-3.1 SECONDARY COMPENSATION

To compensate for the secondary inductance (L), a capacitor (Cs) can be connected either in series
[23-28] or parallel [29-34] with the secondary winding. The equivalent circuits are shown in Fig. 2-7
and 2-8 with the influence of the primary represented by the induced voltage. An equivalent resistance
(R) represents the load on the secondary pickup. Under series compensation, the secondary winding,:
compensation capacitor and the load are all connected in series. For parallel compensation, they are all

connected in parallel.

I Ir —_— ~ —
H s Ls
. § ; i
Vs Rg V_R \-/s ﬂ:Cs R § YR !
&
Fig. 2-7. Series-compensated secondary. Fig. 2-8. Parallel-compensated secondary.

For maximum power transfer, the secondary resonant frequency (when C; is in resonance with Ly) is
normally designed to equal the nominal frequency (wo). In this case, the secondary compensation
capacitance is determined as:

C,=— (2-22)

Tl

The secondary compensation level is quantified in terms of the secondary quality factor (Qg),
defined as the ratio of reactive to real power of the secondary resonant circuit at wp. This secondary

quality factor derived in Chapter 3 (equation 3-24) is:

1 ok Series secondary
_|oCR R
0 = (2-23)
CR= R
WLt = oL, Parallel secondary
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2-3.2 SECONDARY RESONANCE
Both series and parallel secondary compensation improve the power transfer capability of the
pickup, but present very different characteristics to the load. The circuit equation of the series-

compensated pickup (Fig. 2-7) is:

ja)MIp =[ja)Lx +jaJCs JIR +Vy (2-24)

At wo, Ls is in resonance with Cs so that the load voltage Vg derived from (2-24) is identical to the
open circuit voltage (VR=mMIp=Voc). The series-compensated pickup therefore exhibits a voltage
source to the load. The load current is inversely proportional to the load (Ir==Vr/R=V,/R), and can also
be expressed in terms of Isc and Qso (IR=IscQs0).

‘With series compensation, the pickup power at wy is:

})series = VRIR = Q:OVacIsc (2-25)
The circuit equation of a parallel-compensated pickup (Fig. 2-8) is:
1 1
oMl | = joL I + I —1,)=|joL, + I — I -
.] P .] sTs chx ( s R) [.] s _]CUCSJ K ]wcs R (2 26)

At ;oo, the pickup load current derived from (2-26) is equal to the short circuit current (Ip\=0)2CsMIp
=MI,/Ls=Is;). The parallel-compensated pickup therefore exhibits a current source to the load. The
pickup load voltage is proportional to the load (Vrg=IrR=Is;R), and can be expressed in terms of V
and Qo (VrR=VcQs0)-

With parallel compensation, the pickup power at @y is:

P parallel = VRI R = QsOVocI sc (2-27)

Comparing (2-20) with (2-25) and (2-27), it can be seen that the pickup power transfer capability is
improved by a factor 2Qso with either series or parallel secondary compensation compared to the
uncompensated case. |

The normalized load voltage and current are shown in Fig. 2-9 for uncompensated as well as series
and parallel compensated secondary topologies. In this figure, the load voltage is normalized using the
open circuit voltage, while the load current is normalized using the short circuit current.

With series compensation, the normalized load voltage is always unity, while the normalized load
current increases with increasing load. With parallel compensation, the normalized load current is

always unity, whereas the normalized load voltage increases with increasing load.
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3 \
I
i Compensation:
i

2 [

Eg : =k —Paralfel
- — + ------- —

1 1
1
4

0 —_ i

0 1 2 3

Ir/ls

Fig. 2-9. Normalized load voltage and current characteristics of
uncompensated as well as series and parallel-compensated pickups.

The pickup voltages, currents, power and required V A ratings at oo are summarized in Table 2-1. In
this table, the capability of the pickup at wp is represented in terms of Qs, Vo and Is.. Although the
pickup power transfer capability has been increased by the factor 2Q over that of an uncompensated

pickup, the disadvantage of a compensated pickup is that the required VA rating is significantly higher.
The required VA rating of the secondary winding is larger than the real power by a factor of J 1+07%,

while the required VA rating of the secondary compensation capacitor is Qg times higher than the real

power. These components need to be dimensioned to handle the increased VA requirements.

TABLE 2-1

PICKUP VOLTAGES, CURRENTS, POWER AND REQUIRED VA RATINGS
Pickup topology Series compensation | Parallel compensation
Load voltage Vg Ve O,V
Load current Ig Ol s Iy
Pickup power P OV el s O 4
Secondary voltage V; Jl +Q4V.. O,V
Secondary current I Ol s x/ 1+ 001,
Required secondary VA rating VA O \/ 1+ Q2 Vol O \/ 1+ Q:0 - sc'
Secondary capacitor voltage Vcs OV OV e
Secondary capacitor current Ics Ol Ol s
Required secondary capacitor VA rating VAcs oV ol e OVl

2-3.3 PRIMARY COMPENSATION

Similar to the secondary compensation, a capacitor (C,) can be connected in series [35-41] or

parallel [42-46] with the primary winding. The equivalent circuits are shown in Fig. 2-10 and 2-11
Sorle
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with the influence of the secondary represented by the reflected voltage in series connection with the
primary inductance.
The primary resonant frequency (when C; is in resonance with L;) is normally designed to equal the
nominal frequency (wo). In this case, the primary compensation capacitance is determined as:
a,L, L,

The primary compensation level can be quantified by the primary quality factor (Qpo) defined as the

(2-28)

ratio of reactive to real power associated with the primary coil at the nominal frequency (wg). This
primary quality factor derived in Chapter 3 (equation 3-51) as a function of the secondary quality

factor (Qs) and the magnetic coupling coefficient (k) is:

[ 1 : .
series secondary
1-k* 1 1 (2-29)

szsO

on 2{
[ 2y 129 O parallel secondary
k QsO k QJO QJD

The primary compensation level is determined, intrinsically once the secondary compensation level

is selected for a given electromagnetic coupling structure.

L
g
Inverter
+
Inverter | V; L

Fig. 2-10. Series-compensated primary. Fig. 2-11. Parallel-compensated primary.

2-3.4 PRIMARY RESONANCE

With a series-compensated primary, the voltage across the primary coil is much larger than the
inverter outpht voltage. This voltage gain is useful for long track systems where the track voltage can
be very large. The voltage gain of a series-compensated primary (derived in Appendix A as a function

of the primary and secondary quality factors) is:

,1 +0?% Series primary and series secondary
P

Vo =\ [031+0%) CEY,

5 Series primary and parallel secondary -
I+ Qso
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In a parallel-compensated primary, the current flowing through the primary coil is much larger than
the inverter output current. This current gain is useful when a large current is required for the primary
coil. The current gain of a parallel-compensated primary (derived in Appendix A as a function of the
primary and secondary quality factors) is:

0,0 Parallel primary and series secondary

Ioow =9 |1+ 2 (2-31)
o (Q”—OQ:O- Parallel primary and parallel secondary

1+ 0
InICPT systems, the primary and secondary quality factors are usually larger than unity. As aresult,
the magnitudes of both the voltage and current gains calculated using (2-30) and (2-31) are governed
by Qp. According to (2-29), increasing Qs or improving k results in lower Q,, and as such less voltage

or current gain.

2-3.5 BASIC COMPENSATION TOPOLOGIES
Three basic compensation choices exist for both the primary and secondary (series compensation,
parallel compensation, or uncompensated). Combining the primary and secondary results in nine

fundamental compensation topologies [18] as illustrated in Fig. 2-12.

$ b R
J ' u
Uncompensated primary and Uncompensated primary and Uncompensated primary and
series secondary. parallel secondary. secondary.
i B i ) ig iR
[oh Cp
= = L CLs R
g o— 1 o—_
(SS) Series primary and (SP) Series primary and Series primary and
secondary. parallel secondary. uncompensated secondary.
i Lo v
o= oo n
1, CT R 2 L R
C [ 2
(PP) Parallel primary and (PS) Parallel primary and Parallel primary and
secondary. series secondary. uncompensated secondary.

Fig. 2-12. Basic compensation topologies of ICPT systems.
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¢

This thesis focuses only on the four basic topologies with both the primary and secondary either
series or parallel compensated. They are labelled as SS, SP, PP and PS as shown in Fig. 2-12, where the
first S or P stands for series or parallel compensation for the primary winding and the second S or P
stands for series or parallel compensation for the secondary winding. Subscripts ‘p’ and ‘s’ stand for

primary and secondary respectively, while the resistance R represents the load on the secondary.

2-4 POWER CONVERTERS

The selection of a suitable power converter depends strongly on the requirements of practical ICPT
applications, which include size, cost and power level. Suitable power converters for ICPT

applications are identified in this section.

2-4.1 OVERVIEW OF POWER CONVERTERS

ICPT power converters convert incoming utility ac power into dc by rectifiers, and then convert the
dc into the required ac power by inverters. Alternatively, the dc power can be supplied from a battery.
The power converter can be operated in the linear mode or switch mode. Linear mode power
converters have very low efficiencies, typically between 5 and 50%. In this thesis, only switch mode
power converters will be considered. The block diagram of a power converter in an ICPT system is
shown in Fig. 2-13 as three subsystems: the power source, the high frequency inverter and the resonant

tank.

— High [—
Frequency
Inverter

Fig. 2-13. The block diagram of a power converter in an ICPT system.

As shown in Fig. 2-14, two fundamental types of power source are available: voltage sourced and
current sourced [47, 48]. The input to a voltage-sourced inverter is assumed to be a constant dc voltage.
For a current-sourced inverter, a large inductor is placed in series with the dc voltage source. The input
to a current-sourced inverter can thus be assumed to be a constant current. The high frequency inverter
can be configured using a single switch, two switches (half-bridge), or four switches (full-bridge) as
discussed in the following sections. The full-bridge topology has the highest power capability with

various control options, while the single-switch topology has the lowest power capability with limited
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control options. The resonant tank consists of the electromagnetic structure, the primary and secondary

compensation networks, and the pickup load.

dc-l— och—__ -

source 'T— source -[
O

(a) Voltage source. (b) Current source.

O

Fig. 2-14. Fundamental types of power source.

Power switches can be categorized into three groups. In the first group are diodes with on and off
states controlled by the power circuit. In the second group are naturally commutated devices, which
can be turned on by a control signal but must be turned off by the power circuit. In the final groﬁp are
forced commutated switches, which can be turned on and off by control signals.

Diodes can be classified into three categories. Line frequency diodes have large reverse recovery
times and as such are not suitable for ICPT applications that typically operate with a frequency above
a few kHz. The reverse recovery times of Schottky diodes are negligible. However, the voltage
blocking capabilities limits them. Fast recovery diodes have much higher power capabilities with a
small reverse recovery time. .

Before the appearance of forced commutated switches, naturally commutated devices had been
widely used. They still have the highest power capability. Various types of naturally commutated
devices are available. The slow switching speed limits the maximum operating frequency to a few
kHz.

Forced commutated switches include several device types including gate turn off thyristors (GTOs),
MOS controlled thyristors (MCTs), metal-oxide-semiconductor field effect transistors (MOSFETs)
and insulated gate bipolar transistors (IGBTS).

GTOs have the highest power capability but lowest switching speed. MCTs have lower power
capability but faster switching speed than GTOs. However, they have been taken over by IGBTs.
IGBTs with improved characteristics including increased power capability and switching speed have
become readily available in recent years. MOSFETs have the lowest power capability but fastest
switching speed.

In order to reduce the size and cost of ICPT systems, it is desirable to increase the operating
frequency to well above the audible range. This leaves MOSFETs and IGBTs as the most suitable
choices for such applications.

Switches can be configured as either reverse conducting or reverse blocking using associated
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diodes. The reverse conducting switch configuration has an anti-parallel diode as shown in Fig. 2-15
(a). With this configuration, the current can flow in either direction but the voltage can be blocked in
only one direction. The reverse blocking switch configuration has a series diode as shown in Fig. 2-15
(b). This configuration can block voltage in either direction, but the current can flow in one direction

only.

D
S
(a) Reverse conducting switch configuration.  (b) Reverse blocking switch configuration.

Fig. 2-15. Switch configurations.

2-4.2 VOLTAGE-SOURCED POWER CONVERTERS

A voltage-sourced full-bridge power converter, as shown in Fig. 2-16, uses four reverse conducting
switghes. With the diagonal switch pairs (S1/S4 and S»/S3) in alternating conduction, the inverter
oufput voltage (v;) is approximately rectangular. This configuration has been used for ICPT
applications such as medical implants [49-54], electric vehicles [55-58] and material handling
facilities [59-61]. In this thesis, a voltage-sourced full-bridge power converter is used in a practical

example for contact-less electric vehicle battery charging.

[
Ds
Va——Ca —_—
D4

—_—
Fig. 2-16. The voltage-sourced full-bridge power converter.

In a voltage-sourced half-bridge power converter, as shown in Fig. 2-17, one leg of the full-bridge is
replaced by centre-tapped capacitors. The two switches alternate their conduction resulting in an
approximately rectangular inverter output voltage. This inverter utilizes only two switches and
therefore is cheaper than the full-bridge topology. However, the amplitude of the rectangular output

voltage is only half the dc voltage. This topology has been used for medical implants [62-65], portable
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electronics devices [66], electric vehicles [67-71] and material handling facilities [72].

vd_]_ _
=H—=cC
2 ! =D,
V4= Cy4
v |
d =l -
—Cy
Z "'Dz

Fig. 2-17. The voltage-sourced half-bridge power converter.

Voltage-sourced single-switch topologies have been investigated in detail in [73-74] for induction
heating applications. A common topology for ICPT applications is shown in Fig. 2-18 (a) using a
single reverse conducting switch. Low power applications of this topology can be found in [42][75].

Alternatively, a reverse blocking switch can be used as shown in Fig. 2-18 (b).

D
. D i
— L . R N | —
S' i ;A
Vo =C + +
¢ ZC vi o Va Cq vi (]
(a) Reverse conducting switch configuration. (b) Reverse blocking switch configuration.

Fig. 2-18. Voltage-sourced single-switch power converters.

2-4.3 CURRENT-SOURCED POWER CONVERTERS

While current-sourced power converters are not as popular as the voltage-sourced power converters
due to the requirement for bulky dc inductors, they have been commonly used in early ICPT systems
developed over the past decade [47][76-79]. This is because the current-sourced power converter has
the intrinsic ability to maintain constant track/coil current. This is essential to ICPT systems especially
for the track-type high power industrial applications with multiple pickups.

A current-sourced full-bridge power converter, as shown in Fig. 2-19, consists of four reverse
blocking switches. Diagonal switch pairs conduct in alternate half cycles, producing an inverter output
current that is close to a square wave.

In a current-sourced half-bridge power converter as shown in Fig. 2-20, a centre-tapped transformer
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replaces the top two switches of the full-bridge.

L4

ks P,

L
D, D4 |
- S
| ™

Fig. 2-19. The current-sourced full-bridge power converter.

P

Fig. 2-20. The current-sourced half-bridge power converter.

D,
>

Current-sourced single-switch topologies have been investigated in detail in [73-74] for induction
heating applications. A common configuration for ICPT applications is shown in Fig. 2-21 (a) using a
single reverse conducting switch. Low power applications using this topology can be found in [80-81].

Alternatively, the reverse blocking switch can be used as shown in Fig. 2-21 (b).

Iy . L4
—_—
= D >
L4 L s
+
Vi

4 =

(a) Reverse conducting switch configuration. (b) Reverse blocking switch configuration.

Fig. 2-21. Current-sourced single-switch power converters.
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2-4.4 IMPEDANCE MATCHING

For the voltage-sourced power converter with a rectangular output voltage waveform, a series
inductor is required at the inverter output stage in order to avoid current spikes caused by sudden
changes in voltage. With a series-compensated primary, the primary winding plays the role of such a
series inductor and therefore voltage-sourced inverters can be used directly without additional
impedance matching components. An additional series inductor is necessary if a voltage-sourced
inverter is used to drive a parallel-compensated primary as shown in Fig. 2-22. This arrangement
results in an LCL resonant inverter.

LCL resonant inverters operating with continuous current have been used for both induction
heating [82-85] and ICPT applications [47]. In this thesis, an LCL resonant inverter operating in
discontinuous current mode is used to supply high frequency voltage and current to a practical ICPT
application for contact-less electric vehicle battery charging. Its operation is discussed in detail in
Chapter 8.

i Ip is
— 5
L
Voltage-| + +
Sourced| v,
Inverter | - CPT Y L,

Fig. 2-22. The LCL resonant inverter.

For a current-sourced power converter with a rectangular output current waveform, a parallel
capacitor is required across the inverter output stage in order to avoid voltage overshoots caused by
sudden changes in the direction of current. With a parallel-compensated primary, the primary capacitor
plays the role of the parallel capacitor and therefore current-sourced inverters can be used directly
without impedance matching components. An additional parallel capacitor is necessary if a cﬂfrérft'— ‘
sourced inverter is used to drive a series-compensated primary as shown in Fig. 2-23. This

arrangement results in a CCL resonant inverter.

i ip
> 1L > ]
A 1
Cp
Current-| 4+ + +
Sourced C =%
Vi V Vs
Inverter; . P L &

Fig. 2-23. The CCL resonant inverter.
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2-5 CONTROLLERS

Various controllers may be used in the primary or the secondary. These are often necessary to
accommodate varying operating conditions such as variations in the load, misalignment of the
electromagnetic structure, fluctuations in the power source, as well as the tolerance, thermal effects
and aging of the circuit components. In this section, control options suitable for ICPT systems are
discussed. The bifurcation phenomenon (multiple operating modes in the frequency spectrum) present

in variable-frequency systems is also introduced.

2-5.1 POWER FLOW REGULATION

For single pickup applications, power flow regulation can be implemented in the primary or the
sécbﬁdéry. Most single pickup low power ICPT applications, such as battery charging for medical
iiﬁplants and portable consumer products, do not employ a secondary controller and as such the
primary controller is responsible for providing suitable voltage, current and power to the secondary
load. This approach may have the advantage of reduced size and cost of the pickup, but a feedback
loop from the secondary to the primary is often necessary. The feedback loop is normally achieved
using an additional wireless communication link. When a secondary controller is used to regulate
pickup power flow, the feedback communication link may be eliminated. In this case, one of the
control objectives of the primary controller is to achieve a constant primary current. In order to fully
utilize the capability of the electromagnetic structure, the primary current is normally controlled at the
maximum current rating.

In a multiple pickup system, the loading condition on each pickup is almost always different. Since
power flow regulation at the primary affects all secondary pickups, it is not a good choice for multiple
pickup applications and a secondary controller is required for each individual pickup [1-4][9][14-15]
[2()_][45][47][79]. These secondary controllers normally utilize a switch mode converter to regulate
po“;er.ﬂow. The pickup regulator will be discussed further in section 4-3.

One option to control power or current in the primary is to regulate the dc voltage [31][48][67] [86].
This approach is suitable for all inverter topologies, but the disadvantage is increased size and cost of
the dc-stage. Another option for single pickup applications is to shift the operating frequency around
the resonant frequency (o) of the pickup. This approach is applicable for both full-bridge and
half-bridge inverters, but the resulting switching losses needs to be considered carefully. For the

full-bridge inverter, controlling the duty-cycle of the inverter is a common choice.
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2-5.2 FREQUENCY CONTROL

The primary controller can be separated into two major groups respectively with fixed or variable
frequency control. A fixed-frequency controller forces the operating frequency to a predetermined
value, while a variable-frequency controller allows the operating frequency to vary over a
predetermined range.

With a fixed-frequency controller, the secondary resonant frequency is designed to be equal to the
operating frequency in order to ensure maximum power transfer to the pickup. Fixed-frequency
controllers thus have the advantage that a compensated pickup will always run at its correct tuned
frequency. However, the power supplies need to be overrated since the displacement power factor
(DPF) will invariably not be unity due to varying operating conditions.

Variable-frequency controllers allow the operating frequency to vary so that the inverter operates
close to unity DPF. This ensures that the power supply does not have to be overrated, but frequency-
detuning effects within the pickup are unavoidable resulting in reduced power transfer capability.

In this thesis, several new primary tuning approaches are proposed to reduce frequency detuning in

variable-frequency systems, and to improve the DPF of fixed-frequency systems.

2-5.3 SWITCHING CONTROL IN VOLTAGE-SOURCED FULL-BRIDGE
INVERTERS

In a voltage-sourced full-bridge inverter, switching exactly at the zero crossing of the output current,
as shown in Fig. 2-24, results in zero switching losses. Here, the rectangular output voltage is
controlled to be in-phase with the current and as such the voltage and current ratings of the inverter are
minimized for a given power transfer.

When switching ahead of the zero crossing of the output current, as shown in Fig. 2-25, the switches
are turned off with non zero current resulting in turn-off losses. There are, however, no turn-on losses
since the switches are turned on with zero voltage as the current is flowing through the anti-parallel
diodes. The current flows through the switches when it changes direction and in consequence starts
another power transfer period. With this switching strategy, the rectangular output voltage is leading
the output current and the voltage and current ratings of the inverter are higher than the transferred
power.

When switching occurs after the zero crossing of the current, as shown in Fig. 2-26, the switches are
turned off with zero voltage as the current flows through the anti-parallel diodes. This results in zero
turn-off loss. When the switches are turned on, the current commutates from the anti-parallel diodes to

the switches, resulting in turn-on losses as well as diode reverse recovery. With this switching strategy,
S
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the rectangular output voltage lags the output current and the voltage and current ratings of the inverter
are higher than the transferred power.

For the switching controls shown in Fig. 2-24 to 2-26, the pulse-width of the rectangular inverter
voltage is identical to a full half cycle. Here, the diagonal switches are controlled at the same time.
Many applications control the pulse-width of the rectangular inverter voltage to regulate power flow as
shown in Fig. 2-27. With this strategy, both switches of each diagonal switch-pair are controlled with a
phase shift. Asthe current freewheels through the top or bottom bridge legs, the inverter output voltage
is zero. With this approach, it is possible that the left-leg of the full-bridge is switched after zero
crossing, while the right leg is switched before the zero crossing of the current. As a result, both
switches in the left leg have no turn-off loses but turn-on losses and diode reverse recovery exist. On

the other hand, both switches in the right-leg have no turn-on losses but turn-off losses exist.

I .SZ,S3 |
| S1,84 I
Vi
i
Fig. 2-24. The rectangular inverter voltage Fig. 2-25. Therectangularimvertervoltage
being in-phase with the current. leading the current.

—I S2,53 I—_ S3 I
_l S1,54 | I v_—l

Sl

Vi Vi
/
Fig. 2-26. The rectangular inverter voltage Fig. 2-27. Pulse-width of the rectangular
lagging the current. - inverter voltage is less than a full half cycle.

2-5.4 SWITCHING CONTROL IN CURRENT-SOURCED FULL-BRIDGE
INVERTERS

In a current-sourced full-bridge inverter, switching exactly at the zero crossing of the inverter
output voltage, as shown in Fig. 2-28, results in no switching losses since the switches are turned on

and off with zero voltage. Moreover, the voltage and current ratings of the inverter are minimized
233 -
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because the inverter voltage and current are in-phase, eliminating reactive power flow.

When the rectangular inverter current is leading the inverter voltage, as shown in Fig. 2-29, the
switches are turned on with the inverter output voltage across them. This results in turn-on losses. But
there are no turn-off losses because the switches are turned off with zero voltage and current when the
inverter output voltage is blocked by the series diode. With this switching strategy, the voltage and
current ratings of the inverter are higher than the transferred power.

If the rectangular inverter current is lagging the voltage, as shown in Fig. 2-30, the switches are
turned on with zero voltage and current as the inverter output voltage is blocked by the series diode and
therefore there is no turn-on loss. However, the switches are turned off with the inverter output voltage
across them, resulting in turn-off losses. With this switching strategy, the voltage and current ratings of
the inverter are higher than the transferred power.

When controlling the pulse-width of the rectangular inverter current, as shown in Fig. 2-31,.the top
two switches have turn-on losses but no turm-off losses, while the bottom two switches have turn-off

losses but no turn-on losses.

EX | B | L
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Fig. 2-28. The rectangular inverter current Fig. 2-29. The rectangular inverter current
being in-phase with the voltage. leading the voltage.
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Fig. 2=30—Therectangularinverter current Fig. 2-31. Pulse-width of the rectangular
lagging the voltage. inverter current is less than a full half cycle.

2-5.5 BIFURCATION PHENOMENON

As noted in 2-5.2, a variable-frequency controller allows the frequency to vary so that the power
34 .
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supply operates with unity DPF. With full-bridge or half-bridge inverters, this is achievable with the
inverters switched to track the zero crossing of the inverter output current (in a voltage-sourced power
converter) or voltage (in a current-sourced power converter) [2][47][79]. Using this approach, the
inverter output voltage and current can be controlled in phase, with the operating frequency varying in
response to system variations.

As noted in [2][47][79], there could be more than one operating point in the frequency spectrum,
and the variable-frequency controller may jump around these operating modes. Apart from this
uncertainty, the operating frequency can shift significantly above or below the secondary resonant
frequency resulting in substantial pickup detuning. This phenomenon is termed as a problem of
‘frequency stability’ in [2][47][79], and is simply labelled as ‘bifurcation’ in this thesis.

For the design of a variable-frequency system, it is usually required to ensure the systemis designed
to'operate below the bifurcation boundary under all practical operating conditions. If the system needs
to operate above the bifurcation boundary, the variable-frequency controller has to be forced to operate
at the right operating mode to ensure power transfer capability. In practice, this is difficult.

To date only a limited analysis has been undertaken to determine the bifurcation criterion for
selected ICPT systems. In the multiple pickup material handling system [2][79], it was found that

bifurcation occurs if the number of pickups is increased such that:

L,L,
ne i (2-32)
50
where n is the number of coupled secondary pickups.
Substituting (2-1) into (2-32) results in:
. . s
Q2 Tk (2-33)

As noted in [2][79], this analysis is an approximation assuming high Qso, and both the parallel-
compensated primary and secondary circuits are transformed into series compensated circuits to
simplify the analysis. Consequently, the above bifurcation criterion is valid only for ICPT systems
with series-compensated primaries and secondaries with high Qso.

As will be shown in Chapter 9, the equivalent coupling coefficient of a multiple pickup system is
found to be proportional to the square root of the number of pickups (&, = Jnk ). The bifurcation

criterion (2-33) expressed in terms of the equivalent coupling coefficient is then:

1

> —
QsO k

n

(2-34)

With high Qx, it can be found from (2-23), (2-29) and (2-34) that the bifurcation criterion can be
expressed in terms of Qpo and Qg as:
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Q0 >0y (2-35)
As shown the system can achieve bifurcation-free operation when Qpo is larger than Qso.
A more general bifurcation criterion was developed in [47] for ICPT systems with series-
compensated primaries and secondaries. This bifurcation criterion was found to be:

V1+v1-k? (2-36)

Os0 <_7§k—

Using (2-23) and (2-29), the above bifurcation criterion can be expressed in terms of Qgo and Qo
given by:
402 -1
At high Qq, this bifurcation criterion again simplifies to (2-35).

Qo > (2-37)

The above bifurcation analysis is again only valid for ICPT systems with series compensated
primaries and secondaries. In this thesis, general bifurcation criteria are developed for all basic

topologies with the primary and secondary either series or parallel compensated.

2-6 FUTURE TRENDS

Present ICPT technology developments are busy meeting the commercial requirements of industrial

applications as well as consumer products. Likely future developments are discussed below.

Wireless Communication Links: Wireless communication between the primary power supply and
the secondary pickup is of great importance for many applications where the primary power supply
intends to control and/or monitor the secondary pickup. For single pickup coil-type applications such
as medical implants, the primary and secondary are very close to each other and communication links
have been popularly implemented using radio frequency transceivers on both sides. However, this
approach is normally not suitable for multiple pickup track-type applications such as material handling
systems in manufacturing sites due to RFI and EMI considerations.

VAHLE (Germany) has been using the slotted microwave guide (SMG) to set up communication
links for multiple pickup track-type applications. According to VAHLE, SMG was originally
developed by MBB (Messerschmitt-Boelkow-Blohm), now DASA (Deutsche Aerospace), to transmit
data to the magnetic levitation train (Transrapid) travelling at speeds of up to 250 mph. VAHLE
acquired this technology at the end of 1994 and now has over 1,000 installations worldwide in

successful operation.

-36-
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A favourable approach for communication links in track-type applications would be to use the
primary coil to carry radio frequency channels, at a frequency well above that of the power supply. The
information transmission is achieved via the same electromagnetic coupling structure used for power

transmission, eliminating the additional wave-guide.

New Electromagnetic Materials: Current commercial track-type applications are relatively short
(around several hundred meters). The main challenge to enable longer distance is how to overcome
conduction losses within the primary coil while limiting voltages. The solution would rely on new
materials of conductor windings. Another challenge for long distance track-type applications is that it
is economically not acceptable to use expensive magnetic materials such as ferrite along the track to
improve magnetic coupling. One possible solution is to utilize cheap magnetic materials such as iron

sand.

New Power Electronic Devices and Intelligent Controllers: New semiconductor switches offering
better power capability and less loss will enable the operating frequency of high power ICPT industrial
applications to be increased, resulting in smaller size magnetic materials. This in turn will extend
potential commercial applications. New generations of microprocessors will enable intelligent
controllers to be built for very complex multiple pickup applications. In such applications, power and
traffic management are critical, requiring low cost high bandwidth wireless communications alongside

the contact-less power transfer.

Futuristic Applications: As shown in Fig. 2-32, the aerial cab, the underwater transportation and
the electric city bus are among many futuristic projects that are becoming more attractive and
realizable with on-going improvements in ICPT technology as well as power electronic and

tele gommunication techniques.

L BCNE B

(a) Aerial cab. (b) Underwater transportation. (c) Electric city bus.
Fig. 2-32. Futuristic ICPT applications.
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2-7 CONCLUSIONS

In ICPT systems, the coupling strength of the electromagnetic structure is normally weak and
cannot deliver the required power with reasonable size and cost at the line frequency of 50/60 Hz. It is
often necessary to increase the frequency to between several kHz and many MHz, depending on the
application requirements.

The increased reactance of the primary and secondary windings that arises from these increases in
the operating frequency often must be compensated by capacitors connected in series or parallel.
Secondary compensation is required for boosting power transfer capability, while primary
compensation is introduced to minimize the VA rating of the power supply.

The choice of compensation topologies results in very different circuit characteristics. The series-
compensated secondary resembles a voltage source, while the parallel-compensated secondary looks
like a current source. The objective of series primary compensation is to achieve a voltage gain
between the switching power supply and the primary coil, whereas parallel primary compensation is
utilized to obtain a current gain.

Either voltage or current sourced power converters can be used to generate the necessary high
frequency voltage and current for ICPT systems. According to the number of switches used, they.can
be separated into three groups: full-bridge, half-bridge and single switch. Impedance matching must be
considered carefully between the selected inverter and primary compensation topology.

Many control -strategies can be used to accommodate system variations. For single pickup
applications, power control can be implemented at the primary or the secondary. In multiple pickup
systems, each pickup needs an individual power regulator.

Both fixed and variable frequency operations can be used for the primary controller. Fixed-
frequency operation minimizes pickup detuning, while variable-frequency operation improves the
DPF of the power supply. Bifurcation (multiple operating modes) may occur in a variable-frequency
system and needs to be considered carefully at the design stage to ensure power transfer capability and

controllability.
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3-1 INTRODUCTION

ICPT systems are normally designed to deliver power from a stationary primary source to one or
more movable secondary loads (pickups) over large air gaps via magnetic coupling. Both the primary
and pickup secondary are often compensated using capacitors connected in series or parallel to boost
the power transfer capability while minimizing the VA rating of the power supply. In such a system,
the primary resonant circuit is magnetically coupled with one or more secondary resonant circuits that
supply power to a load. Consequently, the load seen by the power supply is a high order load resonant
tank consisting of both the primary and secondary resonant circuits. The behaviour of this load
resonant tank is mathematically complex and highly sensitive to variations in system parameters such
as the operating frequency, the load, as well as misalignment in the electromagnetic structure.

To better facilitate the design of an ICPT system, this chapter develops a model to generally
quantify the characteristics of the load resonant tank. The behaviour of the pickup and its influences on
the primary are investigated to identify the influences of the operating frequency, the load, and the
electromagnetic coupling structure. This chapter focuses on single pickup applications. Multiple
pickup systems are discussed later in this thesis. The developed power supply load model is verified by

a practical example.

3-2 OVERVIEW OF THE LOAD MODEL

In an ICPT system, the primary and secondary can be either series or parallel compensated or

remain un-compensated. This results in nine basic topologies. To simplify the discussion, this thesis
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only focuses on the analysis and design of the four topologies with both primary and secondary
compensations as this reflects the majority of such systems in the medium-high power range. In
practice, topologies without primary and/or secondary compensations can be analysed using a similar
approach.

Sinusoidal steady state analysis is used for modelling the load resonant tank. The electromagnetic
structure and the primary and secondary compensation capacitors (Cp and C) are assumed to be
loss-less. The pickup load is assumed to be linear and resistive. The electromagnetic structure is
modelled using the transformer mutual inductance coupling model (as noted in section 2.2.3). Here the
coupling parameters include the primary self-inductance L, the mutual inductance M between the
primary and secondary, and the secondary self-inductance L. Linear and frequency dependent
impedances are used to represent the reactive elements (Cp, L, M, Ls and Cs) within the load resonant
tank. .

The load seen by the power supply, as shown in Fig. 3-1, consists of the primary compensation, an
electromagnetic structure, the secondary compensation and a load. In this figure, the electromagnetic
coupling between the primary and secondary is represented by an induced voltage and a reflected
voltage (as has been noted in section 2-2.3). The load seen by the power supply can be separated into
two interrelated resonant circuits: the primary and secondary. The primary resonant circuit inc!udeé
the primary compensation, the primary inductance (Lp) and the reflected voltage (-joMIs). The
secondary resonant circuit is formed by the induced voltage (joMI,), the secondary inductance (Ls),

the secondary compensation and the load.

‘-—PR
Hi—

| |
Power | Primary Secondary
supply| - |compen- compen-

| |sation sation

Ly Ly

Fig. 3-1. Diagram of the load seen by the power supply.

The voltages and currents of a resonant circuit with a high quality factor are close to sinusoidal. As
such, a sinusoidal ac analysis is suitable. With this approach, the circuit model of the load seen by the
power supply can be transformed into an impedance model as shown in Fig. 3-1. The pickup load
normally consists of a rectifier and a filter supplying power to a dc load with or without a

switched-mode controller. To facilitate the linear sinusoidal ac analysis, this controlled dc load is

-48 -

Momentum Dynamics Corporation
Exhibit 1025
Page 076




CHAPTER 3 DEVELOPMENT OF A GENERAL LOAD MODEL

represented as an equivalent variable ac load (R). A secondary load impedance (Zs) is used to represent
the impedance seen by the induced voltage. The secondary load impedance is formed by the secondary
inductance, the secondary compensation and an equivalent ac load. A reflected impedance (Z,) is also
used to represent the loading effect of the secondary resonant circuit on the primary. The reflected
impedance is defined as the reflected voltage divided by the primary current. The impedance of the
primary coil (Z;) is a combination of the reactance of the self-inductance of the primary coil and the
reflected impedance. Combining the impedance of the primary coil with the primary compensation

results in the total load impedance (Z;) seen by the power supply.

3—3 THE PICKUP LOAD

The high frequency ac voltage and current of the pickup may be used to supply power to a simple
resistive load, a low frequency ac load such as an ac motor, or a dc load such as a dc motor or battery
eharger. ‘When supplying power to a low frequency ac load, a frequency conversion device such as an
ac-ac converter is required. To power up a dc load, a rectifier is commonly used to transform the ac
voltage and current inte a dc voltage and current, the harmonics of which can then be reduced by
emi)loying an output filter.

To simplify the resonant circuit analysis of the pickup, an equivalent resistive load can be
developed to represent the pickup loading system. Two common examples are discussed in this section.
Other pickup loading systems can be analysed using a similar approach.

For a diode bridge rectifier with an inductor output filter as shown in Fig. 3-2, the average current of
the dc load capacitor at steady state is zero. As such the average of the inductor current equals the dc
load current. Assuming a significantly large inductor output filter, the variation of the‘inductor current
is negligible. In consequence, the input current (i) to the rectifier is approximately rectangular with a

magnitude of the dc load current (I4;) [1]. The fundamental component of this rectangular current is:

I, = 2_‘/_&0. . 3-1)
bid
Assuming the input voltage (V) to the rectifier is sinusoidal in a resonant circuit, at steady state, the
average voltage across the inductor is zero and as such the average of the rectified input voltage equals
the dc load voltage (V4c) [1]. As a result, the RMS value of vy is:
Ve = % (3-2)
The equivalent ac load found from (3-1)&(3-2) is therefore:

R:ﬁzﬂ_zrlizﬂ_z&_ (3-3)
I, 8, 8
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1’R . Idc
o B TI

+ +

VR '|' Ve :‘Rdc
o—

Fig. 3-2. Full-bridge diode rectifier with inductor output filter.

For a diode bridge rectifier with a capacitor output filter as shown in Fig. 3-3, the variation of the
load voltage is negligible, assuming a substantially large capacitor. In consequence, the input voltage
(vr) to the rectifier is approximately rectangular with a magnitude of the dc load voltage (Vac) [1]. The

fundamental component of this rectangular voltage is:

2420,
T

Vi = (3-9)

Assuming the input current (ir) to the rectifier is sinusoidal in a resonant circuit, at steady state, the
average capacitor current is zero and as such the average of the rectified input current equals the dc
load current (I4) [1]. As a result, the RMS value of iy is:

A

242
The equivalent ac load found from (3-4)&(3-5) is thus:
Ve _ 8% 8R4

R=—" = .
I, =»’I,, =* (3-6)

(3-5)

ir Tac

O=

+ B +

VR == Vg _Rdc
O

Fig. 3-3. Full-bridge diode rectifier with capacitor output filter.

3-4 THE SECONDARY RESONANT CIRCUIT
With the pickup loading system represented as an equivalent resistor, the equivalent circuits of

series and parallel compensated secondary systems are shown respectively in Fig. 3-4 (a) and (b). In

these circuits, the induced voltage (joM]Ip) in the secondary coil is represented as a voltage source in
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series connection with the secondary inductance. The induced voltage arises from the magnetic
coupling (M) between the primary and secondary and is dependent on the operating frequency of the

primary power supply as well as the primary current flowing through the primary coil.

1 1
> >
(a) Series compensated secondary. (b) Parallel compensated secondary.

Fig. 3-4. Equivalent circuits of the secondary systems.

To simplify the analysis, the secondary resonant circuit can be represented as a lumped impedance
(Zs) driven by the induced voltage. As shown in Fig. 3-4, the lumped secondary impedance depends on
the compensation topology. With a series compensated secondary system, the secondary impedance
consists of an inductor, a capacitor and a load in series connection. For a parallel-compensated
se;éondary, the secondary impedance is formed by an inductor in series connection with the parallel-
connected capacitor and load. The secondary impedances derived respectively from the circuits of

series and parallel compensated secondary systems in Fig. 3-4 (a) and (b) are:

joL, + +R  series secondary
* jaC,
g PR )
Ly 1 parallel secondary
JjoC, +E

3-5 THE SECONDARY QUALITY FACTOR

The secondary resonance can be quantified by the quality factor (Qs) associated with the secondary
resonant circuit. The quality factor of a resonant circuit is defined as the ratio of reactive to real power
as:

VAR
0=—= (3-8)

In either series or parallel-compensated pickups, the reactive power of the pickup coil equals the
reactive power of the secondary compensation capacitor (C), while the real power transferred by the

pickup coil equals the power going to the load (R) as noted in Appendix B. They are calculated below
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to determine the secondary quality factor.

Series compensated secondary: When the secondary is series compensated, the secondary current
(Is) flows through the pickup coil, the secondary compensation capacitor (Cs) and the load (R). The
following analysis of series compensated secondary resonant circuit refers to the secondary current.

The reactive power of the secondary compensation capacitor is:

12
VAR, =— 3-9)
The real power of the load is:
P=IR (3-10)
The secondary quality factor of a series-compensated pickup is then:
VAR, 1
0, = P aCR (3-11)

5

Parallel-compensated secondary: When the secondary is parallel compensated, the secondary
voltage (V) appears across the pickup coil, the secondary compensation capacitor and the load. The
following analysis of parallel-compensated secondary resonant circuit refers to the secondary voltage.

The real power of the load R is:

2
P:ZZ (3-12)

The reactive power of the secondary capacitor is:

VAR, =V} aC, (3-13)
The secondary quality factor of a parallel-compensated pickup is then:
VAR
0, = E L =wC.R (3-14)

3-6 THE REFLECTED IMPEDANCE

Using the mutual inductance coupling model, as noted in section 2-2.3, a reflected voltage (-joMI;)
can be used to represent the loading effects of the secondary resonant circuit on the primary coil. This
reflected voltage in the primary coil arises from the magnetic coupling between the primary and
secondary and is dependent on the operating frequency of the primary power supply as well as the
secondary current flowing through the secondary coil. Equivalently, this can be regarded as a voltage
source in series connection with the primary inductance.

With the secondary impedance given in (3-7), the secondary current is then:
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JoMI
I = L2 3-15
=7 (3-15)
The reflected voltage from the secondary to the primary calculated using (3-15) is:
S joMl,\ o’M’I, :
—JoM =—jao. Z. = Z (3-16)

In order to simplify the analysis of the loading effects of the secondary resonant circuit, areflected
impedance can be calculated by dividing the reflected voltage given in (3-16) by the primary current

as:

—-joMI, o*M?*
Zr = I = 7 (3'17)

P s

As shown above, the reflected impedance is dependent on the operating frequency, the mutual
inductance, and the secondary impedance.
Substituting (3-7) into (3-17), the reflected resistance and reactance can be derived for the specified

secondary compensation as:

4 ~2 2
o C, fll R series secondary _
(0’c,L, -1} +0*C2R?
ReZ, = 20128 (3-18)
1)
2 (a) oL - 1)2 pRT parallel secondary
and
-0’C,M 2<w2Cst _1) series secondary
(@?c,L, -1 + 0*C?R?
ImZ, =+ (3-19)

-o*M?[c,R*(w?C,L, -1)+L,]
R*(@*C,L, -1} +@’L

parallel secondary

where the operators ‘Re’ and ‘Im’ represent the real and imaginary components of the corresponding
complex variable respectively.

The power transferred from the primary to the secondary is the reflected resistance multiplied by
the square of the primary current as given by:

P=(ReZ)I, (3-20)

The primary current I, is normally controlled constant in ICPT systems especially for high power
applications [2-3]. With such systems, the power transfer capability is proportional to the reflected
resistance according to (3-20). |

The required VA rating of the secondary compensation capacitor is:

VA, =VAR, =Q,P (3-21)
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The secondary V A rating required for the pickup coil is then:
va, =P+ (4R, ) =1+ 07 Jp (3-22)

3-7 PICKUP BEHAVIOUR AND INFLUENCES ON THE PRIMARY

In this section, the steady state behaviour of both series and parallel-compensated pickups are
quantified, which in turn enables their influences on the primary circuit to be determined. The pickups
in the system are normally designed to operate at or near their resonant frequency. Consequently, this
section initially focuses on the influence of the pickup when operating at this frequency. However,
under variable-frequency control, the operating frequency may shift from the secondary resonant
frequency. Alternatively, in some applications the operating frequency may be deliberately changed to
regulate power flow. In either case, this frequency shift dramatically influences the system operation.

As such a general analysis is undertaken across the frequency spectrum to quantify this effect.

3-7.1 OPERATION AT THE SECONDARY RESONANT FREQUENCY

The secondary resonant frequency wy (the frequency where Ly is in resonance with Cs) is given by:

W, = ‘/L:Cs 1(3-23)
The voltages, currents, power and VAs of the secondary resonant circuit when operated at the
secondary resonant frequency have been investigated in section 2-3.2, with a summary of these results
given in Table 2-1.
The quality factor of the pickup at wp can be derived from (3-11), (3-14) and (3-23) as:

_ 1 = DL, series secondary
3 3 _ | @ CR R
0, =0,(@=a,)= X (3-24)
w,C R =
o0& s oL, parallel secondary

Since Qg is a function of the load, this dimensionless parameter is used in the thesis as a
fundamental design parameter representing the pickup load. It equals the secondary quality factor
when operating at o. At other operating frequencies (o), it relates to the operating secondary quality

factor (Qs) as:

o series secondary
O, = @/, (3-25)
(a)/ @, )Q:0 parallel secondary
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To investigate the loading effects of the secondary resonant circuit on the primary coil when
operated at wy, the reflected resistance and reactance at g can be calculated from (3-18) and (3-19) for

the specified secondary compensation as:

a’o oM? ((ooM ’ J series secondary
ReZ,,=ReZ,(0=w,)= (3-26)
Lz = ( JQm parallel secondary
and
0 series secondary
ImZ =ImZ,((0=a)o)= —w,M? (3-27)
i parallel secondary

S

As shown in (3-26), if the system operates at wg, both the reflected resistance and the power transfer
capability (assuming a constant primary current) in a series compensated secondary increase to infinity
when the load R is reduced to zero (Qg=c0). A similar result arises for a parallel-compensated
secondary as the load R increases to infinity (Qs=co). When expressed in terms of the secondary
quality factor (Q), the reflected resistance at w, for series compensation becomes identical to that
detertnined with parallel compensation.

As can be seen in (3-27), a series compensated secondary has zero reflected reactance, whereas a
parallel-compensated system reflects a capacitive load that is independent of the loading conditions on
the pickup. This is one of the major differences between series and parallel-compensated secondary
systems.

The power transfer capability at wy can be calculated by substituting the reflected resistance given
in (3-26) into (3-20). The result is identical to (2-25) and (2-27) respectively for series and parallel-
compensated secondary systems.

Equating (3-20) with (2-25) and (2-27), the reflected resistance at wy can be expressed in terms of

the open circuit voltage and the short circuit current as:

P04V
Re Z — =50 oc” sc sc 3-28
12 1; ( )

According to the above equation, this reflected resistance is strongly related to the capability of the

electromagnetic structure (the open circuit voltage and the short circuit current) as well as the

secondary compensation level (the secondary quality factor).
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3-7.2 NORMALIZATION OF THE IMPEDANCE MODEL

The loading effect of the secondary pickup on the primary coil is represented as a reflected
impedance (Z,) in section 3-6. Similarly (as discussed later in section 3-10.1) the loading effect of the
load resonant tank, consisting of both the primary and secondary resonant circuits, on the power
supply is represented as a load impedance (Z;). Analysis of these impedance models is complex. The
pickup reflected impedance is a function of the operating frequency (), the mutual inductance (M),
the secondary self-inductance (Ls), the secondary compensation capacitance (Cs), and the pickup load
(R). In addition to these parameters (w, M, Ls, Cs and R), the power supply load impedance also
depends on the primary self-inductance (L) and the primary compensation capacitance (C,).

For a general analysis across the frequency spectrum, both the pickup reflected impedance and the
power supply load impedance models can be simplified using normalization methods. Since the pickup
is generally designed to operate at o, this frequency is therefore selected as a base parameter in the

normalization process. The normalized frequency (u) is defined as:

u= o (3-29)

When operating above or below @g, u varies from unity indicating the percentage of frequency
detuning within the pickup. To ensure power transfer capability of the pickup, it is normally desirable
to minimize this frequency detuning,

For a general analysis of the load, another useful base parameter for normalization is Re Zy (as
noted in section 3-7.1) as this represents the designed power transfer capability of the system operating
with constant primary current. Using this parameter, the normalized pickup reflected impedance (Zm)
and power supply load impedance (Z4,) are defined as:

Z

i

me = -
"~ ReZ,

(3-30)

With this approach, Z, represents the pickup loading effects on the primary coil relative to the
designed power transfer capability of the pickup, while Z, indicates the loading effects seen by the
power supply scaled to the designed power transfer capability of the pickup.

3-7.3 INFLUENCE OF FREQUENCY ON THE PICKUP BEHAVIOUR

The ratio of the secondary current (I5) given in (3-15) to the shortcircuit current (Is;) given in (2-8)

1s:

I _ JjoL,
Isc ZA' (3-31)
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This ratio (as derived in Appendix C) is a function of the normalized frequency (u) and the

secondary quality factor at g (Qs0) for the specified secondary compensation as:

\/ Qsou -1) + O’ series secondary
I, _ J u>+0>% (u - 1) (3:32)
ISC
\/ [Qsou "‘ u ]2 + 0’ parallel secondary
u + QsO (u - 1)

Equation (3-32) can be used to investigate variations in the secondary current as the pickup is
detuned from the design frequency w,, or when the secondary quality factor changes with the load.
They are compared in Fig. 3-5 for series and parallel-compensated secondary systems. In this figure,
the selected range of Qy is from 2 to 8 and u is chosen to be around unity (the secondary resonant
frequency y), since typical ICPT systems are normally designed to operate close to wo (u close to
unity) with Qg below 10 [1-2]. The cross-sections of these surfaces are also drawn at selected Qg 0f 2,

4, 6 and 8 to clarify corresponding features.

10
—_ -
| , . J R ——x
‘ - = = -Qu=6
/N = Q=8
53 6 l I;’I \\\\\ ] 1
4 P IO ]
o i T Ty =
2 F’//—- e
0 i
08 09 1 11 12 13
u
(1) Surface function. (ii) Cross sections of the surface.
(a) Series compensated secondary.
10
Qu=2
10 8 r ToTOr
: S === =Qu6
8 /N, —=Q8
4 6 R K S
% 6 g ‘/,I, \\§.<
— 4 5 4 /t' Mo B \§<.
2. ;;'/ =Ny
O_ 2 .',’/‘ | st : \:-::
& K ]
seae R 0
5 0.8 09 "7 u=m/n, 08 09 1 1.1 12 13
E u
(i) Surface function. (ii) Cross sections of the surface.

(b) Parallel compensated secondary.
Fig. 3-5. Quantified secondary current.
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Both series and parallel-compensated secondary systems have similar features. The maximum
secondary current occurs close to wo, and drops quickly when the operating frequency shifts away.
This sensitivity increases as the secondary quality factor becomes larger with increasing load.

Using a similar approach, the ratio of the load current (Ir) and the secondary capacitor current (Ics)
to the short circuit current (Isc) can be derived as functions of only the normalized operating frequency
(u) and the secondary quality factor (Qso). Similarly, the ratio of the secondary voltage (V;), the load
voltage (Vr) and the secondary capacitor voltage (Vcs) to the open circuit voltage (Vo) can also be
derived as functions of only u and Q. The open circuit voltage is calculated using (2-6) with the
frequency (©) set equal to the secondary resonant frequency (wp). A summary of these functions is
givenin Table 3-1. The ratio of the power transfer, the required V A rating of the secondary coil and the
required VA rating of the secondary capacitor to the product of open circuit voltage and short circuit
current can be derived using functions of relevant voltages and currents. The results are once again
functions of only u and Qso.

An analysis of these functions in Table 3-1 across the frequency spectrum for selected Qg shows
they are similar to the results shown in Fig. 3-5 for the secondary current. In consequence, maximum
voltages, currents, power and VAs of both series and parallel compensated pickups all occur when the
system operates at or close to the secondary resonant frequency, and becomes substantially lower with

large frequency detuning.

TABLE 3-1
QUANTIFIED PICKUP VOLTAGES, CURRENTS
Pickup topology Series compensation Parallel compensation
Jouet b —1f vz |Vloiur b 1) +uT + 02
u +Q:0(u —l) u +Qso(u —1)
Secondary voltage ‘/Q:O" +u’lu® - O ("2 - 1)]2 \/ Qhu* +Qjou )2
u +Q,,,(u -1)° u + 0% [ ~1)
\/Qsou ( - ) + QsOu Ju + Q.\'Ou ( )z
u +Q:o(u —1) u +Qso(u "1)
Load voltage [V /V,, \/Qmu — u® ‘/Q u' + Qsou - 1)2
u +Q:0(u —1) u +Qs0(u —~l)
\/Qsﬂu ( - Q ‘/Q - QsOu
u +Q:0(u —1) u +Qso(u =1}
Secondary capacitor voltage |VCS v, ‘/Q"’u + Qo ( 1)2 \/ ot +Qgou ( - 1)2
u +Qm(u —1) u +Q:0(u ~1)
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3-7.4 INFLUENCE OF FREQUENCY ON THE REFLECTED IMPEDANCE

According to the above investigation, the electric characteristics of the secondary resonant circuit
are sensitive to variations in the operating frequency and the load. In consequence, the loading effects
of the second resonant circuit on the primary will exhibit a similar sensitivity. To enable a general
analysis of the pickup loading effects, a normalized reflected impedance is calculated using (3-30) as:
VA _ ReZ, iy ImZ

m - = Rlen + .Imzrn 3-33
ReZ, Rez, ’Rez, / (3-33)

The resistive and reactive components of Zp, (as derived in Appendix D) are both functions of the
secondary quality factor (Qso) and the normalized operating frequency (u) as stated below for the

specified secondary compensation:

4

u
5 series secondary
Rez, |W*-1)Q%+u
Rez, - Rz, _| W -170% (3-34)
ReZ,, u’
h(uz _ 1)2 Qsz0 ot parallel secondary

and
[ _u3(u2 _I)Qso
(u2 - l)foo +u?

_— o 3-35
™ ReZ, |- u’[(u2 -1)0,, + L] .
ON8 parallel secondary

series secondary

L (u2 _I)ZQ.\‘ZO +u2

The normalized reflected resistance and reactance are compared in Fig. 3-6 and Fig. 3-7 for series
and parallel compensated secondary systems respectively. They are shown as functions of the
secondary quality factors (Qs) and the normalized operating frequency (u). Cross-sections of the
surfaces at selected Qs of 2, 4, 6 and 8 are drawn to show the influences of u and Qso.

The normalized reflected resistance at wp is shown as white lines on the surfaces in Fig. 3-6
(a-1)&(b-1). The normalized reflected reactance at wp is shown as black lines on the surfaces in Fig. 3-7
(a-1)&(b-i). The reflected resistance and reactance of the series and parallel-compensated secondary
systems once again have similar features. As with the electric characteristic of the pickup, both the
reflected resistance and reactance are highly sensitive to variations in the operating frequency. This
sensitivity increases as the secondary quality factor increases.

For both series and parallel compensated secondary systems, maximum reflected resistance and
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power transfer capability under constant primary current control, is achieved when operated close to
o. As the operating frequency shifts away, both the reflected resistance and power transfer capability
quickly drop. Assuming a secondary quality factor of 5, if u is 0.9 (representing a 10% drop below wy),
the power transfer capability decreases by 62% for series compensated pickups, and 53% for
parallel-compensated pickups. Whereas a 10% frequency increase (u=1.1) results in decreases in

power of 37% and 48% for series and parallel-compensated pickups respectively.

12 Q=2 === =Qu~
14 1F = St O o
{(2)l o§ =
0.8 .
©0d 306 ‘<
®04. 0.4 i 5 N,
8.2 / /I/ \\ So ~.
5 s = 02p, " RN
- 1_3 2. e~
2 0 ~
RN 08 09 1 11 12 13
u
(1) Surface function. (ii) Cross sections of the surface.
(a) Series compensated secondary.
1.2 ——05022 ' - Sl _Q50=6 |
b e T T QeS8
1 A
(ﬁ(l)g o8 /,’I/ | .\t\\. L
06, s A A
8{: 0'4" & / ,"/ i X \\ \,
02 - 04r , 1, '\ NN,
001 ' 1’; AN
2:1‘ -_71 02’(’{/ \_?~~\\.
4 = () - =eeXs
0oCR=Qy0 0 gl L1 3 %3 0.9 1 11 12 13
L f 8“08 0.9 u=(0/0)0 y . e : '
(i) Surface function. (ii) Cross sections of the surface.

(b) Parallel compensated secondary.

Fig. 3-6. Normalized reflected resistance for series and parallel-compensated secondary
systems.

The reflected reactance from a series compensated secondary is always zero at wo. This reflected
reactance is inductive (positive) below g, and capacitive (negative) above wp. The parallel-
compensated secondary system, however, reflects a capacitive reactance at wo. This reflected
reactance becomes less capacitive and eventually inductive as the operating frequency moves below

. It becomes more capacitive as the operating frequency shifts above w.
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0.5°
0.5.
0.0
N
&l —
ad. T e
08 09775 :
m/mo=ul 17 T3 ’/Q.o—ll(moCsR) 08 09 1 11 12 13
(i) Surface function. (ii) Cross sections of the surface.
(a) Series compensated secondary.
0.5 ;
'S ;\
\
0.5 . Y {‘(
0.0
of g ‘\ e
E.Q_S_ -0.5 —Qu=2 \\\/_./; _____
- ) —'—Qsoi4 c-\—" .
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0.8 0 9 - =woC:R i i .
]O 6 Q:O Wols -1
ol VT T / 08 09 1 11 12 13
(1) Surface function. (ii) Cross sections of the surface.

(b) Parallel compensated secondary.

Fig. 3-7. Normalized reflected reactance for series and parallel-compensated secondary
systems.

3-7.5 OPERATING CONDITIONS FOR MAXIMUM POWER TRANSFER

According to (3-20), the power transfer from the primary to the secondary depends on the reflected
resistance and the primary current. Assuming constant primary current, the power transfer is then

proportional to the reflected resistance. In this case, the operating frequency for maximum power

P ReZ,
ReZ,) . (3-36)

ou B

transfer can be determined by:

The result is found to be:

2Q30 series secondary
u= 2Qso (3'37)

1 parallel secondary
Substituting (3-37) into (3-34) results in:
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40? .
ReZ, _%_ series secondary
Roz. | 1wl (3-38)
" parallel secondary

With a series compensated secondary system, the operating frequency for maximum power transfer
is higher than the secondary resonant frequency. This maximum power transfer, however, is only
slightly higher than the available power at the secondary resonant frequency. With Qo of 2, the
difference in both frequency and power transfer is about 7%. Such differences become negligible as
the secondary quality factor increases (with Qs of 5, the difference in both frequency and power
transfer is only 1%). Consequently, the usual approach is to design the pickup to operate at the
secondary resonant frequency rather than the maximum power frequency, which is load dependent and
as such difficult for a pickup design to follow.

For a parallel-compensated secondary system, the operating frequency for maximum power #tansfer
is identical to the secondary resonant frequency under all loading conditions. The secondary resonant

frequency is therefore a logical choice for the pickup design.

3-8 THE PRIMARY COIL

With the loading effects of the secondary resonant circuit represented by the reflected impedance,
the equivalent circuit of the primary coil consists of its self-inductance (L,) in series with the

secondary pickup reflected impedance (Z;) as shown in Fig. 3-8.

L,

]
Fig. 3-8. Equivalent circuit of the primary coil.

The impedance of the primary coil calculated from the circuit in Fig. 3-8 is:
Z,=jol,+Z, (3-39)
The first term in (3-39) is inductive, corresponding to the self-inductance of the primary coil. It is
proportional to the operating frequency and independent of the load. The second term in (3-39) is the
reflected impedance. As noted in section 3-7.4, it can be either capacitive or inductive as the frequency
varies across the frequency spectrum, and is a non-proportional function of the operating frequency
and the load.
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The impedance of the primary coil is analysed relative to the reactance of its self-inductance at the
secondary resonant frequency thereby enabling the influence of Z, (representing the secondary loading
effect) to be easily seen. This ratio is determined to be:

z ik
i/ SN l_jk oL, (3-40)
Jo,L, o, zZ

s

Substituting (3-29)&(3-31) into (3-40) results in:

Z,__, 1—k21‘ v
ja)OLp Isc (- )

This ratio (as derived in Appendix E) is a function of the secondary quality factor (Qso), the

normalized operating frequency (u), as well as the magnetic coupling coefficient (k), and is given for

the specified secondary compensation as:

’\/k“Qszous "‘uz{“z +0% (u2 -11“2(1—/‘2)—1]}2 series secondary
7 2 2 (,2 1 2
ja)pL 7] 412 .4 2u 2+Q’°2(u 2) 2 2 (3-42)
o ‘/k Q.o +u {u (l_k )+ on(u "'11”2(1""2)_1]} parallel secondary
| u? + 02 (u? -1f

To further clarify the effects of the magnetic coupling strength and the secondary quality factor, the

ratio Zy/(jwoLy) at the secondary resonant frequency (u=1) can be derived from (3-42) as:
| 7z (u - 1) \/k4Q20 +1 series secondary
P . S

jwoLp

(3-43)

) \/ k*'Q% + (1 -k* )z parallel secondary

Theresult is a function of Qs and k, and is shown in Fig. 3-9. As can be seen, the ratio Z/(jwoLy) at
the secondary resonant frequency is close to unity at low secondary quality factor or magnetic
coupling, but increases with increasing secondary quality factor or. magnetic coupling due to loading
effects of the secondary. As shown, the effects due to the secondary quality factor are nearly linear,
while the effects due to the magnetic coupling are close to following a square law. These
characteristics can be verified from (3-43).

In order to investigate the effects of frequency variations, the ratio Zy/(jwoLy) is compared in Fig.
3-10 and Fig. 3-11 for series and parallel compensated secondary systems. It is shown as a function of
Qso and u at selected k. The values at selected Qy of 2, 4, 6 and 8 are also drawn to clarify the features

in each case. Once again, series and parallel compensations exhibit similar features.
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(ii) Cross sections of the surface.

(b) Parallel compensated secondary.

Fig. 3-9. The ratio Zy/(jowoL,) at the secondary resonant frequency wo (u=1).
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(i) Surface function.

(ii) Cross sections of the surface.

(b) Parallel compensated secondary.

Fig. 3-10. The ratio Z,/(jooL,) with k=0.2.
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(b) Parallel compensated secondary.
Fig. 3-11. The ratio Z,/(jooLyp) with k=0.6.

As can be seen, in loosely coupled systems (low k) with low compensation levels (low Qs) the
impedance of the primary coil increases with the frequency. The relationship is closely linear because
the loading effects of the secondary on the primary are negligible. With improved magnetic coupling
and increased compensation level, the secondary loading effects gradually dominate the impedance of

the primary coil.

3-9 THE PRIMARY QUALITY FACTOR

The primary quality factor (Qp) associated with the primary coil is calculated in this section. The
reactive power of the primary coil is:

VAR, = (a)Lp +ImZ, )112, (3-44)

The real power transferred by the primary coil was calculated in (3-20). The primary quality factor

defined as the ratio of reactive to real power is then:
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oL, ImZ, oL,
V4R, (oL, +ImZ )’ Rez, Rez, RezZ, Tl
O =—% = (ReZ,)I? ReZ, " ReZ, (3-43)
ReZ,,

The normalized reactance of the self-inductance (L,) of the primary coil can be derived from (3-26)
and (3-29):

oL, oL, _uLL,
ReZ, (w,M* M*Q,, (3-46)
L Qso
The relation of the mutual inductance (M) and the coupling coefficient (k) derived from (2-1) is:
M? =k*L,L, (3-47)
Substituting (3-47) into (3-46) results in:
L u .
e -4
ReZ, K?Q, (3-48)
Substituting (3-48) into (3-45) results in:
2L +ImZ -
Q = k QsO (3-49)
i ReZ,,

Substituting (3-34) and (3-35) into (3-49), the primary quality factor is determined to be functions

of k, u and Qs for the specified secondary compensation as:

u’ +Qu (uz ;131(1 —k” )uz = 1] series secondary
_ k u QsO
g,= (1—k2)142 +Q,20(u2 —II(I—kz)uz _1] (3-50)
k*uQ., parallel secondary

The primary quality factor at @y derived from (3-50) is then:

[—21—— series secondary
k QsO
O =0Q)l@=m)=0,(=1)=4 > (3-51)
'@ e 0 - Q_ parallel secondary
s0 s0 s0

Normally, ICPT systems are designed to operate close to @¢. In such systems, the fundamental
design parameters k, Qpo and Qs are related. The primary quality factor reduces when the secondary

quality factor increases or the electromagnetic structure improves.
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3-10 THE POWER SUPPLY LOAD MODEL

According to above analysis, when the magnetic coupling is weak and the secondary quality factor
is low, the loading effect of the secondary on the primary is negligible comparing to the
self-inductance of the primary coil. In this case, the primary and secondary resonance can be assumed
to be independent and as such significantly simplifies the design process. For such systems, a constant
primary current at the secondary resonant frequency can be assumed in the design of the secondary
pickup, and the secondary loading effect can be assumed to be a resistance in the design of the primary
power supply [2-4]. However, a common trend in the design of ICPT systems is to improve magnetic
coupling and increase secondary quality factor in order to transfer more power. The primary and
secondary resonances thus become strongly interlinked. For optimal design of these systems, the
simplified design approach is not accurate enough. It is necessary to consider all of the interactions
between the primary and secondary. This section develops a mathematical model to represent the
complete load resonant tank consisting of both the primary and secondary resonant circuits. The
resulting power supply load models of commonly used compensation topologies are compared. They

are then normalized to simplify the analysis and used as a design tool in following chapters.

3-10.1 MODELLING OF THE POWER SUPPLY LOAD IMPEDANCE

Both series and parallel-compensated primary resonant circuits are shown in Fig. 3-12 with the
loading effects of the secondary represented by the reflected impedance (Z;) in series connection with
the primary self-inductance. To simplify the analysis of the load seen by the power supply, the primary
resonant circuits can be represented as a lumped impedance (Z;). As noted in Fig. 3-12, this lumped
load impedance seen by the power supply depends on the primary compensation topologies. With a
series compensated primary, it consists of the primary capacitance in series connection to the primary
coil (formed by the self-inductance and the reflected impedance). For a parallel-compensated primary,

it is formed by the primary capacitance in parallel connection with the primary coil.

Zy Z,
I} I Il) I} IL)
o— L Y
16 L I
Power : v Power |
Supply | | ' - T% L
PPy ” I Supply | - l
—® fo—s |
(a) Series compensated primary. (b) Parallel compensated primary.

Fig. 3-12. Primary resonant circuits with reflected impedance.
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The power supply load impedance (Z,) is derived for the specified primary compensation as:

L _+z,-

+jal, +Z series primary
joC, 7?7 jaoC, LA
z={ 1 _ 1 (3-52)
oC +— joC +— parallel primary
Ao » T JjoL,+Z,

The real part of the load impedance (Re Z,) is the load resistance and represents real power transfer.
The imaginary part (Im Z,) is the load reactance and dictates reactive power flow.

As noted above, the load impedance seen by the supply is a function of the reflected impedance (Z;),
which in turn depends on the secondary compensation topology. In consequence, the load impedance:
seen by the power supply depends on not only the primary but also the secondary compensation
topology. Since both the primary and secondary can be either series or parallel compensated, there are
four basic topologies labelled as SS, SP, PP and PS (as noted in section 2-3.5). A summary of the load

impedance is given in Table 3-2 for each topology.

TABLE 3-2 S
LoAD IMPEDANCE OF THE BASIC TOPOLOGIES
Topology Load impedance
2 2
< Z,=— —+jol,+ o M
JO%p joL, +——+R
JjaoC,
2M2 "t
Z,=— 1 + jaoL, + @ I
SP JjaC, joiL, + ———
joC, +—
Jot R
Z = !
joC  + : 1
P 2 2
PP joL, +——2 M
joL, +
JjoC, +—
Z, = 1
oC  + ]
PS j P . 0)2 M2
JoL, + I
JoL, +——+R
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3-10.2 THE NORMALIZED LOAD IMPEDANCE

Similar to the normalization process of the reflected impedance (Z;) in section 3-7.4, the load
impedance (Z,) is normalized in this section with respect to the reflected resistance at the secondary
resonant frequency (Re Z) using (3-30), while the operating frequency () is normalized with respect
to the secondary resonant frequency (wo) using (3-29). The normalised load impedance is calculated

as:

ImZ
Z = = Ly ! =ReZ, +jImZ -
"“Rez, ReZ, ’RezZ, m ¥ J ML (3-53)

This definition is suitable for series compensated primary systems, however it is often much easier
to describe the load impedance in terms of its admittance value (conductance and susceptance) when
dealing with parallel compensated primary systems, so that:

1 1 1 1

Z - e
" Y(ReZ,) (ReY,)ReZ,)+ j(ImY,)(ReZ,,) ReY, +,ImY, 7,

in

(3-54)

Substituting (3-52) into (3-53), the normalized load resistance and reactance for series compensated
primary systems are given by:
ReZ,=ReZ, (3-55)
and
1 oL

== +—-=2—-+ImZ,, 3-56
! @C,(ReZ,,) ReZ, e

Substituting (3-52) into (3-54), the normalized load conductance and susceptance for parallel

ImZ

compensated primary systems are derived as:

ReY, = ReZ,, .
@l i
(Rez,, )} + P +ImZ, (3-57)
ReZ,,
and
L,
o +ImZ,,
c r
ImY, =aC,(ReZ,,)- : (3-58)

L 2
(ReZ,, } + ({’7" +Im z,,,)
e

r0
As shown above, for a series compensated primary the load resistance is identical to the reflected
resistance. The load reactance, however, depends on the primary capacitance and inductance, and also
the reflected reactance. For a parallel-compensated primary the load conductance depends on the
primary inductance, and also the reflected resistance and reactance, while the load susceptance

depends on the primary capacitance and inductance as well as the reflected resistance and reactance.
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Equations (3-55) to (3-58) can be simplified if they are written in terms of the normalized operating
frequency (u=w/wy), and the quality factors (Qgo and Q) associated to the primary and secondary
resonant circuits at wo. These equations consist of the normalized reactance of the self-inductance of
the primary coil, the normalized reactance of the primary compensation capacitance, and the
normalized reflected resistance and reactance as summarized in Table 3-3. This simplification process

of the normalized load impedance is discussed following,

TABLE 3-3
FUNCTIONS OF THE NORMALIZED LOAD IMPEDANCE WITH COMPENSATED PICKUP
2L Seri d
i u uko, eries secondary.
@Cp(ReZn) l) O+ |=—=; Parallel second
)| Zeo 0. ) uko, arallel secondary.
u
Q0 =75 — Series secondary.
ol, | " K0, g
ReZ, 1 J u
r U Q,+—|=—— Parallel secondary.
3 ( 7 QsO k 2Q.rO
: Y
TN, Series secondary.
2 122 2 y
Rez - ReZ, _ |l =1] Ol +u
™ ReZ 0 u2
N(“z _1)2 02 +1? Parallel secondary.
3(,,2
- =
M Series secondary.
mz, |@* =103 +u?
ImZ,, = L =4
ReZ,, | -wfu’~1)0, +1/0,]
Z P2 .2 Parallel secondary.
(u _1) Qso +u

The normalized reflected resistance and reactance depend on the secondary compensation topology
(either series or parallel) and are derived in section 3-7.4 with the results given in (3-34) and (3-35_)._‘
They are functions of u and Qs only. B

The normalized reactance of the self-inductance of the primary coil given in (3-48) can be
rearranged using (3-51) as a function of u, Qpo and Qg given by:

uQ series secondary
oL

P
= = 1 (3-59)
ReZ,, H[Q po T "Q—J parallel secondary

s0

The primary compensation capacitance is normally selected using (2-28). With this conventional

choice, the normalized reactance of the primary compensation capacitance as derived in Appendix F is
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also a function of u, Qpo and Qs given by:

Qi‘i_ series secondary
v _]* (3-60)
oC,(ReZ,,) 1 1
2 O+ 5‘ parallel secondary
s0

As noted in section 3-9, the primary quality factor depends on the magnetic coupling coefficient and
the secondary quality factor. Consequently, these functions can be expressed alternatively in terms of
the normalized frequency (u), the magnetic coupling coefficient (k), and the secondary quality factor
(Qs0) as given also in Table 3-3. This enables the identification of the influence of the magnetic

coupling structure and the pickup compensation level on the load seen by the power supply.

3-11 VERIFICATION OF THE LOAD MODEL

In order to validate the theoretical load model, a contact-less electric vehicle battery charging
system was designed using the design methodology proposed in the following chapter. This system
delivers 30kW across a 45mm air gap at a nominal frequency of 20 kHz with a primary current I, of
150A. The loading system (load resonant tank) on the power supply consists of the electromagnetic
structure, the primary and secondary compensation capacitances, and the pickup load that is formed by
a rectifier, a filter and a dc regulator. In this test system, the pickup load is replaced by a linear resistor
to simplify the verification process. With the power supply disconnected, the load impedance seen by
the power supply was measured at the input to the load resonant tank. This measured impedance was
then compared with the theoretical calculation using the load model developed in section 3-10.1.

The electromagnetic structure of this system is given in Fig. 3-13. Here the primary and secondary
windings are identical, each having concentrated coils with distributed ferrites. It is assumed that the
secondary winding is attached to the underside of an electric vehicle, while the primary winding is
buried in the ground. Once an electric vehicle has stopped over the charging station, electric power is
transferred to the vehicle across an air gap via magnetic coupling between the primary coil in the
ground and secondary coil on the vehicle.

For compensation, a PP topology was chosen since it is commonly used for high power industrial
applications [2]. The current source characteristic of the parallel-compensated secondary is well suited
for battery charging, whereas the parallel-compensated primary is used to generate a large primary
current.

The measured coupling and compensation parameters, along with other key system parameters used
for the above design, are given in Table 3-4. A variable-frequency Fluke PM 6306 RLC meter was
used to measure the coupling parameters of the electromagnetic structure. The primary self-inductance
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(Lp) was measured with the secondary left open circuit, while the secondary self-inductance (Ls) was
measured with the primary left open circuit. The mutual inductance (M) was determined by measuring
the change of the primary inductance (ALp) with a short-circuited secondary. This change occurs due

to the reflected impedance from the secondary, and the relationship is given by:

z, = jo(aL,) (3-61)
A A-A Section
I N
i
‘ ]
|
: o
| g
\
j 5
|
\
|
]I_,I A I
< 800mm 4‘;
= ]

Fig. 3-13. Electromagnetic structure of the contact-less battery charger.

TABLE 3-4
PARAMETERS OF THE CONTACT-LESS ELECTRIC VEHICLE BATTERY CHARGER
Nominal resonant frequency (f) 20kHz
Rated power (P) 30kW
Primary rated current (I,) 150A
Rated load (R) 6Q2
Primary inductance (L) 29.6uH
Primary capacitance (Cp) 2.21pF
Mutual inductance (M) 12.7uH
Secondary inductance (Ls) 26.9uH
Magnetic coupling coefficient (k) 045
Secondary capacitance (Cs) 242uF

With the secondary placed under short circuit (R=0, uncompensated secondary), the secondary

impedance derived from (3-7) is:
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Z, = joL, (3-62)
Substituting (3-62) into (3-17), the reflected impedance calculated using the mutual inductance (M)
is:

oM’
Z =—j 9{_ (3-63)

S

From (3-61) and (3-63), the mutual inductance is determined as:

M=oz, L, (3-64)
Substituting (3-64) into (2-1), the magnetic coupling coefficient is determined as:
k= J AL (3-65)
LP

As shown, the magnetic coupling strength of an electromagnetic coupling structure can be
determined by simply measuring the rate of change in the primary inductance when the secondary is
placed in a short circuit.

The measured coupling parameters (L,, M, Ls) of the electromagnetic structure are shown in Fig.
3-14 for selected frequency range from 15kHz to 25kHz around the nominal frequency of 20kHz. As

shown, variations with frequency are negligible.

0g—— —
28 1
p— -
26 1
24
22
T
20 oL
1871 A: L
16 XM
14
1

- % 2

2
15 20 25
Frequency (kHz)

Fig. 3-14. The measured coupling parameters (L, Ls, M) of the battery charger.

Both the primary and secondary compensation capacitances in Table 3-4 are designed for the
nominal frequency using (2-22) and (2-28). With the selected secondary compensation capacitance
(Cs=2.42 pF), the secondary resonant frequency (fo) calculated by (2-22) is 19.7 kHz, which is slightly
lower than the nominal resonant frequency (20 kHz). The primary compensation capacitance (C;)

calculated by (2-28) is 2.20 pF. The measured value of C; as shown in Table 3-4 is 2.21 pF, which is
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slightly higher than the theoretical value. In order to compare the experimental measurements with the
analytical load model, the measured values of both the primary and secondary capacitances are used in
the theoretical calculations.

The variable-frequency Fluke PM 6306 RLC meter was also used to measure the power supply load
impedance (Z;). The coupling parameters (L, M, L) of the electromagnetic structure and the primary
and secondary compensation capacitances (Cp, Cs) were kept unchanged at the values given in Table
3-4. Firstly, Z, was measured at rated load (6€2) and various frequencies around fy. Secondly, Z; was
measured by fixing the frequency at the secondary resonant frequency (fp=19.7 kHz), while varying
the load about its rated value.

The measured load impedance was recalculated in terms of a load admittance (Y=1/Z;), and
compared with the theoretical values as shown in Fig. 3-15. Here, the measured values are shown as

circles, whereas solid lines are used to indicate the theoretical values.
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(a) Load conductance (Re Y;) with R=6Q. (b) Load susceptance (Im Y,) with R=6Q.
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(c) Load conductance (Re Y;) with u=w/we=1. (d) Load susceptance (Im Yy) with u=w/my=1.

Fig. 3-15. Measured and calculated load admittance (Y;) of the battery charger.
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As previously discussed, Fig. 3-15 (2) and (b) show comparisons with the load (R) fixed at its rated
value of 6Q2 while varying the frequency about fy, whereas Fig. 3-15 (c) and (d) show comparisons at fy
while varying R about its rated value. As can be seen, the measured values follow the theoretical
predictions closely despite simplifications in the model that assumes sinusoidal voltages and currents,
and ignores losses in the inductors and capacitors. The differences are most notable in Fig. 3-15 (a) but
are still within 10% across the selected range of frequencies, and mainly arise because the rated load
used in the test system is slightly larger than 6Q2 and has a stray inductance of about 2.4pH. The

influence of the stray inductance increases with increasing frequency.

3-12 CONCLUSIONS

A general load impedance model as seen by the power supply is developed in this chapter to
investigate steady state operation of an ICPT system. The developed load model was verified by
comparing measured and calculated values in a practical contact-less electric vehicle battery charging
system. The measured values follow theoretical calculations within practical limitations. The models
therefore can be used confidently in the analyses and designs of ICPT systems.

A major assumption in developing the load model is that the pickup load is linear and resistive. In
practice, the pickup load is often a non-linear system, and an equivalent linear resistive load needs to
be developed when applying the load model. The electromagnetic structure and the primary and
secondary compensation capacitors (Cp and Cs) are assumed to be loss-less. The electromagnetic
structure is modelled using the transformer mutual inductance coupling model. The coupling
parameters include the primary self-inductance L, the mutual inductance M between the primary and
secondary, and the secondary self-inductance L,. The reactive elements (Cp, Ly, M, Ls and C) are
modelled as impedances that are assumed to be linear functions of the frequency.

The load model is then used to investigate the system behaviour of each topology. The resonant
frequency of the pickup (the frequency when Ly is in resonance with C) is a key parameter called the
secondary resonant frequency (wg). To generally quantify system characteristics, the developed
impedance models can be expressed in terms of the normalized frequency (u=w/wy), the quality factors
(Qpo and Qso) associated with the primary and secondary resonant circuits at g, and the magnetic
coefficient (k) of the electromagnetic structure. These dimensionless parameters (u, k, Qpo and Qso)
have major influences on system performance, and need to be chosen carefully when designing and
optimising the systems.

The frequency for maximum power transfer capability is found to be exactly at wp when the pickup

is parallel compensated. However, if the pickup uses series compensation, this frequency is
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unexpectedly higher (although the variation from w, becomes negligible as Qs gets large). The
secondary quality factor can be increased to improve the power transfer, however, it also increases its
sensitivity to frequency variations. In such systems, the power transfer capability of the pickup drops
substantially as the frequency shifts away from the secondary resonant frequency. This pickup
frequency detuning has to be minimized in a practical system. The loading effects of the secondary
pickup on the primary are also found to increase with increases in Qs and k, and consequently need to

be carefully considered in the design of ICPT systems.
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CHAPTER 4

EVALUATION OF A DESIGN METHODOLOGY
FOR ICPT SYSTEMS

4-1 Introduction

4-2 A design procedure

4-3 Design options for the pickup regulator
4-4 Design options for the power supply
4-5 Design evaluations

4-6 A practical design example

4-7 Conclusions

4-1 INTRODUCTION

Many design examples of ICPT systems have been described in the literature [1-12], but each is
dependent on its particular application. Currently, the optimisation and design of an ICPT system
relies strongly on experience and experimental verification. This requires suitable design choices for
the operating frequency, the primary current, the electromagnetic structure, the primary and secondary
compensation, the pickup regulator, and the high frequency switching power supply. This chapter
briefly reviews design options used in these areas in terms of their advantages and disadvantages.
Since the design choices are inter-related, a design procedure is described with the aim of achieving a
controllable power transfer capability over a specified operating range with minimum total cost. As an
integrated tool with the design procedure, the normalized load model (developed in chapter 3) is used
to evaluate the system behaviour under fixed and variable frequency control in order to determine its
sensitivity to the fundamental design parameters u (the normalized frequency), k (the magnetic

coupling coefficient) and Q; (the secondary quality factor).

4-2 A DESIGN PROCEDURE

The power transfer capability of a compensated pickup in an ICPT system (developed in section

2-3.2) was determined as:

L

£

MZ
P = I/m:IchsO = a)OI: (ksz pso = a)OI; (_)Q.\'O (4'1)
with the required secondary VA rating given by:
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VA = Voo Qo1+ 0% = PA1+0}, (4-2)
As shown to achieve the desired power there are four major design factors: the operating frequency
(ep), the primary current (I), the magnetic design factor (lng=M2/Ls) and the secondary quality factor
(Qs0)- The operating frequency and the primary current are restricted by the primary power supply as
well as the primary track/coil. The magnetic design factor is restricted by the application layout as well
as the geometry and material of the electromagnetic structure. The pickup VA rating as well as
stability considerations of the controller restrict the secondary quality factor. Since these design
factors are interrelated, an iterative design procedure is introduced in this section to optimise the cost
distribution of the total system.
It is assumed in this design procedure that if compensated both the primary and secondary

resonance are designed by:

1 1
Oy === (4-3)
JC.L, JC.L,
The secondary quality factor at wp (developed in section 3-5) is given by:
1 = DL, series secondary

@,C. R R

QJO = Qs (CD = wO) = R (4-4)
@,C.R =

oL oL, parallel secondary

System stability under variable-frequency control is considered in the design procedure in terms of
the magnetic coupling coefficient (k) and the quality factors (Qpo and Qo) associated with the primary
and secondary resonant circuits at wp. These three parameters (as noted in section 3-9) are related by:

1

series secondary

k 2Q:0
OV g 1 S
k0, = 0, O parallel secondary

An ICPT system is essentially a transformer with the additional flexibility of relative movement
between the primary and secondary. The design procedure of an ICPT system therefore is more
complex than an ordinary transformer. This section describes a design procedure to deal with the

additional complexities.

4-2.1 DESIGN OF ORDINARY TRANSFORMERS

The design of the ordinary transformer is a well-known procedure. A simplified design

methodology for ordinary transformers is shown in Fig. 4-1. The main consideration is a suitable
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choice of the geometries and sizes of the magnetic cores. Normally an iterative process is followed that

results in the optimum core size. For a given core geometry, the winding parameters are calculated. If

the primary and secondary windings do not fit into the chosen common magnetic core, a larger core is

necessary. If the window area is not fully utilised, a smaller core should be used.

Choose magnetic core

v
F Y

Determine Np, Ns

)

Choose smaller
core

Yes

Determine winding
copper area

End

Choose larger
core

Fig. 4-1. A design procedure of the ordinary transformer.

4-2.2 DESIGN OF ICPT SYSTEMS

To deal with the additional complexities of ICPT systems, a design methodology has been proposed

in [12]. This design methodology is extended here to include primary compensation considerations as

well as control options (either fixed or variable frequency control). System behaviour under fixed and

variable frequency control is quantified in terms of u, k, Qpo and Qo using the normalized load model

seen by the power supply (as developed in chapter 3). This design procedure is shown in Fig. 4-2, and

is discussed step by step below. Many choices need to be made throughout the design process,

influenced mainly by the cost distribution of the various components in the system.
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Choose electromagnetic
structure
_ | Downsize electro- Improve electro-
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Choose I,
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Determine Vg, Isc

|_Determine Qs0=P/(V oc*Isc)

 Increase secondary

— :
VA rating b

Choose primary
compensation topology

%

No

Choose secondary
compensation topology

Choose primary
compensation topology

| Determine Qpo

No

O, @ ®O ®

End

Fig. 4-2. A design procedure of ICPT systems.
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Due to the complexity involved in the design procedure, it is necessary to make some assumptions.
A summary of the assumptions is given in Table 4-1 and is discussed following. One important
assumption is that the desired operating frequency (nominal frequency) wo is known. The power
transfer capability of any ICPT system is a strong function of wo. In theory increasing wo reduces the
size, weight and cost of the total system for the same power transfer capability. However, the choice of
wo is limited by practical restrictions in the system components that include the choice of the power

switch and the electromagnetic structure.

TABLE 4-1
ASSUMPTIONS OF THE DESIGN PROCEDURE IN FIG. 4-2
1. Known operating frequency (nominal frequency): wo.

1 1
Je,L, JC.L '

P

2. Primary and secondary resonant design: @, =

Linear and resistive pickup load.
4. Constant primary current.

5.  Known power supply V A rating,.

The capability of commercially available power switches plays a crucial role inthe determination of
wo. Two major considerations are the switching speed and power handling capability. Suitable power
switches for ICPT applications are MOSFETs and IGBTs. The switching speeds of MOSFETs are
much faster than IGBTs, while the power handling capabilities of IGBTs are much higher than
MOSFETs. In consequence, MOSFETs are usually used for low power applications with an operating
frequency of up to tens of MHz, while IGBTs are normally selected for high power applications with
an operating frequency of up to tens of kHz.

" As shown in section 2-2.4, the power transfer capability of an electromagnetic structure increases
liﬁearly with frequency. Practically, the core and cépper losses also increase with frequency due to
hysteresis as well as skin and proximity effects. As a result, the power does not increase linearly with
frequency. Increasing core and copper losses result in increasing temperatures, which may exceed the
thermal limits of the materials used. The maximum operating frequency of an ICPT system is therefore
also limited by the thermal capability of the electromagnetic components, which can be improved by
using better materials or additional heat dissipation devices.

The choice of wp thus involves a trade-off between the complexity of the power supply and the

power transfer capability of the electromagnetic structure. The power transfer capability of an
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electromagnetic structure increases with frequency. However, the complexity of the power supply also
increases with increasing frequency. An iterative process is necessary to determine the most cost
effective operating frequency.

In compensated systems, it is assumed that the primary and secondary compensation capacitances
are calculated by (4-3). The primary compensation minimizes the power supply VA rating, while the
secondary compensation boosts the power transfer capability to the pickup. In applications where
frequency is adjusted to regulate power flow, operation above or below ®, (the secondary resonant
frequency) may be preferred in order to improve the controllability [1] because in such applications the
relationship between frequency and power has been found to be approximately linear over the
operating frequency range. For most applications, however, operation at or near o is a logical choice
because maximum power transfer capability can be achieved at this point.

The primary and secondary compensation capacitors need to work with significant amount of
apparent power. A major consideration when choosing these capacitors is their high frequency power
handling capability as well as temperature and lifetime stability. The capacitance stability is
particularly necessary in high Q systems where the resonant circuit and power transfer capability are
highly sensitive to small variations. Such design considerations are discussed later in chapter 7,
whereas here it is assumed that accurate tuning can be achieved for normal Qs from 1 to 10.

In this design procedure, the secondary load is assumed to be linear which simplifies the
determination of the power transfer capability and the secondary VA rating. Practical design options
for the pickup regulator are discussed in section 4-3.

On the primary side, it is assumed that the primary current is controlled constant at the rated value
to fully utilize the electromagnetic structure. The electromagnetic structure of an ICPT system is again
dependent on the practical applications for which the ICPT system is being designed as discussed in
section 2-2. The design considerations are thus very diffierent to a traditional high frequency
transformer. Those aspects that are similar include the material of the electromagnetic structure and its
ratings, which are dominated by the core and copper losses. The voltage rating is normally determined
by core losses, while the current rating is usually determined by copper losses. Where they diffier is that
both the primary and secondary windings of a conventional transformer surround a common magnetic
core. To utilize the magnetic core fully, the primary is usually operated at rated voltage corresponding
to rated flux density while the current is allowed to change with the load. However, the primary and
secondary magnetic cores in an ICPT system are separate allowing the pickup to move relative to the
primary. As such a major portion of the magnetomotive force will be situated across a substantial air
gap. Consequently, it is advantageous to fully utilize the primary by operating at rated current, while

allowing the voltage to change with the load.
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Finally the power supply configuration is assumed to have been chosen with a specified VA rating.
Design options for the power supply are discussed in section 4-4.

The design process starts with a choice of the electromagnetic structure, which is application-
oriented. The structure for an ordinary transformer is limited to available magnetic cores, but the
possibilities for ICPT systems are virtually unlimited. Systems of all shapes and sizes have been built,
and a good first choice relies strongly on experience. As noted in section 2-2.2, typical configurations
of the primary coil (Fig. 2-1) are: (a) an extended primary coil with the cable and its return configured
in parallel; (b) an extended primary coil with the cable and its return configured in parallel and
partially twisted; (c) an extended primary coil with the cable and its return configured as a loop; (d) a
lumped primary coil. Typical configurations of the secondary core (Fig. 2-2) are: (a) an E-core; (b) a
T-core; (c) a Flat-core. A major design consideration of the electromagnetic structure is to maximize
the magnetic design factor ksz (=M?/L) for power transfer capability. This is normally done using
magnetic design methods often by modelling the system taking into account practical constraints as
well as the cost and weight. Simulation techniques such as finite element analysis can be used.

Under normal operating conditions, the coupling parameters (L,, Ls and M) can be assumed to be
constant for ordinary transformers due to fixed relative position between the primary and secondary. In
ICPT systems, however, the relative position between the primary and secondary can vary resulting in
variations in the coupling parameters. The power transfer capability in an ICPT system is a strong
function of these coupling parameters. In practice, the misalignment in the electromagnetic structure is
constrained mechanically or controlled electrically to a reasonable range such that system operations
in the worst case are acceptable. Influences of this misalignment can be determined using the load
model developed in chapter 3 and are investigated later in chapter 7. Here, it is assumed that the
electromagnetic structure is properly aligned.

The next step is to choose a primary current. Since the cost of the primary is a strong function of this
current, the first choice should be to choose a low current. If the system cannot transfer the required
power, the current can be progressively increased. With the given electromagnetic structure and
primary current, the voltage across the primary winding can be calculated and the primary VA rating is
determined.

With a selected primary current, the measured or predicted (by simulation) values of open circuit
voltage (Vo) and short circuit current (Is) can be used to determine the power transfer capability of the
electromagnetic structure. The maximum power transfer capability without secondary compensation is
equal to half the value of the product of the open circuit voltage and short circuit current (Voc*Iso/2) as
noted in section 2-2.

If the power to be transferred is less than V,.*Is/2, the selected electromagnetic structure and
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primary current is able to deliver the required power so that the secondary can be left uncompensated.
However, it is necessary to ensure the primary current is not much larger than necessary and the
electromagnetic structure is not oversized. In this case, the primary current and the electromagnetic
structure needs to be reduced to make the required power transfer only slightly lower than V,*Iso/2.

The design process then considers the primary compensation. If the primary VA rating does not
exceed the VA rating of the selected power supply, the primary can be left uncompensated. This
resulting system configuration is noted as design ‘1’ in Fig. 4-2 and Table 4-1, with both the primary
and secondary uncompensated. When the VA rating of the power supply is exceeded, either series or
parallel compensation can be used to reduce the necessary power supply VA rating, resulting in a
system configuration noted as design ‘2’ with a compensated primary and an uncompensated
secondary.

The series compensated primary provides voltage amplification between the power supply and the
primary coil, and is suitable for long track applications. A parallel-compensated primary provides
current amplification between the power supply and the primary coil, and is attractive for applications,
where a large primary current is required. The choice is also related to the configuration of the selected
high frequency switching power supply as discussed in section 4-4. )

If the power to be transferred to the pickup exceeds Voc*Is/2 (assuming the electromagnetic
structure is sufficiently well designed), then the secondary needs to be compensated by a capacitor
connected either in series or parallel. Here a series compensated secondary has a voltage source
characteristic. A parallel-compensated secondary has a current source characteristic. The choice is
related to the configurations of the pickup regulator as well as the requirements of the applications as
discussed in section 4-3.

Once compensated, the power transfer capability of the secondary is increased by the factor 2Qg.
As such, the magnitude of Qo required to provide the necessary power (P) is determined by the ratio:

P/(Vo.*Is). However, secondary compensation also increases the required secondary VA rating of the
pickup by the factor \/1 +Q?, . Ifthe actual VA rating of the secondary, given by the selected material

and components, is more than this value, the system will be able to transfer the power. If not, the
chosen configuration will need to be modified to increase the power transfer capability in one of the
following three ways.
(a) Increasing the secondary VA rating by adding more copper or magnetic material.
(b) Increasing the primary current.
(c) Improving the coupling of the electromagnetic structure.
The first option increases the cost of the secondary, the second option increases the cost of the

primary, and the third option increases the cost of the coupling structure. To optimise the system
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design, a few iterations might be necessary to achieve the highest benefit to cost distribution.

It is also necessary to consider whether primary compensation is required by comparing the primary
VA rating with the VA rating of the selected power supply using a similar approach discussed above. If
primary compensation is not necessary, the design is complete, resulting in a system configuration
noted as design ‘3’ having an uncompensated primary and a compensated secondary.

If primary compensation is required, the resulting design is more complex with the primary and
secondary either series or parallel compensated. In this case, the choice of either a fixed-frequency
controller or variable-frequency controller needs to be considered. When a fixed-frequency controller
is used, the design is complete resulting in a system configuration noted as design ‘4’. In this case, the
operating frequency can be fixed at wo, but the power supply may operate with a displacement power
factor less than unity. Consequently, the required V A rating of the power supply becomes higher. This
cari be evaluated in terms of k and Q using the normalized load model as shown later in this chapter.

'If a variable-frequency controller is used, the frequency can be controlled to ensure the displacement
power factor of the power supply is close to unity. In this case, the necessary VA rating of the power
supply is minimized, but the pickup does not operate at the maximum power point due to frequency
detuning. Such influences on power transfer capability once again can be evaluated in terms of k and
Qs using the normalized load model as shown later in this chapter.

"When operation with variable-frequency control, it is also necessary to ensure that the system is
stable and controllable under all reasonable loading conditions. This depends on the relationship
between the primary and secondary quality factors (Q, and Q). Stable and controllable operation can
be assured if Qp is much larger than Qs (Qp>>Qs, where the primary reactive energy is much larger than
the secondary reactive energy) as has been noted in section 2-5.5. The resulting system configuration
is noted as design ‘5°.

With the given electromagnetic structure and secondary quality factor, the primary quality factor can
be calculated using (4-5). Typical values of Qs in practical circuits range from about 2 to 10, while
typical values of Q, lie between 2 and 30. Using (4-5), the stability requirement Q,>>Q; can be
expressed alternatively as Qs<<1/k. To ensure Q,>Q; in a loosely coupled system with a k of 0.1, the
maximum Qs is about 10. In a well-coupled system with a k of 0.5, this maximum Q; drops to about 2.

If Qp is close to Q, it is necessary to identify the bifurcation boundary. This can be done using the
normalized load model developed in chapter 3, and will be explained later in this chapter. If the system
design falls within the bifurcation boundary, stable and controllable operation is available. The design
is thus complete, resulting in a system configuration noted as design ‘6’. If the system design is outside
the bifurcation boundary, the design has to be modified to increase the power transfer capability by the

following two ways.
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(a) Increasing the primary current.
(b) Improving the coupling of the electromagnetic structure.

Table 4-2 summarizes system configurations resulting from the design procedure. The sensitivity of
the system behaviour is compared in each case. Such sensitivities may result in a poor power supply
displacement power factor when using a fixed-frequency controller operating at the secondary
resonant frequency, or significant pickup frequency detuning when using a variable-frequency
controller operating with unity displacement power factor. In each case, the system may be unable to
deliver the required power. For system configurations ‘1°, ‘2” and ‘3’ within Table 4-2, the power
supply is less sensitive to system variations as part of the system is left uncompensated. The remaining
system configurations have both the primary and secondary either series or parallel compensated and
therefore are more sensitive to system variations. The sensitivity in this case depends on k and Qs and

will be investigated later in this chapter.

TABLE 4-2
SUMMARY OF SYSTEM CONFIGURATIONS OF THE DESIGN PROCEDURE
System Secondary Primary Fixed/variable- System

configurations | compensation | compensation | frequency controller | sensitivity

1. None None Fixed/variable Small

2. None Series/parallel Fixed/variable Small

3. Series/parallel None Fixed/variable Small

4. Series/parallel | Series/parallel Fixed Medium/High

5. Series/parallel | Series/parallel A able Medium

6. Series/parallel | Series/parallel Variable High

*: these numbers represent system configurations as shown in Fig. 4-2.

4-3 DESIGN OPTIONS FOR THE PICKUP REGULATOR

A pickup may be used to supply power directly to a linear resistive load, however when it is used to
supply power to a dc load such as a dc motor or a battery charger, a rectifier and a filter are necessary.
If the load requires a low frequency ac supply such as an ac motor, frequency conversion is required.
Although an ac-ac converter may be used, it is often necessary to use a two-stage process with an
intermediate dc-bus to ensure stable output voltage and current.

Power flow regulation is often necessary to accommodate system variations such as misalignment
of the electromagnetic structure and variations in the load. For single pickup applications, this could be
controlled at either the primary or the secondary. With multiple pickup systems, the required power of
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each pickup is often different. Since primary regulation affects all secondary pickups, it is not a good
choice for multiple pickup applications. For these systems, power flow regulation needs to be
implemented on the secondary pickup.

A block diagram of a pickup regulator that utilizes switching controllers to regulate power flow to a
dc load is shown in Fig. 4-3. The switching control can be configured on either the ac or dc side
(before or after the rectifier). Various configurations are possible [13-19]. The topology of the
switching controller depends on the secondary compensation. Parallel compensation has current
source characteristics requiring a controller that can work with a current source input. Series

compensation requires a controller operating off a voltage source input.

IS BessEEEREEE, ferEsEsEREn,
-+ [ ) i) 0
* ISecond - : : :
A N I : : | [T | pe
s _ |compen- :AC side . :DC side . load
sation iswitching = [Rectifier| sswitching &  [Filter
scontroller ; sconroller ;

Fig. 4-3. A block diagram of a pickup regulator.

The real and reactive power transferred to the pickup can be calculated using the induced voltage
(joMI,) and the secondary current (I;) as:
Real power = P =wMI I, sing (4-6)
and

Reactive power = oMl I, cos ¢ 4-7)

where ¢ is the phase angle between the primary and secondary currents.

According to (4-6), the parameters that are controllable by the pickup regulator are the magnitude
of the secondary current (Is) and the phase relationship (¢) between the primary and secondary currents.
In practice, this may be achieved indirectly via controlling other parameters such as V. Consequently,
there are two fundamental strategies for the pickup regulator to control power. One strategy is to
control the magnitude of I and the other strategy is to control ¢. These two strategies can also be
combined.

When controlling ¢, it is desirable that the magnitude of I is kept at the maximum value to ensure
maximum power transfer. The phase angle ¢ is controlled close to 90° for rated load, and reduced for

light load operations. With this strategy, the reactive power flow is negligible at rated load condition,
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but increases as ¢ is reduced with decreasing load. Because of this reactive power flow, the power loss
in the secondary winding and the influence of the pickup on the primary are larger in comparison to the
strategy of controlling the magnitude of I; as discussed below. An example of this strategy can be
found in [13].

When controlling the magnitude of I, itis desirable that ¢ is kept close to the maximum value of
90° as this assures maximum power transfer with negligible reactive power flow as can be seen in (4-6)
and (4-7). The secondary current is controlled at the maximum value for rated load, and reduced for
light load operations. In consequence, the power loss in the secondary winding is minimized as I; drops
with decreasing load. This strategy has been applied to many industrial applications [15-19].

The actual switching frequency that can be used in a pickup regulator is restricted [18]. A low
frequency (slow switching) option allows better transient response but a high frequency (fast
switching) option gives lower output ripple. With slow switching, the switch is either closed or open
for a relatively long period of time so that the switching transient actually dies out completely before
the switch changes state again. In this case, the regulator essentially switches between two states, one
at full power and the other at zero power. When the switching speed is much lower than the operating
frequency of an ICPT system, the transition times are negligible. The average power output is the
maximum possible power output moderated by the duty cycle of the switch. With fast switching; the
averaging process happens so quickly that the power flow is quasi stable and the resonant voltage and
current of the pickup are stable at the same average value as for slow switching under steady state
conditions. Both slow and fast switching systems are therefore mathematically identical in terms of
output power and average Qs versus switch duty cycle. In this thesis, an equivalent resistance

represents this average load.

4-4 DESIGN OPTIONS FOR THE POWER SUPPLY

The configuration of the power supply is normally classified according to the input source as well
as the inverter and resonant tank topologies. The input can be either voltage or current-sourced. The
topology of the inverter can be single-switch, half-bridge, or full-bridge. The fundamental resonant
tank topologies use either series or parallel-resonance. One or more reactive elements may be added to
the resonant tank. The common configurations for ICPT applications are summarized in Fig. 4-4 and
Fig. 4-5 respectively when using either a current or voltage source. In these figures, a reflected voltage
(joMI;) in series with the primary inductance is used to represent the loading effects of all the
secondary pickups on the primary track/coil. The strength and weakness of these configurations are

compared in Table 4-3.
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nNonnMn

Current-sourced, full-bridge, parallel-resonant Current-sourced, full-bridge, CCL-resonant
(a) Full-bridge.
- s E—

1

Current-sourced, half-bridge, parallel-resonant Current-sourced, half-bridge, CCL-resonant
(b) Half-bridge.

Y Y Y 1 -

L L.
. — 1

Current-sourced, Current-sourced, single-reverse-blocking-switch,
single-reverse-conducting-switch, CCL-resonant CCL-resonant
(c) Single-switch.

Fig. 4-4. Examples of current-sourced power supply configurations.

For both the voltage-sourced and current-sourced configurations, the power capability as well as
the cost and size are mainly determined by the inverter topologies. The full-bridge inverter has the
largest power capability with the highest cost and size, while the single-switch inverter has the least
power capability with thelowest cost and size. The primary current (track current) and the track length
are dependent on the resonant tank topologies. Parallel resonance enables a large primary current,
while series resonance allows a long track length. In practice, many series capacitors may be

distributed along the track.
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T

Voltage-sourced, full-bridge, series-resonant Voltage-sourced, full-bridge, LCL-resonant

(a) Full-bridge.

I
1

Voltage-sourced, half-bridge, series-resonant Voltage-sourced, half-bridge, LCL-resonant
(b) Half-bridge.

Tk I 1
[ I

Voltage-sourced,
single-reverse-conducting-switch,
parallel-resonant

Voltage-sourced, single-reverse-blocking-switch,
parallel-resonant

(c) Single-switch.

Fig. 4-5. Examples of voltage-sourced power supply configurations.

As noted in section 2-5, both fixed and variable-frequency controllers can be used to control the
power supply in ICPT systems. The advantages and disadvantages are compared in Table 4-4.
Fixed-frequency controllers normally operate at the tuned frequency of the pickup for maximum
power transfer. Since the operating frequency is fixed, there are no bifurcation problems in the
frequency domain. However, it is unavoidable that the power supply will operate with a displacement
power factor less than unity. Consequently, the power supply needs to be oversized and the efficiency
is reduced.

Variable-frequency controllers usually operate with unity displacement power factor to minimize
the VA rating of the power supply and to improve the efficiency. However, the power transfer
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capability of the system is reduced due to frequency detuning effects in the pickup. Moreover,

operation may become unstable or uncontrollable if frequency bifurcation occurs.

TABLE 4-3
COMPARISON OF POWER SUPPLY CONFIGURATIONS
. Power Track Primary System .
Power supply configurations capability length current sensitivity Cost  Size
Series-resonant H H L M H H
Full-
bridge LCL-resonant H L H H H H
y Half.  Series-resonant M H L M M M
oltage- 1 4ge  LCL- resonant M L H H M M
sourced
Reverse-conducting, L L L M L L
Single- |parallel-resonant
switch Reverse-blocking, L L L M L L
|parallel-resonant
Parallel-resonant H L H M H H
Full-
bridge CCL-resonant H H H H H H
Parallel-resonant M L H M M M
Current- Half:
bridge CCL-resonant M H H H M M
sourced
Reverse-conducting, L L L H L
Single- CCL-resonant
switch Reverse-blocking, L L L H L L
CCL-resonant
H=High, M=Medium, L=Low
TABLE 4-4
COMPARISON OF FIXED AND VARIABLE FREQUENCY CONTROLLER
Controller Advantages Disadvantages
. Operation at the tuned frequency of 1. Reduced displacement power factor.
Fixed- the pickup for maximum power 2. Oversized power supply.
frequency transfer. 3. Reduced efficiency.
controller
. No bifurcation problems.
. Operation with unity displacement 1. Pickup frequency detuning.
] power factor. 2. Reduced power transfer.
Variable- )
frequency . Minimized VA rating of the power 3. Unstable or uncontrollable operation
controller

supply.

. Improved efficiency.
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4-5 DESIGN EVALUATIONS

In this section the normalized load model developed in chapter 3 is used to evaluate system designs
resulting from the design procedure described in section 4-2. The sensitivity of the displacement
power factor to the fundamental design parameters u, k and Q are evaluated generally for all possible
configurations where the primary and secondary can be either series, parallel or uncompensated. Here
u varies across the operating frequency spectrum, while Q, changes over the operating load range.

The thesis then focuses on systems with compensated primary and secondary because this is the
usual case for high power applications. The system behaviour under fixed and variable frequency
control is investigated. Such analysis is essential when the fundamental design parameters are
determined. As noted in chapter 3, the loading effects of the secondary pickup on the primary may
have significant influences on the behaviour of the load resonant tank (seen by the power supply) when
the secondary quality factor or the magnetic coupling coefficient is increased. When designing ICPT
systems, it is necessary to identify such influences on the displacement power factor of the power
supply, the power transfer capability to the pickup, and the stability and controllability of the

controller.

4-5.1 SENSITIVITY OF THE DISPLACEMENT POWER FACTOR

As the cost of the power supply depends on its VA rating, it is desirable that the power supply
operates with unity displacement power factor to minimize this. The phase angle between the
fundamental components of the output voltage and current of the power supply can be calculated using
the normalized load impedance as:

Iz, _-ImY,
ReZ, ReY,

n

tang, =

(4-8)

The displacement power factor (DPF) of the power supply can then be determined from this phase

angle as:
Displacement Power Factor (DPF) = cos 6, (4-9)

The normalized load impedance (defined in section 3-10.2) depends on the primary compensation

topology and is summarized in Table 4-5.

When the secondary is left uncompensated, maximum power transfer to the pickup is achieved
when ‘woLs’ and R are equal (as shown in section 2-2.4.2). In this case, the normalized load impedance
given in Table 4-5 is a function of u and k as derived in Appendix G. A summary of the normalized

function for each term within this normalized load impedance is given in Table 4-6.
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TABLE 4-5
NORMALIZED LOAD IMPEDANCES
, ReZ, =ReZ,
Uncompensated primary:
z
Z,=—~-—=ReZ,+jImZ, wl,
" ReZ, : ' ImZ, =—2 +ImZ,
e r0
) ) ReZ, =ReZ,
Series primary:
z
Z,=——~—=ReZ, +jImZ, oL
" ReZ, ' ' ImZ, =-— - +—24+ImZ,,
oC,(ReZ,,) ReZ,
Z
ReY, = ReZ,, i
> oL,
(Rez, ) +| —2—+ImZ,,
: ) ReZ,,
Parallel primary:
Zy-do__ 1 __ oL
A Yf’l Re Ylll + j Im 'Y”l p + Im Zm
ReZ,
ImY,, =wC,(ReZ,,)- -
o wL,
(Rez,, )’ + +ImZ,,
\ReZ,,

TABLE 4-6
FUNCTIONS OF THE NORMALIZED LOAD IMPEDANGE WITH UNCOMPENSATED PICK UP
1L _2 oL, _2u
oC,(ReZ,y)  uk’ ReZ, k°
VA 2 VA —2u3
ReZm=Re r=2L2 ImZm=Im o 2u2
ReZ,, 1+u ReZ,, 1+u

- With the secondary compensated, the normalized load impedance has been developed in section

3-10.2 as a function of u, k and Qs. A summary of the normalized function for each term within the

normalized load impedance has been shown in Table 3-3, and is given again in Table 4-7 for

convenience.

Since the normalized load impedance is again simply a function of u, k and Qso, the DPF determined

from (4-9) is also a function of these parameters. The sensitivity of the DPF to these parameters is

discussed below.
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TABLE 4-7
FUNCTIONS OF THE NORMALIZED LOAD IMPEDANCE WITH COMPENSATED PICKUP

1 1
aC, (Re Z,O) a k*Q,0u

Series/parallel secondary

oL, 9 .
ReZ,, K 0 Series/parallel secondary
r0 50
u4
ReZ m Series secondary
Re Zm = — s0
ReZ,, u?

(u2 —1)2 Qfo +u?

Parallel secondary

ImZ

--u:'(u2 —I)on
_ImZ, _ (u2 “l)lezo +u’
" ReZ,, N —u3[(u2 —l)Qs0 +1/Q50]

(u2 — l)foo +u?

Series secondary

Parallel secondary

Systems having both the primary and secondary uncompensated: The DPF of systems with both

primary and secondary uncompensated is shown in Fig. 4-6 as a function of u for selected k. As can be

seen, the power supply operates with poor DPF. In both loosely and well-coupled systems (low and

high k), the DPF is close to zero as the power transfer of an uncompensated pickup is small in

comparison to the reactive power of the primary winding.

0.5 E 0.5
& o
Ao ao
.05 -0.5
0.8 09 1 11 12 13 14 0.8 0.9 1 11 12 13 14
u u
(a) k=0.05. (b) k=0.4.

Fig. 4-6. Sensitivity of DPF to u and k in systems having both the primary and secondary
uncompensated.

Systems having a compensated primary and an uncompensated secondary: The poor DPF
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discussed above can be improved using primary compensation (as shown in Fig. 4-7). Both series and
parallel-compensated primary topologies show similar effects. In loosely coupled systems, unity DPF
can be achieved close to @ (u=1). For well-coupled systems, the DPF at wy is about 0.7 only due to the

influence of the secondary pickup loading. In this case, unity DPF is achieved at a single frequency

above wp (u>1).

1 B 1 € v 7Y p—
0.8 0.8
0.6] 0.6
9 [
a a
0.4r1 0.4
0.2} 0.2
J K — 1 H
0 0
0.8 09 1 11 12 13 14 08 0.9 1 11 12 13 14
u u
(i) k=0.05. (i) k=0.4.
(a) Series primary.
1 1
0.8 0.8
. 0.6 o, 0.6
2y =3
A A
0.4 1 04
0.2 0.2
0 P T — i 0 [ 1 —_
08 09 1 11 12 13 14 08 0.9 1 11 12 13 14
u u
(i) k=0.05. (ii) k=0.4.
(b) Parallel primary.

Fig. 4-7. Sensitivity of DPF to u and k in systems having a compensated primary and an
uncompensated secondary.

Systems having an uncompensated primary and a compensated secondary: The DPF of systems
with an uncompensated primary and a compensated secondary are shown in Fig. 4-8 as a function of u
and Qo for selected k. As expected, the power supply operates with a DPF less than unity. Once again,
series and parallel secondary topologies exhibit similar features. In loosely coupled systems, the DPF

is very close to zero as the power transfer is small. For well-coupled systems with high Qs, the DPF
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becomes higher because more power is transferred.

1.0 o 1.0
0.8 0.8
0.6 i 0.6
(a9 ¥
0.4 Q0.4
0.2 0.2
0.01 0.06
1 a2t 3l4 f’n 1.4
- gL
" T0s809 L u 2 10809 Lo u
(1) k=0.05. (ii)) k=0.4.
(a) Series secondary.
1.0, 1.0
0.8 0.8
0.6 0.6
50.41 ' 504
0.2 0.2+
0_(14% 00.
6 5 = J?I! ’;_l 4 6
& — ‘I ()‘1.1 ] 2 " 4
108 (019 He u u
(i) k=0.05.
(b) Parallel secondary.

Fig. 4-8. Sensitivity of DPF to u, k and Qg in systems having an uncompensated primary and a
compensated secondary.

Systems having both the primary and secondary compensated: Poor DPF as shown in earlier
systems can be improved with primary compensation. The four basic topologies (SS, SP, PP and PS)
are compared in Fig. 4-9. In this figure, the DPF at mo (u=1) is shown on the surfaces as a white line.
Theoretically, the SS topology achieves the best results compared with the other topologies. The DPF
of the SS topology at @y is unity and independent of Q and k, but those of other three topologies are
below unity and dependent on both Q; and k. In addition, unity DPF is achieved only at one operating
frequency if Qs is low. When Qs is high, unity DPF can be achieved at three operating frequencies. This
bifurcation occurs at lower Qs values as the magnetic coupling improves (high k). Furthermore, the
operating frequency with unity DPF is not at @y when either the primary or the secondary is parallel

compensated (SP, PP and PS topologies).
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10 1.0,
0.8 - 0.8,
0.6 8 0.6
804 [o4
0.2 0.2+ -
0. 0.0.. :
) b 3L i S v —--;‘T'z'"f-g ut
0509101, Qa” 20910
(i) k=0.05. (ii) k=0.4.

(a) SS topology.

1.0- 1.0,
0.8 0.8-
l-Y-cO6 &0.6
00.4- No.
0.2. 0.2]
0.0+ 0.0,
: g P W
== 1213 4 5 = 7T 13
w 4051011 a0 10 !
10809 u Qo™ 2759509 u
(i) k=0.05. (ii) k=0.4.
. (b) SP topology.
LO- 1.0
0.8 0.8+
a:06 &O.GI“ -
804 8041
02 o.zJ |
0.0l - 0.0l - =
? J1.4 sy T e Sy
'3 e < a3l
= 01 1.2 T ol 12
108 Qo™ 2 g0.9"" "u
(i) k=0.05. (ii) k=0.4.
(c) PP topology.
1.0 1.0+
0.8 0.8
&0.6: 80.6
00.4 504
0.2+ 0.2
0.0~ L. . 3
k BT 4 i R o514
- 101.[1'2 Q3\ 1.0 12 )
10809 \ u o~ 2 10809 u
(i) k=0.05. (ii) k=0.4.
(d) PS topology.

Fig. 4-9. Sensitivity of DPF to u, k and Qy in systems having both the primary and secondary
compensated.
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4-5.2 SYSTEM BEHAVIOUR USING A FIXED-FREQUENCY CONTROLLER
If the operating frequency of the power supply is fixed at wy, the frequency detuning effects of the
pickup are minimized. As shown above, this may result in a poor DPF if either the primary or the

secondary is parallel compensated (SP, PP and PS topologies). A poor DPF requires the power supply

to have a large VA rating.
For fixed-frequency operation at wo (u=1), equation (4-8) can be calculated as:
0 SS topology
e SP topology
Q.\‘O
tan 6, (u=1)=4 , (4-10)
~-k*Q,, + 1-k PP topology
’ QsO
(K 0 PS topology

Using this result, the DPF at y calculated using (4-9) is a function of k and Qo as illustrated in

Table 4-8 and Fig. 4-10.

TABLE 4-8
DPF OPERATING WITH FIXED FREQUENCY AT wy

DPF at g (u=1)
Topology Qs0=2 50=5 Qs0=8
k=0.01 | k=0.3 | k=0.6 | k=0.01 | k=0.3 | k=0.6 | k=0.01 | k=0.3 | k=0.6
SS 1.00 1.00 | 1.00 1.00 | 1.00 | 1.00 1.00 1.00 | 1.00
SP 089 | 0.89 | 0.89 098 | 098 | 098 | 099 | 099 [ 0.99
PP 089 | 096 | 093 098 | 097 | 0.51 099 | 0.86 | 0.34
PS 1.00 | 098 | 0.81 1.00 | 091 | 049 1.00 | 081 | 033

SS Topology: The DPF (when operated at wo) of the SS topology is always unity and remains
independent of k and Qg. This allows system performance to be maintained during misalignment of
the electromagnetic structure, which is the most difficult parameter to control in ICPT applications

where mechanical alignment is not used.

SP Topology: The DPF of the SP topology is independent ofk but is a function of Qso. It is poor at
low Q,, and becomes ever closer to unity as Qs increases. Similar to the SS topology, the SP topology is
independent of k allowing misalignment of the electromagnetic structure. Consequently, the

performance of the SP topology is comparable to the SS topology providing Qs is about 2 or larger that
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is almost always true.

1.2 — 1.2
1 1 Jpp———
0.8 0.8
& g f
A a
0.6] 0.6
041 0.4
0.2 0.2 .
1 2 3 4 5 6 7 8 1 2 3 4 (5) 6 7 8
Qs0 Qs0
(a) SS topology. (b) SP topology.
12 1.2
1 —— — 1
J\ T~ -~ S T~ —
AY \\ -
0.8 N N =~
. ’ \\ 0.8 \\
= S foy \
A \\ =0 "’\
0 6 S \ a ) ~
' \\\ 0.6 \\
—— \\
t_g'gl Thel ——k=001 S«
0.4 e Ssoo — — k=03 P
---'k=0.6 = - 04 \\‘
----k=06 ~-
0.2
9 2 3 4 5 6 7 8 0.2 *
Qe 1 2 3 4 5 6 1 8
Qso
(c) PP topology. (d) PS topology.

Fig. 4-10. DPF operating with fixed frequency at .

PP Topology: The DPF of the PP topology depends on both k and Qs. The effiects of Qs and k are
very complex. From (4-10) it can be seen that unity DPF can be achieved when:
1
07 +1

This relationship is shown in Fig. 4-11 as a curve. As the magnetic coupling improves, Qs must

PP topology 4-11)

decrease to maintain unity DPF. The power transfer capability of an ICPT system can be improved by
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enhancing k or increasing Q;. However, to ensure good DPF in this case, a trade-off between k and Qs

is necessary.

0.8
0.7
0.6
0.5

04
0.3
0.2

0.1
1 2 3 4 5 6 7 8

QsO
Fig. 4-11. Required relationship between k and Qs to achieve unity DPF
at @y for the PP topology.

Interestingly with low Q (around 2), as illustrated in Fig. 4-12, the DPF is close to unity across a
wide range of k. At this condition, unity DPF is achieved when k is about 0.45. With higher Qs, the
DPF drops rapidly as k increases. For well-coupled systems where the variation of the magnetic
coupling is large, it may be desirable to design the system with low Qs. The contact-less electric

vehicle battery charger discussed later in this thesis is designed with this in mind.

1.2

2]
By
A . .
06f ——Qu=2 S0 e
—— Q5 ..
04f ===-Qu=8 S
0.2 ‘ ‘ ‘ - ‘
0O 01 02 03 04 05 06

k

Fig. 4-12. Selection of Qs to improve DPF when operating at wy
over a wider range of k for the PP topology.
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PS Topology: The DPF of the PS topology is the most sensitive of the topologies listed here to Qs
and k. The DPF becomes worse with increasing Qs or improving k. This topology is thus a poor choice

for well-coupled systems with high Q.

4-3.3 SYSTEM BEHAVIOUR USING A VARIABLE-FREQUENCY
CONTROLLER

If the operating frequency of the power supply is controlled to achieve unity DPF, the necessary VA
rating can be minimized. However, in such systems the pickup does not operate at the tuned frequency
when either the primary or the secondary is parallel compensated (SP, PP and PS topologies) as stated
earlier. If the frequency-detuning effect is large, the pickup may not be able to transfer enough power.

Under variable-frequency control, all of the four basic compensation topologies exhibit frequency
bifurcation when Qs is large. As a result, the system may shift between any of the possible operating
frequencies. Naturally the controller operates at the frequency extremes (either the lowest or the
highest operating point) where pickup frequency detuning can be very large resulting in significant
loss of power transfer capability.

.For:variable-frequency operation with unity DPF, the operating frequency is the zero phase angle
fréquency of the load impedance and can be calculated by:

ImZ, (uk,Q,)=0 or ImY, (u,k,Q,,)=0 (4-12)

The operating frequency determined by (4-12) is a function ofk and Q. These topology dependent

results are compared in Fig. 4-13. As expected, in all four basic topologies the operating frequency is

closely at @y for loosely coupled systems (low k), and bifurcation phenomenon is evident for well-

coupled systems (high k) with high Qs. In all cases, improving k results in the occurrence of bifurcation

at lower Q.

SS topology: The SS topology once again is the most desirable as it can theoretically operate at wg
and as such assures maximum power transfer to the pickup. Moreover, this is achieved independent of
k and Q. Once bifurcation occurs there exists two additional operating modes above and below wy.
Their frequency shifts from wo increase with increasing k and Q;, and may result in substantial
frequency detuning of the pickup and as such a major drop in power transfer capability. It is necessary

to avoid these two operating modes.

SP topology: All the three operating modes of the SP topology are dependent on k and Qg. This
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topology has the worst light load behaviour (low Qs in the bifurcation-free region) as the operating
frequency can shift well above wg. In the region where bifurcation occurs, one of the three operating
modes remains close to wo. If the system could be controlled to operate at this operating mode,
detuning of the pickup would be minimized. Once again, the frequency shifts of the other two

operating modes increase with increasing k and Qs, and should be avoided.
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| .’._—-'-'- "'/.—__..
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S S — - f:‘ N — s — —
o8f "7 -- T 0.8 T e
0.6 n . 0.6 * — * -
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Qso Qso
(a) SS topology. (b) SP topology.
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Qso QSO
(c) PP topology. (d) PS topology.

Fig. 4-13. Operating frequency with unity DPF.

PP topology: In the bifurcation-free area, the operating frequency of the PP topology is independent
of Q. It can be shown that this frequency is a function of k given by:
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1
u =«/1—:k2 (4-13)

Consequently, the frequency shift increases with increasing k. This operating mode extends into the
bifurcation region. The frequency shifts of the other two operating modes in the bifurcation region are

normally larger and should be avoided.

PS topology: All the three operating modes of the PS topology also depend on k and Q. The
frequency shifts at light load (low Qs in the bifurcation-free area) is comparable to the PP topology and
less than that of the SP topology. Once bifurcation occurs, frequency shifts are significant in all three

operating modes. It is desirable to avoid operation in this region.

:The bifurcation boundaries of the basic topologies are compared in Table 4-9 for selected k of 0.2,
0.4 and 0.6. Bifurcation appears when Qg is larger than the boundary value given in this table in each
case. The corresponding primary quality factor (Qp) determined by (4-5) is also shown in the table.
When the primary and secondary have the same compensation topology (SS and PP topologies), as can
be seen in this table, the bifurcation boundary is very close to the simplified bifurcation criterion of
Qpo>Qso (as discussed in section 2-5.5). For the other two topologies (SP and PS topologies), however,

this simplified bifurcation criterion is not suitable, and bifurcation only occurs at a much larger Q.

TABLE 4-9
BIFURCATION BOUNDARY FOR VARIABLE-FREQUENCY OPERATION WITH UNITY DPF
Topology =0.2 =0.4 k=0.6
- SS Qpo=5.05, Qs=4.95 Qpo=2.55, Qs0=2.45 Qpo=1.79, Qs=1.55
SP on=3.48, Qso=6.90 on=l.27, Qso=4.1 5 Qp0=0.56, Qso=3.15
PP Qpo=4.95, Qs0=4.85 Qp0=2.39, Qs=2.20 Qpo=1.42, Qs=1.25
PS Qpo=3.55, Qs=7.05 Qpo=1.39, Qs0=4.50 Qp0=0.70, Qs=3.95

‘For bifurcation-free operation, the frequency shifts relative to wp are compared in Fig. 4-14 for
selected k. The SS topology as shown has no frequency shift. The SP topology has the largest
frequency shift above wo. The PP topology also has a frequency shift above the wy, but is less than that
of the SP topology. The PS topology has a frequency shift below mg. The absolute frequency shift of
the PS topology at low Qs is less than that of the PP topology. To minimize the pickup frequency
detuning effects, the SS topology is the best choice, while the SP topology should be avoided, and the
PS topology is a better choice than the PP topology.

-103 -

Momentum Dynamics Corporation
Exhibit 1025
Page 131




CHAPTER 4 EVALUATION OF A DESIGN METHODOLOGY FOR ICPT SYSTEMS
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Fig. 4-14. Frequency shifts for bifurcation-free operations.

4-5.4 DESIGN CONSIDERATIONS

It is usually assumed that a variable-frequency controlled ICPT system requires bifurcation-free
operation, as it is very difficult for a standard variable-frequency controller to distinguish the different
operating modes in the bifurcation region due to the fact that the operating frequency of each mode is
load dependent. Using the load model developed in chapter 3, the bifurcation boundary can be
determined to ensure bifurcation-free operation when a variable-frequency controller operating with
unity DPF is used. The bifurcation boundary is a relation between k and Qw. With a given Qu,
bifurcation occurs as k is improved over this boundary. For a given k, bifurcation occurs when Qs; is
increased across this boundary. The bifurcation boundary is topology dependent. With a given k, the
maximum Qg of the SP and PS topologies for bifurcation-free operation is much higher than the SS
and PP topologies.

The primary resonance design determined by (4-3) assumes the primary and secondary resonance is
independent of each other. However, with improved k and increased Qs the interactions between the
primary and secondary resonant circuits may affect system behaviour significantly. This does not
present a problem to the SS topology, but does for the other topologies. A series-compensated
secondary reflects no reactance when operating at wo as noted in section 3-7.1, and the primary can be
completely tuned with the selected primary capacitance in series connection. However, a
parallel-compensated secondary reflects a capacitive reactance when operating at this frequency, and
this reflected reactance is not tuned by the selected primary capacitance. Both series and parallel-
compensated secondary systems reflect a resistance representing the power transfer. Since this

reflected resistance is in series with the primary coil, the selected primary capacitance is unable to tune
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the reactance of the primary coil completely in a parallel-compensated primary system. The only
exception is the PP topology, where complete tuning can be achieved if k and Qs are carefully selected
as explained in section 4-5.2.

Since the load resonant tank is not properly tuned, system operation will deviate from the design
point. With a fixed-frequency controller operating at o, the power supply will operate with a DPF less
than unity. Using a variable-frequency controller operating with unity DPF, the operating frequency
will shift away from wg and bifurcation may occur. Such deviations are small when the loading effects
of the secondary resonant circuit on the primary are negligible. This is true in loosely coupled system
(low k) with low Qs (no bifurcation).

With increased Qs or improved k, the interactions between the primary and secondary resonant
circuits can result in large frequency detuning of the pickup or poor DPF of the power supply. Witha
large frequency detuning, the assumption of operation about wy is not valid. With a poor DPF, the
desired constant primary current is not available when the required VA rating exceeds the capability of

the selected power supply. In either case, the system will be unable to deliver the required power.

4-6 A PRACTICAL DESIGN EXAMPLE

" The contact-less electric vehicle battery charger discussed in section 3-11 was designed using the
design methodology described in this chapter. The electromagnetic structure, the compensation
topology, and the system parameters have been given in section 3-11. Using these parameters, the open
circuit voltage (Voc) was calculated as 239V, while the short circuit current (I5;) was determined to be
71A. The maximum power transfer capability without secondary compensation is therefore given by
Voc*Iso/2 to be 8.5kW. As this value is less than the required power transfer (P) of 30kW, secondary
compensation is necessary. The compensation level (the secondary quality factor, Qy) as determined

by P/(Vo*1s.) is about 1.8. The rated load is then calculated using (2-23) to be 6. The secondary VA
fating as determined by J 1+ Q2 *P is thus 62k VA,

The primary compensation capacitance (Cp) is calculated by (4-3). This primary capacitance is
determined to compensate only the self-inductance of the primary coil. Without compensating the
loading effects of the secondary resonant circuit on the primary coil, as noted in section 4-5, the system
operation will deviate from the design point. For fixed-frequency operation at g, the power supply
will operate with a DPF less than unity. For variable-frequency operation with unity DPF, the operating
frequency will shift away from wo. This section investigates and verifies such deviations for the above
battery charger.

With a fixed-frequency controller operating at o (19.7 kHz), the DPF of the power supply and the

- 105 -

Momentum Dynamics Corporation
Exhibit 1025
Page 133




CHAPTER 4 EVALUATION OF A DESIGN METHODOLOGY FOR ICPT SYSTEMS

power transfer capability of the pickup assuming constant primary current are shown respectively in
Fig. 4-15 (a) and (b). In these figures, the load is extended above rated load to illustrate complete
system characteristics, but operation above rated load may be not possible due to the limit of the actual
pickup VA rating. The DPF is determined from the phase relationship between the power supply
output voltage and current. This phase relationship is calculated using the power supply load
impedance developed in section 3-10.1 for the PP topology. The power transfer capability of the
pickup when operated at ay is calculated by (3-20). The power curve in this figure and the following
similar figures were calculated assuming the primary current was controlled at 15A instead of the rated
value of 150A for practical reasons, as this enables the theoretical curves to be verified in the
laboratory. Although the primary current is reduced, all the system characteristics presented are
identical except that the power level is scaled down by one-hundredth. Since the pickup operates at o,

the power curve shows a linear relationship to the load, and rated power of 300W is achieved at rated
load.

1.2 800
11 g 700 - i s
~ 600 &
1 ‘é 500 %
ol 5 400 a
A 8
0.8 £ 300
(=W
0.7 AL
100, : X
0.6
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Load R (©2) Load R ()
(a) DPF (b) Power transfer capability (I,=15A)

Fig. 4-15. DPF and power transfer capability of the contact-less electric vehicle battery charger using
a fixed-frequency controller operating at .

Since the choice of Qs is close to 2, as noted in section 4-5.2, the DPF of the power supply will be
close to unity over a wide range of k allowing a larger tolerance to misalignment between the primary
and secondary coils. The magnetic coupling coefficient (k) of the battery charger calculated by (2-1) is
0.45. The necessary Qs to achieve unity DPF for this coupling condition determined by (4-11) is 1.98
corresponding to a load of 6.6Q2, which is slightly larger than rated load of 6Q2 as can be seen in Fig.
4-15 (a). Atrated load, the DPF is slightly lower than unity. Due to a suitable choice of k and Qy for

the selected PP topology, the interactions of the primary and secondary resonant circuits do not affect
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the DPF of the power supply substantially for rated operation. However, the DPF of the power supply
at light load conditions becomes very poor due to such interactions as Qs drops with the decreasing
load.

As part of the experimental set-up, a voltage-fed full-bridge LCL-resonant inverter operating in
discontinuous current mode was used to drive the designed system. This inverter will be investigated
thoroughly in chapter 8. To simplify the discussion of the PP topology, the series inductor between the
inverter and the primary parallel resonant tank is regarded as part of the power supply. As such, the
system configuration is formed by a PP topology driven by this power supply. The DPF of the power
supply is then determined by measuring the phase relationship between the discontinuous inverter
current and the resonant tank voltage.

With the operating frequency controlled at wg (19.7kHz, by manually adjusting the switching
instant of the inverter), the measured waveform of the discontinuous inverter current (i;) and the
resonant tank voltage (vp) are shown in Fig. 4-16 for rated load (6€2) and a reduced load (3.8Q2). As
shown, the fundamental inverter current and the resonant tank voltage are closely in phase atrated load,
indicating a DPF close to unity. At the reduced load, there exists a significant phase angle, indicating a

DPF less than unity. The inverter current waveform will be investigated further in chapter 8.

vp=Resonant tank voltage I vy=Resonant tank voltage

1
i=Inverter current | | 1=Inverter current ‘
Time | - Time
(a) Rated load (R=6Q2) (b) A reduced load (R=3.8Q2)

Fig. 4-16. Measured waveforms of the inverter current and the resonant tank voltage for the contact-
less electric vehicle battery charger (operating at ®y=19.7kHz).

Variable-frequency operation with unity DPF (zero-phase angle of the power supply load
impedance) was achieved by controlling the inverter current (i;) to follow the voltage (vp) across the
parallel-compensated primary winding. With this system, operating frequencies can be calculated
from the power supply load impedance using:
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ImZ,(@,R)=0 (4-14)

As shown in Fig. 4-17 (a), the frequencies at which zero-phase angle occurs are actually functions
of the load. The power transfer capability when operated along these zero-phase angle frequency
profiles can be calculated from (3-20) and are shown in Fig. 4-17 (b). As can be seen, bifurcation
occurs as the load is increased slightly above rated load. The measured frequencies and power transfers
are shown in Fig. 4-17 as circles at each of the measured loads. In practice, control perturbations and
transients affect the operating frequency of the variable-frequency controller in the bifurcation region.
In order to investigate and measure the system operating at the three different zero phase angle
frequencies and thereby verify the theory, the converter was made to operate in this region by
increasing the load beyond rated value while adjusting the turn-on interval of the inverter manually to
force a shift between these operating frequencies. Under steady state conditions, the system was found
to operate stably at either the lowest or highest zero phase angle frequency since perturbations that
give a large positive phase angle will shift operation to the lowest zero phase angle frequency and
perturbations that give a large negative phase angle will shift operation to the highest zero phase angle
frequency. Stable operation at the middle zero phase angle frequency is not feasible without forcing
the frequency (which was not possible with the controller used). As shown, the measured results
closely follow the theoretical curves despite simplifications in the model that assume sinuspida]

voltages and currents, and ignore losses in the capacitors and inductors.

1.4 . S 400 ——
l o)
1.3} o8 350 P
) Pr -0 ~0
12f 7° %:300 . el
- / 250 ~6
s11[ T o000 No
. & 200 N\
1 \? % ~. s
N . 9 =¥ 150 '~ ‘.
0.9f -0 é 100 t
0.8 * 50 ° *
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Load R (Q) Load R (QY)
(a) Operational frequency (b) Power transfer capability (I,=15A)

Fig. 4-17. Operating frequency and power transfer capability of the contact-less electric vehicle
battery charger using a variable-frequency controller operating with unity DPF.

Due to interactions between the primary and secondary resonant circuits, the operating frequency at
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rated load (6€2) is about 10% higher than ®,. Since the pickup is detuned, the available power at rated
load is only 266W. This is more than 10% lower than rated power of 300W.

4-7 CONCLUSIONS

A design methodology is described in this chapter for determination of the operating frequency, the
primary current, the electromagnetic structure, the compensation requirement and the secondary
quality factor. These design factors are inter-related and have to be selected properly to deliver the
required power with minimum total cost.

The load model developed in chapter 3 was then used to evaluate system sensitivity to fundamental

design parameters. When the primary compensation does not consider the interactions between the
ﬁrimary and secondary resonant circuits, it is found that the system deviates from design expectations
due to influences of the secondary pickup on the primary. These influences depend on the
compensation topology (SS, SP, PP and PS), the magnetic coupling coefficient (k) and the secondary
cjuality factor (Qs).
* The influence of the interactions between the primary and secondary resonant circuits is not a
f)fdblem for the SS topology (series primary and secondary), as the load resonant tank can be properly
tuned. However, care must be taken when other topologies are used. With loose magnetic coupling
(low k) and low Qs, the loading effects of the secondary on the primary are negligible in comparison to
the primary reactance. In this case, the system works very well since the primary and secondary
resonant behaviour are virtually independent of each other. With improved magnetic coupling (high k)
and increased Qs, the secondary loading effect affects the primary resonant behaviour substantially. As
a result, the system may operate with a poor displacement power factor under a fixed-frequency
controller designed to operate at w. For a variable-frequency controlled system operating with unity
displacement power factor, the system may have significant pickup frequency detuning. With poor
displacement power factor, the system operation may exceed the V A rating of the power supply. With
large frequency detuning, the pickup may have a substantial drop in power transfer capability. In both
cases, the system may be unable to deliver the required power.

Moreover, under variable-frequency control three operating modes may exist in the frequency
spectrum, and as such the system may become uncontrollable. Bifurcation occurs when either the
secondary quality factor or the magnetic coupling coefficient increase. Bifurcation limits are once
again topology dependent. For well-coupled system (high k), bifurcation may occur with a Qs less than
2.

The design methodology was applied to a practical example for contact-less electric vehicle battery
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charging, and verified under fixed and variable frequency control respectively. The system behaviour

is predicable, and clearly shows where improvements can be made.
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TUNING TO IMPROVE POWER TRANSFER
FOR VARIABLE-FREQUENCY SYSTEMS

5-1 Introduction

5-2 Primary tuning for unity DPF at rated load

5-3 Power transfer capability and bifurcation phenomenon
5-4 Bifurcation criteria

5-5 Discussion

5-6 Verification

5-7 Conclusions

S5-1 INTRODUCTION

In variable-frequency systems, the operating frequency can vary from the desired pick-up tuned
frequency (wo) with changes in load, thereby affecting the power transfer capability of the system. In
this chapter, improvements in the system’s power transfer capability are investigated by modifying the
primary tuning assumed with the design methodology described in Chapter 4.

Modifying the secondary compensation capacitance also affects the system's power transfer
characteristics, however this modification results in a change to the secondary resonant frequency.
This is undesirable under the design methodology described in Chapter 4 since the required power
transfer to the pickup can only be guaranteed whenever the secondary resonant circuit is tuned to the
nominal operating frequency (wg). As previously shown, the load resonant tank tuning has a marked
effect on the system's frequency deviations, consequently the focus of this chapter is the appropriate
selection of the primary compensation capacitance (C,) to minimise variations from wo (over the
operating load range).

Theoretically, an ideal solution could be achieved if C, were able to be dynamically tuned [1].
However, this is normally not preferred in a practical system due to the complexity and cost of the
control means necessary to achieve this. In this chapter, the aim is then to first select the best C, that
improves the tuning of the load resonant tank when operating at rated load. Following this the power
transfer capability and bifurcation phenomenon under variable-frequency operation are investigated to
find out the influences of the compensation topologies (SS, SP, PP and PS) as well as the fundamental
parameters k (the magnetic coupling coefficient) and Qsorated (the secondary quality factor at wo and

rated load) determined with the design methodology described in Chapter 4. A general bifurcation
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criterion is developed for each topology to ensure the system can deliver the necessary power stably
over the full operating range. Finally the theory is verified using a practical design example. System

behaviour under fixed-frequency operation is analysed in the following chapter.

5-2 PRIMARY TUNING FOR UNITY DPF AT RATED LOAD

In this chapter, all of the design parameters are assumed to be determined following the standard
design process outlined in chapter 4 except the primary compensation capacitance (C,). Thus the
focus here is on using the load impedance model developed in section 3-10 to determine a suitable
modification to Cp.

In order to minimize the VA rating of the power supply, it is desirable to operate at the zero phase
angle frequency of the load impedance (Z;). At this frequency, the load reactance (Im Z;) seen by the
power supply is -zero, and the DPF of the power supply is unity. This zero phase angle frequency must
be designed to equal mg to ensure maximum power meets the required power. The design solution to
achieve this objective can be determined using;

ImZ,,=ImZ,(0=0,)=0 (5-1)

To meet this condition, C; is designed here to compensate not only the self-inductance of the
primary coil (L) but also the reflected impedance (Z;). The necessary C, as derived in Appendix His:

C.L

shos SS topology
LP

CL 1
sos)_ SP topology
L, (1 —kz) P

C =4 (5.
Ple.L, 1- k2 (5-2)
> PP topology

L, \Qxk* +(1-k2)

C.L, 1
L, 02k* +1 PS topology

For a general analysis, a normalized primary compensation capacitance (Cpp) is defined here using
the Cp assumed earlier with the design methodology described in chapter 4 (equation 4-3). Thus:
C, = G
- CSL: (5 -3)
‘ L

p

Substituting (5-2) into (5-3) results in:
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1 SS topology
1
—E SP topology
= 1-k? -
Con { - PP topology (5-4)
2kt +(1-%?)
1
[—m_l PS topology
s0

The value of C,n as shown depends on three factors: the compensation topologies (SS, SP, PP and
PS), the magnetic coupling coefficient (k) and the secondary quality factor (Q) at @o. As expected,
Con is unity when an SS topology is used and there is no need to modify C, from the original tuning
because the load resonant tank has been properly tuned (as noted in section 4-5). However, a different
G, (Con#1) is necessary when the other three topologies are used.

‘As can be seen in (5-4), the selected primary and secondary compensation topologies play a large
role in the correct choice of C,. Since a series-compensated secondary reflects no reactance at @y, the
primary inductance can be “tuned out” (independent of either k or Q) using a series-connected
capacitance in the primary network. Although this SS topology seems to be the best choice regarding
primary resonance design, parallel compensation may be preferred in the primary and/or secondary
tesonant circuits for practical reasons [2-8]. The required C, in these topologies (SP, PP and PS) is
dependent on k. As a parallel-compensated secondary reflects a load-independent capacitive reactance
at ao, the required C, for a series tuned primary in this case (the SP topology) is independent of Q.
However, the required C;, for a parallel tuned primary (the PP and PS topologies) is a function of Qso
and consequently load. The reflected impedance contains a real component representing the load in
series with the primary self-inductance, and consequently parallel tuning of the primary coil is load
dependent. It is impractical to allow Cj, to vary with the load, thus C, must be chosen for a selected load
point. Given that the designer must ensure maximum power can be delivered, the logical choice is to

select C, for the rated power point. The required C,y, is thus:

1 SS topology
1
—i2 SP topology
2
C,, =1 2 l4 k PP el (5-5)
.vO,raledk + (1 - k )

1
0% k41 PS topology

50,rated

\

With this approach, the designed power should be delivered for all loading (Qso) variations within

the design range.
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As shown above, k and/or Qso,rated must be included in the choice of C,. In order to investigate the
effects of k and Qsoratea ONn the proposed primary resonance design, Cpn (as determined by (5-5)) is
shown in Fig. 5-1 as a function of k, for Qg rated Of 2, 5 and 10. While no change to the original tuning
is required for the SS topology, the SP topology is shown to require a larger C,, with better coupling.
The PP topology requires a slightly larger C, for loose coupling with low Qs rated, but needs a smaller
C, if the coupling is improved or Qsoated is increased. A smaller C; is always required for the PS
topology and the change becomes larger with better coupling or higher Qs rated-

16 T r —

-
i

-
o

=N

Normalized primary capacitance (Cpa)
o
(0]

06
041 e SS N S T~
—SP Quomed=10"og , N
02f ----PP Svag ~ 3
— - =P§S STe =.
0.1 0.2 0.3 04 0.5 0.6

Magnetic coupling coefficient (k)
Fig. 5-1. Primary tuning for unity DPF at rated load.

To increase the power transfer capability of ICPT systems, effort has gone into improving the
magnetic coupling between the primary and secondary, and coupling coefficients for single pickup
applications of between 0.3 and 0.6 are often achievable [2], [8]. For multiple pickup applications,
system constraints usually result in coupling coefficients of less than 0.1 per pickup [6], [7]. However,
as discussed later in Chapter 9, the effect of all pickups together is often again equivalent to a single
pickup with a coupling coefficient of about 0.2 to 0.5.

As shown in Fig 5-1, systems with such high coupling coefficients behave very differently to
loosely coupled systems. For coupling coefficients of less than 0.2, the system can be considered
loosely coupled and the original tuning gives a good result. However, as the coupling improves the
system characteristics change substantially. This change is a strong function of both the system
topology as well as Qo rated that could present a problem in SP, PP and PS topologies. With a Qs rated
equal to 10, the PP and PS topologies start deviating from the loosely coupled theory at coupling

coefficients exceeding about 0.2, while for lower Qgorated Values of 2 the deviation only occurs at

coupling coefficients exceeding about 0.5.
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Practical ICPT systems are normally either loosely-middle coupled with medium-high Q; or
middle-well coupled with low-medium Q. Examples of Cp, are given in Table 5-1 for both systems
assuming Qsorated Of 10 (high Qs) and 5 (medium Q;). For loosely coupled high Qs systems (k=0.1,
Qsoratea=10), the required C, is close to the original tuning (Cpn=1) as the reflected impedance is
negligible. For middle coupled high Qs systems (k=0.2, Qq0rates=10), the design can change by as much
as 4% for an SP topology, 11% for a PP topology and 14% for a PS topology. For middle coupled
medium Q; systems (k=0.2, Qsoratea=5), the required C; for the PP topology is again close to the
original tuning, while the required change to C;, for the SP and PS topologies is about 4%. The well
coupled medium Qs systems (k=0.4, Qsorated=5) change the design significantly by 19% for an SP
topology, 38% for a PP topology and 39% for a PS topology.

TABLE 5-1
PRIMARY TUNING FOR UNITY DPF AT RATED LOAD
Con
T0p010gy Qs0,ratea=10 Qs0,rated=5
=0.1 k=0.2 k=0.2 k=0.4
SS 1 1 1 1
SP 1.01 1.04 1.04 1.19
PP 1.00 0.89 1.00 0.62
PS 0.99 0.86 0.96 0.61

From the above it can be seen that the original tuning works well for the SS topology, and for other
topologies with low Qs rated (l€ss than 2) or coupling coefficients less than 0.2. Special care needs to be

taken when designing systems with either PP or PS topologies.

5-3 POWER TRANSFER CAPABILITY AND BIFURCATION
PHENOMENON

In order to investigate the effects of the modified tuning on the power transfer capability, here the
power transfer is normalized using therated power determined at rated load (Qso,rated) and o (u=1). As
noted in section 3-6 (equation 3-20), the power transfer to a secondary pickup is given by the square of
the primary current (Ip) multiplied by the reflected resistance (Re Z;). Assuming constant primary

current, the normalized power P, is then:

ReZ,)I, R z
Pt - (Rez,)I; ___Rez, _(Rez, Y ReZ, ) (., | ReZ, 56
Pow (ReZygut)l? ReZ RezZ, | Rez Tz

r0,rated r0,rated r0,rated r0,rated

where (Re Z,,) is the normalized reflected resistance, (Re Z,) is the reflected resistance at @, and (Re
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Z.0rated) 18 the rated reflected resistance at wg. These parameters are defined in section 3-7.

Substituting (3-26) into (5-6) results in:

(2
r =(Rezm>(—ReL°} ez )~k T | (rez, {L—] 67

ReZ a)o M C s0,rated
_L— Qso,raled
\

r0,rated
Since (Re Zg,) is a function of u and Qo as shown in (3-34), Py, is also a function of u and Q. In

addition, it is related to the specified rated load (Qsp rated)-

To calculate P, for variable-frequency systems, the operating frequency needs to be determined.
Here it is assumed the power supply operates with unity DPF by allowing the frequency to vary with
the load (Qq). At this frequency the phase angle of the load impedance (Z;) is zero. Similar to the
analysis in section 4-5.3, this operating frequency can be calculated using the normalized load
impedance (Z,) by:

ImZ,, (u,k,0,)=0 or ImY,(u,k,0,0)=0 (5-8)

The normalized load impedance developed in section 3-10.2 can be reused providing the
normalized reactance for C, (defined as “1/[wCp(Re Z)]”) is modified to include the changes
proposed to C;, in this chapter. For convenience, the normalized load impedance is summarized in
Table 5-2 with the function of each term given in Table 5-3. Here Cpy, is unity for systems tuned using
the approach described in Chapter 4 (hereafter labelled as “original tuning”). For systems using the
modified tuning methodology proposed in section 5-2 (hereafter labelled as “modified tuning”), it is
topology dependent as given by (5-5).

TABLE 5-2
NORMALIZED LOAD IMPEDANCES WITH COMPENSATED PICKUP
Series primary: ReZ, =ReZ,
z
Z,=—+t—=ReZ, +;ImZ, oL
" ReZ, G f ImZ, =—- L +——2—+ImZ,,
oC,(ReZ,,) ReZ,
z
Re Y’" — Re rn 5
(Rez,, ) +( Ly ImZmJ
. ReZ,,
Parallel primary:
Z,= i = __1—""_ oL p
Y, Re,+jim}, ——+ImZ,
ImY, = C,(ReZ,,)- ) -
2 ale
(ReZ,, ) +| —2-+Im2Z,
ReZ,,
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TABLE 5-3
FUNCTIONS OF THE NORMALIZED LOAD IMPEDANCE WITH MODIFIED TUNING
0,0 1
N Seri dary.
1 uC, u K0, C, eries secondary
oC,ReZ,) (1 Y, 1) 1 e
UC,,,, po Q_\-o ukZQson" arallel seconaary.
uQ,o = — Series secondary
a)Lp B PO k2 Q;o .
ReZ,, 1 "
! u Q0 +—|= Parallel secondary.
( ? 0, J k*Q,,
u4
ReZ (uz _ 1)2 02 +u Series secondary.
ReZ m = L —
ReZ 0 uz
(uz __1)2 2 4o Parallel secondary.
3(..2
- -1
M : Series secondary.
mz, | -1+
ImZ, =—=
ReZ’O _ul[(uZ _lp:o +1/Q50]
Y% 3> Parallel secondary.
(u - 1) Q.rO +u

- With k and Qgrates determined using the design methodology described in Chapter 4, the
normalized operating frequency (u) determined using (5-8) is a function of Qo (load) as shown in Fig.
5-2to 5-9 for all four basic topologies (SS, SP, PP and PS). The normalized power transfer capability
(P,) when operating at this frequency calculated using (5-7) is also shown in Fig. 5-2 to 5-9. Here, the
modified tuning is shown as solid lines, while dashed lines represent the original tuning. Bifurcation as
shown is a common phenomenon in all topologies. Bifurcation occurs when Qs is high, and improving
k simply results in the appearance of bifurcation at lower Qs.

In the analysis of each topology, the value of k is assumed to be 0.05, 0.2 and 0.4 to represent
systems that are loosely coupled, middle coupled or well coupled. Typical loosely coupled systems are
track-type ICPT systems, where the secondary pickup moves along a long track, and couples only with
a small portion of the primary cable extended along the track. If in such systems, the primary is
required to supply power to many secondary pickups distributed along the track, the coupling will
increase and equivalently become mid-coupled or well-coupled systems (as noted later in Chapter 9).
Typical mid-coupled or well-coupled systems are coil-type ICPT systems used in battery charging
applications, where often both the primary and secondary are concentrated coils.

As expected, the frequency and power curves when tuned using the approach described in Chapter 4

(“original tuning”) are independent of Qs ratea in €ach topology as C, is not load dependent. For the SS
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topology, the modified tuning proposed in this chapter and the original tuning are identical. With the
SP topology, the frequency and power curves for the modified tuning are also independent of Qso,rated-
Here the independency to Qsoratea arises from the fact that the required C, is independent of load. In
order to draw the power curves, Qsorated iS arbitrary assumed to be close to, but still within the
bifurcation boundary. Other values can be used for Qg rated but this only changes the scale of the power
curves.

The PP and PS topologies with the modified tuning are more complex as the required C, is load
dependent. The frequency and power curves strongly depend on Cp, and it is assumed here that C; is
designed to achieve unity DPF at Qgoated. The analysis here investigates three systems with different
values of Qsoated. The first system assumes Qso rated is Well within the bifurcation boundary. The second
system has Qso rated close to, but still within the bifurcation boundary. The third system has a value of
Qsoated slightly higher so thatbifurcation occurs at rated load. This later system is neither desirable nor
practical and should be avoided as demonstrated by the effect this has a poor power transfer capability
due to large frequency detuning.

The possible improvements in the power transfer capability that arise from the modified tuning

depends on the system topology as well as k, Qs and Qs ratea as discussed following.

SS Topology: As noted in section 4-5.3, the SS topology is theoretically the most desirable and
there is no need to change C,. Here operating at wy is achievable for all loading conditions (any Q). In
theory, there is no pickup frequency detuning providing the operation is constrained to. the
bifurcation-free region, and the power transfer capability increases linearly with the load as shown in
Fig. 5-2. For the selected k 0of 0.05, 0.2 and 0.4, bifurcation occurs at Qs of about 20, 5 and 2.5, and as
such Qgoated is selected as 18, 4.5 and 2.2 respectively to ensure maximum and stable power transfer.

SP Topology: Since the required change in C, for the SP topology is independent of Qso, operating
at wp is achievable for all loading conditions (any Qso) as shown in Fig. 5-3. It is noted that the
influences of k and Qs on the operating frequency and the bifurcation phenomenon of the SS and SP
topologies are similar. Both are able to operate at wp under all loading conditions, which is a major
improvement for the SP topology. The bifurcation boundary of the SP topology is slightly lower than
that of the SS topology. For the selected k of 0.05, 0.2 and 0.4, bifurcation occurs at Q5o of about 20,
4.9 and 2.3, and as such Qs rated is selected as 18, 4.5 and 2.2 respectively to ensure maximum and
stable power transfer. Rated power is achieved (P,=1) at Qsoratea With the modified tuning, while the
original tuning is unable to deliver rated power (P,<l) due to pickup frequency detuning. The
improvement in power transfer capability strongly depends on Qs and k. With a Qg much lower than
Qs0,rated, the improvement is negligible but becomes significant at Qg raea When k is high. With a k of
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0.05, it is about 4% only and increases to 28% when k is 0.2, and 64% if k is 0.4.

With the SS and SP topologies, one of the three operating modes in the bifurcation region shows no
pickup frequency detuning. This could be exploited to deliver greater power providing a suitable
variable-frequency controller could utilizethis feature to enable stable operation within the bifurcation
region and providing the VA rating of the secondary is not exceeded. However, pickup frequency
detuning is unavoidable if the system chooses to operate in either of the other two operating modes.

PP Topology: Because C, of the PP topology is selected to achieve unity DPF at rated load,
operating at wp is achievable only at Qsorated @ shown in Fig. 5-4 to 5-6. In addition to k and Qso, the
value of Qsorated affects the operating frequency and power transfer capability because the required Cp
is dependent on Qsoated. If Qso,rated 18 Within the bifurcation boundary, the modified tuning is able to
reduce pickup frequency detuning, resulting in improved power transfer capability for all loading
conditions up to and including rated load. With Qo rated at or within the bifurcation region, the modified
tuning undesirably increases the pickup frequency detuning at all loading conditions within the
bifurcation boundary and as such tﬁe pickup power transfer capability becomes lower. It is necessary
to avoid this situation when using the modified tuning proposed in this chapter. To achieve this
objective, a general bifurcation criterion is developed in section 5-4.

For this topology, the load (Qso) at which bifurcation occurs is higher than the original tuned system,
resulting in a larger safety margin. This improvement is significant if the selected Qso rated is Well within
the bifurcation boundary. The bifurcation boundary of the PP topology is similar to the SP topology
discussed above. For the selected k of 0.05, 0.2 and 0.4, bifurcation occurs also at Qo of about 20, 4.9
and 2.3. If Qsoated is well within the bifurcation boundary, the difference in the operating frequency
and power transfer capability between the modified tuning and the original tuning is small or
negligible below rated load. Once again the improvement in power transfer capability becomes
significant when Qsoated is close to but within the bifurcation boundary in high k systems. With k of
0.05, this improvement is negligible. As k improves to 0.2, it is 3% only. At a k of 0.4, the
improvement increases to about 15%.

PS Topology: Similar to the PP topology, the C;, of the PS topology is modified to achieve unity
DPF at rated load and as such operating at wp is only achieved at Qsoratea as shown in Fig. 5-7 to 5-9.
With Qsoratea Within the bifurcation boundary, the modified tuning is able to improve the power transfer
capability under all loading conditions up to and including rated load. With systems where bifurcation
occurs at Qsorated, rated power is only available in the bifurcation area where the controller is normally
unstable, thus this design should be avoided. A general bifurcation criterion is developed in section 5-4
to enable suitable values of k and Qsoratea to be determined such that the system design is within the

bifurcation boundary.
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(c) A well-coupled system (k=0.4).
Fig. 5-2. SS topology - Operating frequency and power transfer capability under variable-frequency

operation.
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Fig. 5-3. SP topology - Operating frequency and power transfer capability under variable-frequency

operation.

(i) Operating frequency.

(ii) Power transfer capability.

(c) A well-coupled system (k=0.4).
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(c) A system where bifurcation occurs at Qg rated.

Fig. 5-4. PP topology with loose coupling (k=0.05) - Operating frequency and power transfer capability
under variable-frequency operation.
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Fig. 5-5. PP topology with middle coupling (k=0.2) - Operating frequency and power transfer capability
under variable-frequency operation.
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Fig. 5-6. PP topology with good coupling (k=0.4) - Operating frequency and power transfer capability
under variable-frequency operation.
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Fig. 5-7. PS topology with loose coupling (k=0.05) - Operating frequency and power transfer capability

under variable-frequency operation.
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Fig. 5-8. PS topology with middle coupling (k=0.2) - Operating frequency and power transfer capability
under variable-frequency operation.
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Fig. 5-9. PS topology with good coupling (k=0.4) - Operating frequency and power transfer capability
under variable-frequency operation.
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The bifurcation boundary of the PS topology is slightly higher than SP and PP topologies. For the
selected k of 0.05, 0.2 and 0.4, bifurcation occurs at Qg of about 20, 5.1 and 2.7. If Qsgaea is Well
within the bifurcation boundary, the improvement in power transfer capability is negligible below
rated load in low k systems. This improvement becomes significant when Qs ated 1S close to but within
the bifurcation boundary in high k systems. With a k of 0.05, 0.2 and 0.4, the improvement in power
transfer capability under this condition is about 4%, 18% and 59% respectively.

With the SP and PS topologies, bifurcation appears at a lower Qs in comparison to the original
tuning. While this appears to be a disadvantage under variable-frequency control as the safety margin
before bifurcation is reduced, the original tuning cannot transfer more power despite larger Qs in the
pickup design due to increased pickup frequency detuning, The maximum available power with the
original tuning actually occurs at a Q, below the bifurcation boundary of the modified tuning. Further

increase of Qs results in a drop of the power transfer.

S5-4 BIFURCATION CRITERIA

According to above analysis, it is crucial to ensure the system design is within the bifurcation
boundary when applying the modified tuning proposed in this chapter. In order to develop simple
design criteria to identify the bifurcation boundary, it is assumed in this section that C; is given by (5-2)
and therefore changes with the load when the primary is parallel compensated. In consequence, the
developed bifurcation criteria are valid for all loading conditions if the primary is series compensated
(the SS and SP topologies) where the required C;, is independent of the load, but is applicable only at
rated load in parallel compensated primary systems (the PP and PS topologies) since here C; is
selected at rated load as it is impractical to allow C, to vary with the load. Because bifurcation only
occurs with increasing load, it is shown in section 5-6 that designing the system to meet the bifurcation
criterion at rated load (with a small safety margin) can ensure bifurcation-free operation for all loading
conditions up to and including rated load.

As shown earlier in Fig. 5-2 to 5-9, the bifurcation criteria are topology dependent functions of k
and Qs. The theoretical analysis in this section investigates the full range of k and Q; to develop general
bifurcation criteria that can be used for any practical system design. For a given k (a specified
electromagnetic structure), Qs is allowed to vary in theory from a low value to a high value, and
bifurcation appears if Qs is greater than a boundary value determined by the bifurcation criteria. This
process can be repeated with varying k values. The objective is to identify all theoretical k and Qs
where bifurcation occurs. The results can then be applied to any design where practical values of k and

Qs are known. Theoretically, a suitable trade-off between k and Qs can be determined according to the
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bifurcation criteria. In most designs, the electromagnetic structure is optimised to achieve the best k
and here the bifurcation criteria can be used to determine the maximum allowable Q.

As noted in section 3-9, the fundamental design parameters k, Qpo and Qs are related as:

21 series secondary
_ k QJO
Cn=1 | | (59)
K0, O, parallel secondary

The bifurcation criteria can therefore be expressed in terms of Qu and Qs as well. In this section,
the bifurcation criteria are developed first as relationships between Qg and Q. They are then
re-expressed in terms of k and Qo using (5-9).

Under ideal conditions, C, can be assumed to be given by (5-2) so that pickup frequency detuning is
eliminated at all loading conditions. Thus the normalized reactance of C;, (as derived in Appendix H) is

a function of u, Qpo and Qg given by:

o

= series primary

1 u
oC,ReZ,) |1+ 2o (5-10)
parallel primary
l uQ PO

- When operating at the desired frequency that ensures unity DPF, the fundamental inverter output
voltage and current of the power supply are in phase. This zero phase angle frequency can be
calculated by determining the point at which the normalized load reactance is zero (Im Z\;,=0).
However, for parallel-compensated primary systems, it is often mathematically easier to look at the
normalized load susceptance (Im Yy,=0). The normalized load impedance in Table 5-2 and 5-3 is once
again used in this analysis with the normalized reactance of C, replaced by (5-10).

The normalized load reactance of series compensated primary systems (the SS and SP topologies) is
shown inFig. 5-10 as a function of u and Qpo, with Qo fixed at 5. Similar graphs can be drawn for other
values of Qg. The zero phase angle frequencies are shown as black lines on the surfaces. The
cross-sections of these surfaces at selected values of Qo are also shown for comparison.

Generally, the SS and SP topologies exhibit similar features. The zero phase angle frequency is
unique and identical to the secondary resonant frequency (u=1) if the primary quality factor is much
larger than the secondary quality factor (Q,>>Q;). However, there are three zero phase angle
frequencies when the primary quality factor is much lower than the secondary quality factor (Qp<<Qj).
One of these zero phase angle frequencies is identical to the secondary resonant frequency. The

differences between these three zero phase angle frequencies increases as the primary quality factor Q
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is reduced.

The normalized load susceptance of parallel-compensated primary systems is shown in Fig. 5-11.
As shown, the PP and PS topologies have similar features to the afore mentioned SS and SP topologies.
For all basic topologies, not only are the zero phase angle frequency curves similar, but also the
normalized load reactance surfaces of series compensated primary systems are similar to the
normalized load susceptance surfaces of parallel-compensated primary systems. Consequently, it is
possible to develop a general analysis of the zero phase angle frequencies for all basic topologies (SS,
SP, PP and PS). This approach is used in this section to develop general bifurcation criteria thereby

enabling the bifurcation boundary conditions to be precisely specified.

1.5 , —r
=5 ——Qu=3 =
LS Quo )= ___§:g :g Q=5 )
10 o} o
N 0.5 3 L | e
0.0 L zietle
-l.(%a L -  aosf
| ,._-—-"",'3'1-;_1'0 1.15 y |
() 5 \ v __ ‘_,0, 95'1 OO l ( D _1
p0 670.90Y u 09 095 1 105 11 115
(i) Surface function. (ii) Cross sections of the surface.
(a) SS topology.
Q’0=5 1.5
l.SI' 1
tj0.5 0.5
E 0 N
-0.5 8 o
-l
3 115 05 p
ol -1 i
u 09 095 1 105 11 115
(i) Surface function. (i) Cross sections of the surface.
(b) SP topology.

Fig. 5-10. Normalized load reactance.
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(a) PP topology.
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(i) Surface function. (ii) Cross sections of the surface.
(b) PS topology.

Fig. 5-11. Normalized load susceptance.

The normalized load reactance for the SS and SP topologies and the normalized load susceptance

for the PP and PS topologies can be represented as:

(“2 - I)G(”s o ,Qso)

D(t,0,0,0.0) -1

ImZ,orlmY, =

where the functions G(u,Qpo,Qs0) and D(u,Qp0,Qs0) are defined in Table 5-4 and (5-12) below for all
basic topologies.

The factor (u>-1) in (5-11) is zero at the secondary resonant frequency (u=1). This ensures system
operation with zero-phase angle at the secondary resonant frequency. Since the factor (u*-1) in (5-11)
is negative when the operating frequency is below the secondary resonant frequency (u<l), and
becomes positive when the operating frequency is above the secondary resonant frequency (u>1), it
presents no bifurcation information. As shown in Table 5-4(a), the function D(u,Qpo,Qs0) associated to
each of the four basic topologies is always positive. It therefore carries no bifurcation information as
well. Consequently, the bifurcation phenomenon, as shown in Fig. 5-10 and Fig. 5-11, will be inherent
with the function G(u,Qp0,Qs0)

For the four basic topologies, the function G(u,Qpo,Qs0) is a polynomial of the form:

-133 -

Momentum Dynamics Corporation
Exhibit 1025
Page 161




CHAPTER 5 TUNING TO IMPROVE POWER TRANSFER FOR VARIABLE-FREQUENCY SYSTEMS

8 6 4 2
G(u,on, s0)=a8u +agu +au’ +au” +a, (5-12)

The non-zero coefficients in (5-12) are given in Table 5-4(b). As shown, G(u,Qpo,Qs0) is a

bi-quadratic polynomial for the SS and SP topologies. For the PP and PS topologies, G(u,Qp0,Qs0) is a

bi-quartic polynomial.

TABLE 5-4
NORMALIZED FUNCTIONS IN (5-11)
(a) D(u.()..n.O,n

3 X PUS .Sy,

SS&SP ulu? 1Y 02 +u?
PP u{u2 + [(uz -1 0,000 +4° Qo — (- I)Qso ]2 }(1 + Q;O)
PS u{u6 + [(u2 —1)z 0,000 +u’ Qo — ¥’ (w2 ‘I)Qw]z}(l + Qﬁo)
(b) Coefficients of the polynomial G(u, Q,0,Qs0) in (5-12)

a4 0,005 — G0

sS | a 00 —20,00%
a0 onQ.'zo
a onQszo

SP | a 00 = Q0 —20,00%0
a0 Q,,oQ.vzo
as Q;OQ:
a6 — 407005 + 205000 = 20,7000 ~ 2,005

PP | a 6070050 —4030Q% +5070050 +30,0050 — 0,010 —20500,0 + 0o + O
a —40300/0 +20300% — 4075000 ~ 30,0250 + 250020 + Q50050 =205 +Oso
a 030950 + 030050 + poQa0 +0so
ag 0,005 ~ 20,0050 + 2,000
as =403,0% +Q,0 +2050050 + 50750050 = 2,005 ~ 250050 — 20,0050 +Co

PS | as (605000 +Qpo —40500% — 405005 +3C,00m0 —20,00% + 0o + 050Qs0 —20% + O
a —407,07% +2050050 + 050050 30,0050 +20,005 + s
a 07050 + 250050

The function G(u,Qpo,Qs0) is shown in Fig. 5-12 for the four basic topologies (SS, SP, PP and PS).

The white curves drawn on the surfaces of Fig. 5-12 represent zero values of the function G(u,Qp0,Qs0)-

According to (5-11), these zero values correspond to either zero load reactance or susceptance. In

consequence, two zero phase angle frequencies can be determined by these curves in addition to the

secondary resonant frequency for each topology.
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Fig. 5-12. Normalized function G(u,Qp0,Qs0)-

When the primary quality factor (Qp) is much larger than the secondary quality factor (Qs), the
- function G(u,Qp0,Qs0) is positive across the frequency spectrum as shown in Fig. 5-12. However, the
function G(u,Qpo,Qs0) becomes negative around the secondary resonant frequency (u=1) if the primary
quality factor is much lower than the secondary quality factor and as such two additional zero phase
angle frequencies other than the secondary resonant frequency exist. To ensure the secondary resonant
frequency is the only zero phase angle frequency, the function G(u,Qp0,Qs0) must be greater than zero

across the frequency spectrum. A general rule to avoid bifurcation is thus:
Gl1,0,0,0,0)> 0 (5-13)
Normally both the primary and secondary quality factors are larger than unity. This makes the
polynomial coefficient a; for SS and SP topologies positive so that if the bi-quadratic polynomial
G(u,Qpo,Qs0) is to be greater than zero, the discriminant:
A=a}-4a,a, (5-14)
must be less than zero.
Substituting the polynomial coefficients for the SS topology in Table 5-4 (b) into the discriminant
(5-14) results in:
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8=(0p0 ~20,004 40,403 (0,00% = 0u0)= 0p0l0,0 (1 - 402 )+ 4031 (5-15)
For (5-15) to become negative requires:
0,01 -402 )+ 402, <0 (5-16)
The bifurcation criterion for the SS topology derived from (5-16) is then:
40,
O > 207" (5-17)

As discussed in 2-5.5, this is identical to the result developed in [9].

Substituting the polynomial coefficients for the SP topology in Table 5-4 (b) into the discriminant
(5-14) results in:

A= (on - QsO - ZonQszo)2 - 4(Qp0Qs20 Xon szo) = (on - QsO Ion (1 -4 szo)_ QsO] (5'1 8)
The secondary quality factor is normally larger than unity, and as such the term (1 - 4Q2 ) in (5-18)

is negative. As a result, the factor 0, (1 —4Qfo)—Qs0 of the discriminat in (5-18) is also negative.

Letting this discriminant (5-18) become less than zero results in:
0,090 >0 (5-19)
The bifurcation criterion for the SP topology derived from (5-19) is thus:
Q0> Os0 (5-20)

The analytical bifurcation boundaries given by (5-17) and (5-20) respectively for the SS and SP
topologies are shown in Fig. 5-13. The bifurcation boundary of the SS topology sits above the
approximate bifurcation boundary given by Qpo>Qs in [6], [9-11] when the assumption of high Qs is
applied. In fact, the difference is negligible with high Qs;. With the SP topology, the analytical
bifurcation boundary sits exactly at Qu>Q.

The solutions of the general bifurcation rule (5-13) for the PP and PS topologies can be solved by
the approach proposed by Ludovico Ferrari in 16th century [12], but is rather complicated and
cumbersome. Alternatively, a numerical methodology can be used as shown in Fig. 5-14. Here, an
iteration process is used over a practical range of Qs such as from 1 to 10 and a suitable frequency
range of u around unity. In practical designs, Q, is normally larger than Q; to ensure bifurcation free
operation [6], [10]. The numerical process starts from a significantly large Qyo to make G(1,Qp0,Qs0)
positive across the frequency spectrum, and then reduces Qyo by a small amount at each iteration step
to verify whether G(u,Qpo,Qso) intersects with the axis G(u,Qpo,Qs0)=0, where bifurcation occurs. The
iteration procedure stops when either the bifurcation boundary is found at a certain Qp or no
bifurcation occurs for all Qo larger than zero.
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Fig. 5-13. Analytical bifurcation boundary for the SS and SP topologies.
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Set Quo>>Qso to make G(1,Qp0,Q50)>0 ]

Set Qpo=Qpo-AQpo
I

I Bifurcation occurs

\ 4

o Record Qpo

No bifurcation occurs l

End
Fig. 5-14. Numerical algorithm for finding bifurcation boundary.

The numerical bifurcation boundaries are shown in Fig. 5-15 for the PP and PS topologies. It can be
found that the numerical bifurcation boundary of the PP topology is identical to the analytical
bifurcation boundary given by (5-20) for the SP topology and as such would be the exact analytical
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bifurcation boundary. The numerical bifurcation boundary of the PS topology is below the
approximate bifurcation boundary given by Qu>Qs. According to this numerical bifurcation
boundary, if Qs is below 1.7 the system is free of bifurcation for any practical value of Qpo. When Qs

is above 1.7, the numerical bifurcation boundary of the PS topology is close to Qpo>Qso-1/Qso-

—— PP topology
— - — - PS topology

Qro
= N W d OO OO N O © O

Bifurcation-free region/ ‘

/
‘ Bifurcation region

9 10

N
N
w
»
o b
o
~
oo

QsO
Fig. 5-15. Numerical bifurcation boundary for the PP and PS topologies.

A summary of the bifurcation criteria is given in Table 5-5 for four basic ICPT topologies. They are
simple relations between the primary and secondary quality factors. According to above discussion,
the bifurcation criteria given in this table for the SS, SP and PP topologies are exact analytical
solutions, while that for the PS topology is an approximation.

Using (5-9), the bifurcation criteria can be expressed in terms k and Qg in Table 5-5.

Ifthe magnetic coupling is very weak (k<<1), the bifurcation criteria given in Table 5-5 for the four

basic topologies can be simplified to:

1
Oy < i3 (5-21)

As noted in section 2-5.5, this result is identical to the analysis in [6], [9].

The bifurcation boundaries in terms of k and Q, as given in Table 5-5, are compared in Fig. 5-16
for the four basic topologies. The maximum Qs for bifurcation-free operation decreases as k is
improved. This boundary is topology dependent. For loosely coupled systems with a k of 0.1, the
difference between the basic topologies is negligible, and bifurcation occurs in all topologies when Qso
increases above 10. However, this difference increases with improved k. For example with a k of 0.6,

bifurcation-free operation requires that Qs be below 1.3 for SP and PP topologies, 1.5 for the SS
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TABLE 5-5
BIFURCATION CRITERIA
Standard derivation in terms 0f Qpo and Qo | Re-expression in terms of k and Qo
40’ _k?
SS on > —_g_ﬁ)_' Q 0 < _‘/lh/—lk_
4Q50 _1 g »\/Ek
2
SP&PP Q0 > s 0, < Vi ;k
1 2
000 >0 —7— ¥ 00>17 Q0<-‘/l+k if 0, >1.7
PS Qs ¢ ‘
No bifurcation if Q,,<1.7 No bifurcation if Q,, <1.7
11 L L] T L 1
oy e SS topology 1

9 ——— SP&PP topology .

8 — - = PS topology J

7 B
J 6 -

5 N i

\ Bifurcation region
4r .. E
\*ﬁ =~

3 =3 —

ot Bifurcation-free region

1 ; :

0.1 0.2 0.3 04 0.5 0.6

Fig. 5-16. Bifurcation boundary defined by k and Qg for the four basic topologies.

5-5 DISCUSSION

With k and Qgoraea determined using the design methodology described in Chapter 4, the

bifurcation criteria in Table 5-5 is used to evaluate the designed system under variable-frequency

operation. This enables improvements in the power transfer capability (achieved as a result of

modifying C, to minimize pickup frequency detuning effects) to be determined. Here it is assumed that

the power supply controller allows the operating frequency to vary such that unity DPF is achieved at
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all times, thereby minimizing its required VA rating, size and cost. Consequently, in a single pickup
system the required power supply VA rating equals the power transferred to the pickup.

The improvement in power transfer capability can be guaranteed with the modified tuning proposed
in this chapter providing the bifurcation criterion is satisfied. If the designed system can not meet the
bifurcation criterion, rated power is available only in the bifurcation region with both the original and
modified tunings. Such a system is normally not desirable, and it is necessary to redesign the system to
have lower k or Qs rated to force it to meet the bifurcation criterion.

The allowable Qso,rateq is strictly limited by k. In a loosely coupled system with k of 0.05, the
maximum Qsoated 1 about 20 for all four basic topologies (SS, SP, PP and PS). With k improved to 0.2
for a middle coupled system, the maximum. Qsgaed reduces to about 5 for all topologies. In a
well-coupled system with k of 0.4, the maximum Qs rateq is close to 2.5 (2.5 for the SS topology, 2.3 for
the SP and PP topologies, and 2.7 for the PS topology). Consequently, variable-frequency operation is
not suitable for well-coupled (high k) systems with high Qs rated. TO avoid bifurcation, fixed-frequency
operation may be considered. This is investigated in the following chapter.

The developed bifurcation criteria are valid for all loading conditions when the primary is series
compensated, but are applicable only at rated load if the primary is parallel compensated. In this case,
designing the system to meet the bifurcation criterion at rated load with a suitable safety ma;git;
assures bifurcation-free operation for all loading conditions up to and including rated load. This is a
natural result as bifurcation only occurs with increasing load, as is verified in section 5-6 by a practical
example.

Under the modified tuning scheme proposed in this chapter, when the primary is series-
compensated (the SS and SP topologies), operation at mg can theoretically be achieved independent of
the load. In this case, pickup frequency detuning is minimized under all loading conditions. For
parallel-compensated primary systems (the PP and PS topologies), operation at wy is achieved only at
rated operation. Consequently, pickup frequency detuning effects under lightly loading conditions
cannot be avoided.

The improvement in the power transfer capability for selected examples are summarized in Table
5-6 to Table 5-8 for loosely coupled, middle coupled and well coupled systems respectively. The
discussion focuses on the SP, PP and PS topologies, where modification of C; is required. The
improvement in the power transfer capability as expected depends on the compensation topology as
well as k and Qo ratea. The required modification in C;, (as noted in section 5-2) for each case is given in
these tables for comparison.

With loosely coupled systems, the original tuning works very well for all four basic topologies.

Here the modified tuning and the original tuning are essentially identical since the required
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modification of Cp is negligible as shown in Fig. 5-6. As expected, the improvement in the power
transfer capability is very small or negligible.

For middle coupled systems, the original tuning also works well for the PP topology, and the SP and
PS topologies with low Qg ratea. In these cases, the improvement in the power transfer capability with
the modified tuning as shown in Table 5-7 is small. This improvement becomes more significant for
the SP and PS topologies with higher Qsoratea. While it looks as if the modified tuning is useful here, the
necessary change to C, is small. To do this in practice requires good lifetime capacitance stability.

For well coupled systems as shown in Table 5-8, the improvement in the power transfer capability
with the modified tuning can be up to about 15% for the PP topology, but again the required change in
C, is small and good lifetime capacitance stability is required. For the SP and PS topologies, the
improvement in the power transfer capability can be more than 50% and the required change in C; is
significant.

The necessary C, of this modified tuning depends on k, which may vary in practice due to
misalignment of the electromagnetic structure. Moreover, the practical C, selected may be different to
the theoretical value due to manufacturing tolerances, aging or thermal effects. The influence of
variations in capacitance and the misalignment in the electromagnetic structure are investigated in
Chapter 7.

TABLE 5-6
IMPROVEMENT OF THE POWER TRANSFER CAPABILITY WITH THE
MODIFIED TUNING FOR A LOOSELY COUPLED SYSTEM (k=0.05)

Bifurcation criterion. Qs0<20
L Rated load condition. QsO,rated=6 QsO,rated= 12 | Qso,ratea=18
SP Topology. S
' Modification in C,. Cpn~1.00
Improvement in power transfer. 0% 0% 4%
Bifurcation criterion. Qs0<20
Rated load condition. Qs0,ated=6 | Qso,rated=12 | Qs0,ratea=18
PP Topology. ER—
Modification in C,. Cpn~1.00
Improvement in power transfer. 0% 0% 0%
Bifurcation criterion. Qs0<20
Rated load condition. QsO,rated=6 QsO,raled=1 2 QsO,rated=1 8
PS Topology.
Modification in C,. Cpn~1.00
Improvement in power transfer. 0% 0% 3%
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TABLE 5-7

TUNING TO IMPROVE POWER TRANSFER FOR VARIABLE-FREQUENCY SYSTEMS

IMPROVEMENT OF THE POWER TRANSFER CAPABILITY WITH THE

4 s s ~ e o« o

o

Bifurcation criterion. Qs<4.9

Rated load condition. Qsorated=2  Qsorated=3-5 Qsoratea=4.5
SP Topology. S

Modification in C,. Cpi=1.04

Improvement in power transfer. 1% 8% 28%

Bifurcation criterion. Qs<4.9

Rated load condition. Qsorated=2  Qsorated=3-5 Qsoratea=4.5
PP Topology.

Modification in C,. Cm=1.04  C,=1.02 Cpn=1.01

Improvement in power transfer. 1% 2% 3%

Bifurcation criterion. Qs0<5.1

Rated load condition. Qsorated=2  Qsorated=3.5 Qsorated=4.5
PS Topology.

Modification in C;,. Cpn=0.99  Cyi=0.98  C,=0.97

Improvement in power transfer. 1% 5% 18%

TABLE 5-8
IMPROVEMENT OF THE POWER TRANSFER CAPABILITY WITH THE

Bifurcation criterion. Qs0<2.3

Rated load condition. QsO,rated=l 5 QsO,rated=2 QsO,rated=2-2
SP Topology.

Modification in Cp. Con=1.19

Improvement in power transfer. 16% 45% 64%

Bifurcation criterion. Q<23

Rated load condition. Qsorated=1.5  Qsorated=2  Qsorated=2.2
PP Topology. ) o

Modification in C,,. Cn=1.10 Cpy=1.04 C,=1.01

Improvement in power transfer. 6% 12% 15%

Bifurcation criterion. Qs<2.7

Rated load condition. QsO,rated=1-5 QsO,rated=2 QsO,raled=2-6
PS Topology.

Modification in C,. Cpn=0.95  Cpp=0.91  C;,=0.85

Improvement in power transfer. 9% 23% 59%
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5-6 VERIFICATION

The design of the contact-less electric vehicle battery charger having a PP topology (previously
described in section 3-11 and investigated in section 4-6) is now reconsidered using the modified
tuning proposed in (5-2) for C,. The controller is designed to operate with unity DPF. The operating
frequency and power transfer capability are calculated for this operating condition, and then verified
by experimental measurements.

With other design parameters unchanged, C,n can be determined from the known k (of 0.45) and Qso
(of 1.8) at rated load (of 6Q2). It is calculated to be 1.04. The modified tuning thus requires a C, 4%
higher than the original tuning. As a result, C, needs to be increased from 2.20pF to 2.28F.

Under variable frequency control where the controller is made to operate at the zero-phase angle of
the power supply load impedance (at unity DPF as discussed in section 5-5), it is crucial with this
modified tuning to ensure bifurcation-free operation for all loading conditions up to and including
rated load. The primary quality factor (Qpo) calculated using (5-9) is 2.19. The bifurcation criterion
given by Table 5-5 (for the PP topology) is Qpo>Qso. Since the calculated Qpo satisfies this criterion, the
system should not bifurcate for all normal operating loads, up to and including rated operation.

The bifurcation phenomenon and power transfer capability are shown in Fig. 5-17, where the
operating frequency and power transfer curves are functions of the load extended into the bifurcation
region. The measured operating frequencies and power transfers are shown in Fig. 5-17 as circles at
each of the measured loads. As shown, the measured results closely follow theoretical curves.

Operation at g is achieved at rated load due to the modified tuning, and bifurcation is only apparent
‘at higher loads, while the power transfer capability is equal to the desired power of 300W (30kW at
rated primary current 150A) at rated load. With the original tuning, the power transfer at rated load
condition is 266 W. Here the change in G is only 4% and the improvement in power transfer capability
is close to 13%.

At light loads, frequency detuning is unavoidable but it is less than that with the original tuning,
where, as shown in Fig, 5-17 (b-i), the operating frequency is detuned more than 10% above @ for all
loads up to rated load. Because the pickup is better tuned, the power transfer capability at light loads is
also higher than the original tuning.

The maximum power point of the re-tuned system under bifurcation-free operation is achieved at a
slightly higher load than ‘rated’ despite the operating frequency being a little lower than w¢. This
maximum power transfer capability as shown is 322W (32.2kW at rated primary current 150A).
Beyond this point (as the load is increased further), the power transfer capability decreases because the

operating frequency drops away from .
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Fig. 5-17. A contact-less electric vehicle battery charger with PP topology — Operating frequency and
power transfer capability under variable-frequency operation (a comparison of the original and
modified tuning schemes).

As discussed in section 5-3, the modified tuning for this PP topology also increases the bifurcation

boundary resulting in a larger safety margin before bifurcation. The onset of bifurcation occurs at 6.4Q

with the original tuning. It increases by 33% to 8.5Q2 due to the modified tuning. Fig. 5-17 also clearly

shows why a variable-frequency controller requires a suitable safety margin to ensure bifurcation-free

operation over all practical power demands. Once such a controller begins to operate within the

bifurcation region, the potential power delivery varies significantly if the controller moves in operation

between the highest and lowest operational frequencies.
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5-7 CONCLUSIONS

In this chapter the primary tuning capacitance (Cp) was modified to compensate not only the self-
inductance of the primary coil but also the loading effects of the secondary resonant circuit on the
primary. All other design parameters determined by the design methodology described in Chapter 4
were left unchanged. Under variable-frequency operation with unity DPF, this modified tuning
minimizes frequency-detuning effects in the pickup when operating at rated load, resulting in
improved power transfer capability.

The magnitude of the change in C, depends on the choices of the primary and secondary
compensation topologies (SS, SP, PP and PS) as well as the fundamental design parameters k and Q.
An SS topology does not require any change to C,, whereas the SP topology requires a larger C, with
improved k. When the primary is parallel-compensated (the PP and PS topologies), C;, is a function of
both k and Q. In this case, Cp needs to be selected for rated load to achieve the required power. The
required modification in Cp, could be as high as 20% in a middle coupled high Q; system, or 40% in a
well coupled medium Qs system.

Bifurcation criteria were developed for each of the basic ICPT topologies. As shown bifurcation
free operation is ensured if a design satisfies the bifurcation criteria. It was found that the SP and PP
topologies have identical bifurcation criteria, while those of the SS and PS topologies are different.
The bifurcation criteria were found to be simple equations dependent on Q, and Q;. When Qs is high,
the bifurcation criteria of each topology can be simply stated as Q,>Q;. Since Q, and Q; are inversely
related, ICPT systems will always bifurcate with increased loading (Q;).

The bifurcation criteria can also be expressed in terms of k and Qs allowing subtly different
interpretations. Here it was noted that the maximum allowable Qs decreases as k improves. With a k of
0.1, the maximum Q; is about 10 in all topologies. With an increased k of 0.6, the maximum allowable
Q; before bifurcation drops to less than 2, but varies between the topologies.

With k and Qs determined using the design methodology described in Chapter 4, the bifurcation
criteria can be used to evaluate the potential improvement in the power transfer capability by
modifying Cp. This improvement is guaranteed providing the bifurcation criterion is satisfied. If the
bifurcation criterion is violated, both the original tuning and the modified tuning cannot transfer the
designed power and the system should be redesigned to reduce either k or Q.

With systems that meet the bifurcation criteria with a large safety margin, the difference between
the modified tuning and the original tuning is small, and the improvement in the power transfer

capability is negligible. This improvement becomes more significant in systems that satisfy the
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bifurcation criteria with a small safety margin.

For the SP and PS topologies with good coupling, the modified tuning can increase the power
transfer capability by more than 50%. Here the required modification in C, is significant, and should
be used in practical systems. For the PP topology with good coupling, or the SP and PS topologies with
middle coupling, the potential improvement in the power transfer capability is about 10% to 25%. In
these cases, the required modification in C; is small. This is achievable in practice if good lifetime
capacitance stability is available.

Inloosely coupled systems, the modified tuning and the original tuning are essentially identical as
the required modification in C; is negligible. For middle coupled systems, the original tuning also
works well for the PP topology and the SP and PS topologies with low Q.

Both the theoretical power transfer capability and bifurcation phenomenon predicted for the
modified tuning were verified by a practical example using a contact-less electric vehicle battery
charger. The measurements were found to follow the calculated values closely. When the system is
designed to satisfy the bifurcation criterion with a suitable safety margin, it is able to ensure

bifurcation-free operation for all loading conditions up to and including rated load.
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CHAPTER 6

TUNING TO IMPROVE DPF FOR
FIXED-FREQUENCY SYSTEMS

6-1 Introduction

6-2 System behaviour with primary tuning for unity DPF at rated load
6-3 Primary tuning for load independent unity DPF

6-4 Discussion

6-5 Design examples

6-6 Verification

6-7 Conclusions

6-1 INTRODUCTION

This chapter investigates a method by which the displacement power factor (DPF) of an ICPT
power supply operating under fixed frequency operation can be improved. When the frequency of the
power supply is fixed to the nominal frequency (wy), primary tuning does not affect the power transfer
capability to the pickup loads providing the supply can maintain the primary current constant under all
loading conditions. However the DPF of the power supply may be well below unity ifits load resonant
tank is not properly tuned. Consequently, this Chapter focuses on suitable variations to the primary
tuning with the design methodology described in Chapter 4.

The modified primary tuning proposed in Chapter 5 for variable frequency systems is investigated
first. Here the design ensures unity DPF at rated load. However many practical ICPT systems are
found to operate for considerable periods of time under lightly load conditions, thus ideally DPF
should be improved under all loading conditions (up to and including rated load). An alternative

tuning option is therefore investigated that aims to achieve load independent unity DPF.

6-2 SYSTEM BEHAVIOUR WITH PRIMARY TUNING FOR
UNITY DPF AT RATED LOAD

It is assumed in this section that the primary compensation capacitance (C,) is modified using (5-2)
so that unity DPF is assured at rated load for fixed-frequency systems operating at @,. As noted in

section 5-2, the original tuning assumed with the design methodology described in Chapter 4 works
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well for the SS topology. Here unity DPF is achieved independent of the load and there is no need to
modify Cp. This section thus focuses on the SP, PP and PS topologies, where the original tuning does
not have unity DPF and modification of C, is required.

Similar to the analysis in section 4-5.1, the phase angle between the fundamental components of the
output voltage and current of the power supply can be calculated using the normalized load impedance
(Zy) as:

ImZ -
tanf, = T o tan g, _Im%, (6-1)
ReZ,, Re?,,
The DPF of the power supply can then be determined from this phase angle as:
DPF = cos§, (6-2)

Thus under fixed frequency operation at gy (u=1), equation (6-1) can be calculated (using the

normalized load impedance given in Table 5-2 and Table 5-3) as:

(1 1
1-k% - =0 SP topolo
(kZQso )[ CP" ] p gy
2\ 1-C. +k*C 3
tan, (u =1)={-k*Q,,C,, + (1 Qk )( ’"’kz £ ] PP topology (6-3)
s0
2 1
—k°0,C,, + (;560-)(1 - C,,,,) PS topology

where the normalized primary compensation capacitance Cpy is summarized in Table 6-1 for both the
original tuning and the modified tuning. For the PP and PS topologies, the required Cp, with the
modified tuning is a function of the load (Qy=Qs(w=wp ) equals “woCsR” for a parallel pickup and
“1/(oCsR)” for a series pickup), and it is assumed here that Cp;, is selected for rated operation (Qso rated)-
It should be noted that as the operating frequency is fixed at @p (u=1), the operating secondary quality
factor Qs equals Qs under all conditions.

With the phase angle determined by (6-3), the DPF of the power supply can be calculated using
(6-2). They are functions of k, Qs and Cyn. As shown in Table 6-1, Cp, is a function of k for the SP
topology, and depends on both k and Qs rated for the PP and PS topologies. Influences of this modified
tuning on DPF are topology dependent as shown in Fig. 6-1 to Fig. 6-3. In these figures, the modified
design is labelled “modified tuning”, and the system designed using the methodology described in
Chapter 4 is labelled “original tuning”. The modified tuning and the original tuning are compared for
loosely coupled (low k), mid-coupled (middle k), and well-coupled (high k) systems. For the PP and

PS topologies, the difference between high and low Qsgated Systems are identified.
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TABLE 6-1

A SUMMARY OF C;,, FOR THE ORIGINAL TUNING AND THE
MODIFIED TUNING FOR UNITY DPF AT RATED LOAD

. Copn
Topologies
Original tuning Modified tuning

SS 1 1
SP 1 N ! X

. 1-k*
PP Q:O,raledk4 + (1 - k 2 )2

M

PS ! Qszo,raledk4 + l

S P Topology: In the SP topology, the DPF is independent of k under both the original and modified

tuning. As shown in Fig. 6-1, the modified tuning has unity DPF at all loads (Qs). The improvement in

DPF under lightly loading conditions (low Q) is more significant. When Qs is high, the DPF of the

original system is very close to unity, and the difference between this system and that resulting from

the modified tuning is negligible.

1.2

0.8

DPF

0.6

0.4

=~ = = =Original tuning

Modified tuning

pea———————— L |

0.2
1

3 4

5 6

Qso=woCsR
Fig. 6-1. SP topology - DPF under fixed-frequency operation at mg assuming
modified primary tuning to achieve unity DPF at rated load.
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(c) Well-coupled systems (k=0.4).

Fig. 6-2. PP topology - DPF under fixed-frequency operation at wp assuming modified primary tuning
to achieve unity DPF at rated load.

- 152 -

Momentum Dynamics Corporation
Exhibit 1025
Page 180




CHAPTER 6 TUNING TO IMPROVE DPF FOR FIXED-FREQUENCY SYSTEMS

1.2 1.2r
1 1
0.8 0.8 T
A a -
0.6] o 0.6 ot
04} < 0.4
o ‘Modified/Original tuning Modified/Ofiginal tuning
0.2=—= 0.2
2 4 6 8 10 2 4 6 8 10
Qso=1/ (ODOCSR) Qso=1/ (O)oCsR)
(i) Low Qs0,cated pickup. (ii) High Qso,ratea pickup.
(a) Loosely coupled systems (k=0.05).
1.2 1.2
1 — 1 = FeoTooo
0.8 0.8 [
T T 3
A A g
0.6] o 0.6 =4
0.4 ;‘:’;— Modified tuning 0.4 Modified tuhing
o = = = =Original tuning = = = =Original tuning
0.2 0.2"
2 4 6 8 10 2 4 6 8 10
Qs0=1/(aoCsR) Qso=1/(@oCR)
(1) Low Qso,rated plckup (ll) ngh Qso,rated plckup
(b) Mid-coupled systems (k=0.2).
1.2 \ 1.2
1 ? . - L 1 ~ - - .
ST \'— .
0.8 Sk 0.8
I ~ L By =S “
2 AR g ; R
0.6 o - 0.6 ;E Seld
: Modified tuning - °
R o s Modified tupiing
= = = =Original tuning .
_ | == = -Original tuning
0.2 62
2 4 6 8 10 2 4 6 8 10
Qs0=1/(000C;sR) Q«0=1/(0,CR)
(i) Low Qs0,rated Pickup. (i1) High Qs ratea pickup.

(c) Well-coupled systems (k=0.4).

Fig. 6-3. PS topology - DPF under fixed-frequency operation at &y assuming modified primary tuning
to achieve unity DPF at rated load.
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PP Topology: The original and modified tuning schemes are identical at the following condition:
V1-k?
k

Interestingly, this is the bifurcation boundary given in Table 5-5. It occurs at larger Qs in loosely

(6-4)

Qso.raled =

coupled systems. With a k of 0.05, 0.2 and 0.4, the original tuning achieves unity DPF at Q, of 20, 4.9
and 2.3 respectively. '

The degree of influence of the proposed modified tuning on DPF depends strongly on Qs rated as
shown in Fig. 6-2. If Qs,rated €quals the value given in (6-4), the original tuning and the modified tuning
are identical. With Qsoatea below this value, the modified tuning improves the DPF for all loading
conditions up to and including rated load. When Qo rated is above this value, the modified tuning

improves the DPF only when Qs is close to Qo rated, but undesirably decreases the DPF at lower Qs

values.

PS Topology: With this topology, the original tuning has a DPF below unity for all normal Qs, and
the modified tuning achieves unity DPF only at Qs rated as shoWn in Fig. 6-3. The influences of k and
Q; on the DPF of the original tuning are quite different between the PP and PS topologies (as discussed
in section 4-5.2). However, here with the suggested modified tuning the two topologies have similar
characteristics. The DPF under lightly loading conditions (corresponding to lower Q) can however be
poor when k is good and Qs rated i high. Overall the shift is desirable since the improvement in DPF at
rated load minimizes the required VA rating of the power supply. The change is more significant in
well-coupled systems with high Qo rated. In order to improve the DPF for all loading conditions up to

and including rated load, an alternative primary tuning option is proposed in the following section.

6-3 PRIMARY TUNING FOR LOAD INDEPENDENT UNITY DPF

In the previous section, it was noted that unity DPF could be achieved under all loading conditions
only in series tuned primary systems using the tuning methodology described. In this section, a new
primary tuning methodology is proposed that makes the load reactance (Im Z;) equal to zero under ;clll
loading conditions in order to achieve load independent unity DPF for both series and parallel tuned
primary systems. For parallel tuned primaries this is possible only with suitable modifications to the
primary compensation capacitance and/or the operating frequency assumed with the design
methodology described in Chapter 4. Influences of such modifications on the power transfer capability
and the required secondary VA rating are investigated in order to identify the required operating
conditions when using the modified systems to transfer rated power.
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6-3.1 PRIMARY CAPACITANCE AND OPERATING FREQUENCY

The required primary compensation capacitance (Cpp,) and the operating frequency (u) (derived in
Appendix ]) to achieve the above stated objectives are given in Table 6-2. In respect to the SP, PP and
PS topologies, they are functions of k and independent of Qso. The latter independency ensures that
unity DPF is possible under all load conditions.

As expected, there is no need to change either C;, or the operating frequency for the SS topology,
while the SP topology requires a diffierent C,, identical to the modified tuning proposed in section 5-2.
The PP topology does not change C, but requires a different operating frequency, while the PS
topology needs to change both C, and the operating frequency.

It should be noted that the required changes to the operating frequency for the PP and PS topologies
will necessarily affect the power transfer capability and needs to be considered carefully when using

the modified primary tuning methodology. This is investigated in section 6-3.2.

TABLE 6-2
NORMALIZED PRIMARY COMPENSATION CAPACITANCE AND OPERATING
FREQUENCY REQUIRED TO ACHIEVE LOAD INDEPENDENT UNITY DPF

Topolo Normalized Normalized
POIOEY Primary Capacitance (C,,) | Operating Frequency (u)
SS 1 1
SP 1_1 E 1
T

PP 1 \/l 2

, 1
PS 1-k 12

The influence of k on the required change to C, is shown in Fig. 6-4 for the SP and PS topologies
(SS and PP topologies do not require a different C). The SP topology requires a larger Cp, while the PS
topology needs a smaller Cp. The necessary change is small in loosely coupled systems, but becomes
quite significant in well-coupled systems. With k of 0.6 the SP topology requires a 56% larger C,, value,
while the PS topology needs a 36% smaller C;, value.

The required changes to the operating frequency are identical in both the PP and PS topologies as
shown in Fig. 6-5. Here, it is necessary to deliberately operate at a frequency above wg (u>1). The

required change is small in loosely coupled (low k) systems, but becomes significant with improving k.
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14 0.8
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0.2 0.3 04 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
k k
(a) SP topology. (b) PS topology.

Fig. 6-4. Influences of k to therequired change in C,, to achieve load independent unity DPF.
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k

Fig. 6-5. Influence of k to the required change in o to achieve
load independent unity DPF (the PP and PS topologies).

= N
1

6-3.2 POWER TRANSFER CAPABILITY AND SECONDARY VA RATING

The SS and SP topologies do not require a change to the operating frequency, and as such this
tuning approach does not influence the power transfer capability or the required secondary VA rating.
Furthermore, these tuning options are identical to those proposed in section 6-2 and have therefore
been fully discussed already.

Consequently, this section focuses only on the PP and PS topologies, where operating above o is
required. The behaviours of these systems are shown in Fig. 6-6 and 6-7. Here each system using the
design methodology described in Chapter 4 is shown using dashed lines (labelled as “original tuning”),
while all systems using the primary compensation capacitance and operating frequency given in Table

6-2 are shown as solid lines (labelled as “modified tuning”).
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Under the modified tuning suggested, the operating frequency shifts above wo by increasing
amounts as the coupling increases. With k of 0.2, 0.3 and 0.4, this shift in wp is about 2%, 5% and 9%
respectively. These percentage changes in wg reflects the percentage changes in Qs under all loading
conditions, since for the PP topology “Qs=uQso” while in the PS topology “Qs=Qso/u”.

The need to deliberately detune the operating frequency above wo for the PP and PS topologies in
order to achieve load independent unity DPF affects the power transfer capability of the pickup. If the
primary current is assumed constant, such influences can be quantified using the normalized power (Py)
defined in (5-7) using the rated power determined at rated load (Qso,mted) and wp (u=1). Here P, is
determined to be a function of k, Qo and the specified rated load (Qso,rateq) given by:

1-#° [QQSO J PP topology

2 412
1 - k + k s0 s0,rated

P= (6-5)
1 ( 0, ]

1- k 2 + k4Q;20 Qso,mled PS t0p010gy

For a general analysis, the secondary current, secondary voltage and required secondary VA rating
are normalized here using the rated values determined at rated load and wo. The normalized secondary

current and voltage can be calculated using Table 3-1 as:

\/(1 —k* +k*Q% )2 + (1 —k? )3 0% PP topology

;- Is_z4 (1"k2+k4Q.\'20)\/1+Q520;aled (6-6)
s0,rated QsO 1- kz + k4Qs20

(1= + K03 010 s tepeloey
and
rQ‘“ ‘Kl = Xl . k4Q’2°) PP topology
2 =42 +5° 0% )0,0
e | YR+ -k -K0L] e
(1=K + K QL 1+ 0 s B

The normalized V A rating required for the pickup coil (VAg) is then:

VA,
VA, = 7 SLee (6-8)

s0,rated

The normalized power (Pp), secondary current (Ig,), secondary voltage (Vs,) and required secondary

VA rating (VAsy,) are shown in Fig. 6-6 and 6-7 by arbitrarily selecting Qo rated as 5. In loosely coupled
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(low k) systems, the original tuning works well and the required change to C, and the operating
frequency is negligible. For such systems, there is essentially no difference between the original and
modified tuning. For mid-coupled systems with k of about 0.2, rated power is achieved with the
modified tuning but at a Qg slightly above Qs rated. In well-coupled systems with k of about 0.4, the
modified tuning cannot achieve rated power, and the system should be redesigned to have lower
Qso,rated. A practical well-coupled low Qg system (k=0.45, Qso,ratea=1.8) for contact-less electric vehicle
battery charging is discussed later in section 6-5.

With k of 0.3, rated power is achieved with the modified tuning at Qs of about 7.5 in the PP
topology. At this operating condition, the secondary current and voltage increase by 27% and 22%,
requiring a secondary V A rating increase of 55%. For the PS topology, rated power is achieved at Q9
of about 6, and here the secondary current and voltage increases by 9% and 4% respectively, so that the
required secondary VA rating increases by 14%. Generally, the PP topology requires a larger
secondary VA rating than the PS topology when this modified tuning methodology is applied.

The power transfer capability of the original tuned system increases linearly with Qso, while that of
the modified tuning increases but at a decreasing rate with Qso until it reaches a maximum point after
which it drops. This maximum power point can be determined by:

dP,

n

0. =0 PP and PS topologies  (6-9)

Substituting (6-5) into (6-9), the maximum power point is found to be:

g

kl

Q.= PP and PS topologies (6-10)

and

[ 11—k ](Q 1 J PP topology

2
2k s0,rated

A (6-11)
1
2k2 \/1 - k2 QsO,ralcd Opoloey

Assuming rated power can just be achieved with the modified tuning at the maximum power point,

then replacing P, with unity, Qsorated can be determined using (6-11) to be:

Vi-?
T PP topology
QsO,rated = l (6-12)
{21«2«/1 K PS topology
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1.2 1.2
Modified tuning
1 Cor = ‘\‘-\ e . - -
1.1 k=0.4 0527 N T, 0T
: 08:’ \\ k=03~~~_
= k=0.3 YOy i I~
k=02 @ =04~
_________________ 0.6 ~Is
1
o . 0.4 Modified tuning
= = = ~Original tuning N Original tuning
0.9 0.2
2 4 6 8 10 2 4 6 8 10
Qso=woCsR Qs0=woCsR
(a) Operating frequency. (b) DPF.
2 - ; 7 4
Modifigd tuning e
= = = -Origindl tuning ; - 7.
1.5 3
as 5y
1 S
051 £/ 5 k=04 1
0 r O'% 0 o= } } }
2 4 6 8 10 2 4 6 8 10
Qso=moCsR Qs0=oCsR
(c) Power transfer capability. (d) Required secondary VA rating.
2 Modified tuning | 1 24 '
— = = =Origindl tuning L4
15 S 15
51 S = ;
3 k 04 -.%k=0.4
05 I’ 0.5
[ s . -
0 0 )
2 4 6 8 10 2 4 6 8 10
Qso=woCsR Qso=woCsR
(e) Secondary current. (f) Secondary voltage.

Fig. 6-6. PP topology — System behaviour under fixed-frequency operation (Qso rated=5).
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1.2 1.2
Modified tuning
=TT,
1.1 k=04 Ssol Tt~-l, k=02
~ — -o
= k=0.3 0.8 k=(\)3\1\(_0§ - J
k=0.2 o ' ~So
_________________ 0.6 S~o
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o . 0.4 Modified tuning
= = = = Original tuning : — - — - Original tuning
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(a) Operating frequency. (b) DPF.
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(c) Power transfer capability. (d) Required secondary VA rating.
2 Modified taning L 2 Modified taning '
= = = =Original tuping = = = =Original tuping
15 - 1.5
s 2
£ 1 < — v
0.5 0.5
0 0
2 4 6 8 10 2 4 6 8 10
Qs0=1/(c%CsR) Qso=1/(woC;sR)
(e) Secondary current. (f) Secondary voltage.

Fig. 6-7. PS topology — System behaviour under fixed-frequency operation (Qsg rated=5)-

- 160 -

Momentum Dynamics Corporation
Exhibit 1025
Page 188




CHAPTER 6 TUNING TO IMPROVE DPF FOR FIXED-FREQUENCY SYSTEMS

Equation (6-12) determines the maximum Qs rated fOr a given coupling k when using the modified
tuning methodology to achieve load independent unity DPF for both the PP and PS topologies. This is
shown in Fig. 6-8. For a given coupling k, it is necessary to ensure Qo rated is Within the shaded region
to ensure rated power can be achieved. The PS topology allows slightly larger Qo ratea than the PP
topology. For both topologies, a trade-off between k and Qo rated is necessary. In a mid-coupled system
with k of 0.2, the maximum Qs rated is more than 10. The maximum Qg rated in @ well-coupled system
with k of 0.4 is much lower at about 3. Track-type systems are normally loosely-middle coupled with
medium-high Qs, while coil-type systems are normally middle-well coupled with low-medium Qs, as
such this characteristic suits practical ICPT systems since a well coupled high Q, system would rarely

if ever exist in practice.

0.6
| \ ——— PS topology
A )
0.5f N - = —-PP topology
~ s i
04 % \:L E L
4 S,
0.3 ) b
. v s%t
| Rated power can be achieved
02T when k and Quo,ateq are in the
shaded region.
0.1 ; ; ; ;
2 4 6 8 10

QsO,rated
Fig. 6-8. Limit of k and Qo ratea When using the modified
tuning to achieve load independent unity DPF.

With the modified tuning applied, the changes in the secondary current, secondary voltage, required
secondary VA rating when operating at rated power are shown in Fig. 6-9 for the PP and PS topologies.
Here k is arbitrarily selected as 0.2, 0.3 and 0.4. In each case, the changes are calculated for all possible
values of Qo rated Within the shaded region in Fig. 6-8. For each value of'k, the required Qy to achieve
rated power (P,=1) is calculated using (6-5). The secondary current, secondary voltage and required
secondary VA rating at this new operating condition are then determined using (6-6), (6-7) and (6-8).
These changes strongly depend on k and Qsorated. For systems using a PP topology, the required
secondary VA rating with the modified tuning is always higher than the original tuning. This increase
is small for loosely coupled systems with reasonable Qs rated, Or Well-coupled systems with low Qo rateds
but can be more than 50% for well-coupled systems with high Qs rateq. It is also found that the increase

in the secondary voltage is less than the secondary current.
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(b) Change in the secondary voltage.
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(b) Change in the required secondary VA rating.

Fig. 6-9. Changes in the secondary current, secondary voltage, and required secondary VA rating
under rated power operation when using the modified tuning to achieve load independent unity DPF.
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For systems using a PS topology, the required secondary V A rating with the modified tuning is less
than the PP topology, and can be lower than the original tuning in loosely coupled systems with
reasonable Qg rated, Or Well-coupled systems with low Qs raed- The decrease in the required secondary
VA rating can be more than 10% for well-coupled systems with low Qo ratea. It is also noted that the
decrease in the secondary voltage is more than the decreases shown in the secondary current.

The power transfer capability of systems with low Qg rated is illustrated in Fig. 6-10 where Qo rated 1S
assumed to be 2. As can be seen, rated power is achieved with the modified tuning at a Qo higher than
Qs0,rated fOr the)PP topology, but for the PS topology interestingly it is at a Qs lower than Qs ated.
Consequently, the required secondary VA rating of the PS topology with the modified tuning is

reduced.

2 I-jl 2 { ! ﬁ"
- = = -Original tuning P
s
1.5 /'j‘f - 15
o’y ~
2 -
A L 8 s
Z~ Muodified tuning: Modified tuning;
o B k02 o — . —k=02
i —. k=03 — k=03
S ——k=04 | .. ——k=04
0 0 .
1 4

2 3
QsO=m0CsR

2 3
Qs0=1/(woCsR)

(a) PP topology. (b) PS topology.
Fig. 6-10. Power transfer capability under fixed-frequency operation (Qso,rated=2)-

6-4 DISCUSSION

In order to ensure maximum power transfer capability is achievable in a pickup, it is desirable to
operate the system at or near the tuned frequency (o). It is also desirable to operate the power supply
with a DPF close to unity in order to minimize the required V A rating while maximizing the efficiency.
As shown, load independent unity DPF is achievable at wq for the SS topology using the original
tuning (assumed with the design methodology described in Chapter 4). Load independent unity DPF is
also achievable at wo for the SP topology providing the original tuning is modified using the approach
proposed in Chapter 5. Consequently, series-compensated primary systems (the SS and SP topologies)
are good topologies for fixed-frequency systems.

Parallel-compensated primary systems (PP and PS topologies) may be required in an application for

practical reasons. In such systems, the modified tuning proposed in section 6-2 achieves unity DPF at

-163 -

Momentum Dynamics Corporation
Exhibit 1025
Page 191




CHAPTER 6 TUNING TO IMPROVE DPF FOR FIXED-FREQUENCY SYSTEMS

oo at rated load only. Since the DPF is less than unity at light load, the efficiency of the power supply
is also lower. In order to improve this efficiency, it is desirable to have unity DPF under all loading
conditions. This is achievable using the modified tuning proposed in section 6-3, but then it is
necessary to deliberately raise the operating frequency above wy. Both the power transfer capability
and the required secondary VA rating are affected, as the pickup is not operating at the designed
frequency. Rated power can still be delivered in the majority of ICPT systems, however there is now a
trade-off between the system k and the maximum allowable Qs when using this tuning scheme. Typical
track-type ICPT systems are loosely coupled with reasonable Qs, while coil-type ICPT systems are
well coupled with low Q. In such systems, the required secondary VA rating increases slightly in a PP
topology, but favourably decreases in a PS topology. In well-coupled systems with low Qs, the PS
topology ensures unity DPF under all load conditions with pickup V A requirement reduced by more
than 10%. With this modified tuning, the required secondary VA rating for the PS topology is always
less than the PP topology, and as such would be the preferred choice.

The above analysis assumes constant resonant parameters (Cp, Cs, Lp, Ls and M). In practice, the
capacitance values (C, and C;) are affected by aging, thermal effects and manufacturing tolerance,
while the coupling parameters (L,, Ls and M) vary due to misalignment of the electromagnetic
structure. Influences of such variations on the sensitivity of systems using the modified tul}_ipg

approaches proposed here are investigated further in Chapter 7.

6-5S DESIGN EXAMPLES

The options proposed above for improving DPF under fixed-frequency operation are considered in
this section for the design of the contact-less electric vehicle battery charger (described in sections

3-11 and 4-6). Both PP and PS topologies are investigated.

PP topology: Under fixed-frequency operation at wo (f;=19.7kHz), unity DPF is achieved with the
original tuning when Qg is 1.98 (6.6Q) determined using (6-4) from the known k (of 0.45). Here the
DPF at rated load (692, Qsoratea=1.8) is slightly lower than unity. To achieve unity DPF at rated load as
described in section 6-2, the required Cp, calculated using Table 6-1 is 1.04 requiring C, to be 4%
larger than the original tuning. The improvement in the DPF with the modified tuning is shown in Fig.
6-11 compared to the original tuned system. At rated operation, the improvement with this
modification is not significant, because the DPF of the original system is close to unity due to the
values of k and Qsorated- However, under lightly loaded conditions, the improvement in DPF is more
significant but still remains well below unity.

The tuning approach suggested in section 6-3 for achieving load independent unity DPF can also be
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used here without compromising the rated power delivery because the system k of 0.45 and Qg ratea Of
1.8 are within the shaded region in Fig. 6-8 for the PP topology. The required Cp, determined using
Table 6-2 is unity thus C, does not need to change. However the normalized operating frequency
(v=w/wp) is 1.12 and the operating frequency needs to be raised 12% above wo at 22.1kHz. While the
overall power transfer capability is affected (as shown in Fig. 6-12(a) due to pickup frequency
detuning effects), rated power transfer of 300W now occurs at Qg of 2.3 (R=7.6Q2) rather than 1.8
(R=6Q). The required secondary VA rating (shown in Fig. 6-12(b)) increases by 33% from 620 VA to

825VA as aresult of the increased Qo for rated power delivery (labelled as Qg s )-

PS topology: Under fixed-frequency operation at wo, the DPF with the original tuning at Qs rated
(shown in Fig. 6-13) is less than unity. To achieve unity DPF at Qso ated as proposed in section 6-2, the
required Cp;, calculated using Table 6-1 is 0.88, and C, needs to be reduced from 2.20pF by 12% to
1.94pF. With this scheme, however, the DPF under lightly loaded operation is sacrificed, and is
notably worse than the original system.

As the system k and Qsoated are within the shaded region in Fig. 6-8, the tuning approach suggested
in section 6-3 can be applied to achieve load independent unity DPF while ensuring rated power
transfer. The required Cp, calculated using Table 6-2 is 0.80 and a 20% smaller C, of 1.76pF is
required. Similar to the PP topology, the operating frequency needs to be raised 12% above wo to
22.1kHz. The resulting DPF is shown in Fig. 6-13. The power transfer capability with this modified
tuning is compared with the original tuning in Fig. 6-14(a). Under the original tuning rated power is
achieved at Qgprated Of 1.8 (R=1.8Q0), while under the modified tuning rated power is achieved at a

smaller Qg of 1.64 (R=2CQ), labelled as O Consequently, the required secondary VA rating

'
s0,rated *

reduces by 14% from 620V A to 533V A (as shown in Fig. 6-14(b)).

1.2 : = , = . . :
| Modified tuning (u=1.12, load independent unity DPF) |
1T _ . _ Modified tuning (u=1, unity DPF &t rated load)
1 T it S e S —
i o ridds
50.9f P
/ ) g o o
08f #7 s
’ 2 2
0.7] +< - - ~Original tuning (u=1) © ©
0.6 , . . \ .
06 08 1 12 14 16 18 2 22 24
Qso=wC;R

Fig. 6-11. A contact-less electric vehicle battery charger with PP topology — DPF under
fixed-frequency operation (a comparison of the original and modified tuning schemes).

- 165 -

Momentum Dynamics Corporation
Exhibit 1025
Page 193




CHAPTER 6 TUNING TO IMPROVE DPF FOR FIXED-FREQUENCY SYSTEMS

Qs[) rated
QQO rated

L

06 0.8 1 12 14 16 1.8 2 22 24
Qs0=woCsR
(a) Power transfer capability (I,=15A).

1000

w=1.12 =----u=1l e

condary VA (VA)

-wi

200 ! o

06 0.8 1 1.2 14 16 1.8 2 22 24
Qso=woCR
(b) Required secondary VA rating (I,=15A).
Fig. 6-12. A contact-less electric vehicle battery charger with PP topology — Power

transfer capability and required secondary VA rating under fixed-frequency operation (a
comparison of the original and modified tuning schemes).

1.2
Modified tuning (u=1.12, lbad independent unity DPF) _
1.1 — . — Maodified tuning (u=1, unity DPF at rated load)
L il il H
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- 3 3
08f I
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0.6
06 0.8 1 12 14 16 1.8 2 22 24

Qs0=1/(2C:R)
Fig. 6-13. A contact-less electric vehicle battery charger with PS topology — DPF under
fixed-frequency operation (a comparison of the original and modified tuning schemes).
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(c) Required secondary VA rating (I,=15A).

Fig. 6-14. A contact-less electric vehicle battery charger with PS topology — Power
transfer capability and required secondary VA rating under fixed-frequency operation (a
comparison of the original and modified tuning schemes).

6-6 VERIFICATION

The test system (described in section 4-6) was used to verify the design examples with the modified
tuning to achieve load independent unity DPF applied (as discussed above).

The DPF of the power supply was determined by measuring the phase relationship between the
discontinuous inverter current (i;) and the resonant tank voltage (v,). The measured waveforms of i;
and vj at the measured loads are shown in Fig. 6-15 (for the PP topology) and Fig. 6-17 (for the PS
topology). The fundamental inverter current is closely in phase with the resonant tank voltage for all
loads. The measured and predicted power and secondary VA are illustrated in Fig. 6-16 (for the PP
topology) and Fig. 6-18 (for the PS topology). Measurements are shown as circles, while the calculated

values are shown as solid lines. These results verify the theoretical analysis.
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vp=Resonant tank voltage vp=Resonant tank voltage

] 1
i=Inverter current | i=Inverter current |
Time Time
(@) 125W (R=2.6Q2). (b) 186W (R=3.9Q).
vp=Resonant tank voltage I vp=Resonant tank voltage |
li=Inverter current i=Inverter current
Time Time
(€) 274W (R=6.1Q2). (d) 343W (R=8.62).

Fig. 6-15. A contact-less electric vehicle battery charger with PP topology, using the modified tuning
* to achieve load independent unity DPF (Cpy=1, u=1.12) - Measured waveforms of the inverter current
(i;) and the resonant tank voltage (vp).

350 o] 1200
300 2 ~1000
s
2 £ 600
-
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2 & 400
100 -
I I 200
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2 4 6 8 10 2 4 6 8 10
Load R (QQ) .Load R ()
(a) Power (I;=15A). (b) Secondary VA (I,=15A).

Fig. 6-16. A contact-less electric vehicle battery charger with PP topology, using the modified tuning
to achieve load independent unity DPF (Cy=1, u=1.12) - Measured and calculated power and
secondary VA.
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vp=Resonant tank voltage I vp=Resonant tank voltage |
[i=Inverter current | [ii=Inverter current |
Time Time
(a) 82W (R=8.62). (b) 118W (R=6.1Q).
vy,=Resonant tank voltage | [vo=Resonant tank voltage I
li=Inverter current | [ii=Inverter current
Time Time
(c) 175W (R=3.9Q2). (d) 246W (R=2.6Q2).

Fig. 6-17. A contact-less electric vehicle battery charger with PS topology, using the modified tuning
to achieve load independent unity DPF (Cp,=0.8, u=1.12) - Measured waveforms of the inverter
current (i;) and the resonant tank voltage (vp).
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(a) Power (I;=15A). (b) Secondary VA (Ip;=15A).

Fig. 6-18. A contact-less electric vehicle battery charger with PS topology, using the modified tuning
to achieve load independent unity DPF (C,,=0.8, u=1.12) - Measured and calculated power and
secondary VA.
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6-7 CONCLUSIONS

In this chapter, the primary tuning was modified to improve the displacement power factor (DPF) of
the power supply under fixed-frequency operation. With series-compensated primary systems (the SS
and SP topologies), load independent unity DPF was found to be achievable at o ensuring maximum
power transfer capability to the pickup. Therefore they are desirable choices for fixed-frequency
systems. Due to practical considerations, parallel-compensated primary systems (the PP and PS
topologies) may be required and here if the system is constrained to operate at wo unity DPF is
achievable only at rated load.

Load independent unity DPF can be achieved in parallel-tuned primary systems providing the
operation frequency is deliberately increased above wo. This affects the power transfer capability of the
pickups and the required secondary VA rating but does not necessarily impact on rated power delivery.
Rated power can still be achieved in the majority of ICPT systems that are either loosely coupled
systems with reasonable Q,, or well-coupled systems with low Qs.

The theory was verified on a practical contact-less electric vehicle battery charging system. The

measurements closely follow the predictions.
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CHAPTER 7

A SENSITIVITY ANALYSIS OF SYSTEMS USING
THE PROPOSED PRIMARY TUNING SCHEMES

7-1 Introduction

7-2 Fundamentals of the sensitivity analysis

7-3 Compensation capacitor selection

7-4 The influence of variations in primary capacitance

7-5 The influence of variations in secondary capacitance

7-6 The influence of misalignment in the electromagnetic structure
7-7 Discussion

7-8 Conclusions

7-1 INTRODUCTION

The design approaches proposed in chapters 4, 5 and 6 assume all components are ideal. This is not
true in the real world where real components have losses, parasitics, tolerances and operating
variations. This chapter investigates the influence of variations in the primary and secondary
compensation capacitances (C, and C;) as well as misalignment of the electromagnetic structure
(variations in the coupling parameters L;, Ls and M) in order to determine the relative sensitivity of the
various tuning schemes described, while at the same time indicate practical design considerations that
should minimize the influence of such variations on the power transfer capability to the pickup and the
displacement power factor (DPF) of the power supply.

In order to determine the extent of practical variations that should be considered, this chapter
considers the choice of suitable compensation capacitors based on typical high frequency power
capability in addition to thermal and lifetime stability. The degree of misalignment and the resulting
variations in coupling parameters between the primary and secondary depends on the configuration of
the electromagnetic structure and the ICPT application. Typical misalignment and the resulting
variations of the coupling parameters are discussed in this context.

The sensitivity of the DPF, the operating frequency and the power transfer capability to variations
in Cp, Cs, Lp, Ls and M are compared for systems designed using the original tuning (assumed with the
design methodology described in Chapter 4), the modified tuning to achieve unity DPF at rated load
(Chapter 5 for variable-frequency systems, and section 6-2 for fixed-frequency systems), and the
modified tuning to achieve load independent unity DPF (section 6-3).

As previously shown, the behaviour of an ICPT system depends strongly on the sensitivity of the
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load resonant tank (seen by the power supply), which can be characterised by the fundamental design
parameters k (the magnetic coupling coefficient) and Qs (the secondary quality factor). Practical ICPT
systems are normally well coupled (high k) with low Q; or loosely coupled (low k) with reasonable Q.
In this chapter, a well-coupled electric vehicle battery charger and a loosely coupled monorail material
handling system are used for the sensitivity analysis. Both fixed and variable-frequency operations are

investigated.

7-2  FUNDAMENTALS OF THE SENSITIVITY ANALYSIS

The sensitivity analysis in this chapter focuses on variations in C,, L,, M, Cs and L. The
fundamental influences of such variations on the power transfer capability and the DPF are discussed
in this section for both fixed and variable frequency systems.

As described in earlier chapters, the power transferred from the primary to the secondary is the

reflected resistance multiplied by the square of the primary current as given by: R

P=ReZ,)I (7-1)
where the reflected impedance (Z;) is given by:
o’ M? '
Z = 29
=7 (7-2)
with the secondary impedance (Zs) given by:
joL, +— +R series secondary :
Z, = 7-3
jol, +— 1 llel second -
jaC, ++ parallel secondary
R
The DPF of the power supply can be determined as:
: ImZ
DPF = cos(tan™ ——~ -
( ReZ, ) (7-4)
where the load impedance (Z;) is given by:
+jol, +Z series primary
jaoC, P
Z, =1 1 (7-5)
jaoC, +— ! parallel primary
" jeL,+Z,
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As shown, the power transfer capability depends on o, M, Cs Ls and R, but is independent of C; and
L;. It is proportional to the square of M and w, and therefore changes in either of these parameters will
have a significant impact on power transfer. The influence that Cs and Ls have on the power transfer
capability needs to be considered by investigating their influence on Z. In particular, an increase in L
directly increases Zs while also detuning the pickup, resulting inreduced power transfer capability, and
vice versa. Variations in Cg, however, have a similar but less direct impact. This sensitivity analysis is
further complicated by the fact that Z; depends on the compensation topology of the pickup and is a
complex variable depending on ® and R.

DPF depends on L, Cp, M, Cs and Ls. The influence of these parameters on DPF needs to be
considered by investigating their influence on Z; which is dependent on both the primary and
secondary compensation topologies, and is also a function of @ and R.

According to above, in fixed-frequency systems, variations in C, and L, in fixed-frequency systems
do not affect the power transfer capability of the pickup providing the primary current (Ip) is controlled
constant. The main influence is on the DPF of the power supply. However, variations in o, M, Cs and
L; affect both the DPF and the power transfer. Thus for the tuning scheme suggested in section 6-3
where o has been increased to achieve load independent unity DPF, its sensitivity to M, Cs and L
relative to other schemes is of particular interest.

Under variable-frequency operation, the operating frequency is allowed to vary so that the power
supply operates with unity DPF. Variations in Cp, Ly, M, Cs and L therefore affect both the operating
frequency and the power transfer.

A complete sensitivity analysis is out of the scope of this thesis. This chapter instead focuses on
comparing the various tuning schemes discussed in this thesis to determine their relative sensitivities

to those component variations.

7-3 COMPENSATION CAPACITOR SELECTION

In an ICPT system, the compensation capacitors must work with high frequency alternating voltage
and current. A major consideration when choosing these capacitors is their high frequency power
capability, since the apparent power in the compensation networks is usually large. Good capacitance
stability is also often required as the system is usually highly sensitive to capacitance variations.

There are three basic types of capacitors: the electrolytic (aluminium and tantalum), the plastic film,
and the ceramic. Electrolytic capacitors are normally polarized. The dielectric layers of polar
electrolytic capacitors are arranged so that the current is blocked in only one direction, and as such

these cannot be used as compensation capacitors in an ICPT system. As such, the following discussion
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focuses on plastic film and ceramic types.

The ability of a capacitor to withstand alternating voltage and current is dependent on the operating
frequency. This is discussed following by separating the voltage and current limits into three
frequency ranges labelled as ‘I’, ‘II” and ‘III’ in Fig. 7-1, where f; and f; can be characterised for any
particular capacitor as shown in Appendix J.

Below f; (Region I), the allowable alternating voltage and current are limited by the dielectric
strength of the capacitor. The applied alternating voltage should not exceed the rated ac voltage
(Vacrated) and the maximum allowable alternating current is less than the rated ac current (Vi ated)-
Between f) and f, (Region II), the allowable alternating voltage and current are less than rated values
due to the limitation of the thermal dissipation capability of the capacitor. Above f, (Region III), the
resistances of the leads, the metal layers, and the soldered and welded joints limit the allowable
alternating voltage and current. The applied alternating current should not exceed Icrated, and the

maximum permissible alternating voltage is less than Vg rated.

o

: i
>ﬂ Vac,raled ._? Iac,ralcd
o =
)
:n I :n 111
g g
< <
5 g
< . f < . i
i‘] %2 .fl fz >
Frequency Frequency
(a) Alternating voltage limit. (b) Alternating current limit.

Fig. 7-1. High frequency power capability of capacitors.

Typical frequency dependences of the dissipation factor of ceramic and plastic film capacitors are
shown in Fig. 7-2. The dissipation factor of both capacitor types increases with frequency. Below
100kHz, Class I ceramic capacitors and polypropylene plastic film capacitors have the lowest
dissipation factors.

Typical capacitance tolerances of the plastic film and ceramic capacitors are compared in Table 7-1

for selected manufacturers. Generally, better tolerance can be achieved for ceramic capacitors.
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- Class I (COG), Class II (X7R). Polyester (MKT/MKN), Polypropylene (MKP).

Fig. 7-2. Typical frequency dependence of the dissipation factor (tan 8) of capacitors.

TABLE 7-1
TYPICAL CAPACITANCE TOLERANCE OF PLASTIC FILM AND CERAMIC CAPACITORS
Manufacturer Capacitance Tolerance
Plastic Film Capacitors Ceramic Capacitors

EPCOS (Siemens Matsushita) +5%,%£10%,£20% +1%,£5%,£10%
NIPPON (Marcon) +3%,%£5%,£10% +20%
WIMA +5%,110%,£20% N.A.
NOVACAP N.A. +1%,+5%,£10%

Typical temperature dependences of the capacitance of plastic film and ceramic capacitors are
shown in Fig. 7-3. Polyester film capacitors have positive temperature coefficients (MKT, MFT and
MKN), such that their capacitance increases with increasing temperature, while polypropylene film
capacitors have negative temperature coefficients (MKP and MFP). Class II ceramic capacitors have
bad capacitance stability with changing temperature, while Class I ceramic capacitors are comparable
to the plastic film capacitor.

Typical long-term capacitance changes in plastic film capacitors are shown in Table 7-2. These are
close to the manufacturing tolerances.

Class I ceramic capacitors use non-ferroelectric (paraelectric) materials and virtually have no
significant aging characteristics. The aging phenomenon occurs predominantly in Class II ceramic
capacitors that use ferroelectric materials especially with a high dielectric constant. Typical
capacitance aging characteristics are shown in Fig. 7-4 for Class II ceramic capacitors.

The voltage dependences of the capacitance of typical polyester plastic film capacitors and Class II
ceramic capacitors are compared in Fig. 7-5. The polyester capacitor has good capacitance stability
with changing voltage, while that of the Class II ceramic capacitor is worse. High voltage dependence
results in large non-linear distortion in the alternating voltage and current associated with the

capacitor.
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Fig. 7-3. Typical temperature dependence of the capacitance.

TABLE 7-2
LONG TERM CAPACITANCE CHANGE OF PLASTIC FILM CAPACITORS
Manufacturer Plastic film capacitors
EPCOS (Siemens Matsushita) +3%
NIPPON (Marcon) +5%
WIMA +3%

8

8 .. glhler N — X7R

‘g w0 iq X7R §-|0 PET < a8

@ -20

O g5 & o -30 X

= IL ~ 250 0 40

IE 80 E %0 \\ 75U

% NN Ysv §~éo =~

S 15 70

B O .80

700 1000 2000 3000 4000 6000 6000 7000 8000 5000 10000 0 5 10 15 20 25 30 35 40 45 S0
Time (Houss) Voltage (V)
Fig. 7-4. Typical aging (time dependence of the ~ Fig. 7-5. Typical voltage dependence of the
capacitance) — Class II ceramic capacitors  capacitance (Source: WIMA) — Polyester
(Source: American Technical Ceramics). plastic film capacitors (PET), Class II ceramic
capacitors (X7R/Z5U).
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Additional characteristics of plastic film and ceramic capacitors are compared in Table 7-3. The
ceramic capacitor has a significantly larger dielectric constant and as such can achieve a higher
capacitance per unit volume. However, the plastic film capacitor has a larger range of available
capacitance values. The plastic film capacitor also has less dielectric absorption, equivalent series
resistance (ESR), and non-linear distortion. Low ESR is a desirable characteristic for capacitors used
for high-frequency/high-current ac applications,

According to above discussion, plastic film capacitors are well suited for compensation capacitors

in an ICPT system. The polypropylene capacitor in particular has good power capability and lifetime

capacitance stability.
TABLE 7-3
TYPICAL CHARACTERISTICS OF PLASTIC FILM AND CERAMIC CAPACITORS (SOURCE: WIMA)
Plastic film capacitors Ceramic capacitors
Polyester Polypropylene NPO (Class I) X7R (Class II)

Dielectric constant '
(1kHz, 23°C) 33 22 12 to 40 700 to 2000
Capacitance range |1000pF to 10uF 100pF to 10pF 1pF to 0.01pF 100pF to 2.2uF
Dielectric
R eahonl) 0.5 0.05t00.1 0.6 25
ESR low very low low moderate to high
AR very low very low low high
distortion y y g

7-4 THE INFLUENCE OF VARIATIONS IN PRIMARY
CAPACITANCE

7-4.1 FIXED-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — This example is described in sections
3-11, 4-6, 5-6 and 6-6. The influence of variations in C,, when using the tuning scheme proposed in
Chapter 4 (here after noted as “original tuning™), is illustrated in Fig. 7-6.

With the frequency fixed at @y (u=1) and the primary current controlled at 15A, the power transfer
capability of the system is independent of variations in Cp. The loading condition to achieve rated
power of 300W is about 62 as shown in Fig. 7-6(a). Percentage variations in DPF as a result of
variations in C, can be determined from Fig. 7-6(b), and for rated load are shown in Fig. 7-6(c). For
comparison, the sensitivity of the DPF at a reduced power (150W) is shown in Fig. 7-6(d). At rated
power DPF remains close to unity having a small sensitivity to variations in C;. At reduced power, it is
well below unity and has a much higher sensitivity due to increased primary quality factor (Qp).
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Interestingly, the DPF is more sensitive to decreases than increases in C;.
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Variation in C, (%) Variation in C, (%)
(c) Sensitivity of the DPF at 300W. (d) Sensitivity of the DPF at 150W.

Fig. 7-6. Original tuning (Cps=1, u=1) — The influence of variations in C;, for an electric vehicle
battery charger under fixed-frequency operation (k=0.45, Qso,raea=1.8, PP topology, I;=15A).

The influence of variations in C, when using the tuning scheme proposed in section 6-2 (here after
noted as “modified tuning for unity DPF at rated load”) is illustrated in Fig. 7-7. The operating
frequency is also fixed at wo. The power transfer capability is therefore identical to the original tuned
system. The sensitivity of the DPF to variations in C, is similar to the original system operating at both
rated and light load.

The influence of variations in C, when using the tuning scheme proposed in section 6-3 (here after
noted as “modified tuning for load independent unity DPF”) is illustrated in Fig. 7-8. Here the
operating frequency is deliberately increased above wp (u=1.12) resulting in reduced power transfer
capability to the pickup as described in Chapter 6 and shown in Fig. 7-8(a). Relative to Fig. 7-6(a) and
7-7(a), the loading condition at which rated power (300W) is achieved is 7.6C2 since a higher operating
Qs is necessary. The influence on the DPF can be determined from Fig. 7-8(b). The sensitivity when
operating at 300W is once again similar to the original tuning scheme as shown in Fig. 7-8(c).
However, the system is less sensitive at light load. Increases and decreases in C, have identical

influences on the DPF at all loading conditions as shown in Fig. 7-8(d).
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Fig. 7-7. Modified tuning for unity DPF at rated load (Cyy=1.04, u=1) — The influence of variations in
C, for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-8. Modified tuning for load independent unity DPF (C,=1, u=1.12) — The influence of
variations in C, for an electric vehicle battery charger under fixed-frequency operation.
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A loosely coupled system (inonorail material handling) — This example is described in [1,2]. The
power supply generates a 10-kHz current in the track magnetic circuit. The magnetic circuit is coupled
to multiple secondary vehicles and the power transferred to these vehicles is then conditioned to
produce a stable supply on the vehicle capable of driving travelling motors. In this example only one
vehicle is considered.

The electromagnetic structure is shown in Fig, 7-9. In this system, a single turn primary winding
without magnetic material is constructed using parallel cables extending along the track. The
secondary winding uses several turns of coil wound on a ferrite core that concentrates the flux
generated by the primary current flowing in the track.

Both the primary and secondary of the monorail material handling system are parallel compensated
(PP topology). A summary of the system parameters [1,2] is given in Table 7-4. With the selected
secondary capacitance of 0.38pF, the secondary resonant frequency is calculated as 10.2kHz. As the
pickup winding is magnetically coupled with only a small portion of the extended primary coil, the
magnetic coefticient (k) is only 0.086. The primary current is controlled constant at 54A, and the rated
power is 800W (Qgo,ratea=4.7, R=192Q).

When using the tuning scheme proposed in section 6-2 to achieve unity DPF at rated load while
operating at o (u=1), the required C,, calculated using Table 6-1 is 1.007. As such the required change
to the original tuning is negligible.

When using the tuning scheme proposed in section 6-3 to achieve load independent unity DPF, the
required C,, is unity and the operating frequency calculated using Table 6-2 is 1.004. Again the
necessary change to the original tuning is negligible. The following sensitivity analysis therefore

focuses only on the original tuned system (C,,=1, u=1), as this is representative of all tuning schemes.

Fig. 7-9. Electromagnetic structure of the monorail
material handling system.
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PARAMETERS OF THE MONORAIL MATERIAL HANDLING SYSTEM

Nominal frequency (fo, secondary resonant frequency) 10.2kHz
Primary track current (I,) S54A
Primary track inductance (L) 123pH
Primary track compensation capacitance (Cy) 1.96uF
Pickup mutual inductance (M) 24uH
Secondary pickup self-inductance (L) 634pH
Secondary pickup compensation capacitance (Cs) 0.38uF
Secondary pickup rated load (R) 192Q
Secondary quality factor (Qso rated) 4.7
Secondary pickup rated power (P) 300W
Magnetic coefficient (k) 0.086

The influence of variations in C; is illustrated in Fig. 7-10. Here both increases and decreases in Cp

have similar influences on the DPF. Because of higher Qp, the sensitivity of the DPF to variations in C,

is much higher compared to the well-coupled system noted earlier. Similarly, this sensitivity increases

under lightly loaded conditions. For reliable operation C, should not change by more than about 2%.

This is difficult to achieve as noted in section 7-3.
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Fig. 7-10. The influence of variations in C, for a monorail material handling system under fixed-
frequency operation (k=0.086, Qsoratea=4.7, PP topology, Cpr=1, u=1).
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7-4.2 VARIABLE-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — The influence of variations in C;, for
the original system (Cpa=1) is illustrated in Fig. 7-11. The operating frequency and power transfer
capability when C,, is unity are shown as solid lines. In this design case, bifurcation occurs slightly
above rated load. The operating frequency is independent of load providing the operation is restricted
within the bifurcation-free area. This load independent frequency (u=1.12) is above wp and as such the
pickup does not operate at the maximum power point.

An increase of Cp, above unity has two major effects. Firstly, the emergence of bifurcation is at a
higher load. Secondly, the operating frequency at light loads becomes closer to wg resulting in higher
power transfer capability. The operating frequency at rated load equals wq when Cp, is 1.04.

A decrease of Cpn below unity also results in the occurrence of bifurcation at higher load. However,
the operating frequency for all loading conditions up to rated load shifts further away from wq resulting
in lower power transfer capability, which is undesirable.

Assuming operation is restricted within the bifurcation-free region, the loading conditions to
achieve rated power (300W) can be determined from the power curves. The operating frequencies at
these loading conditions calculated from the frequency curve are shown in Fig. 7-11(c-i). For
comparison, the sensitivity of the operating frequency at a reduced power (150W) to variations in C; is
shown in Fig. 7-11(c-ii). This sensitivity is significant at rated power, and becomes slightly lower at
reduced power because of reduced secondary quality factor (Qs).

Fig. 7-12 shows the influence of variations in C, when using the modified tuning scheme for unity
DPF at rated load as described in Chapter 5 for variable-frequency systems. Here the designed C,
using (5-4) is 4% largerthan the original tuning. Similar characteristics to the original system (noted in

Fig. 7-11) are found.

A loosely coupled system (monorail material handling) — As described in section 7-4.1, the
difference between the original tuning and the modified tuning for unity DPF atrated load is negligible
as the required change to C, calculated using (5-4) is very small. As such, the analysis here only
focuses on the original system (Cps=1), since the trends are representative of both tuning schemes. Fig.
7-13 shows the influence of variations in C,.

With a k of 0.086, the maximum Qs for bifurcation-free operation determined using the bifurcation
criterion (Table 5-5 for the PP topology) is 11.6. Since the monorail material handling system with
Qso,rated Of 4.7 is well within the bifurcation boundary, it does not bifurcate within normal operating
conditions.

With the theoretical C,, the operating frequency is close to @y (u=1) for all loading conditions. An
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increase in C, results in a shift in the operating frequency below wo (u<1), while decreasing C;, shifts

the operating frequency above wp (u>1). The change in operating frequency is similar at all loading

conditions and causes the pickup to become detuned. Consequently the power transfer capability to the

pickup reduces. In comparison to well-coupled systems (noted in Fig. 7-11 and 7-12), this sensitivity

to variations in C; is lower.
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Fig. 7-11. Original tuning (C,:=1) — The influence of variations in C, for an electric vehicle battery
charger under variable-frequency operation (k=0.45, Qso,rateca=1.8, PP topology, I,=15A).
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Fig. 7-12. Modified tuning for unity DPF at rated load (Cp,=1.04) — The influence of variations in C,
for an electric vehicle battery charger under variable-frequency operation.

7-S THE INFLUENCE OF VARIATIONS IN SECONDARY

CAPACITANCE

7-5.1 FIXED-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — The influence of variations in Cs are

illustrated in Fig. 7-14 for the original tuned system. As discussed in section 7-2, variations in C; affect
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both the DPF and the power transfer capability, but here the influences are found to be small over all
loading conditions. Fig. 7-15 shows the influence of variations in Cs when using the modified tuning
scheme for unity DPF at rated load. Similar to the original tuned system, both the DPF and the power
transfer have low sensitivity to variations in C, under all loading conditions. Fig. 7-16 shows the
influence of variations in C; when using the modified tuning for load independent unity DPF. In this
case, the influence on the power transfer capability is significant. An increase in C results in lower
power transfer capability as the pickup resonant frequency moves further away from the operating
frequency (u), while decreases in C; improve the power transfer capability since the secondary tuned
frequency moves closer to u. The influence on the DPF is however small, especially at light load.
Interestingly, increases and decreases in Cs have an identical influence on the DPF. Overall, the

sensitivity of the DPF to variations in Cs is small irrespective of load.

A loosely coupled system (monorail material handling) — As shown in Fig. 7-17, variations in C

have significant influence on both the DPF and the power transfer capability because of higher Qp and

Qs.
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Fig. 7-13. The influence of variations in Cp for a monorail material handling system under variable-
frequency operation (k=0.086, Qso,rated=4.7, PP topology, Con=1, I;=54A).
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Fig. 7-14. Original tuning (Cpn=1, u=1) — The influence of variations in Cs for an electric vehicle
battery charger under fixed-frequency operation (k=0.45, Qsoated=1.8, PP topology, I,=15A).
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Fig. 7-15. Modified tuning for unity DPF atrated load (Cp,=1.04, u=1) — The influence of variations in
C; for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-16. Modified tuning for load independent unity DPF (Cyn=1, u=1.12) — The influence of
variations in C; for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-17. The influence of variations in Cs for a monorail material handling system under fixed-
frequency operation (k=0.086, Qg ratea=4.7, PP topology, Con=1, u=1).

- 187-

Momentum Dynamics Corporation
Exhibit 1025
Page 215




CHAPTER 7 A SENSITIVITY ANALYSIS

7-5.2 VARIABLE-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — The influence of variations in Cs are
shown in Fig. 7-18 for the original tuned system. The effects of decreasing Cs are similar to those
found when C; is increased, and vice versa. However, the actual sensitivity of the operating frequency

to variations in C; is lower than that found with variations in C,.
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(c) Sensitivity of the operating frequency.
Fig. 7-18. Original tuning (Cy,=1) — The influence of variations in Cs for an electric vehicle battery
charger under variable-frequency operation (k=0.45, Qso,ratea=1.8, PP topology, I;=15A).
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Fig. 7-19 shows the influence of variations in C; when using the modified tuning scheme for unity

DPF at rated load. Once again, similar characteristics to the original tuned system are found.
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(c) Sensitivity of the operating frequency.
Fig. 7-19. Modified tuning for unity DPF at rated load (Cp,=1.04) — The influence of variations in C,
for an electric vehicle battery charger under variable-frequency operation (k=0.45, Qs ratea=1.8, PP
topology, I;=15A).

A loosely coupled system (monorail material handling) — Fig. 7-20 shows the influence of
variations in Cs. The influence on the operating frequency is negligible since the loading effects of the
pickup on the primary can be neglected. However, the influence on the power transfer capability is

significant as the operating Qs is high and is therefore highly sensitive to pickup tuning.
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Fig. 7-20. The influence of variations in C; for a monorail material handling system under variable-
frequency operation (k=0.086, Qso,ratea=4.7, PP topology, Cpr=1, I,=54A).

7-6 THE INFLUENCE OF MISALIGNMENT IN THE
ELECTROMAGNETIC STRUCTURE

The amount of misalignment in the electromagnetic structure depends on how the primary and
secondary are aligned. Both mechanical and electrical guiding methodologies can be used. For
contact-less battery charging of portable consumer products, the product can be designed to sit in a
pocket of the battery charger and as such to minimize the misalignment. For the monorail material
handling system discussed above, the primary coil is fixed on a rail while the secondary pickup is fixed
to a bogie that is guided on the same rail to minimize misalignment. In automatic guided vehicle
applications and in contact-less electric vehicle battery charging systems (such as that discussed
earlier), vehicles are normally electrically guided in position and may have “significant”
misalignment.

The misalignment of the electromagnetic structure results in variations to the coupling parameters
(Lp, Ls and M). In fixed-frequency systems, such variations affect the DPF and the power transfer
capability. In variable-frequency systems, the main influences of this misalignment are on the

operating frequency and the power transfer capability. These influences are investigated in this

- 190 -

Momentum Dynamics Corporation
Exhibit 1025
Page 218




CHAPTER 7 ' A SENSITIVITY ANALYSIS

section.

7-6.1 COUPLING PARAMETER VARIATIONS IN AN ELECTRIC VEHICLE
BATTERY CHARGER

For the contact-less electric vehicle battery charger used in examples throughout this thesis and
designed earlier in section 4-6, misalignment of the electromagnetic structure can be defined as
variations in air gap, offiset and skew angle as shown in Fig. 7-21. A vehicle with a flat tire results in

smaller air gap. As the vehicle stops at the charging station, offset and skew angle between the primary

and secondary while limited are in practice unavoidable.

Primary 1d
”~
Primary m Skew
Tgap Secondary aig}e_
Secondary
(a) Air gap. (b) Offset. (c) Skew angle.

Fig. 7-21. Misalignment of the contact-less electric vehicle battery charging system.

The primary and secondary self-inductances as well as the mutual inductance were measured for
selected air gap, offset and skew angle (measurements are shown in Fig. 7-22 as circles). Increases in
all of these factors result in a drop in the coupling parameters. Variations in the air gap are the most
significant in comparison to the offset and skew angle as a result of the magnetic design in this system
(as shownin Fig. 7-23). As the air gap increases from 10mm to 85 mm, the mutual inductance drops to
less than a third. The drop of the primary and secondary self-inductance is relatively smaller. Due to

the symmetry of the primary and secondary electromagnetic structure, the effects of the skew angle are

small.

20 40 60 80 0 50 100 0 20 40
Air gap (mm) Offset (mm) Skew angle (°)
(a) Air gap. (b) Offset. (c) Skew angle.
Fig. 7-22. Measurement of the effects of misalignment on coupling parameters for the contact-less
electric vehicle battery charger.
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A-A Section

Ground

le

I‘
Fig. 7-23. Symmetry of the electromagnetic structure of the battery
charger.

7-6.2 FIXED-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — The influence on power and DPF of
variations in the coupling parameters (Lp, Ls and M) are illustrated in Fig. 7-24 to 7-32 for each tuning
scheme discussed in this thesis. The DPF has a small sensitivity to variations in L, at rated load for all
tuning schemes, but becomes more sensitive at light load due to increased Qp. Here, systems using the
modified tuning for load independent unity DPF have the lowest sensitivity.

The variation in L has moderate influences on both the DPF and the power transfer capability in all
tuning schemes. Overall, the sensitivity of the DPF to variations in L is small under all loading
conditions. An increase in L results in lower power transfer capability, and as such a higher operating
Qs is required for the same power transfer. In practice, increases in L are almost always accompanied
by increases in M that are more than enough to compensate for this power drop.

As expected, variations in M influence both the DPF and the power transfer capability in all tuning
schemes. In percentage terms, this influence is moderate, however M can change significantly with
misalignment so that the influence on DPF and power can be quite large. A decrease in M results in
lower power transfer capability and therefore a higher operating Qs is required for the same power
transfer. The sensitivity of the DPF to variations in M is small at rated load, but becomes more
sensitive at light load due to increased Qp. Systems using the modified tuning for load independent

unity DPF have the lowest sensitivity at light load.

A loosely coupled system (monorail material handling) — The influence of variations in the
coupling parameters are shown in Fig. 7-33 to 7-35. The DPF is highly sensitive to variations in L,
because Qj, is high. The sensitivity of DPF to variations in L is significant at rated load, and becomes
lower at light load due to reduced influence of the pickup on the primary. The sensitivity of DPF to

variations in M is small. Variations in M and L have significant influences on the power transfer
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L, for an electric vehicle battery charger under fixed-frequency operation.
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(d) Sensitivity of the DPF at 150W.

Fig. 7-24. Original tuning (Cps=1, u=1) — The influence of variations in L, for an electric vehicle
battery charger under fixed-frequency operation (k=0.45, Qs ratea=1.8, PP topology, I;=15A).
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(d) Sensitivity of the DPF at150W.
Fig. 7-25. Modified tuning for unity DPF at rated load (Cp,=1.04, u=1) — The influence of variations in
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(c) Sensitivity of the DPF at 300W. (d) Sensitivity of the DPF at150W.

Fig. 7-26. Modified tuning for load independent unity DPF (C,:=1, u=1.12) — The influence of
variations in L, for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-27. Original tuning (Cpr=1, u=1) — The influence of variations in Ls for an electric vehicle
battery charger under fixed-frequency operation (k=0.45, Qs rated=1.8, PP topology, I,=15A).
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Fig. 7-28. Modified tuning for unity DPF atrated load (Cpa=1.04, u=1) — The influence of variations in
L, for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-29. Modified tuning for load independent unity DPF (C,n=1, u=1.12) — The influence of
variations in L for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-30. Original tuning (Cp,=1, u=1) — The influence of variations in M for an electric vehicle
battery charger under fixed-frequency operation (k=0.45, Qsoratea=1.8, PP topology, I;=15A).
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Fig. 7-31. Modified tuning for unity DPF at rated load (Cp,=1.04, u=1) — The influence of variations in
M for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-32. Modified tuning for load independent unity DPF (Cy,=1, u=1.12) — The influence of
variations in M for an electric vehicle battery charger under fixed-frequency operation.
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Fig. 7-33. The influence of variations in L, for a monorail material handling system under fixed-
frequency operation (k=0.086, Qsoatea=4.7, PP topology, Cpr=1, u=1).
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Fig. 7-34. The influence of variations in Ls for a monorail material handling system under fixed-
frequency operation (k=0.086, Qsoraea=4.7, PP topology, Cpn=1, u=1).
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Fig. 7-35. The influence of variations in M for a monorail material handling system under fixed-
frequency operation (k=0.086, Qs ratea=4.7, PP topology, Cpr=1, u=1).
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7-6.3 VARIABLE-FREQUENCY SYSTEMS

A well-coupled system (electric vehicle battery charging) — The influence on operating frequency

and power of variations in the coupling parameters are shown in Fig. 7-36 to 7-41. The original and

modified tuning schemes exhibit similar

sensitivities. Variations in L, have a similar influence to that

seen with variations in C,. Here, the power transfer capability is highly sensitive to decreases in L.

The sensitivity of the operating frequency to variations in L; is significant at rated power, and becomes

slightly lower at reduced load because of lower Q.
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Fig. 7-36. Original tuning (C,n=1) — The influence of variations in L, for an electric vehicle battery
charger under variable-frequency operation (k=0.45, Qso,catea=1.8, PP topology, I,=15A).
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Fig. 7-37. Modified tuning for unity DPF at rated load (C,:=1.04) — The influence of variations in L,

for an electric vehicle battery charger under variable-frequency operation (k=0.45, Qs ratea=1.8, PP
topology, I;=15A).
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Variations in L have similar effects to that seen with variations in Cs. Here, the power transfer
capability is highly sensitive to increases in L. The sensitivity of the operating frequency to variations
in Ls is less than that seen with variations in L, especially at light load where the sensitivity is

negligible because the frequency shift can be neglected.
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Fig. 7-38. Original tuning (Cy=1) — The influence of variations in L for an electric vehicle battery
charger under variable-frequency operation (k=0.45, Qg0 ratea=1.8, PP topology, I;=15A).
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Fig. 7-39. Modified tuning for unity DPF at rated load (C;,=1.04) — The influence of variations in L
for an electric vehicle battery charger under variable-frequency operation (k=0.45, Qgo,ratea=1.8, PP

topology, I,=15A).
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As expected, variations in M have a significant influence on the power transfer capability. An
increase in M results in improved power transfer capability as well as the occurrence of bifurcation at
a light load. Decreasing M results in reduced power transfer capability and the appearance of
bifurcation at higher load. Because of changes in the loading effects of the pickup, the sensitivity of the

operating frequency to variations in M is higher than that seen with variations in L for all loading

conditions.
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Fig. 7-40. Original tuning (C,n=1) — The influence of variations in M for an electric vehicle battery
charger under variable-frequency operation (k=0.45, Qsoatea=1.8, PP topology, I,=15A).
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(c) Sensitivity of the operating frequency.
Fig. 7-41. Modified tuning for unity DPF at rated load (Cp,=1.04) — The influence of variations in M
for an electric vehicle battery charger under variable-frequency operation (k=0.45, Qsoratee=1.8, PP

topology, I;=15A).

A loosely coupled system (monorail material handling) —The influence on operating frequency

and power of variations in the coupling parameters are shown in Fig. 7-42 to 7-44. The operating

frequency is sensitive to variations in Ly, while its insensitivity to variations in Ls and M is small as the

loading effects of the pickup are insignificant. The power transfer capability is quite sensitive to

variations in each coupling parameter since Qs is high.
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Fig. 7-42. The influence of variations in L, for a monorail material handling system under variable-
frequency operation (k=0.086, Qso,ratei=4.7, PP topology, Cpn=1, I,=54A).
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Fig. 7-43. The influence of variations in L for a monorail material handling system under variable-
frequency operation (k=0.086, Qso,raeca=4.7, PP topology, Cps=1, I;=54A).
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Fig. 7-44. The influence of variations in M for a monorail material handling system under variable-
frequency operation (k=0.086, Qsorated=4.7, PP topology, Cpn=1, I;=54A).

7-7 DISCUSSION

A comparison of the various sensitivity analyses for variations in Cp, Cs, Ly, Ls and M are
summarized in Table 7-5 to 7-8. Here, all of the tuning schemes discussed in this thesis are compared.
Influences on the DPF, the power transfer capability and the operating frequency are classified here
into: “Very High (>50%)”, “High (<50%)”, “Moderate (<30%)”, “Low (<15%)” and “Very Low
(<5%)” according to the percentage changes found when each of the parameters of interest is varied by
+10%. In all cases, the original tuning and the modified tunings are essentially identical and therefore
are not separated.

For loosely coupled systems under fixed-frequency operation, the DPF is highly sensitive to
variations in C;, and L. This can result in very poor DPF requiring a larger VA rating for the power
supply. In consequence, fixed-frequency operation is not a good choice when variations in C; or L, are
large. With variable-frequency control, the operating frequency is also sensitive to variations in C, and
L;. This has moderate influences on the power transfer capability. Variations in C,, Ls and M also have
moderate influences on the power transfer capability in both fixed and variable-frequency systems.
Overall, in order to minimize the VA rating of the power supply, variable-frequency operation is a

good choice for loosely coupled systems.
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For well-coupled systems under fixed-frequency operation, the sensitivity of DPF to variations in
Cs, Cp, Lp, Ls and M is small at rated power in all three tuning schemes. The sensitivity becomes higher
under lightly loading conditions. Here, the modified tuning for load independent unity DPF has lower
sensitivity, but the sensitivity of the power transfer capability to variations in Cs becomes higher,
requiring a careful choice of the type and grade of capacitor used here. Variations in Ls have a
significant impact on the power transfer capability for all tuning schemes. However, as noted in Fig.
7-22, if Ls increases M increases faster to compensate its influence on power transfer.

TABLE 7-5
SENSITIVITY OF DPF TO VARIATIONS IN C;, Cs, Ly, Ls AND M
UNDER FIXED-FREQUENCY OPERATION (PP TOPOLOGY)

W.ell-coup.led systems ' ' e v
Orgina ing ot i o Mt o coupe e

Rated power| Very Low Very Low Very Low Very High
© Light power| Moderate Moderate Low Very High
Rated power| Very Low Very Low Very Low Moderate
© Light power| VeryLow Very Low Very Low Moderate
. Rated power| Very Low Very Low Very Low Very High
’ Light power| Moderate Moderate Low Very High
L Rated power| Very Low Very Low Very Low Moderate

- Light power| Very Low Very Low Very Low Low
Rated power| Very Low Very Low Very Low Very Low

M Light power| Moderate Moderate Low Low

TABLE 7-6
THE INFLUENCE OF VARIATIONS IN Cs, Ls AND M ON THE POWER TRANSFER
CAPABILITY UNDER FIXED-FREQUENCY OPERATION (PP TOPOLOGY)
V\(ell-coup.led systems . . Doerel)
orgetn | Mo i [T g oyt

Rated power Low Low High Moderate

“ Light power Low Low Low Low
L Rated power High High High Moderate
Light power| Moderate Moderate Moderate Moderate
Rated power| Moderate Moderate Moderate Moderate
M Light power| Moderate Moderate Moderate Moderate
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TABLE 7-7

A SENSITIVITY ANALYSIS

SENSITIVITY OF THE OPERATING FREQUENCY TO VARIATIONS IN C;, Cg, L,
Ls AND M UNDER VARIABLE-FREQUENCY OPERATION (PP TOPOLOGY)

Well-coupled systems Loosely coupled
Original tuning | Modified tuning for unity DPF at rated load systems
Rated power High High Moderate
Cr Light power | Moderate Moderate Low
Rated power| - Moderate Moderate Very Low
- Light power| Very Low Very Low Very Low
L Rated power High High Moderate
’ Light power| Moderate Moderate Low
Rated power| Moderate Moderate Very Low
N Light power | Very Low Very Low Very Low
b Rated power| Moderate Moderate Very Low
Light power Low Low Very Low -
TABLE 7-8
THE INFLUENCE OF VARIATIONS IN C;, Cs, Lp, Ls ANDM ON THE POWER TRANSFER
CAPABILITY UNDER VARIABLE-FREQUENCY OPERATION (PP TOPOLOGY)
Well-coupled systems Loosely coupled
Original tuning | Modified tuning for unity DPF at rated load systems « -
Increase Low Low Moderate
& Decrease High High Moderate
- Increase High High Moderate
s
Decrease Low Low Moderate
Increase Low Low Moderate
b Decrease High High Moderate
Increase High High Moderate
- Decrease Low Low Moderate
» Increase Moderate Moderate Moderate
Decrease Moderate Moderate Moderate

For well-coupled systems under variable-frequency operation, the original and modified tuning

schemes have similar sensitivity. The operating frequency is sensitive to variations in C, and L,

particularly with increased output power. Such variations in the operating frequency result in reduced
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power transfer capability, and as such rated power may be unavailable. Importantly, the power transfer
capability is particularly sensitive to decreases in Cp and L as well as increases in Cs and Ls. If it were
possible to have positive variations in C, and L, and negative variations in Cs and Ls, the impact on
system operation would be minimized.

The sensitivity analysis in this chapter focused on two typical systems, one of which was a
well-coupled contact-less electric vehicle battery charger and the other a loosely coupled monorail
material handling system. Both examples use PP topologies. Similar sensitivities can be found using

other topologies (SS, SP and PS), but such an extended analysis is beyond the scope of this thesis.

7-8 CONCLUSIONS

The sensitivity of the displacement power factor (DPF), the operating frequency and the power
transfer capability to variations in the primary and secondary compensation capacitances (C, and Cs)
as well as the misalignment of the electromagnetic structure (variations in the coupling parameters M,
L, and L) were investigated in this chapter for both fixed and variable-frequency systems. It was
found that systems designed using the tuning schemes proposed in Chapter 5 (for variable-frequency
systems) and Chapter 6 (for fixed-frequency systems) have similar sensitivities to that found with
those tuned using the approach described in Chapter 4. The exception is the tuning scheme for load
independent unity DPF proposed in section 6-3 (for fixed-frequency systems). Here, the sensitivity of
its DPF at light load is lower than all other tuning schemes, however, its power transfer is particularly
sensitive to increases in Cs, and therefore requires this capacitor to be carefully selected for

temperature and lifetime stability.
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8-1 INTRODUCTION

Throughout this thesis, an LCL resonant inverter has been used to verify the proposed theory. This
chapter investigates the suitability of this LCL resonant inverter for ICPT applications.

Resonant inverters are popular for applications such as induction heating [1]. Induction heating
inverters in the 10 to 100 kHz frequency range can be used for ICPT applications, but the design
considerations are very different due to the difference in load characteristics. When analysing such
inverters, the load is normally represented as a resistor in series with the primary inductance, but in
many practical ICPT systems the reflected reactance due to secondary resonance is comparable to the
primary inductance [2-5]. Consequently, in order to analyse ICPT systems accurately, the secondary
resonant circuit needs to be solved simultaneously with the primary resonant network.

Sinusoidal ac analysis (fundamental mode analysis) is commonly used to analyse resonant inverters
[11(3]1[5][6]- This approach is suitable for determining steady state characteristics, but is unable to
identify the transient response or non-linear features. Alternatively, time domain analysis using
differential equations can be used [7]. However, this approach becomes too complex to be solved
analytically when combining the primary and secondary resonant circuits of an ICPT system.

In this chapter, the inverter is modelled using time domain differential equations, while sinusoidal
ac analysis is used to model the resonant tank (the impedance model developed in Chapter 3). A power
flow balance between the inverter and the resonant tank determines the steady state operation,
enabling the inverter to be designed to achieve maximum power transfer to the load. The analysis is

verified using a design example for contact-less electric vehicle battery charging,
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8-2 OVERVIEW OF THE SYSTEM

This section introduces the fundamental operation of the LCL resonant inverter, and summarizes
the proposed analytical procedure used in the following sections to match the inverter to the resonant

tank for maximum power transfer to the load.

8-2.1 OPERATING MODES OF THE LCL RESONANT INVERTER

The schematic in Fig. 8-1 shows an ICPT system using an LCL resonant inverter. The switching
power supply used here is a full-bridge inverter fed by a dc voltage (Vq). The inductance of the primary
winding (Lp), its primary parallel compensation capacitor (C;), together with the series inductor Ln,
form the LCL resonant circuit. Either series or parallel compensation can be used for the secondary,
with the advantages of each topology discussed in section 2-3. In this system, a parallel topology was

chosen for the secondary compensation.

-t
Cp"zp I

‘ ITI IT:

Fig. 8-1. Circuit diagram of an ICPT system driven by an LCL resonant inverter.

The inverter can be controlled using either a fixed or a variable-frequency controller. The
advantages and disadvantages of fixed and variable-frequency operations have been discussed in
section 2-5.

LCL resonant inverters can be operated with either continuous or discontinuous current.
Continuous current operation has been reported in detail for induction heating applications under
variable- frequency operation [1], and for ICPT applications under fixed-frequency operation [8].
Discontinuous current operation, however, has not been investigated thoroughly in the literature.
Consequently, this chapter investigates a variable frequency controlled LCL resonant inverter
operating with discontinuous current.

In continuous current mode, the inverter is controlled to always ensure a path for the inverter
current. This can be achieved by using the voltage amplification effect described in [1]. With this

design the resonant tank voltage is much larger than the output inverter voltage, and the inverter
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current becomes nearly sinusoidal as shown in Fig. 8-2 (a). For optimal inverter efficiency, the
frequency is controlled so that the inverter current is in phase with the inverter output voltage.
Switching losses are virtually non-existent, and very high operating frequencies can be achieved.
Power regulation can be achieved by varying the frequency as described in [1], but the resulting
switching losses need to be considered carefully.

In discontinuous current mode the inverter is switched so that the inverter current drops to zero and
stays there for a finite period during each half cycle as shown in Fig. 8-2 (b). The biggest advantage is

that turn-on losses are eliminated, and only conduction and turn-off losses need to be considered.

5

(a) Continuous current mode. (b) Discontinuous current mode.

Fig. 8-2. Inverter voltage and current waveforms for the LCL resonant inverter.

It is further possible to control the switches so that inverter current is minimised. This is achieved
by ensuring the inverter voltage always has the same polarity as the resonant tank voltage. With v,
positive, only S, and S, are allowed to turn on, while S; and S; will only be turned on if v, is negative.

Figure 8-3 shows current and voltage waveforms for half a cycle.

Sa____ g I
S gzt XA
= ! L9 Time
0 t) ty t3 T2

Fig. 8-3. Switching control of the LCL resonant inverter in discontinuous current mode.

To ensure discontinuous current, t; has to be early enough to ensure that the current will drop back
to zero before the end of the half cycle. Since the resonant tank voltage v, provides the voltage to drive
the inverter current back to zero, t; is a strong function of vp (t must reduce as v, reduces).

Power control is mainly achieved by varying t;. As t; increases, the inverter current drops resulting
in lower power. With only turn-off and conduction losses, a trade-off between the switching and

conduction losses is necessary. Using modern IGBT modules, conduction losses are equal to turn-off
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losses at switching frequencies around 20kHz. With such devices, this would be the best practical

operating frequency to maximize the inverter’s efficiency.

8-2.2 AN ANALYTICAL PROCEDURE FOR SYSTEM DESIGN

To facilitate analysis and design of the system, a four-step process is followed:

Step1: Firstly an inverter model is developed in which the resonant tank (the electromagnetic
structure, the primary and secondary compensations as well as the load) is modelled as a sinusoidal
voltage source. With this simplification, the inverter current waveform as well as the inverter output
power can be determined as a function of the resonant tank voltage.

Step 2: Once the inverter current waveform is known, the fundamental component of the inverter
current is calculated. Of particular importance is the phase relationship between the inverter current
and the resonant tank voltage.

Step 3: Next the impedance model developed in Chapter 3 is used to model the resonant tank (the
electromagnetic structure, the primary and secondary compensations as well as the load). If all
parameters are known, the model can be used to calculate the power and phase relationships of the
resonant tank.

Step 4: Finally the two models are combined, and the steady state operating point is determined

using power flow balance between the inverter and the resonant tank.

8-3 CAPABILITY OF THE INVERTER

The output power of the inverter can be calculated from the output voltage (v;) and current (i;). The
amplitude of the rectangular inverter output voltage equals the dc bus voltage (V4), while the pulse
width is controllable by the switching instants t; and t,. The waveform of the inverter output current is
dependent on not only the switching instants and the dc bus voltage, but also the resonant tank voltage
(vp) and the series inductance (Ln). An inverter model is developed in this section to investigate

influences of these parameters on the capability of the inverter.

8-3.1 THE INVERTER MODEL
In the inverter model shown in Figure 8-4, all primary and secondary resonant tank components are
replaced by a single sinusoidal voltage source vj,. This is a valid simplification for high Q resonant

systems, where the resonant tank voltages are very close to sinusoidal.
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1
—_—
s NN

Ln

Fig. 8-4. Simplified model of the LCL resonant inverter.

- The resonant tank voltage is given by:

: vp(t)=17p sinwt 8-1)
The inverter voltage depends on the states of the switches, and is equal to:
v, (), 0<t<t,
v, t,<t<t,
Vi (t) = 0, t, <t<t, (8-2)
v, (2) t,<t<T/2
With this inverter model, the inverter current (i;) can be determined from:
di\t
n0)-v, (=1, %) )
- During the time interval from t, to t;, the inverter current solved from (8-3) is:
()2 Ve 7,
i(2)= = (t-1)+ — [cos @t — cos o, | L <t<t, (8-4)

During the freewheeling period after t,, the inverter current solved from (8-3) is:

N/ 4
i()= i(t2 —1,)+ — L" [cos @t — cos a, | L, <t<t, (8-5)

. Since the inverter current drops to zero at t3, the time t can be expressed in terms of t; and t3:

~

14
t, =t + —2—[cos wt, —cos wt, | (8-6)
wV,

To ensure discontinuous current mode operation, t3 has to be less than T/2. The maximum value of

t, is thus:

V
Lomax =4 + a);d [cos ot, + 1] ®8-7)

8-3.2 WAVEFORM OF THE INVERTER CURRENT

For a general analysis of the waveform of the inverter current, the resonant tank voltage is

normalized with respect to the dc voltage as:
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V., = s (8-8)
pn Vd -
Time is normalized with respect to the period as:
t ol
f =~ =" 8-9
- (8-9)
The inverter current expressed in terms of these normalized parameters is then:
0, 0<t,<t,
Vd 27[(tn - t\n)+ Vpn [COS(ZM”)— COS(27I.11" )l t]" < t" < t2n
i\ ) =| —=— > -
I’( M) wLm 27[(th - tln)+ Vpn [COS(2m")— cos(zmln )l t2n < tn < t3n (8 10)
o, t,, <t,<0.5
where ty, is derived from (8-6) as:
v
tyy =t + —éﬂ[cos(bztl,, )-cos(2,, )] (8-11)
T

In the following analysis throughout this chapter, it is assumed that t,, is controlled according to

(8-11) using selections of t, and t3,, and measurements of VP , Vqgand .

The inverter current waveform is shown in Fig. 8-5 for selected Vp, assuming the switching instants
are controlled to achieve maximum pulse width (here, t;y=0, t3,=0.5). In this figure and following
similar figures, the maximum V;, (defined as Vpnmax) is determined using (8-11) at the condition that

tan equals t3n. Discontinuous current operation is impossible with higher Vp,.

08 Sy 0605 0.8 =0, t5,=0.5
.M/O' \\
0.6 /,'.' N, s 0.6
< -// \ \\ . o il
2 04 AN 2 04 2 TN
) . N, \'\‘\ 3 ~ N ‘\\
§, 0.2 RN *§, 0.2 AN
—~ ) ~N N o) () L
% 0 Vpu=022 TS F o N Tt
- ¥::_=-0:4 Vp,._l '\ ./
-02f  ITTIVMI0S 02t70 TTyEe g SO
— =V Vo157 et
-04" “ 04
0 041 0.2 0.3 04 05 0 0.1 0.2 0.3 04 0.5
Normalized time t,=t/T Normalized time t,=t/T
@ (i1)

Fig. 8-5. Influences of varying Vp, on the inverter current waveform assuming maximum pulse width
by setting t;,=0, t3,=0.5.

The waveform of the inverter current is a strong function of the resonant tank voltage. To ensure
maximum power delivery, it is desirable to maximize the average current while minimizing peak
current. This can be achieved when Vi, is close to unity. At this operating condition, the inverter
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current waveform is close to a trapezoid.

The effect of increasing tj, on the inverter current waveform is shown in Fig. 8-6 assuming

maximum t3, of 0.5. The average inverter current decreases as t;j, is increased, and becomes negative

with high resonant tank voltage resulting in negative power flow that while possible theoretically is in

practice not possible with an ICPT system as the pickups always consume power.

0.8 t1n=0.05, t3,=0.5 0.8 —— V¥ .(2)
| —---V=114
Sl _ O8] = = Vo=V ma=145
£ 0.4 £ 04}
3 3 i
E 0.2 4 L { 0.2 ;n..;_,. ~ ‘'~ L
g, g, Ry, =
= ——V,i=0.2 = “
—— ¥;"=8'g \\\} N ll’./
====Von=0. O .
02 —..-Vh-08 027,005,405 N3 ~_..”/
Nt
0.4 -0.4
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 0.5
Normalized time t,=t/T Normalized time t,=t/T
(1) (i1)
(a) t12=0.05.
0.8} t1,=0.10, t3,=0.5 0.8[ ——V,.=1.0
S ——vild
0.6} 0.6f 7 Ve Venmu=139
% 0.4 % 0.4
3 L 3
P 0.2 ;: 0.2
3 L 5| =
= op— = of SO L
——— xpn_ % \ \ e I'
-0.2F T LD 0.2 4 = —05 "~ P
= —YI::=0 g t1,=0.10, t3,=0.5 . ) v
-U‘q = = -0-4 A . —
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Normalized time t;=t/T Normalized time t,=t/T
() (i1)
(b) t12=0.10.

Fig. 8-6. Influences of Vp, and t;, on the inverter current waveform (t3, = 0.5).

The effect of decreasing t3, on the inverter current waveform is shown in Fig. 8-7 assuming

minimum t;, of zero. The average inverter current reduces with decreasing ti,. However, the

sensitivity of the average current to decreases in t3, is much lower than that seen with increases in t;,

(as seen in Fig. 8-6). Moreover, the average inverter current is positive across the whole range of

possible resonant tank voltages ensuring positive power flow.
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Fig. 8-7. Influences of V;,, and t3, on the inverter current waveform (t1, = zero).

8-3.3 INVERTER POWER DELIVERY CAPABILITY

The average power supplied by the inverter is equal to:

B=2 [ o

(8-12)

Before t; and after t3, the inverter current is zero and the inverter supplies no power. During the

freewheeling period from t; to t3, the inverter voltage is zero, and again the inverter supplies no power.

Power is only supplied by the inverter from t; to t;, when the inverter voltage is equal to the dc bus

voltage V4. Equation (8-12) can thus be rewritten as:

2, .
B="t f i, ()t (8-13)
Substituting (8-4) into (8-13) results in:
V. 5T .
P = Znaij d(a)tz -t )2 +2V, [sma)t2 —sin —(a)t2 — ot )coscot, ]} (8-14)

This equation shows that the inverter power can be controlled by varying t; and t;.
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In terms of the normalized primary resonant tank voltage given in (8-8) and the normalized time

given in (8-9), the inverter power delivery capability given in (8-14) can be expressed as:

B= (”::’L J{an (tzn S )2 +V,, [Sin(2ﬂ12" ) - sin(Zm‘m )— 27t(t2,, S )cos(Zm‘l" )]} (8-15)

where ty, is a function of Vp, ti, and t3, as given by (8-11).

8-3.4 FUNDAMENTAL COMPONENT OF THE INVERTER CURRENT

In this section, the fundamental inverter current is calculated to determine the phase relationship
between the inverter current and the resonant tank voltage. Using Fourier analysis, the inverter current

can be expressed as the sum of its Fourier components:

i,(1)= {4, cos(hot)+ B, sin(hat)} (8-16)

h=odd

where

% (£)cos(hat )t

/21',. (¢)sin(h oot )dt

Substituting (8-4) and (8-5) into (8-16), the fundamental component of the inverter current is:
i,(1)= 4 cos wt + B, sinat = C, sin(wt + ®,) (8-17)
where

'V, [(e02, — @, )sin(et, ) + cos(wt, ) — cos(at, )]

42 ] [ cos(a, )sin(ar, )— cos(a, )sin(ert, )
'zl |+V, Loh ot sin(2ot, )—sin(2at, )
L 2 4
[V, [(wt, — at,)cos(at,) +sin(wt, ) —sin(er, )]
B2 | [ cos(et, )cos(at, )—cos? (e, )
' mal, |+7, N sin® (@t, ) —sin? (e, )
L 2
AT T

@, =tan"'(4,/B,)

The phase angle @; is the angle between the resonant tank voltage and the fundamental of the

inverter current, and gives a good indication of how well the inverter matches the resonant tank.
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In terms of the normalized resonant tank voltage given in (8-8) and the normalized time given in
(8-9), the phase angle of the fundamental inverter current derived in (8-17) can be expressed as:
cos(2m,, )sin(27zt,,, )— cos(2nt,, )sin(27z13,, )
sin(47zt3,, )— sin(47rt,,, )

4
cos(27t,, )cos(2at,, ) - cos® (22, )
)] m sin*(27t,, )—sin*(2m,,)
2

+ ”(tBn —tln)+

cos(27z12,, ) —cos(2nt,, ) ¥
+27x(t,, -1, )sin(2mt,,)| *"

®, = tan™ (8-18)

sin(272,, )—sin(272,,)
-27(t,, -1, )cos(2m,,

where ty, is a function of Vi, ti, and t3, as given by (8-11).

The phase angle @; is a function t)p, t3 and V. Importantly, it is independent of the frequency and
will be used later to determine the steady state operating frequency.

The effect of increasing t;, on the phase angle @, is shown in Fig. 8-8 assuming maximum t3, of 0.5.
In each case, there exists a maximum V;, where the phase angle is either 90° or —90°. Here, the
fundamental inverter current is zero and no power is transferred into the resonant tank. Further
increases in V,, would theoretically result in negative power flow. This is practically impossible with
ICPT systems and therefore is not considered.
With t;, controlled at zero, the minimum phase angle is about 10° when V, is slightly above unity. As
noted in section 8-3.2, maximum inverter power is achieved when V, is near unity. It is thus desirable
to make the phase angle in this range close to zero to ensure a suitable matching between the inverter
and the resonant tank, which is designed to transfer maximum power with zero phase angle of the

resonant tank impedance (as noted in Chapter 5). This can be achieved by increasing t, to around 0.04.

100 : - - - : - ]
80t
60
40
S 20 ST~ -
g . e TS == .?;-_-_:_"'———‘..--—‘7;1'
£ 2 4=0.50 T
40 =000 E
60f T Tnm008 |
sob —-tu=0.12 i

-100 : . .
0O 02 04 06 08 1 12 14 16

Normalized resonant tank voltage Vp,

Fig. 8-8. Influences of increasing t), on the inverter current phase
relationship assuming maximum ts, of 0.5.
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The effect of decreasing t3, on the phase angle @, is shown in Fig. 8-9 assuming minimum t;, of
zero. Decreasing ts, results in an increasing phase angle between the inverter current and the resonant

tank voltage. Consequently, in the rest of this chapter it is assumed that t,; is controlled using (8-11) to

force t3, to be 0.5.

100 . —
t1n=0.00

80 ——t3=0.50
,é' — - =3,=0.45
o - -t3“=0.40
B 60 = t3,=035
]
2
£ 40
=% -

20

N . _

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
Normalized resonant tank voltage Vi,

Fig. 8-9. Influences of decreasing t3, on the inverter current
phase relationship assuming minimum t,, of zero.

8-4 CAPABILITY OF THE RESONANT TANK

The electromagnetic structure, the primary and secondary compensations as well as the load are
now considered in more detail using the contact-less electric vehicle battery charger (described in
section 3-11 and investigated in sections 4-6 and 5-6). This example is designed using the design
methodology proposed in chapter 4 and the tuning scheme suggested in Chapter 5. It is assumed in this
design that the primary current is controlled constant, the secondary pickup is tuned to resonate at the
nominal frequency, and the primary is tuned to have unity DPF at rated load. However, when matching
the inverter into the resonant tank, these ideal operating conditions may be not available due to
non-linear behaviour of the inverter. This is investigated in this section to determine influences of the

inverter switching control on the capability of the resonant tank.

8-4.1 THE RESONANT TANK MODEL

The total impedance (Z;) of the resonant tank circuit can now be calculated using the load model

developed in section 3-10.1. For PP topology, it is more convenient to express this in terms of an

admittance as:
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. 1
Y =joC, + Iy
JjoL, + B

jal, + | 1 (8-19)

joC, +—

Jak R

The phase angle of the resonant tank admittance is determined as:
ImY,
ZY, =tan!| —L 8-20

, (RCY’ J (8-20)

where the ‘Re Y¢" and ‘Im Y represents the real and imaginary components of the resonant tank
admittance.

With given electromagnetic structure (L, Ls, M), primary and secondary compensations (C,, C;) as
well as load (R), the resonant tank admittance and its phase angle are functions of the operating

frequency.

8-4.2 OPERATING FREQUENCY

The phase angle of the resonant tank admittance at rated load is shown in Fig. 8-10 as a function of

the normalized frequency u (w/wg). As expected, the phase angle is zero at u of unity.

£Y: (%)
o

-50"
0.8 0.9 1 1.1 1.2 1.3
Normalized frequency u (w/wo)

Fig. 8-10. Phase angle of the resonant tank admittance at rated load.

As noted in section 8-3.4, the phase angle of the fundamental inverter current is independent of the
operating frequency. This enables the steady state operating frequency to be determined by matching
the inverter model to the resonant tank model. At steady state, the phase angle of the primary resonant
tank admittance must equal the phase angle of the fundamental inverter current. With the phase angle
calculated based on selections of ti,, t3, and known Vp, using the inverter model, the operating
frequency can be determined using the resonant tank model as a function of these same parameters.
Influences of increasing t;, on the operating frequency are shown in Fig. 8-11 assuming maximum t3,

of 0.5. For selected t), and t3;, the phase angle of the fundamental inverter current is calculated as a
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function of Vp, (Fig. 8-8). The operating frequency is then determined using the calculated phase angle
(The dependence between the phase angle and the operating frequency is shown in Fig. 8-10).

With maximum inverter pulse width (t;,=0,t3,=0.5), the operating frequency is significantly above
p across the whole range of resonant tank voltages. Here, the operating frequency is detuned from the
designed value (@) by at least 18%.

With ty, controlled near 0.04, the operating frequency is close to wo when Vp, is near unity. This
region arises when the phase angle is close to zero as noted in section 8-3.4, and is desirable as this

minimizes pickup detuning effect. Here, the inverter is well matched to the resonant tank.

1.4 -
g :
213f . I,’,V
Q S e ~T L 5
g FEaare 12
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& TN TS i
811 t3,=0.50 \' ‘\\ ~.~-" ’!
s ——,,=0.00 \, h

1 .

£l =00 e el
5 - = =t;,=0.04 -, J
Z — - 1:=0.06 i

=
©

0 02 04 06 08 1 1.2 1.4 1.6
Normalized resonant tank voltage Vpn

Fig. 8-11. Influences of increasing t;, on the operating
frequency assuming maximum ts3, of 0.5 at rated load.

8-4.3 POWER ABSORPTION CAPABILITY

At steady state, the power delivered by the inverter is completely absorbed by the resonant tank.

The power transferred into the resonant tank can be calculated as:

72

14
P, = (ReY,)— (8-21)
It can be expressed in terms of the normalized resonant tank voltage as:
viv:
P, =(Re?,)——*~ (8-22)

The power absorption capability of the resonant tank is thus proportional to the real component of
the resonant tank admittance (the resonant tank conductance). The resonant tank conductance at rated
load is shown in Fig. 8-12 as a function of the normalized operating frequency. It reaches a maximum
at a frequency slightly higher than the secondary resonant frequency. Assuming a constant resonant
tank voltage, maximum power can be achieved at this operating point, where the resonant tank runs at
a small leading phase angle.

As noted in section 8-4.2, the operating frequency is dependent on selections of t;, and t3,, and the
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resonant tank voltage (Vpn). Since the resonant tank conductance (Re Yy) is a function of the frequency,
both the resonant tank conductance and power absorption capability are dependent on these
parameters. Influences of increasing tj, on the resonant tank conductance and power absorption
capability are shown in Fig. 8-13 and 8-14 for rated load (R=6Q2) assuming maximum ts, of 0.5. For
selected ti, and ts,, the operating frequency can be calculated as a function of Vi, (Fig. 8-11). The
resonant tank conductance is then determined using the calculated operating frequency (The
dependence between these two parameters is shown in Fig. 8-12). Using the determined resonant tank
conductance, the power absorption capability of the resonant tank is then calculated by (8-22). It is
divided by the square of the dc voltage to ensure the analysis remains independent of the choice of dc
voltage. Once again, a tj, of about 0.04 is most desirable because here the resonant tank power

absorption capability is maximized.

0.06
08 09 1 1.1 12 13

Normalized frequency (@/wp)
Fig. 8-12. Resonant tank conductance at rated load.
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Fig. 8-13. Effects of t;, on the resonant tank conductance at rated load.
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Fig. 8-14. Influences of t;, on resonant tank power absorption capability at
rated load.

8-5 STEADY STATE POWER FLOW ANALYSIS

The balance in power flow between the inverter and resonant tank is used in this section to develop
an analytical procedure to determine suitable switching instant (t;,) and series inductance (L,,) for
maximum power transfer at rated load using the example discussed in section 8-4 for contact-less

electric vehicle battery charginé. The resulting design is then investigated under light load.

8-5.1 AN ANALYTICAL PROCEDURE FOR STEADY STATE ANALYSIS

The analytical procedure proposed for the determination of the steady state operation is shown in
Fig. 8-15. This procedure is iterated in the next section for different values of t), and Ly, in order to
determine suitable designs for maximum power transfer.

Under steady state conditions it is assumed that the controller keeps the parameters t;, and t3, fixed.
The steady state analysis thus starts by specifying selections of t;, and t3,, with ty, calculated using
(8-11). The phase angle then becomes a function of V;, alone (as noted in section 8-3.4). The operating
frequency, determined by matching the phase of the inverter current to the phase of the impedance of
the resonant tank, is only a function of V;, (as noted in section 8-4.2). Consequently, both the power
delivery capability of the inverter (as noted in section 8-3.3) and the power absorption capability of the
resonant tank (as noted in section 8-4.3) also become functions of V;, allowing Vp, to be determined
using the power flow balance between the inverter and the resonant tank. This enables the steady state

operation to be identified.

8-5.2 THE SWITCHING INSTANTS AND THE SERIES INDUCTANCE

The power delivery characteristics of the inverter are very different to the power absorption
characteristics of the resonant tank, and the inverter needs to be matched to the resonant tank for
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efficient power transfer. This can be done by a correct choice of the series inductor L, and a proper

control of the switching instant t;, assuming maximum ts, of 0.5.

( Start )

Specify the selections of t;, and ts,, and calculate tp, using (8-11)

v

Calculate the phase angle of the fundamental inverter current as a function of
the normalized resonant tank voltage (section 8-3.4): ®;=®1(Vpn)

v

Calculate the operating frequency as a function of the normalized resonant
tank voltage (section 8-4.2): o= (Vpn)

v v

Calculate the inverter power delivery | |Calculate the resonant tank power
as a function of Vp, (section 8-3.3): absorption as a function of Vi,
P=Pi(V;pn) (section 8-4.3): P=P(Vpn)

v v

Determine Vy, and steady state operation from the power flow balance
between the inverter and the resonant tank: Piy(Vpn)=P(Vpn)

End

Fig. 8-15. An analytical procedure for the determination of steady state operation.

By plotting the inverter power for different values of L,, against the resonant tank power, a good
choice of Ly, can be made. This is shown in Fig. 8-16 (a) and (b) with t;, chosen as 0.00 and 0.04
respectively. In this figure, both the inverter and resonant tank power are divided by the square of the
dc voltage (Vq) enabling an analysis independent of V.

It can be seen that for large resonant tank voltages the inverter limits the power transfer, while for
low resonant tank voltages the resonant tank limits the power transfer. A good choice for Ly, is where
the crossover point is at the maximum power absorption capability of the resonant tank. The effect of
the series inductor L, can be seen clearly, with the inverter power delivery increasing as Ly, is made
smaller. The price paid for using a smaller series inductor, however, is an increase in the inverter
current, which directly increases the required VA rating of the inverter. From an inverter perspective,
the largest possible value of L, is desirable. From Fig. 8-16 it can be seen that both the inverter power

delivery and the resonant tank power absorption depend on the choice of tin. Consequently, the
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optimum value of Ly, is also dependent on t;,. With t;, equal to 0.00, the optimum L, is about 19pH.
The optimum L, decreases to about 12puH when ty;, is increased to 0.04.

Various maximum power points for different values of t;, are compared in Table 8-1 along with the
optimum series inductance Ly,. In this table the dc bus voltage Vqis set at 130V in order to compare the
results experimentally as discussed in section 8-6.

As ty, is increased, the maximum power initially increases and the primary current reduces as the
operating frequency moves closer to the secondary resonant frequency. However, the required series
inductance Ly, also becomes smaller as t), is increased, causing the peak inverter current i; to increase.
As ty, is increased further to 0.06, very little power gain is achieved, but the inverter current increases
by more than 20%. A further increase in t;, results in a reduced power transfer capability but a much
larger inverter current. For this application t;, should be controlled close to 0.04 in order to maximize
the power and minimize the primary current, while still keeping an acceptable peak inverter current

level. At this condition, the optimal series inductance is 12pH.
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i — « nverter "R, N £1,=0.00
A: L,=18uH e .
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‘~0.06 | D: L,=24pH %

Pg/V dz
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o
o
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0.42} —Resonant tank A/’-\ t3,=0.50
| —. anverter / BN t1,=0.04
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(b) t1,=0.04.
Fig. 8-16. Inverter and resonant tank power flow balance at rated load.
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TABLE 8-1
STEADY STATE OPERATIONS FOR MAXIMUM POWER WITH SELECTIONS OF t;;

Vi 130V

R 6Q

t3n 05

tin 0.00 0.02 0.04 0.06 0.08
I 19uH 16pH 12pH 6.5uH 3.2uH
I?'p 166.4V 154.8V 149.1V 151.3V 150.7V
P 1323W 1342W 1467W 1518W 1507W
I, 38.5A 36.2A 34.1A 34.8A 339A

Peak i; 18.8A 189A 21.1A 259A 38.5A

f 24.0kHz | 23.0kHz | 21.1kHz | 20.9kHz | 20.5kHz
D, 17.7° 9.1° 3.1° 1.8° 2.1°

8-5.3 BEHAVIOUR AT LIGHT LOAD

The above analysis and design assumed operation at rated load. An identical approach can be used to
investigate the behaviour of the system at other loading conditions. In this section, various steady state
operations under light load are compared against rated load in Table 8-2 assuming t;, and t3, are
controlled at the optimum values determined under rated load. The variation of the primary current at

reduced load is notably small, which is a desirable characteristic for ICPT systems.

TABLE 8-2
SYSTEM BEHAVIOUR AT LIGHT LOAD
V4 130V
tin 0.04
t3n 05
Ln 12pH
R 6Q 4Q 2Q2 0Q
I7p 149.1V 158.5V 1677V | 177.1V
P 1467W 1006W 541W ow
I, 34.1A 349A 349A 39.5A
f 21.1kHz | 22.5kHz | 23.2kHz | 21.7kHz

Inverter current waveforms are compared for different loading conditions in Fig. 8-17. As the load
reduces, the current that needs to be turned off decreases. At loads of about 3Q or less, zero turn-off
losses can be achieved by turning off the switches while the current is flowing through the
freewheeling diodes.

With decreasing load, the secondary harmonic gradually dominates the waveform of the inverter
current. In order to reduce conduction losses under light load, the secondary harmonic can be

minimized by reducing the duty cycle of the inverter (increasing t;, and reducing ts,).
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Fig. 8-17. Inverter current waveforms at light loads.

8-6 VERIFICATION

The developed theory was compared with experimental results taken on a system with the dc bus
voltage Vgq set at 130V. At this voltage the primary current is much lower than the rated current of
150A, and the power levels need to be scaled down correspondingly. SEMIKRON IGBT modules
SKM150GB125D driven by SEMIKRON IGBT drivers SKHI22B are used in the test system. This
IGBT module has low turn-off losses but high conduction losses, for the chosen example conduction
losses are higher than turn-off losses. By choosing an IGBT with a lower on-state voltage, on-state
losses can be traded off against switching losses.

The calculated and measured waveforms of the inverter current and the resonant tank voltage at
steady state are shown in Fig. 8-18. The inverter is switched so that t;, is equal to 0.04 and t3, slightly
less than 0.5. This ensures that the inverter current drops back to zero before the start of the next
negative half cycle. The series inductor of 15pH is slightly larger than the optimal theoretical value of
12pH.

As shown, the form of the measured waveforms is well predicted. The magnitude of the measured
resonant tank voltage is slightly smaller but close to the theoretical value, while the magnitude of the
measured inverter current is a little bit larger. The difference is mainly due to the power losses within
the system. The developed theory assumes the power drawn from the source is completely transferred
to the load. Practically, the power drawn from the source must be higher than the power transferred to
the load, mainly because of the conduction and switching losses of the inverter as well as the copper

and core losses of the electromagnetic structure.
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(a) Inverter current. (b) Resonant tank voltage.

Fig. 8-18. Calculated and measured steady state operation.

The measured operating frequency, primary current, and input and output powers are given in Table

8-3. These results compare well with the theoretical calculations in Table 8-1 despite the loss-less
assumption of the analytical model.

TABLE 8-3
MEASURED FREQUENCY, PRIMARY CURRENT AND POWER
Measurements Calculations in Table 8-1

Frequency 20.9kHz 21.1kHz
Primary current 31.5A 34.1A

Input power to DC link 1485W N/A

Output power 1275W 1467W
Efficiency 85.9% N/A

8-7 CONCLUSIONS

In this chapter an LCL resonant inverter was investigated for ICPT applications using a variable-
frequency controller operating in discontinuous current mode. This control philosophy reduces the
required inverter VA rating, but results in a complex design. A feasible design approach is to derive the
steady state operation using a power flow balance analysis between the inverter and the resonant tank.
The non-linear characteristics of the inverter were described using a differential equation model,

while the resonant tank was modelled using the impedance model developed in Chapter 3. The theory
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predicted the inverter operating point and enabled the optimum value of the series inductance and

switching instants to be found. The system exhibits highly non-linear characteristics, requiring special

care for controller design. The theoretical analysis and design considerations were confirmed using a

contact-less electric vehicle battery charger.
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CHAPTER9

CONCLUSIONS AND FUTURE WORK

9-1 Conclusions
9-2 Future work

9-1 CONCLUSIONS

This thesis investigated the interactions between the primary power supply and the secondary
pickups of ICPT systems. The influences of these interactions on the power transfer capability, the
DPF, and the operating frequency were quantified for both variable and fixed frequency systems in
terms of four fundamental design parameters: the normalized frequency (v=w/w), the primary and
secondary quality factors (Qp and Qs), and the magnetic coupling coefficient (k).

The effect of the secondary loading on the primary was shown to increase with increasing k or Qs,
and is also highly sensitive to u. Notably, k, Qp and Qs were shown to be inter-related. Qp decreases
with increases in k or Q;. When Q,>>Qs, the loading effects of the secondary on the primary are
negligible, and the primary and secondary resonant designs can be considered independently. When Q,
is close to Qs, the secondary loading significantly affects the primary resonance, and needs to be
considered carefully to ensure power transfer capability and system stability.

Several new primary tuning schemes were proposed to improve the DPF of the power supply and
the power transfer capability of the pickup by considering the interactions between the primary and
secondary. These schemes enable the design of ICPT systems with smaller size, less weight, lower cost,
greater power and better efficiency. The theory was verified using a contact-less electric vehicle
battery charging system driven from an LCL resonant inverter operating under discontinuous current

mode.

9-1.1 VARIABLE-FREQUENCY SYSTEMS

As discussed in Chapter 4 and 5, variable-frequency systems allow the operating frequency to vary
so that the power supply operates with unity DPF. The amount of frequency variation depends on the
loading effect of the secondary on the primary. Frequency variation is negligible in loosely coupled

systems as the secondary loading effects are small. Here, with the primary and secondary resonant
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circuits designed independently, the pickup can operate close to the designed frequency ensuring
maximum power transfer. In well-coupled systems, where the secondary loading effects are more
significant, it was found that this design approach also works well, providing that both the primary and
secondary are series-compensated (the SS topology). However, when either the primary or the
secondary is parallel compensated (the SP, PP and PS topologies), the operating frequency shifts
significantly away from the pickup tuned frequency due to secondary loading effects. As a result, the
pickup power transfer capability is substantially reduced.

In Chapter 5, a modified primary tuning scheme was proposed to minimize pickup frequency
detuning effects for variable frequency systems in order to improve their power transfer capability.
The primary compensation capacitance (Cp) is selected to compensate not only the primary
self-inductance but also the reflected impedance (the loading effect) of the pickup. The necessary C,
was shown to depend on the choice of the compensation topology. With a parallel-compensated
primary (the PP and PS topologies), the necessary change in C, depends on Q. Consequently, here C,
was chosen for rated power, and while pickup frequency detuning effects under light load are
unavoidable, rated power delivery is not affected.

Design criteria were also developed to ensure bifurcation could be avoided. These bifurcation
criteria were found to be topology dependent, and can either be expressed in terms of Qp and Qs, or k
and Qs. With a high Qs, the bifurcation criteria of all four topologies can be simply stated as Qp>Q:s.
When considered in terms of k, the maximum allowable Q; before bifurcation decreases as k increases.
For loosely coupled systems with a k of 0.1, the maximum allowable Qs is about 10 in all four
topologies. For well-coupled systems with a k of 0.6, the maximum allowable Qs varies sligﬁtly
between the topologies but is typically less than 2.

In Chapter 7, the sensitivity of the power transfer capability and the operating frequency to
variations in the resonant parameters (C, Cs, L, Ls and M) were compared for both loosely coupled
and well-coupled systems designed using both the original and modified tuning schemes. It was found
that the original and modified tunings have similar sensitivities.

In Chapter 8, an LCL resonant inverter under discontinuous current mode was investigated. The
modified tuning scheme proposed in chapter 5 was used in the system design. The selected control
philosophy was shown to reduce the required VA rating of the power supply as well as turn-on losses,
but required a complex design procedure. A feasible design methodology was prescribed by deriving
the steady state operation of the inverter and ICPT system using a power flow balance analysis
between the inverter and the resonant tank. An impedance model was used to analyse the resonant tank,
while the inverter was modelled using differential equations. This approach was verified using a

contact-less electric vehicle battery charging systems.
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9-1.2 FIXED-FREQUENCY SYSTEMS

If a fixed-frequency controller is used in the primary, power transfer capability of the pickup can be
assured providing the primary current is controlled constant. However, the DPF of the power supply is
affected by the loading effects of the secondary on the primary.

In Chapter 6, a modified tuning scheme is proposed for fixed-frequency systems that aim to achieve
load independent unity DPF. With series-compensated primary systems (the SS and SP topologies),
load independent unity DPF is achieved when operating at wp. This in turn ensures maximum power
transfer capability at the pickup.

In parallel-tuned primary systems (the PP and PS topologies), unity DPF is achievable only at rated
load when operating at w,. At light load, the DPF can be very low. Load independent unity DPF is
desirable, but can only be achieved if the operating frequency is deliberately raised above wo. This
affects the power transfer capability and the required secondary VA rating of the pickup. It was found
that rated power can be achieved with this modified tuning scheme for the majority of ICPT systems,
which are either loosely coupled systems with reasonable Qs or well-coupled systems with low Qs.
Furthermore, when delivering rated power, the required secondary VA rating for the PP topology
increases slightly, but for the PS topology will be smaller. This arises from the fact that a series tuned
pickup transfers maximum power at a frequency above w,, while a parallel tuned pickup transfers
{naximum power at .

J_HIIn'Chapter 7, the sensitivity of the DPF and the power transfer capability to variations in the
resonant parameters (Cp, Cs, Lp, Ls and M) were compared for both loosely coupled and well coupled
systems designed using either the original tuning scheme or the modified tuning scheme detailed in
&Jilapter 6. Overall, the original and modified tunings have comparable sensitivities. The one exception
arises in the tuning scheme for load independent unity DPF. Here, the DPF at light load is less sensitive
to variations in all parameters considered, but the power transfer capability is more sensitive to

variations in C;. As shown here, Cs must be chosen to have good thermal and lifetime stability.

9-2 FUTURE WORK

The work of this thesis focused on single pickup applications and assumed the load to be linear and
resistive. The thesis work may be extended to analyse and design multiple pickup systems, and also to

investigate non-linear phenomena.
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Multiple pickup applications: In many practical ICPT systems a common power supply transfers
power to more than one secondary pickup. Optimal design of such systems needs to consider the
loading effects of all pickups together.

Assuming all pickups have identical design and load, the secondary load impedance (Zs) developed
in section 3-4 is the same for each pickup, and the total reflected impedance from all pickups can be
derived using (3-17) as: ‘

Z,=32,=n “’ZZMz

i=1 3

©-1)
where n is the number of pickups.
This is equivalent to the reflected impedance of a single identical pickup with an equivalent mutual

inductance of:
M, =nM ©-2)
The equivalent coupling coefficient is then:
k, = nk ©-3)
With the above definition of ‘equivalent mutual inductance’ and ‘equivalent coupling coefficient’,
the analyses and design considerations presented in this thesis for single pickup applications are also
applicable for multiple pickup systems.
In practice, the design of each pickup can be different, and the loading condition on each pickup is
almost always different. In this case, the equivalent magnetic coupling model could be extended to

include a stochastic model to represent the secondary loads on the primary.

Non-linear phenomena: An ICPT system essentially consists of multiple power converters (the
primary power supply and various pickup regulators) with mutual interactions via electromagnetic
coupling. These power converters employ both semiconductor switches and reactive components. The
switches control the power flow around the circuit, while the reactive components store energy. The
circuits are non-linear, time varying dynamic systems. Practical switches and reactive components
also have unwanted non-linear characteristics. The control circuits often have non-linear components.
ICPT systems are therefore difficult to analyse, and full of unusual phenomena.

Fundamental circuit analysis of a power converter typically results in a non-linear time-varying
model in terms of state-space variables. They are generally awkward to work with, and a simplified
model is often required. A conventional approach is to take an average over a switching cycle such as
that applied using state-space averaging. The aim is to replace the non-linear time-varying dynamic
model by a linear time-invariant one. This is easy to understand and straightforward to implement.
However, all information within a cycle is lost.
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Considerable effort has gone into extending the basic state-space averaging process. One such
extension is generalized state-space averaging. Here, the state-space variables are described within a
sliding window moving with time. The order of the model can be arbitrarily determined according to
system characteristics and the required accuracy. This approach has been used to model selected ICPT
power converters successfully [1][2].

An alternative approach is to use discrete non-linear modelling such as a sampled-data model [3].
Here, the state-space variables are observed discretely at specific instants of time. With this model, the
non-linear phenomena can be observed using conventional non-linear dynamic theory developed by
mathematicians and physicists.

Advancement in the research of the non-linear phenomenon is useful in identifying the transient
behaviour of ICPT systems, and could enable a variable-frequency system to operate in the bifurcation

region, and as such significantly increase the power transfer capability.
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Primary voltage and current gains

Reactive and real powers of the pickup coil

Quantified secondary current

Normalized reflected impedance of compensated pickup

Quantified impedance of the primary coil

Normalized reactance of the primary capacitance for systems with compensated pickup
Normalized impedance functions for systems with uncompensated pickup

Primary tuning for unity DPF at w¢

Primary tuning for load independent unity DPF

Maximum allowable alternating voltage and current in capacitors

SrpommouQwy

A. PRIMARY VOLTAGE AND CURRENT GAINS

In this section, the primary voltage and current gains are quantified in terms of the primary and

secondary quality factors for series and parallel-compensated primary systems.

Series-compensated primary: When the primary is series compensated, the primary current (Ip)
flows through the primary capacitor (Cp) and the primary winding (L;).

The voltage across the primary winding is:

. . o’M?
n:gg:bmﬂzyf{m%+ ==, (A-1)

5

where Z; is given by (3-7) for series and parallel compensated secondary systems.
Substituting (2-1) into (A-1) results in:
. jklaL,
V,= ]ml’plp(l - A ) (A-2)

s

At wo, Ly is in resonance with Cs (i.e. ®oLs=1/(woCs)) so that:

[ w,L,
. . 2 =0y series secondary
j a)O s + 5 +
wOLs .] a)O Cs
7] @oL, ——j+0 (A-3)
s - 50

JoL, + —1—1 parallel secondary
j0,C. +—
.] 0™~'s R
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where Qs is the secondary quality factor at my as given by (2-23).
Substituting (A-3) into (A-2), the result is:

y jooL,1, (1 - jk*Q, 0) series secondary
0= . : (A-4)
’ JooL, 1, (1 —k* - jk 2Qs0 ) parallel secondary
Substituting the primary quality factor (Qpo) at w as given in (2-29) into (A-4) results in:
jaooL,1, (Qg —J ] i series secondary
0
VpO = Q ’ . (A-S)
JooL, I, =~ oDro /s parallel secondary
. 1+ Q pOQsO
The inverter output voltage can be calculated as:
vV, = ! I +V A-6
i ] a)Cp P P ( = )
At wo, Ly is in resonance with C, so that:
ZN= L I j
0 = jwocp. p Vo =—jo,L,I,+V, (A-7)
Substituting (A-5) into (A-7) results in:
Jo,L,1, (%J series secondary
Vip = " -(A8)
—1-i
Jo,L,1, 217700 parallel secondary
l + Q pOQ.rO

The voltage gain (ratio of the voltage across the primary coil to the inverter output voltage) at wg

derived from (A-5) and (A-8) is:

\/1 +02, series secondary

Veaw = 031+ 03, l (A-9)

1+0 30 parallel secondary

Parallel-compensated primary: When the primary is parallel compensated, the inverter output
voltage (V;) is identical to the primary voltage (Vp).
The inverter output current can be calculated as:

I, =joC,V,+1, (A-10)

At oo, L, is in resonance with Cp, so that:
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Iy =jo,CV,0+1,

P po

Substituting (A-5) into (A-11) results in:

{a)
prO

I 1+ jO,,
i 1+Qp0QA‘0

I, =

IV o
_L+]p

ol (A-11)

P

series secondary
(A-12)

parallel secondary

The current gain (ratio of the current flowing through the primary coil to the inverter output current)

at @ derived from (A-12) is:
QpO

Touy =1 (140,00, F
1+ 0}

series secondary

(A-13)
parallel secondary

B. REACTIVE AND REAL POWERS OF THE PICKUP COIL

The reactive and real powers associated with the pickup coil are calculated in this section for series

and parallel-compensated secondary systems.

The apparent power (complex power) of the pickup coil can be calculated using the secondary

voltage and current as:

S, =17V

5 5

(B-1)

Series-compensated secondary: In a series-compensated pickup, the secondary voltage can be

determined as:

v, = L( 1
jac,

Substituting (B-2) into (B-1), the result is:

S, =If( ! +R)
jaC,

x|

= 13R+—_I’

(B-2)

2

joC (B-3)

S

As shown, the reactive power of the pickup coil equals the reactive power of the secondary

compensation capacitor (Cs), while the real power transferred by the pickup coil equals the power

going to the load (R).

Parallel-compensated secondary: In a parallel-compensated pickup, the secondary current can be
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determined as:
I,=V, ( joC, + %] (B-4)
Substituting (B-4) into (B-1), the result is:
2| . 1 v: 2(
S, =V?2| joC, +— | = +V2(jaC,) (B-5)

The reactive power of the pickup coil again equals the reactive power of the secondary
compensation capacitor, while the real power transferred by the pickup coil equals the power going to
the load.

C. QUANTIFIED SECONDARY CURRENT
The secondary current is quantified in this section in terms of the short circuit current (Is), the
normalized frequency (u=w/wy), and the secondary quality factor (Qso) at wo.

Substituting (3-7) into (3-31) results in:

[ jol,
jalL, + +R series secondary
1, _jal, s
7 = Z =4 ja)L, (C‘l)
joL +—— parallel secondary
joC, +—
L R
Substituting the normalized frequency defined by (3-29) into (C-1) results in:
[ Juw,L,
ju L, +— 1 +R series secondary
I J umocx
7T, (€2)
sc ) 1
JuaoL, + - 1 parallel secondary
Juw,C, +—
L R

Substituting (2-23) into (C-2) results in:
'Qszou2 (u2 - 1)+ J.onu3
u’ +03% (u2 - l)2
Qfou2 (u2 - 1)+ u’ + jOu
W + 0% -1

The ratio of the secondary current to the short circuit current derived from (C-3) is:

series secondary

I,
7. (C-3)

parallel secondary
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sc

D. NORMALIZED REFLECTED IMPEDANCE OF COMPENSATED

PICKUP

\/Q:ou

+ QsOu

u +Q,0(u —1)

|=< Vozurlw® =1)+u* +02u?

u? +Qfo (uz —1)

Dividing (3-18)&(3- 19) by (3-26) results in:

zZ
ReZ, =2%e _
ReZ,,
and
ImZ,_ = ImZ, _
ReZ,,

4c2R2

_J a):(aFCSL: - l)z +0’w?C’R?

@*I*

S

R 0?C,L, -1) + L2

~0°C,(0*C,L, - 1)R

) (a)zcsLs - 1)Z +a’w)C?R?
—o*[c,R*(w?C,L, —1)+ L, ]I

R(w*C,L, -1} +&*I2R

Substituting (3-29) into (D-1)&(D-2) results in:

eZ, = ReZ, _
ReZ,,
and
mZ, = ImZ, _
ReZ,,

4

u
(.2 2
u woL: _ 1 +u2
R @,C R
u?

0s

( R Y
' ®,C,R— J +u’

"3(u2wol,s 1
“Ux

@yC,R

2 2
uoL, 1 o
R ®,C R

-u’ [uz (w,C,R) (—m"L‘ ) -»,C,R+ ok, :|
R R

(uszCsR -

R 2
+u?
wOL:J

series secondary

parallel secondary

series secondary

parallel secondary

series secondary

parallel secondary

series secondary

parallel secondary

series secondary

parallel secondary

(C-4)

(D-1)

(D-2)

(D-3)

(D-4)

The normalized reflected resistance and reactance given in (D-3) and (D-4) can be represented as
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functions of Qs and u by:
u _ ’
series seconda:
rez - ReZ, (> -1f 02 +u? i .
(s} = — -
" RleO u2 (D )
(u2 - 1)2 Q2 +u? parallel secondary
and
i -—if(uz —1)Q50 .
series secondary
(u2 _I)ZQ:20 +u’
InZ, —anle, D-6
™ ReZ, —u3[(u2—1 s0+L] (D-6)
: Oy parallel secondary
(u2 —l) Q% +u’
E. QUANTIFIED IMPEDANCE OF THE PRIMARY COIL
Substituting (C-3) into (3-41) results in:
.2 4
[u{uz +0; (“2 - 1)[”2 (1 -k )—2 1]}— JhQou series secondary
z, u* +Q?(u? -1 .
jooL, | ub (=K} 02 ~1u (- k?)-1]}- k0.0 .
i ) (2 % parallel secondary
l u?+ 02 -1)

The impedance of the primary coil thus can be quantified in terms o f the primary self-inductance

(moLyp) at ap as well as u and Qy as:

\/k Ou® +u’ u 24 02 (u? lluz(l—kz)—l]}2 series secondary
Zp = u +Q ( - )2 (E-2)
LT \/k Q;u' +u’ )+Q (“ _11 (1 K ) 1}2 parallel secondary
U’ +Q; ( )

F. NORMALIZED REACTANCE OF THE PRIMARY CAPACITANCE FOR
SYSTEMS WITH COMPENSATED PICKUP

The normalized reactance of the primary compensation capacitance (Cp) can be calculated using

(3-26) as:

R .
= series secondary
1 oC 0y M
CReZy | I (F-1)
wC_M?R parallel secondary
P
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Substituting (3-29) into (F-1) results in:

R .
— series secondary
1 uC I a, M
_— = F-2
oC,(ReZ,) i E-2)
4wa,C. MR parallel secondary
P
Substituting (2-1) into (F-2) results in:
R .
ey, series secondary
1 uk>C, 5L, L,
e F-3
oC,(ReZ,,) L, (F-3)
wodk’C L R parallel secondary
0 PP
Substituting (2-28) into (F-3) results in:
R .
e series secondary
1 _|uk*w,L, F-4)
wC » (ReZ,,) @,L,
wk’R parallel secondary
In terms of Qy, (F-4) can represented as:
1 1
(F-5)

wcp(RleO) - ukZQ.\‘O

As shown, the normalized reactance of the primary capacitance is a function of u, Qs, and k.
Substituting (2-29) into (F-5), the normalized reactance of the primary compensation capacitance

becomes a function of u, Qpo and Qg given by:

I .
P2 series secondary
1 u

oC,(ReZ,y) (1 1
p 0 ](;)(on + Q—J parallel secondary
) s0

(F-6)

G. NORMALIZED IMPEDANCE FUNCTIONS FOR SYSTEMS WITH
UNCOMPENSATED PICKUP
At the condition that woLs and R are equal, the secondary impedance Zs can be expressed as:
Z, = joL, +R=joL +aL, =L (w0, + jo) (G-1)
Substituting (G-1) into (3-17), the reflected resistance and reactance can be derived as:

w,0° M?
ReZ, = -2 2 (G-2)
(02 + 0L,

and
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ImZ, =~ (G-3)

5

The reflected resistance and reactance at wg are then:

w,M*
ReZ , =— -
r0 2 Ls (G 4)
and
- w,M?
ImZ, =—2— G-
T3 (G-5)
The normalized reflected resistance and reactance defined in (3-33) are then:
ReZ 2u’
ReZ, = L= G-
ReZ,, 1+u* (G-6)
and
ImZ, -2°
ImZ, = L= B
™ ReZ, l1+u G-7)
The normalized reactance of the self-inductance (L) of the primary coil can be calculated as:
oL, 2aL,L
= . (G-8)
ReZ, w,M
Substituting (2-1)&(3-29) into (G-8), the result is:
oL 2u
p_._ St o
ReZ, K* (G9)

The normalized reactance of the primary compensation capacitance (C;) can be calculated as:

1 2L

S

oC,(ReZ,,)  ww,C,M’ (S,
Substituting (2-28) into (G-10) results in:
1 2a,L,L,
oC,(ReZ,,) oM’ G-11)
Substituting (2-1)&(3-29) into (G-11), the result is:
1 2
oC,(ReZ,y) uk’ (€22,

H. PRIMARY TUNING FOR UNITY DPF AT w,

In this section, the required C; is calculated for each topology to achieve unity DPF when operating
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at wy.

SS topology: Substituting (3-52) into (5-1) results in:

oL, ~ +ImZ,, =0

0~p
Substituting (3-27) into (H-1) results in:
1

w,L, - 0,C =0

P
The required C; determined from (H-2) is:
1
' @jL

P

Substituting (2-22) into (H-3) results in:

CSLS
)5

p

C,=

H-1)

(H-2)

(H-3)

(H-4)

SP topology: Equation (H-1) is also valid for the SP topology. Substituting (3-27) into (H-1) results

in:
2
a)OLp __L__.M. =0
,C, L,

The required C, determined from (H-5) is:

1
C, =
' wz(L ———i)
0 P L

Substituting (2-22) into (H-6) results in:

Substituting (2-1) into (H-7) results in:
CL 1
C=|—F ( 2)
L, \1-k

PP topology: Substituting (3-52) into (5-1) results in:

@,L,+ImZ,,

_ =0
(ReZ,,) +(0,L, +ImZ,,

@,C,
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Substituting (3-26)&(3-27) into (H-9) results in:

MZ
w,L, - %o
,C, — . =0 H-10
p M—2£2+a)L _woMz.z ( )
Z) ™
The required C, determined from (H-10) is:
M2
L,- I
= H-11
"(MRY af Y D
L ‘7L
Substituting (2-22) into (H-11) results in:
MZ
R

2 o \2 2 \Z (H-12)
M"R N 1 M
(2 e )o-7)

Substituting (2-1)&(2-23) into (H-12) results in:
c - C.L, 1-k? (H13)
UL \owkt+(1-#}

PS topology: Equation (H-9) is also valid for the PS topology. Substituting (3-26)&(3-27) into (H-9)
results in:

@,L
@,C,) ——— a4 =0
H-1
(mOM ] +(a)0Lp)z 4
R
The required C, determined from (H-14) is:
L
Co=o——
[woM ) ol (H-15)
R
Substituting (2-22) into (H-15) results in:
i
— p
T Y L L (H-16)
C.L.R (G o

Substituting (2-1)&(2-23) into (H-16) results in:
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C.L 1
Cp=( " ]{ 774 ) (H-17)
L, \Quk™ +1
As a summary of the above analysis, the necessary primary compensation capacitance for each
topology is:
Cs_Ls, SS topology
LP
C.L 1
—— SP topolog
L, \1 —sz pology
C =4 -
»Tlern( 1-# (H-18)
7 — ~ PP topology
» (02K +(1-1?)
C,L, 1 ]
PS topol
I, 0 k" +1 opology
Substituting (H-18) into (F-3) results in:
L SS topology
( J SP topology
1
— = (H-19)
oC, (Re ZrO) ( @oL, \( Onk’ + 1 k ) PP topology
uk*R )L 1-k2
4
( WL ] Opok® + 1) PS topology
Substituting (2-23) into (H-19) results in:
[ 1
_ SS topolo
0, pology
L \(1 —kz) SP topology
) uk?Q,,
— =1 A (H-20)
wcp (Re ZrO) 21 (Qsok ( ) \) PP topology
uk”Q, -k
1 4
( w0, )(Qsok + 1) PS topology

Substituting (2-29) into (H-20), the normalized reactance of the primary compensation capacitance

is found to be a function of u, and Qo given by:
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%- series primary (SS&SP topologies)
1 u
s H-21
oC,(ReZ,,) 1+ 0% (#H-21)
u0 parallel primary (PP&PS topologies)
PO

I. PRIMARY TUNING FOR LOAD INDEPENDENT UNITY DPF

In this section, the required C, and operating frequency are calculated for each topology to achieve

unity DPF for all loading conditions.

SS Topology: As C, determined in (H-4) is independent of Qy, this choice enables the SS topology

to achieve unity DPF for all loading conditions by operating at wo.

SP Topology: Since C, determined in (H-8) is also independent of Qso, this choice similarly enables
the SP topology to achieve load independent unity DPF by operating at w,.

PP topology: With a parallel-compensated secondary, the impedance of the primary coil given by
(3-39) can be expressed in the form of admittance as:

Rl-w*C.L)+ jol,
-*(L,L, -~ M*)+ jRo|L, - *C,(L,L,— M*)|

1
— (1)
ZP
If the operating frequency is:
Dy

e S

it can be shown using (2-1) and (2-22) that the following equation is true:

L, -*C,(L,L, - M?)=0 (1-3)
The equation (I-3) can be rearranged to:
L
0’C,=—2FL -
L L -M (-4)
Subst_ituting (I-3) and (I-4) into (I-1), the result is:
1 1 M’R
z,” M oL - M2 (I-5)
P ] @ Lp _ L_) ps

Substituting (I-5) into (3-52) results in:
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2
x=i=ja;cp+—=ja)cp+ ! Nt MR v
Zl i ja)(Lp —ﬁJ @ (LpL: -M ) (1-6)
If G, is selected to be:
1
€= M? (I1-7)
* [L o —-J
LS
the equation (I-6) can be simplified to:
MR

Y = (I-8)

o*(L,L, - M)

As shown the load admittance is a conductance for all loading conditions, and as such assures load

independent unity DPF.
Substituting (I-2), (2-1) and (2-22) into (I-7), the required C;, can be calculated as:
C,L,
C, === (19)

'p

PS Topology: With a series-compensated secondary, the impedance of the primary coil given by
(3-39) can be expressed in the form of admittance as:

1 1-w’C.L + joC.R
Z, -R&'LC,+ jo|L,-o*C,\L,L, - M*)|

4

(1-10)

At the operating frequency given in (I-2), (I-3) and (I-4) are valid. Substituting (I-3) and (I-4) into
(I-10) results in:

1L_ 1 M? @11)
— = : 2
Z, JoL, L,R
Substituting (I-11) into (3-52), the load admittance is calculated as:
1 1 1 M?
Y,=—=jaC, +—=joC, +——+ (I-12)
z, rz, PjeL, LR
If G, is selected to be:
C = ! (I1-13)
=— -
" o’L,
the equation (I-12) can be simplified to:
M2
Y, =—>— (I1-14)
LR

The load admittance again is a conductance for all loading conditions and as such assures load
‘ —
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independent unity DPF.
Substituting (I-2), (2-1) and (2-22) into (I-13), the required C, can be calculated as:

C,= [%i}(l -1?) (I-15)

P

As a summary of the above analysis, the necessary operating frequency and C; to achieve load

independent unity DPF for each topology are:

@, series primary (SS&SP topologies)
= @, (I-l 6)
1— k2 parallel primary (PP&PS topologies)
and
C.L, SS topology
LP
CL, ( 1 ) SP topology
L, \1-k*
CP =1 C L (I_17)
— PP topology
LP
CsLs _ 12
: (1 & ) PS topology

J. MAXIMUM ALLOWABLE ALTERNATING VOLTAGE AND CURRENT
IN CAPACITORS

In this section, the maximum allowable alternating voltage and current of a capacitor characterised

in Fig. 7-1 into three regions labelled as ‘I’, ‘I’ and ‘III’ are discussed in detail.

Region I: Below fj, the applied alternating voltage should not exceed the rated ac voltage Vi rated OF

the capacitor and the maximum allowable alternating current is given by:
Iac,max = mCVac,max = 27#CVac,raled (J'l)

where C is the capacitance of the capacitor.

Region II: Between f) and f;, the power loss of the capacitor should not exceed its thermal power
transfer capability. The power loss in the capacitor is the product of the apparent power and the

dissipation factor (tan 8), and is given by:
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B

) =V2oCtand =V227fCtans J-2)
The thermal power transfer of the capacitor is:
Boernar = CAAT d-3)
where ‘a’ is the heat transfer coefficient, ‘A’ is the surface area, and ‘AT’ is the temperature gradient
from the surface to the ambient.

The maximum permissible alternating voltage and current can be determined by equating (J-2) and

(J-3). The results are:

aAAT
v = | A max J-4
acmax 27fCtand 7-4)

L = 0CY, =1/2_’% (1-5)
’ ’ tand

In this frequency range, the dissipation factor (tan 8) typically increases at a rate less than the

and

frequency. As a result, the maximum allowable alternating voltage decreases with increasing
ffequency, while the maximum allowable alternating current increases.
At f}, the maximum permissible alternating voltage (Vac,max) calculated using (J-4) equals the rated
ac voltage Vacrated. The frequency fj thus can be determined as:
aAAT,,,
5= V2 ..27Ctand (J-6)

acyrated

Region IIT: Above f3, the applied alternating current should not exceed the rated ac current Iy rated
of the capacitor, and the maximum permissible alternating voltage is given by:

1 1

_ “ac,rated — ac,rated (J—7)

Vac max
’ oC 27fC

At f, the maximum permissible alternating current (Icmax) calculated using (J-5) equals the rated ac
current Iocrated. The frequency f; thus can be determined as:

f _ I:c,rared tand
* " 272CadAT,

max

(1-8)
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