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Chapter 1

Introduction

1.1 Background

1.2 Introduction to IPT Systems

1.3 Present Challenges in Power Flow
Control of IPT Systems

1.4 Objectives and Scope of the Thesis

1.1 Background

By looking at the history of technology developments, it can be seen that a rapid
improvement or development of certain technology is normally driven by needs. A typical
example of this phenomenon is the wireless internet connection, which has only been
made available to people at common public places in recent years. A decade ago, the only
way to gain access to the World Wide Web was through telephone lines with a speed up to
56 kbps. Although it was recognized as the most contributive technology in all
communication related fields at the time, people were still unsatisfied with slow data
exchange rate and therefore drove the research direction to aim at creating faster internet
for fulfilling the demands. Few years after, applications of the internet have successfully
been extended to various fields, the demands of internet services were therefore no longer
focused on the transmission speed but have rapidly moved on to its accessibilities, forced
ISPs (Internet Service Providers) to once again change their service direction and made
the wireless internet connections available at public places in a very short period of time.

Similar to the revolution of internet connections, power transfer systems have gone
through tremendous changes over the last decade. These changes include but not limited to
the improvement of power transfer efficiency, circuit topologies, power levels, and most
importantly the power transfer methods. It has been known for more than a century that

signals and power can both be transferred from one place to another in electromagnetic
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forms. The example of internet connection has explicitly shown the two different ways of
signal transmission where the signal can either be transmitted using closed circuit with
cabling connections, or by wireless without any direct electrical contacts. These two
methods can also be applied in the power transfer systems and in fact, have been a
common practice in industrial fields, for example, direct power transfer by plugging
electrical devices into power sockets, or non-direct power transfer through magnetic
coupling in traditional transformers and electrical machines. Although it may seem that
the signals and power have shared many commons in their transmission methods and
therefore presumably making similar progress of development in the industrial fields,
practical constraints and design considerations of the two are still quite different. This has
resulted in the development of contactless/wireless power transfer to lag far behind that of
signal transfer. Usually a transmission power loss of more than one hundred decibels may
be acceptable in a radio system if the information carried by the signal can be recovered at
the receiving end [1]. This requires the resonant tuning circuit of the receivers to have a
quality factor Q as high as 100 for achieving proper signal recoveries. On the contrary, in
a power transfer system the quality factor Q has to be designed to be much smaller
(around 6 ~ 10) in order to reduce the system sensitivity to parameter variations, as well as
the cost, size, and power losses, to meet the load demands. These considerations have
inevitably increased difficulties associated with the practical design and implementation of

contactless/wireless power transfer systems.

Nowadays the mainstream of power transfer systems is still largely using conductive
power transfer based on closed circuits that allow for direct power flow along the
conductors. However, it has been found that hard wiring connections may not be suitable
for applications such as clean manufacturing plants, underwater vehicles, biomedical
implantable devices, etc [2-4]. These kinds of environments normally require power
delivery to movable objects with low maintenance and high tolerance to dirt, chemicals,
and water. Therefore, contactless/wireless power transfer without direct electrical contact

is preferable in these situations.




Chapter 1 Introduction

Table 1-1: Contactless/Wireless power transfer options

Features Energy Harvesting Capacitive Inductive
) . Wave propagatlc_)n, Distributed electric Distributed magnetic
Basic Theories Temperature gradient, field field
Acoustics energy, etc.
e Ambient
Electromagnetic . !
g . e Capacitive e Inductive
. Energy Harvesting
Typical e Thermoelectric Power Power
Techniques . Transfer Transfer
Energy Harvesting (CPT) (IPT)
e Acoustic Energy
Harvesting
Low (mW) Low (mW)
Power Level Low (UW ~ mW) ~ ~
Medium (W) High (kW)

Table 1-1 shows the available options for achieving contactless/wireless power transfer.
As can be seen from the table, the contactless/wireless power transfer technologies are
categorized into: energy harvesting, capacitive power transfer (CPT), and inductive power
transfer (IPT). The energy harvesting system produces the most environmentally friendly
power amongst the three since the electrical power is transferred/converted from ambient—
radiation sources, kinetic energy, thermal energy, acoustic energy, etc [5-9]. However,
some of these naturally available energy sources are normally not abundant and their
availabilities are sometimes uncertain. Moreover, the power flow control, energy
gathering and storage techniques needed for this technology are often complicated and
difficult which limits this technology to be applied for low power applications such as

wireless sensors, wearable electronics, and some mobile devices [10-17].

The capacitive power transfer (CPT) is another way for providing contactless/wireless
power to movable objects. Figure 1-1 shows the basic structure of a simple CPT system.
CPT is a voltage driven system that uses distributed electric field as power flow path to
achieve contactless power transfer. As can be seen, a power source is used for producing
high frequency ac voltage to two conductive plates at the primary side of the system. Two
other plates at the secondary side are placed within a certain distance from the primary
plates such that a loose electric field coupling can be formed and a displacement current

can ‘flow’ through the plates. However, the voltage at the secondary side is usually
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unsuitable to be directly used to drive the load. Therefore a power conditioner is normally
required to regulate the power into a required form [18].

Electric Coupling Power Conditioner
r e
! \ ! }
O \ | L 7YY YL
! \ ! !
Power Power ! | } — } Load
Source Converter } } | T
O— | | \ \
\ ! ! }
] A .
Primary Secondary

Fig. 1-1: Basic structure of a simple CPT system

The CPT system has the advantage of transferring power through metal barriers with low
radiated EMI (Electromagnetic Interference). However, because the air has a very low
permittivity that is close to &, (8.854x10™2) in vacuum, compared to the permeability Lo
(4nx10), it is much more challenging to design high power CPT systems without very
good dielectric materials. Using dielectric materials with high relative permittivity such as
PZT (Lead Zirconate Titanate, & ~ 2600) makes CPT systems more attractive. But there is

a need for more research in this direction before it becomes commercially viable [19].

IPT (Inductive Power Transfer) uses magnetic field as an energy carrying medium for
achieving contactless/wireless power transfer. At the beginning, it was considered to be
impractical. Transferring power at high levels with low frequencies such as 50 Hz or 60
Hz is nearly impossible, if the primary and secondary side of the system is not tightly
coupled as in the traditional transformers. With the rapid development of power
semiconductor switching devices and power conversion techniques in the last few
decades, the operating frequency can now be raised to a much higher level which enables
fast changing rate of the magnetic field. This allows coils of the primary and secondary
side to have a much stronger induction effect even they are physically separated. Thus IPT

systems has become practically feasible [20].

Among the three options for achieving contactless/wireless power transfer that have been
discussed, IPT covers a wider range of power levels, and it has gained many practical

applications where direct electrical contact is impossible or inconvenient.
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1.2 Introduction to IPT Systems

1.2.1 Basic Structure and Operating Principle

Secondary Power Pickup

\

\ | L

\ . .

Power | | Pickup Tuning DC \ Load
Conditioner | Circuit Filter | !

\

\

\

Oi AC Current

Coupling
| -
Power Power > )
Input Converter

C Track Loop
L

Primary Track Power Supply

Fig. 1-2: Basic structure of atypical IPT system

Figure 1-2 shows the basic structure of a typical IPT system [21]. It can be seen that an
IPT system consists of a primary power supply and a secondary power pickup which are
electrically isolated from each other. The stationary primary side comprises of a power
converter with a track loop. The power converter takes power from a power source to
generate a high frequency ac current (normally 10 ~ 100 kHz) with a sinusoidal waveform
along the track loop. As such, a magnetic field is created to allow power being transferred
from the primary to the secondary through the magnetic coupling between them. The
secondary movable power pickup consists of a pickup coil and a power conditioner. By
magnetic induction, an emf (electromotive force) is induced in the pickup coil. However,
since the primary and secondary side is normally loosely coupled, the induced emf is often
too weak to be directly used by the load; therefore a power conditioner is required to
regulate the power. The power conditioner can further be separated into an ac tuning part
and a dc filtering part by a rectifier. Different tuning configurations such as LC (Inductor-
Capacitor) and LCL (Inductor-Capacitor-Inductor) can be applied for boosting up the
open-circuit voltage of the pickup coil. For dc applications, the boosted ac voltage after

rectification has to he filtered to meet the load requirements.
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1.2.2 General Features

IPT provides the following features compared to the traditional power transfer systems:

Freedom of mechanical movements

Since the primary current track and the secondary power pickup are loosely coupled, the
pickup has much more freedom in mechanical movements. The power pickup is often
designed to move in the direction of the track loop to maintain good magnetic coupling
(see Fig. 1-2), but 2-Dimensional and 3-Dimensional movements are also needed in some
applications such as wireless charging pads and wireless powered animal test cage for

biomedical research [22-24].

Reliable and safe operation

Since IPT systems transfer power without using direct electrical contact, the two separated
parts of the system can independently be enclosed using nonmetal materials. This
eliminates possible electric shocks and sparks. Moreover, the system is immune to dirt,
dust, water, and chemicals, making it applicable in harsh environments for providing

reliable operations.

Low maintenance
As the operation of IPT systems does not involve any direct friction like traditional
conductive sliding contact power transfer systems, mechanical wears and tears are

completely eliminated, which makes it almost maintenance-free.

Environmentally friendly

Concerns have been raised regarding to whether by exposure to time-varying magnetic
fields could cause harmful effects on human bodies [25-27]. Studies have been undertaken
in two major frequency ranges which are the ELF ~ LF (0 ~ 100 kHz) and MF ~ EHF (100
kHz ~ 300 GHz) [28, 29]. Various reports have indicated that human bodies may be
affected by high intensity magnetic fields with the result of temperature rise in tissue or
body. However, this only happens in microwave range, e.g., broadcasting,
telecommunications, radar, and microwave ovens. In a low frequency electromagnetic
field range such as 10 ~ 100 kHz (produced in IPT systems), no observable negative
biological effects has been found. Therefore IPT is regarded as hazard-free for on-site
workers [30, 31].
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Furthermore, because the elimination of electrical direct contacts, IPT does not generate
any carbon residue during operation as traditional conductive moving contact systems do.
This feature also makes the IPT systems environmentally friendly and hence has widely

been used in ‘clean rooms’ where semiconductors are manufactured [32].

1.2.3 Related Applications

The IPT systems have gained many applications owing to its unique contactless/wireless
power transfer characteristic and advantageous features aforementioned. To give a general

idea for the coverage of IPT systems, some applications are presented and discussed here.

Electric toothbrush

Electric toothbrush was initially created for orthodontic patients and claimed to have better
performance than manual toothbrushes as it leaves less room for patients to brush
insufficiently. There were two different ways for powering the electric toothbrush which
are plugging in to a standard wall outlet and run off ac line voltage, or using rechargeable
batteries. The first method requires direct cabling connection to a power source and hence,
not only limited the portability of device but also created potential electrical hazards in
moisturized operating environment such as bathroom. Using rechargeable batteries can
allow the device to be operated cordlessly; nevertheless it still requires metal tabs to have

direct electrical contact with the charging base.

S

\ )
oo
" -
v TrOUMPH

’
'

—
Fig. 1-3: Wireless charging electric toothbrush [33]

An inductive battery charging system was therefore employed to have sealed

compartments for preventing water damages and possible electrical hazards associated
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with moistures. The charging method operates similarly to IPT systems, but it is much
simpler to design since the coupling distance is close and fixed with a fairly low power
requirement (2 ~ 4 W). As such, it has now been widely used in various battery charging

systems [34-39]. Figure 1-3 shows a wireless charging electric toothbrush.

Electric vehicle

In the past few decades, vast resources have been invested into developing electric
vehicles with intentions to partially or completely replace petrol vehicles for providing
emission-free transportations. Different approaches have been implemented, including
BEV (Battery Electric Vehicles), FCEV (Fuel Cell Electric Vehicles), and HEV (Hybrid
Electric Vehicles) [40, 41]. The BEV and FCEV both have emission-free feature which
reduces air pollution. However, the BEV is only applicable in low speed transportation
with short driving ranges (100 ~ 200 km) due to its battery management problem, and the
FCEV is still at its early development stage with the cost and refueling system as major
concerns. The HEV is a hybrid system using both petrol engine and electric motor to drive
its wheels. It is commercially available to people and has the advantage of long driving
range, better fuel economy, and very low carbon emission. Nevertheless, power
management of the HEV is much more complicated compared to vehicles using a single
power transmission system; in addition, the HEV requires bulky batteries for electric
power storage [42-44].

IPT systems have been implemented in people movers at urban areas as an alternative
solution to solve some of the problems associated with the present electric vehicles. An
example can be given from an inductively charged electric vehicle which was successfully
implemented in 1998 by Wampfler AG, Germany, in association with Auckland
UniServices Limited, and the Department of Electrical and Computer Engineering at the
University of Auckland. In this project, the electric vehicle charges its batteries by
receiving power inductively from a primary charging coil which is buried underground
and carrying a current of 80 A at an operating frequency of 12.9 kHz. Power of the vehicle
was rated at 30 kW with a total charging current of 200 A for fast battery replenishing (2 ~
3 minutes) [45]. The electric vehicle is now still being used in Whakarewarewa Thermal

Park at Rotorua, New Zealand, and coping well with the harsh operating environment.
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Figure 1-4 shows an illustration of an inductively powered electric train, which follows
the same principle but runs directly along the rails with a primary tack loop. The onboard
batteries get continuously charged and therefore do not require a stationary charging

process.

Fig. 1-4: lllustration of an inductively powered electric train [46]

Nonintrusive data and power transfer to an AUV (Autonomous Undersea Vehicle) is
another good example of IPT systems in the area of electric vehicles. In 1992, an AUV
named Odyssey was developed in MIT Sea Grant's AUV Lab under ONR (Office of
Naval Research) sponsorship [47]. It was designed to provide marine scientists with
access to the ocean at underwater remote sites, using rechargeable batteries to sustain a
constant 5 km/hr propulsive speed for 12 hours of operation. Due to the harsh operating
environment that the AUV has to constantly deal with, wireless power transfer and
communication using IPT systems was considered as a preferred choice and therefore
implemented onboard [3, 48-50]. Currently, the adopted IPT system has a power transfer
capacity of 200 W with a 10 Mb/s Ethernet for data transmission.

Maglev

Public transportation such as Maglev (Magnetic Levitation) railways has also been using
IPT principles for powering its auxiliary onboard electronics. Inductive power in this
application can be easily obtained by receiving power from magnetic fields that were
originally generated for levitating the train. A linear power generator is normally used to
supply power for the auxiliary onboard electronics with a major concern of its output
voltage variation in amplitude and frequency which are in proportion to the speed of
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Maglev. Exhaustion of the battery energy occurs when the vehicle runs in lower speed,
which may result in shutting down of the Maglev [51]. Solution such as having extra
onboard power generated by using harmonic injection method at stator windings has been
proposed in solving the problem for onboard power shortage of the Maglev [52]. Different
power pickup designs for the Maglev have also been proposed to provide constant power

required by the load under all travelling speed [53].

Biomedical implants

Implantable biomedical devices have found applications in a wide range of medical areas,
including pacemakers, monitoring devices, functional electrical stimulators, ventricular
assist devices, etc [22, 54-57]. Conventional power transfer method for these devices is
through cabling connection with a primary power supply to directly drive the load, or
periodically charge up the battery of an implanted device, in order to achieve continuous
operation. The current method to achieve this is by piercing wires through the skin (named

percutaneous energy transfer) which consequently increases the infection risks [58-60].

P
- -

Fig. 1-5: A TET charging base and an implantable biomedical sensor [61]

Use of the inductive power transfer to replace the original system was therefore suggested,
and it is also known as the TET (Transcutaneous Energy Transmission) systems. This kind
of application mainly targets at low power range from 50 mW ~ 10 W, and usually need to
be compact in size to ease the implantation. Figure 1-5 shows an implantable biomedical
sensor developed by Telemetry Research Limited, New Zealand, with a size of

68x15%42mm, and weighted 68 g. The sensor is able to conduct biomedical data
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acquisition in the animal body for information such as blood pressure and body

temperature, with a wireless transmission range up to 5 meters.

Other applications

Special applications of IPT systems have also been researched in other areas such as
aircraft entertainment system [62], machine tools [63], coalmine power supplies [64], and
cordless power stations [65]. However, these areas still require further investigations

before the practical systems can be implemented.
1.3 Present Challenges in Power Flow Control of IPT Systems

As the IPT systems are extended to different fields, the need of a suitable power flow
control method has become obvious and necessary for applications to meet their specific

load requirements.

Like most controllers in other systems, designing the power flow control of IPT systems
needs to take aspects such as error tolerance, response speed, overshoot level, simplicity of
implementation, robustness, and operating range, etc., into consideration. Other factors
that may indirectly affect performance of the system such as power consumption of the
controller and EMI (Electromagnetic Interference) also deserve attention. It is normally
impossible to have a controller designed to be ideal in all the aspects, therefore trade-offs
are often required. Nevertheless, an optimized controller design for specific operating
conditions may be available if the relationship between design considerations and system

parameters can be well understood.

From experiences accumulated in IPT development, difficulties in controlling the power
flow can arise from several factors, which include but not limited to operating frequency
drift of the primary power supply, magnetic coupling variations between the primary and
secondary coils, load variations, manufacturing tolerance of tuning capacitance, and

tuning region variations. Cause and effect of these factors are briefly described below:

Primary frequency drift
Conventionally, tuning circuit of the secondary power pickup is fine-tuned to match with
the primary operating frequency in order to obtain the maximum power transfer capability.

However, depending on the design of primary power supplies, certain degree of frequency
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drift may exist in practical operations [21]. This results in the tuning circuit of the pickup
unable to resonate with the drifted operating frequency, and therefore causes the

maximum power transfer capacity to decrease.

Magnetic coupling variations

As mentioned in Section 1.2.2, the secondary movable load is common to have lateral
movements along the primary current track during operations, with the reason being to
obtain a fixed magnetic coupling between the primary and the secondary side so as to
induce a constant and stable input voltage source (open-circuit voltage of the pickup coil)
for the secondary pickup. However in some applications, planar or even spacial
movements are also possible [23, 66]. These unconfined movements can cause the open-
circuit voltage of the pickup coil to vary and therefore results in the output voltage

fluctuation of the pickup.

Load variations

LC tuning configuration is commonly used in the power pickups of IPT systems. It
provides a constant current source to the load under fully-tuned conditions [21]. Since the
load is current sourced, the output voltage of the pickup is governed by Ohm’s law and
varies according to the loading conditions. As the output voltage changes linearly with the
loading condition, it may supply insufficient voltage or overvoltage to the load and causes
malfunctioning during vast and rapid load changes.

Manufacturing tolerance of tuning capacitance

In circuit simulation study, ideal components are available and the values can be chosen to
be exactly the same as what user defines. However, it does not happen in the real world
since there are manufacturing ranges and tolerances. In order to have the center frequency
of pickup tuning circuit closely match with the primary operating frequency, high
precision and low tolerance to the designated manufacturing range are normally required
for tuning components such as a capacitor. But the use of high precision capacitors
essentially means adding significant costs into capital and may still require tedious fine
tuning process to achieve the desired capacitance value. Due to the above practical issues,
it has been found to be troublesome for many manufacturers to do mass production of IPT

systems.
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Tuning region variations

In some applications the pickup tuning circuit is controlled to operate in detuning regions
instead of staying at the resonance point for meeting the peak load demand [67, 68]. A
proportional and integral (P1) controller is normally used in this type of control. However,
because one characteristic of PI control is that it can only be designed to track one of the
two possible operating points as shown in Fig. 1-6, a safety region close to the resonance
point has to be therefore reserved in order to avoid the controller tracking in the wrong
direction. This type of control also requires high precision components to keep the
tracking process within the designated operating region. Nevertheless, variations in the
tuning component caused by self/ambient temperature, pressure, humidity, and aging may
still move the tracking process from one region to another, and result in complete failure

of the output voltage regulation.

Resonance Point

A

————————— Possible Operating Points
(5] VRef
> |
o]
5 I
o
> |
-
3 I
o
8 Under-Tuning Region | Over-Tuning Region

< > < >

' >

Tuning Component

Fig. 1-6: Relationship between tuning component and output voltage of pickup

The limiting factors listed above can be easily seen in most applications of the IPT
systems. Cost, size, operating range, and power transferring level of the applications are
usually restrained to these factors. Different power flow control methods have been
proposed in the past to compensate for effects that caused by specific considered
parameter variations in order to meet the load requirements [69-71]. The design
philosophy of these controllers however, has neglected the fact that multiple parameter
variations do exist in the IPT systems, and they often involved with complex and
nonlinear behaviors in the integrated effects. This may cause the system to have poor

performance or even complete control failure. Therefore, there is a need for a suitable
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power flow control method to overcome these limiting factors so as to meet the system

load requirements.
1.4 Objectives and Scope of the Thesis

Depending on the application requirements, power flow control of the IPT systems can
either be performed in the primary power converter or the secondary power pickups. For
most of the applications, it is preferable to have the control at secondary side since this

enables a primary track power supply to drive multiple pickups.

This thesis therefore aims at developing a suitable power flow control method at the
secondary power pickup side for general IPT systems. The proposed controller needs to be
able to regulate the output voltage under defined worst-case variation of parameters, and
deliver sufficient power to the load as required. In addition, the controller is also required
to perform full-range tuning for the power pickups to achieve both tuned and detuned
operations in the full load range. This feature eliminates the tedious fine tuning process
needed for conventional power pickups to achieve high Q (> 10) operation, and therefore
makes the IPT systems more cost-effective for mass production with reduced tuning

components tolerance requirements.
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Chapter 2

Overview of Power Flow Control
Techniques in IPT Systems

2.1 Introduction

2.2 Fundamentals of IPT Systems

2.3 Control of Primary Track Current

2.4 Existing Power Flow Control Methods of
Secondary Power Pickup

2.5 Summary

2.1 Introduction

The IPT systems have gained successful applications in many different fields due to its
unique contactless/wireless power transfer characteristic. Similar to other technologies,
design considerations such as cost, size, power efficiency, power transfer capability,
system stability, and EMI concerns may differ from case to case, depending on the
application requirements. This leads research into numerous power flow control
techniques for IPT systems. Different assumptions are generally made prior to the design
of these controllers so that the system operating conditions can be confined within a
specified range of parameter variations. Since the controllers are designed specifically to
operate with certain targeted operating conditions, advantages of using these controllers
can be presented in some expected aspects but the vulnerabilities to factors that are outside
the designed conditions may be inevitable.

In order to have a better understanding of the necessity of power flow control and its state
of the art for the IPT systems, this chapter firstly describes the fundamentals of the IPT
system with its primary track power supply and secondary power pickups being separately
discussed. Then, the chapter outlines the existing power flow control methods in the IPT
systems, including their working principles, ideal operating environments, operating

constraints, etc.
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2.2 Fundamentals of IPT Systems

2.2.1 Primary Track Power Supply

A good quality track current produced in the primary power supply is essential in the IPT
systems since it is used to generate time-varying magnetic fields for the contactless power
transfer between the primary and the secondary side. To date, power converters of the IPT
systems are in the third generation (G3), having strengths and shortcomings in each

generation with comparable overall performance.

G1 (First Generation)

The existing IPT primary power converters are categorized as either voltage-fed or
current-fed converters, depending on their input sources. The first generation of the
primary power supplies is developed based on the current-fed converters, and it has two
basic topologies: the full-bridge topology and the push-pull topology [67]. Figure 2-1 (a)

and (b) show the current-fed converters based on these two topologies.

Voc =+

(a) full-bridge topology (b) push-pull topology
Fig. 2-1: Current-fed parallel resonant converters

As can be seen, a dc voltage source Vpc is used in both topologies as the input of the
converters, with a large inductor Lpc being connected in series to keep the current nearly
constant at high frequencies. Such a configuration provides a voltage controlled current
source for the later inverting network without using an actual current source. This makes
the control of the current source much easier as it can simply be done by changing the
input dc voltage. In the full-bridge inverting network, the switches S;+ and Sy, Sp+ and S,
are complementarily controlled, i.e., when S;. and S,. are turned on, S;.and Sy are turned
off, for injecting current Iac into the resonant tank. Note that the switching frequency of

the inverting network for all IPT track power supplies can either be running at a fixed
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frequency or be variably controlled. In the constant frequency control, the switches are
forced to run at a predetermined frequency for providing a stable operating frequency to
the system. However, the forced operation may impose high voltage and/or current
stresses onto the switches and results in high switching losses. In the case of variable
frequency control, the switching frequency is allowed to vary with the load and circuit
parameters, and hence follows the natural circuit resonance. The advantage of using
variable frequency control is that soft-switching for the switches are achievable which
improves the power efficiency. But its drawback is that the operating frequency varies
slightly under normal operating conditions, and it may shift far away from its nominal
value in some extreme situations causing system frequency stability and systems

bifurcation problems [21].

In the push-pull inverting network, a phase-splitting transformer is used to replace the S;+
and S+ in the full-bridge topology. The phase splitting transformer basically divides the
dc current in half before it enters the resonant tank. The output ac voltage of the inverting
network is expressed by [21, 72]:

Ve =7Voo (2-1)

The above relationship shows that by controlling the average input dc voltage Vpc, the
primary ac resonant tank voltage Vac can be maintained to regulate the track current.

The resonant tank of a G1 power supply has a capacitor C; which is being used to parallel
tune to the track inductance L as shown in Fig. 2-1 for compensation purpose, and also to

eliminate the possibilities of overvoltage caused by placing two current sources in series.
The nominal primary operating frequency is determined according to @, :]/ L.C,. The

variable load resistance R here represents the sum of track resistance and the reflected
impedance of secondary power pickups.

In comparison, the push-pull converter is simpler to design as its switches do not require
isolated high-side gate drives and can have the negative rail of the dc power supply as a
common ground. In addition, the push-pull converter offers a doubled resonant tank
voltage compared to the full-bridge converter. This is a very advantageous feature in the

IPT systems since a higher track voltage allows the system to drive a longer track for the
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same dc voltage supply [21]. Therefore the push-pull converters are more commonly seen
in G1 power supplies, owing to its design simplicity and cost effectiveness in terms of the

ratio between the dc input voltage and the drivable track length.

The G1 power supplies have many advantages, e.g., 1) it results in good quality track
current with low harmonics and radiated EMI; 2) ZVS (Zero-Voltage Switching) can be
implemented to have low conduction and switching losses; and 3) magnitude of the track
current can be varied without losing ZVS operation through changing the input dc voltage.
Nevertheless, it also has drawbacks such as the shorter drivable track length (compared
with other generations of the IPT converters having same dc input voltage level), load
dependent track current, and load dependent operating frequency [21]. The IPT G3 (Third
Generation) power supplies have therefore been developed to overcome the above
drawbacks and improve the properties of G1 power supplies. Note that each generation of
the IPT power supply is not particularly based on modifications of the previous
generation; they are however categorized according to the sequence of being practically

used in the industrial fields.

G2 (Second Generation)

The G2 power supplies were developed based on the voltage-fed converters. Figure 2-2
shows a typical full-bridge voltage-fed series resonant converter in the IPT systems. Note
that the G2 power supplies can also be implemented using push-pull topology. However
the push-pull topology offers identical features in both the G2 and the G1 power supplies
which have been described in the previously section, and therefore, the push-pull

implementation of the G2 power supplies is not discussed here.

%Q} %Q} L G
4,_/\/\'\/\_{

VDC i% T VAC‘

TR

Sk Spd

Fig. 2-2: Voltage-fed series resonant converter
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A dc voltage supply is directly used in the G2 converters as the input power source.
Switching strategy of the inverting network here is identical to that of the current-fed full-
bridge converters. The output of the inverting network is connected to a series-tuned
resonant tank as shown in Fig. 2-2, with at least one inductor being connected to the input
of the resonant tank for preventing the possibility of shorting the input voltage source with
a voltage-source type of load such as a pure capacitor branch.

Unlike the output ac voltage of G1 inverting network which is determined by the average
dc input voltage, switches of the G2 inverting network have the complete control of the
resonant tank voltage Vac. The duty cycle D, which essentially controls the average
injecting current into the resonant tank, is determined by introducing a phase-shift into the
switching signals for either Si+ and S;., or S+ and S,.. This in turn varies the magnitude of
Vac, and thereby regulates the track current. The relationship between the Vac and the

duty cycle D can be expressed as [21]:

VA

Vo =2v,, sin [?j 2-2)

Some of the important features of the G2 power supplies are: 1) a dc voltage source can
directly be used as the input of the converters, which lowers the size, cost, and circuit
order for the overall system; 2) the phase-shift control of the switches is much easier to
implement than the average dc input voltage control of the G1 power supplies which may
require an additional buck converter for varying the input dc voltage. Nevertheless, the
input of the resonant tank of a G2 converter normally requires a series tuning circuit,
which is not ideal as the resonant tank current has to flow through the switches and may
require the switches to have higher power ratings in order to take the full reactive current

circulation [21].

G3 (Third Generation)

The third generation of the IPT primary power supplies is based on modifications of the
previous two generations to further improve their converters properties. Two types of G3
primary power supply were separately developed based on the voltage-fed and current-fed

converters.
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Fig. 2-3: Basic structure of G3 current-fed converter

Figure 2-3 shows the basic structure of a G3 current-fed converter. It can be seen that the
most significant difference between the G1 and the G3 power supplies is the newly
introduced = network. Advantages of using the = network include: 1) compensation of the
network so a unity power factor can be obtained; 2) the voltage source can be converted to
a current source for a constant track current that is independent of load; 3) it functions as a
band-pass filter to have low distortion in the track current [21].
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Fig. 2-4: Basic structure of G3 voltage-fed converter

With the track fully-tuned to the nominal resonant frequency, the track impedance can be
regarded as a pure resistive load. This allows the current-fed resonant tank with a CLC
(Capacitor-Inductor-Capacitor) m network to be directly transformed into a voltage-fed
resonant tank with a LCL (Inductor-Capacitor-Inductor) T network. Figure 2-4 shows the
basic structure of a G3 voltage-fed converter. Since the = and the T networks are dual-
circuit, the good features provided in the former can all be inherited by the latter [21].
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2.2.2 Secondary Power Pickups

The main purpose of power pickups in an IPT system is to receive the power coming from
the primary track current through the magnetic coupling between the track and the
secondary pickup coil. In practice, the power pickup is designed to deliver the power
according to the load demands, with specific power ratings, power efficiency, cost, and
size. To design and implement an IPT system that is based on a specified requirement, the
following aspects of the power pickup are normally required to be analyzed:

Coupling Factor
Figure 2-5 shows the structure of a magnetic coupling between the primary track and the

secondary pickup coil.

N\
\
é \
lp A &—VM—aA + Lg TVOC lp A &—M—A > Lg y Isc
/
/

Fig. 2-5: Open-circuit voltage and short-circuit current of pickup coil

The voltage induced in the secondary pickup coil due to the time-varying magnetic fields

produced by the primary track current is given by [73]:
Voc = jooMl (2-3)

where Voc is the open-circuit voltage of the pickup coil, wo is the nominal operating
frequency, M is the mutual inductance between the primary track and the secondary
pickup coil, and Ip is the primary track current. The short-circuit current of the pickup coil

can be determined from:

VOC

oo =0 2-4
©=Tal (2-4)

where Ls is the inductance of the secondary pickup coil. By substituting (2-3) into (2-4),

the short-circuit current can be further expressed as:
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I =:|P (2-5)

For a traditional inductive power transfer system such as transformers, the degree of
magnetic coupling between the primary and the secondary side is measured by a coupling

coefficient defined as:

(2-6)

However, considering an IPT application which has a primary track loop with a distance
that is normally several times longer than the secondary pickup coil in length, the self-
inductance of the pickup coil may only couple to a very small portion of the entire track
inductance and therefore, the actual coupling between the two sides may not be properly

reflected by the coupling coefficient.

Alternatively, a parameter, termed as the coupling factor, was introduced for a better

measure of the IPT systems magnetic coupling and it is defined as [21]:

N I

kg === (2-7)
A\ I-

where ns is the turns ratio between the secondary pickup coil and the primary track. By

rewriting equation (2-4) with respect to Isc, the relationship between the track current and

the short-circuit current of the pickup coil can be presented by [21]:
=—1p (2-8)

It can be seen from (2-8) that the secondary current of the IPT systems is inversely
proportional to the turns ratio ns which is similar to the characteristic of an ideal current
transformer, but it is also having a proportional relationship with the coupling factor k;.
The coupling factor ks is usually treated as unity in the transformers since their coupling
geometry are fixed with the primary and the secondary being tightly coupled. But it is not

true for IPT systems as ks varies greatly from 0.1 ~ 0.95.
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Tuning Circuit

In a typical wireless communication system, the receiving end is normally required to be
tuned to a certain interested frequency so that the signals carried by this particular channel
can be extracted and used. This is no exception to the power pickups in the IPT systems;
however instead of the signals, the pickup tuning circuit is tuned to the primary operating
frequency so the power transfer capacity can be maximized. Figure 2-6 shows two
common pickup tuning configurations which are series and parallel tuning circuits [22, 74-
76].

Ls Cs Ls
Y
Voc Rac Voc QO Cs= Rac
(a) Series Tuning (b) Parallel Tuning

Fig. 2-6: Tuning configurations of secondary power pickup

The capacitor Cs is the tuning capacitor being used to tune to the pickup coil inductance
Ls. The load resistor Rac here represents the ac load resistance. If a full-bridge rectifier is
used to drive a dc load R, in a continuous conduction mode, then the equivalent resistance

for a voltage source load can be modeled as [77]:

8
RAC = RL (2'9)
T
For a current source load it is modeled as [77]:
72_2
Rac = ? R, (2-10)

In the series tuning configuration, the circuit can further be simplified as shown in Fig. 2-
7. It can be seen that after the cancellation of the pickup coil inductance and the tuning
capacitor under fully-tuned condition, the voltage across the load equals to the open-
circuit voltage of the pickup coil. The output voltage of the pickup therefore remains
constant regardless of the load variations.
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ISR

RAC T VSR

Fig. 2-7: Simplification of a series-tuned circuit

The output voltage and load current shown in Fig. 2-7 are given as [21]:
Vsr =Vocr  lsr = sts lse (2'11)

where the quality factor Qs s is given by:

Qs , = (2-12)

The maximum output power of a series-tuned pickup can be calculated by:

o, L
——= 'Voc I SC (2'13)

Pm_s :VSRISR :Qs_s 'Voclsc = R
AC

Since the open-circuit voltage is directly used by the load without any voltage boosting,
this type of power pickups is suitable for low voltage applications, or used in applications

with good coupling to provide sufficient output voltage.

On the other hand, the parallel tuning circuit has gained its popularities in the IPT
applications owing to its voltage boosting capability. This feature allows the system to
have more freedom in the mechanical movements while still meeting the load
requirements. Figure 2-8 shows the simplification of a parallel-tuned circuit.

L |
s Norton -~ PR

Equivalent / ™, wo’LsCs =1
Voc Cs=F Rac — :\ Ls¢ CsT ! Rac — N (V) RAC TVPR

_-

Fig. 2-8: Simplification of a parallel-tuned circuit
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Contrary to a series-tuned circuit, the load here is directly sourced by the short-circuit
current of the pickup coil. The output voltage and load current shown in Fig. 2-8 are given
as [78]:

Vg = QS_p “Voc,  ler =lsc (2'14)

where the quality factor Qs j is:

RAC
= 2-15
o=, L (2-15)
The maximum power of a parallel-tuned power pickup can be obtained by:
RAC
Po_p =Verlpr =Qs_p Voclse == Voclsc (2-16)
wpls

In principle, both the series-tuned and the parallel-tuned circuits are capable of providing
unlimited power when their load resistances are approaching to extreme conditions, i.e.,
approaching short-circuit for the series-tuned pickup and open-circuit for the parallel-
tuned pickup. However, when the circuit approaches these extreme conditions, the quality
factor will be very large, causing tedious fine tuning requirement because of the
significantly increased circuit sensitivity to parameter variations. The quality factor of
tuning circuits in practical design is normally limited to be less than 6, and a maximum of

10 to avoid tuning problems associated with the high Q operation [75].

In order to determine the major system variables that affect the maximum power transfer
capacity of an IPT system, both (2-13) and (2-16) can be rewritten as (2-17) by linking the
power flow to the magnetic coupling and primary track current [79, 80]:
o, 1,°’M?Q N
2
sz%:a)olp stfMN—P (2'17)
S S

where Qs is the quality factor of the tuning circuit. It can be seen from (2-17) that there are
several ways to increase the maximum power transfer capacity in a practical IPT system

design. The easiest way is to have a larger ratio in M?/Lg =k, MN, /N, [21]. This can
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be achieved by having a higher turns ratio between the primary track loop and the
secondary coil windings, or a better coupling factor ki which is obtained through good
coupling geometry and core materials. Moreover, the increase in frequency and magnitude
of the track current can also improve the power transfer capacity. However, these two
factors need to be cautiously treated as the power losses of the system also increase with
them. Since the quality factor Qs is normally required to be kept low to avoid the
sensitivity problems aforementioned, using high Q (>10) to further improve the power
transfer capacity is therefore not recommended in IPT applications with fixed tuning

circuits.

Voltage Rectification

For IPT applications with dc loads, the pickup circuit is required to have rectifiers for ac-
to-dc conversion. Two topologies can be used which are the half-wave bridge rectifier
topology and the full-wave bridge rectifier topology [67]. Figure 2-9 shows the
configuration of a half-wave bridge rectifier in a generalized power pickup circuit.

. : > |
Vv Pickup Tuning ; Low-Pass R
oc Circuit Vac Filter - Vino

Fig. 2-9: Generalized power pickup circuit with half-wave bridge rectifier

If only half a cycle of an ac voltage is rectified, the average dc voltage after the

rectification can be expressed as:
1el. 1.~
Vi == [ 2Vaesin(ot)dt ==V, (2-21)
- TJo T

where T is the period of the ac voltage. Since this topology has only used a single diode to
perform the voltage rectification, it is therefore very easy to implement. However, as the
other half of the ac voltage gets blocked by the diode and cause the circuit to have a longer
discharging period, components of the low-pass filter may have to be designed larger for

ensuring a smoother dc output [67].
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The full-wave bridge rectifier is used if the rectification on a complete ac voltage
waveform is desired. Figure 2-10 shows the configuration of a full-wave bridge rectifier in

a generalized power pickup circuit.

a¥alh
T o

Vv Pickup Tuning
oc Circuit Low-Pass R
Filter - Viw

Fig. 2-10: Generalized power pickup circuit with full-wave bridge rectifier

The average dc output voltage of this topology is determined by:

T

V, o= % [2V,csin(ot)dt = 2y (2-22)
T

It can be seen that the full-wave rectification can give higher voltage at output, but it
includes higher power losses due to more diodes being used and has common grounding
problem when the controller is applied at the ac tuning side of the pickup circuit with its

power supply and feedback signals are coming from dc side of the pickup circuit [67].

To fully use the advantages provided by the full-wave bridge rectifier without having to
worry about its drawbacks, the common grounding issues are generally solved by using
isolated gate drives. And in order to reduce the conduction losses across the diodes,

synchronous rectifiers have been suggested to replace the diode rectifier [81].

bUDU Su | S o, = —

Pickup Tuning , | Low-Pass
Voc (% Circuit T Vac Filter R T Vit

“pf %

i

Fig. 2-11: Power pickup circuit with full-wave bridge synchronous rectifier

A typical configuration of full-wave bridge synchronous rectifier is shown in Fig. 2-11,

and it can be extended to different topologies with some require only two MOSFETS to
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achieve the full-wave rectification [82-84]. The synchronous rectifier is also known as the
active rectifier since the semiconductor switches, i.e., MOSFETSs, which are placed in
parallel with freewheeling diodes, are synchronously and actively controlled to perform
the voltage rectification. The switching of these MOSFETSs is generally controlled during
the conducting state of the diodes. When the diodes are forward-biased, the MOSFETS are
turned on, and when the diodes are reverse-biased, the MOSFETS are turned off. Thus a
rectifying characteristic is obtained without the forward voltage drop being associated

with diodes in the on-state.

The reduction in conduction losses is achieved by having a lower forward voltage drop in
the MOSFET. Typically a power diode can have a forward voltage drop around 0.7 ~ 1V,
which negatively affects the system efficiency, particularly at a low voltage (< 10 V) and
high current operation. By using MOSFETSs with a low on-resistance, the forward voltage
drop can be reduced and this effectively improves the power efficiency. Figure 2-12 shows
the voltage and current relationship for both the diode and the MOSFET [85]. The
conduction loss of a diode or a MOSFET can be calculated by the product of forward
voltage and current. It can be seen that the MOSFET has a lower conduction loss
compared with the diode, provided the current flowing through these two is below a
certain break-even current l,. Modern MOFTETS are made to have very low on-resistance,
so practically I, can be much larger than the actual operating current.

Va
-7 Diode
Ve [ e — —— MOSFET with higher
//// : on-resistance
e : -
el = —.—.- MOSFET with lower
i e : on-resistance
// /,/
e /./
P
=

Fig. 2-12: Voltage and current relationship of diode and MOSFET

It is clear to see that the adoption of full-wave bridge synchronous rectifier can increase
the power pickup efficiency, but it requires current detection of the diodes and isolated

gate drives to switch on/off the MOSFETSs. These additional components and circuitries
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have inevitably complicated the circuit design and increased the size of the power pickup.
Furthermore, increase in switching frequency of the MOSFETSs and high voltage rating of
the load may also result in high switching losses, and cause the power efficiency of
synchronous rectification worse than that of the conventional diode scheme. As a result,
based on the power rating, system efficiency, size, cost, etc., it is often up to the designer
to select a proper rectification method.

Pickup Load Modeling

In order to determine the stability of an IPT system, it is common to have a system model
which includes both the primary and the secondary side so a thorough investigation can be
carried out. Since the two isolated parts of the system are magnetically coupled to each
other, the secondary power pickup can be modeled as a series impedance by reflecting its
effects to the primary side. This has been done in many studies to help analyze the load

condition and bifurcation of the primary power supply.

For a series-tuned pickup (see Fig. 2-7), the input impedance can be expressed as [21, 86,
87]:

Zs = jo,lg +_;+ Rac (2-23)
- oCs

By putting (2-23) into rectangular form, it can be rewritten as:

Zs_s =Rpc + J{a’oLs - : ] (2-24)

0™~s

Under fully-tuned condition, the imaginary part of Zs s is equal to zero so the secondary
impedance appears to be a pure resistor and has a value that is equal to the load resistance.

The reflected impedance of Zs s to the primary track is given by:
Lp =~ (2-25)

where Vp is the induced voltage in the primary track due to the current in the secondary

pickup (Is) and can be expressed as:
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V, = jo,Ml, (2-26)

Considering 1y =V /Zs ,, Voc = joMl;, and V;, = jo, M, equation (2-25) can be
rewritten as:

2
CwyM?

Z
P Z,

(2-27)

_S

By substituting the secondary impedance of a series-tuned power pickup into (2-27), the
reflected impedance becomes:

2
w, M?

_s
RAC

Z, (2-28)
From (2-28), it can be seen that if a series-tuned pickup is heavily loaded or short-
circuited, the reflected impedance will become very large and tends to be infinite, causing
low or zero current flowing in the track and eventually blocks the power transfer to other

secondary power pickups in a multiple pickups system.

On the other hand with a parallel tuning pickup, a similar approach can also be used to see
how a parallel-tuned pickup affects the power transfer of the IPT system when it is
coupled to the track. The input impedance of a parallel tuning pickup (see Fig. 2-8) is

given by [21]:

Z = joplg+—— (2-29)
- Ja,Cs +}/R
AC
Equation (2-29) can be rewritten in the rectangular form as:
2
Zy = tae j[a)OLS — @R G 2] (2-30)
-1+ (a)oRAcCs) 1+ (a)o RACCS)
Under fully-tuned condition, the reflected impedance of Zp , is given by:
M?R _w,M?
Z, = =2 (2-31)
P_p LSZ I—S
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The real part of Zp  is the reflected resistance, and it is proportional to the output load
resistance. Contrary to the series-tuned circuit, the power blocking occurs when the pickup
is lightly loaded or open-circuited. The negative reactance of the reflected impedance is

independent of the load and shows a capacitive load property to the track.

2.3 Control of Primary Track Current
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Fig. 2-13: Structure of primary track current magnitude controlled TET system

Some IPT applications require the output voltage of the power pickup to be regulated
through the control of primary track current. A typical example of this type of application
is the TET system which has been discussed in Chapter 1. This is due to the fact that
although the power pickups can be individually controlled to enable the system with
multiple pickups operation, power losses generated by control actions such as switching
and conduction of components may need to be dissipated in the form of heat. The rise in
ambient temperature caused by the heat is considered negligible in most applications of
the IPT system as long as the heat is able to be dissipated and not accumulated inside the
components. However, if the application is to be implanted into an animal body, reduction

of heat generation is crucial; otherwise it may cause tissue damage [59, 66, 81]. Figure 2-
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13 shows a typical primary track current magnitude controlled TET system. A TET
system may involve both 2-D and 3-D movements of the secondary pickup, which makes
the system design much more complicated compared to simple monorail applications,
because the magnetic coupling between the primary and the secondary side is very weak

and changes both in magnitude and direction [72].
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Fig. 2-14: 2-D charging pad and 3-D charging cage of TET system

The example shown in Fig. 2-14 gives a fairly good idea on how a power pickup having
multi-dimensional movements to cooperate with the primary charging-pad or the primary
charging-cage of the TET system. The secondary pickup is normally an implantable
device that is implanted into an animal body, and the animal can be at any place within
defined areas (normally in the test cage) covered by the magnetic field produced from the
primary track current [66]. For monitoring and identification purpose such as body weight,
food intake, and physiological parameters related to health and welfare of the individual
free moving animal [55], the power pickup is allowed to have much more freedom in
mechanical movements and therefore the voltage boosting capability of the parallel tuning
circuit is preferred in the TET systems to compensate for the possible output voltage
insufficiency. Push-pull topology is normally adopted to reduce the number of switches
that have to be used in the primary inverting network, with the track being parallel-tuned

to lower the power ratings for the switching devices [66].

There is no major difference between a conventional IPT system and a TET system
although an additional RF (Radio Frequency) communication channel between the
primary and the secondary side is often present in a TET system. Given that it is

preferable for TET systems to have the power flow controller placed at the primary side so
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as to reduce the size and heat generation in the implants, the same wireless communication
link used for biological data transfer is often used to feedback the secondary output power
status to the primary control circuitries so as to change the output power from the primary

side accordingly [66, 88].

The secondary feedback circuitry normally consists of an ADC (Analog-to-Digital
Converter), a data processing block, and a RF data transmitter. The ADC is used to sample
the analog output voltage of the power pickup and then convert it into digital forms so it
can be transmitted by the RF data transmitter. The data processing block is mainly for
signal processing of the converted data before it is sent out in the air. Note that the
sampling frequency and resolution of the ADC can affect the final control result; therefore
these two factors need to be carefully selected to ensure a good overall control quality

such as minimum steady state error, fast response to output voltage ripples, etc.

At the primary control circuitry side, the secondary feedback signals are received by the
RF data receiver and converted back to analog signals through the DAC (Digital-to-
Analog Converter). These converted signals are then used to compare with a
predetermined voltage reference Vi (see Fig. 2-13) for generating error signals that will
be used for the control of the magnitude or the frequency of track current. The main
purpose of controlling the track current is to regulate the power flow so as to maintain the
output voltage of the power pickup at a desired level.

2.3.1 Magnitude Control of Track Current

In the track current magnitude control, the control signals are applied to a PWM (Pulse-
Width Modulation) controlled variable dc voltage source Vpc which is the input power
source to the primary power converter [89]. The variable dc voltage source can be
implemented through various ways, such as using a simple dc-to-dc buck converter.
Figure 2-15 shows the general structure of a controlled buck converter. By feeding the
error signal which is produced from the comparison result of the secondary output voltage
feedback signal and the voltage reference Vi, into a controller, a PWM signal can be
generated to switch on/off the MOSFET shown in Fig. 2-15. Note that the controller
employed can be of any kind, however, a simple Pl (Proportional-Integral) controller is

normally used to keep the design simple while providing satisfactory control result.
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Fig. 2-15: A simple dc-to-dc buck converter for variable dc input voltage control

The output voltage of the buck converter can be obtained by:
VDC = DPWMVIN (2'32)

where Dpwy is the duty cycle of the PWM signal and Vy is the constant input voltage to
the buck converter. Considering a TET system with a current-fed parallel-tuned primary
track, the track current is given by [66]:

Ve

| =—A 2-33
"ol -7, (233)

Substituting (2-1) and (2-32) into (2-33), the equation of the track current can be rewritten

as:

T Dewm Vin

=— 2-34
onLt +Zp ( )

p
From (2-34), it can be seen that the track current is directly controlled by the duty cycle of
the PWM signal. And since the open-circuit voltage and short-circuit current of the pickup
coil are both proportional to the track current according to (2-3) and (2-5), the power
pickup with either a voltage source output (which equals to the open-circuit voltage), or
current source output (which equals to the short-circuit current), can thus be controlled by
the PWM signal.
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2.3.2 Operating Frequency Control of Track Current

The second way of regulating the pickup output voltage through the primary control is by
frequency control of the track current. As it has been previously explained, the nominal
operating frequency of the primary resonant tank is determined by the track inductance
and the tuning capacitance. If the equivalent tuning capacitance can be varied to allow the
resonant tank having different resonant frequencies, the power delivered from the primary
track power supply to the secondary power pickup can be consequently controlled through
this tuning/detuning process. This frequency control method can be illustrated by Fig. 2-
16.

Ci
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Fig. 2-16: General structure of frequency control of primary track current

It can be seen from Fig. 2-16 that the original track tuning capacitance is separated into
two capacitances, which are C; s and C;, representing a fixed tuning capacitor and a
variable tuning capacitor respectively. An error signal is generated based on the secondary
output voltage feedback signal and then fed into a controller for varying the equivalent
tuning capacitance so a variable operating frequency can be obtained. The variable
operating frequency is given by [21, 66]:

le— 4$P2] ﬂLt ., +Ctv)]—‘”] / [“25] (2-35)

where Qp, @, and T are the quality factor, initial phase angle, and time constant of a push-

—

pull resonant converter respectively. As can be seen from the above equation, the

operating frequency is dependent on.the capacitance of C; .
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Fig. 2-17: Relationship between power and frequency of primary power supply

Figure 2-17 shows the relationship between the output power and frequency of primary
track power supply. The maximum power is obtained when the primary resonant tank is
tuned to the nominal operating frequency fo, and lower power is achievable by having a
resonant frequency other than the nominal operating value. The resonant frequencies f;’
and f, are determined by the equivalent tuning capacitances (Cs + Ci,) and Ci;
respectively, and the primary output power is controllable within the range of these two

frequencies [66, 67].

A simple PI controller is often employed to generate control signals for changing the
equivalent tuning capacitance. However, since the operating frequency has a parabolic
relationship with the power, the adopted PI controller is unable to achieve full-range
control and restrained to only operate in one of the two operating regions that are
separated by the nominal frequency f,. The frequency f, shown in Fig. 2-17 indicates the
actual available maximum operating frequency instead of the ideal f,. Note that the
frequency f, is different from the nominal frequency f, by a safety margin, and this safety
margin is used to prevent the PI tracking process from traversing between the two

operating regions and results in control failure.

Practical implementation for frequency control of the track current can be shown in Fig. 2-
18. Similar to ordinary push-pull converters, S; and S, are switched complementarily for
injecting current into the resonant tank. A variable tuning capacitance is achieved by

switching two fixed capacitors namely C; \; and C; v, using Sz and S4 with control signals
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generated from the PI controller, and the two capacitors are identical for a balanced
operation. The switching of Sz and S, follows closely to the on/off period of S; and S,.
When S; is on and S; is off, Sz is on and S, is off correspondingly to switch C; v into and
have C; v, out of the resonant tank in the positive cycles of the ac resonant tank voltage.
Vice versa, when S; is on and S; is off, S4 is on and S3 is off correspondingly to switch
Ci v2 into and have C; \; out of the resonant tank in the negative cycles of the ac resonant
tank voltage. The effective capacitance of C; \1 and C; \, can be changed through varying
the duty cycle of the switches. As such, the primary resonant tank is able to have a range
of operating frequencies, and the power delivered to the power pickup can therefore be
changed according to the actual load demands.

%_lE} %E} Ss |F} S4 @

Fig. 2-18: Basic topology of variable frequency push-pull resonant converter

Despite the above two control methods can effectively control the power transfer between
the primary and the secondary side within a predefined range of parameter variations, the
IPT systems using primary track current control however, have a major disadvantage
associated with the architecture of the control method. Since the track current controller
needs to be specifically designed to compensate for parameter variations that occur in the
power pickup of particular interest, it eliminates the possibilities of IPT systems to have
multiple pickups operation, unless if all the pickups are absolutely identical which is
unlikely to happen in practice. Optimization of the primary current control based on
loading conditions of each power pickup could be a viable solution if the power
requirements have little differences between each one of them. Nevertheless, when the

power requirements are different, the controller may completely fail the power flow
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regulation and result in shutting down of the whole system for the worst case. Therefore,
in order to have a robust power flow control for the IPT systems, the primary track current
control is normally employed in applications where the track power supply is only

required to transfer power to a single power pickup at a time [66].

2.4 Existing Power Flow Control Methods of Secondary
Power Pickup

Instead of applying control at the primary side of the IPT systems, having control in

individual power pickups provides effective power flow management to the system.

Several control strategies have been researched in the past and they are described in details

in the following sections.

2.4.1 Voltage Regulator

Figure. 2-19 shows a series-tuned power pickup which is commonly used in IPT
applications. A linear voltage regulator is used for its output voltage regulation [62, 67].

Voltage
Regulator
Cs g
1 Vi Vou
GND A
Y e YOI
* Coci/~ —~Cpbc2 RL Vi
VOC

Fig. 2-19: Series-tuned power pickup with linear voltage regulation

A dc capacitor Cpc; is used to ensure the smoothness of the input voltage for the voltage
regulator. The voltage regulator then regulates the rectified and filtered dc voltage to a
desired level for the load. Another dc capacitor Cpc; is placed at the output of the voltage
regulator and in parallel to the load for stabilizing the output voltage V.. Tuning circuit of
the pickup is generally required to be fine-tuned to the nominal operating frequency so the
power transfer capability of the IPT system can be maximized. Since parameter variations

in magnetic coupling, operating frequency, tuning capacitance, load, etc., may occur in the
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power pickups at any instances during the power transfer, the maximum power transfer
capacity of the pickup is generally overdesigned to accommodate these possible
variations. The overdesigned maximum power may cause the power pickup to have low
power efficiency when the load is having a low power demand. Advantages of using such
a method for the output voltage regulation include its design simplicity and low cost.
However it is an inefficient method as the excessive power cannot be effectively used and
needs to be dissipated through heat sinks which consequently increase the size of the
pickup. Applications with high power ratings worsen the inefficiency of this method and

may require additional cooling mechanisms to assist the heat dissipation.

Placing a Zener diode in parallel to the load is a comparable approach with similar pros
and cons to the voltage regulator [67]. But the available output voltage value is quite
limited to the manufacturing range of Zener diode which is not as flexible as a variable
voltage regulator. In addition, it has an output variation problem which can vary with

component’s tolerance.

2.4.2 Shorting-Control

Shorting-control is the most well-known control technique used in the IPT systems and
has gained many applications as well as patents due to its design simplicity and
effectiveness to the power flow control of IPT systems [70, 90-92]. Figure 2-20 shows a

parallel-tuned power pickup with shorting-control for the output voltage regulation.
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Fig. 2-20: Parallel-tuned power pickup with shorting-control
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A dc inductor Lpc and a dc capacitor Cpc are used to filter out the high frequency
components of the rectified voltage for providing a smooth dc output voltage to the load.
A controller, a shorting switch Ssc, and a freewheeling diode Dpc are used for output
voltage regulation of the pickup. The tuning condition of the pickup is designed based on
the reasons that have been previously stated in the method using voltage regulator, so the
secondary resonant tank is also tuned to the nominal operating frequency for obtaining the
maximum power transfer capacity, in order to compensate for the parameter variations.
There are two operating modes in the shorting-control corresponding to the on/off state of
switch Ssc. When Ssc is switched on, the additional current flowing path provided by the
shorting switch can redirect the output current to go around the load and stops the power
being delivered to it. The output voltage of the pickup (V.) is temporarily sustained
through the energy discharging of the dc capacitor Cpc, and the reversing current caused
by the discharging of Cpc is blocked by the dc diode Dpc. Contrary when Ssc is switched
off, the output current goes directly through the dc diode and charges up the dc capacitor

while delivering power to the load.
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Fig. 2-21: Hysteresis band for switching on/off Ssc

The switching of Ssc can be controlled by either hysteresis or PWM control. In the
hysteresis control, the controller is normally a simple comparator which compares the
output voltage of the pickup with a preset voltage reference Ve having a maximum value
at Vyet max and a minimum value at Vye min @S shown in Fig. 2-21. Results of the
comparison are directly used as the switching signals for Ssc. The advantage of using the

hysteresis control is that it is very easy to design, and its output voltage ripple can be

-40 -



Chapter 2 Overview of Power Flow Control Techniques in IPT Systems

strictly controlled within a predefined hysteresis band as shown in Fig. 2-21. However, if a
more precise output voltage is required, the hysteresis band has to be consequently
narrowed down (Fig. 2-21, in dot-lines) and may result in the increase of switching
frequency and power losses. Furthermore, since the actual output current is controlled
according to the load demands under a constant output voltage, it changes the charging
and discharging rate of the dc capacitor. This makes the switching frequency load
dependent and causes the EMI (Electro-Magnetic Interference) to radiate over a wide
range of spectrums which result in difficult EMI filtering design for IPT applications such

as moving sensors [93].

To reduce the EMI problem that occurs in the hysteresis control, PWM signal was used to
switch Ssc [93]. By using a simple Pl controller with output voltage of the pickup as a
feedback signal, a varying reference voltage can be produced and compared to a time-
varying signal with constant frequency, for example, a triangular wave, for generating the
PWM signal. A high fundamental frequency for the PWM signal helps to minimize the
size of the EMI filters but increases the switching losses, thus a trade-off is inevitable

when designing a practical circuit.
In a PWM controlled power pickup, the load current I, (see Fig. 2-20) is expressed as:

DSISC

J2

|, =Dglye = (2-36)
where Ds is the duty cycle of the PWM signal for the shorting switch Ssc. Considering

V. =1 R, the output power of the parallel-tuned power pickup can be determined by:
PL=V I, = (Ds I'oc )2 R (2'37)

From (2-37), it can be seen that the power can be kept constant by controlling the duty
cycle Ds to compensate for the R_ variations. Assuming the system is having a fixed
coupling and gives a constant Isc as well as Ipc, then the maximum power is reached with

R being at its maximum rated value and Ds equals to unity.

Despite the facts that the shorting-control is easy to implement and can effectively control

the power flow of the pickups, it however suffers from inefficient operations when R, is
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lightly loaded or at no-load conditions, i.e., large load resistance or open-circuited [66-68].
In some IPT applications where loads may enter into sleep mode, the power demands of
these loads are usually very low which requires the duty cycle Ds to be small for
maintaining low output power. In this situation, the switch Ssc will need to take most of or
the complete short-circuit current of the pickup according to (1- Ds). As such, the power
pickups may require large heat sinks for dissipating significant conduction losses and

result in larger size of the pickup.

Low immunity to parameter variations other than load changes is another disadvantage of
using the shorting-control. As stated earlier, the design philosophy of shorting-control is to
obtain the maximum power transfer capacity for each pickup to cover the full-range of
their load variations, and it dissipates the power through a shorting switch if the power is
considered excessive to the load. Parameter variations in operating frequency, magnetic
coupling, and tuning capacitance are normally ignored or roughly estimated to be included
in the covering range of shorting-control, limiting the pickups to work with applications
having monotonic coupling geometry, stable ambient temperature, and high quality track
current. A pickup with higher tolerance to the parameter variations is achievable by using
a shorting switch with higher power ratings to have a wider control range. However this

increases the size and cost of the power pickup substantially.

The conventional parallel-tuned power pickup also has a circuit sensitivity problem under
high Q operation. Using high Q in the power pickups is very advantageous for the IPT
systems since the output voltage of the pickup can be boosted to a sufficient level without
increasing the track current magnitude or needing more number of turns in the pickup coil
windings, which essentially reduces the size and cost of the overall system. In addition,
the pickups will also be able to operate from a further distance with respect to the primary
power supply, and thereby increase the portability of the secondary power pickups.
However, the pickup circuit sensitivity increases with the Q factor and can cause
significant power drop under high Q operation even if there is only a slight change in the
circuit parameters. Figure 2-22 illustrates the power curve of a parallel-tuned pickup with
different Q factors.

-42 -



Chapter 2 Overview of Power Flow Control Techniques in IPT Systems

Power A

Qlarge

/ Qmedium

Qsmall

fa fo Frequency
Fig. 2-22: Power curve of parallel-tuned pickup with different Q factors

The center frequency drift is used as an example to illustrate how the secondary output
power gets affected by the parameter variations under different Q values. There are two
major parameters that could cause the secondary power pickups to detune, and they are the
secondary tuning capacitance and the primary operating frequency. Generally the tuning
capacitance can be affected by the changes in ambient temperature during operations and
causes the center frequency of the secondary resonant tank to drift from the nominal
frequency fo to fyq (or to similar position on the other side) [67]. The variations in primary
operating frequency have similar detuning effect on the secondary power pickups.
However, instead of having the same nominal frequency f, and a drifted resonant tank
frequency fq, the actual nominal frequency fy is shifted to fy as shown in Fig. 2-22 with
faded dashed-lines, and left the pickups being detuned from the position of the original
nominal operating frequency. Depending on the value of Q factor, the power drop can be
quite different. If the pickup is operating with low Q, the decrease in output power is
almost negligible whereas the power drop becomes significant when the pickup is
operating with high Q. In a practical IPT system design, the detuning of the pickup is
unlikely to be avoided even the tuning circuit is fine-tuned to a constant primary operating
frequency. Therefore, in order to prevent the system from having significant power drop,
the Q factor is normally kept below 10 or sometimes even lower than that. Such a design
allows the pickup to have better tolerance to some of the parameter variations but a lower

voltage boosting capability is obtained as a trade-off.
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2.4.3 Dynamic Tuning/Detuning Control

An alternate control method which has been investigated to improve the power flow
control of IPT systems is the dynamic tuning/detuning control technique proposed in [68,
71, 94, 95]. Instead of fine-tuning the power pickups to obtain the maximum power and
then controlling it to meet the load requirements, this control strategy regulates the pickup
such that it only takes sufficient power required by the load. The fundamental concept
here is similar to the frequency control of the primary track current that has been
previously discussed. But the focus here is to dynamically change the tuning condition of
the power pickups according to the actual load demands. Theoretically, if the maximum
power is needed, the circuit will be capable of going to the tuned-point where the
maximum power can be obtained, and lower output power is achieved by detuning the
pickup circuit. The variable tuning conditions of the pickup is attained by deliberately
putting a capacitor or an inductor in parallel with a fixed tuning capacitor. A basic

dynamic tuning/detuning controlled pickup is shown in Fig. 2-23.
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Fig. 2-23: Power pickup with dynamic tuning/detuning control

The figure above shows that the output voltage of the pickup is used as a feedback signal
to the controller for comparing with a preset voltage reference V. The comparison results
are used for generating control signals to vary the capacitance of the variable capacitor.
The tuning capacitance Cs in the resonant tank is the summation of the fixed tuning
capacitor Cs s and the variable tuning capacitor Cs ,. Hence by changing the value of the
variable capacitor, the tuning condition of the pickup can be consequently changed
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according to g, =]/\/LS (Cs  +Cs ,), where wso is the center frequency of the

secondary resonant tank, and thereby tune/detune the power pickups to meet the actual
load demands. A variable inductor can also be used to function as an equivalent variable
tuning capacitance to achieve the same dynamic tuning/detuning control for the pickup.
However the inductor introduces a positive reactance into the resonant tank and needs a

controller design that is different from that of the actual variable tuning capacitance [68].

There are basically two ways to achieve a variable capacitor, one is by mechanically
changing the electric coupling geometry of the moving and the stationary plates inside the
capacitor to obtain different capacitances, and another is by using a semiconductor device
to control the charging current of the capacitor that has a fixed value which has been
commonly implemented in power systems for VAR controls [96, 97]. The former requires
the capacitance to be changed off-line manually whereas the latter can vary the
capacitance on-line through control signals. Therefore the capacitors controlled by
semiconductor devices are preferable in the dynamic tuning/detuning control to function

as a variable tuning capacitor.

By controlling the average charging current of a capacitor, a variable equivalent
capacitance can be obtained. A PI controller is normally used for this type of control.
Three different topologies are commonly employed for implementing the switching of the

capacitors, and they are the hysteresis control, PWM control, and the linear control.

The hysteresis control and the PWM control are basically identical to the ones that have
been previously discussed in the shorting-control. For these two control methods, the
practical implementation can be achieved by either half-cycle topology or full-cycle

topology. Figure 2-24 shows the configuration of these two topologies.

In the half-cycle topology, the charging current is controlled by switching on/off Spr; and
Spr2 simultaneously. When the switches are switched on, the current can continuously
flow through and charges up the tuning capacitor. When the switches are turned off, the
body-diodes of the switches block the current from flowing through the capacitor branch,
and the voltage across the capacitors are maintained at a certain constant level given that
the capacitors have already been partially charged. As soon as the resonant tank voltage

decreases to a certain value,.which is.lower than'the voltage acrass the .capacitors, the
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body diodes of the switches start being forward-biased and the energy of the capacitors
gets discharged through this process. Since the half-cycle control only controls positive
cycles of the resonant tank voltage for the variable tuning capacitor, the effective
capacitance for a single variable capacitor is therefore halved and requires two branches as
shown in the figure to achieve the full variable range that is originally provided by a single

variable tuning capacitor.
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(a) Half-Cycle Topology (b) Full-Cycle Topology
Fig. 2-24: Configurations of switching capacitor

Control concept of the full-cycle topology is similar to that of the half-cycle topology,
except that the two switches Spr; and Spr, are used to have full control of the ac charging
current for the tuning capacitor in both the positive and the negative cycles of the resonant
tank voltage respectively. When Spry is on, the current is allowed to charge up the tuning
capacitor without being blocked by switches or their body-diodes, and when Spr; is off,
the current stops flowing into the capacitor branch as the flowing path becomes an open-
circuit. The working principle of Spr; is identical to Spr; with the only difference being the

direction of charging current.

For the above two topologies, if the switching frequency is purely load dependent, i.e.,
using hysteresis control, without synchronizing to the natural oscillation frequency of the
secondary resonant tank, it may cause high voltage and/or current stresses to the switches
and results in high switching losses. The random switching noises caused by the hysteresis
control also make the EMI filtering design difficult. However, these problems can all be
improved by using the PWM control with the reasons that have been discussed. In the
PWM control, soft-switching techniques for reducing the switching losses are also
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achievable by using ZVD (Zero-Voltage Detection) across the switches or ZCD (Zero-
Current Detection) across the body-diodes.

The third method of achieving switch-controlled variable capacitor, namely the linear
control, is quite different from the previous two control methods. It also uses a
semiconductor transistor to control the current flowing through the tuning capacitor, but
instead of switching the capacitor in/out of the resonant tank, the semiconductor actually
works in its linear region to function as a variable resistor. This way, the current flowing
through the capacitor gets controlled according to the level of the switch’s gate driving

signal, and no switching harmonics will be generated during the control process.

A simplified model shown in Fig. 2-25 can be used to analyze the dynamically

tuned/detuned power pickup without considering the ac-dc rectification.
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Fig. 2-25: Simplified dynamic tuning/detuning power pickup model

To maintain the output voltage constant, the equivalent tuning capacitance can be

calculated according to [68]:

C. =Cy|1-—1 (&J 1 (2-38)
Q

eq
S_p kSV

where Cg is the original capacitance for full tuning and ksy is the actual required boost
factor from the open-circuit voltage Voc to the output voltage Veg. It can be seen that in
order to have a valid solution, Qs , must be larger than ksy, which is the maximum boost
factor that a fully-tuned pickup can have. In the situation of the pickup being lightly
loaded or no-load, the Qs , becomes infinity according to (2-15). The equivalent tuning

capacitance reaches its minimum value and can be determined by [68]:
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C, = lim Cyy|1-—* (&J 1 =cso(1—iJ (2-39)
Q k

eq
Q= S p Ksy sV

From (2-39), it can be seen that the minimum equivalent tuning capacitance varies in
proportion to ksy. The larger the voltage boosting factor ksy, the smaller the capacitor
tuning ratio which is needed. This is advantageous for pickups that are required to have

high output voltage but with their pickup coil size being confined.

Since the fundamental concept of the dynamic tuning/detuning control is very similar to
the frequency control of the track current in the primary power supply, therefore they have
many common features. In a dynamic tuning/detuning controlled power pickup, the
relationship between the tuning capacitance and the output power is also bell-shaped and
results in two possible operating points with one being in the over-tuning region and the
other in the under-tuning region. The over-tuning here means that the equivalent tuning
capacitance of the pickup resonant circuit is controlled over the nominal value required by
the fully-tuned condition, whereas the under-tuning means the equivalent tuning
capacitance is controlled under the nominal value [66]. Figure 2-26 shows the relationship

between the tuning capacitance and the pickup output power.

Resonance Point

Possible Operating
Points

'U
3
&

Pref

Output Power

Under-Tuning Region
< >

Over-Tuning Region

< >

>

Tuning Capacitance

Fig. 2-26: Relationship between tuning capacitance and output power of pickup

After selecting one of the two operating points from the power curve and defining an

operating range, a single-side tuning control method can be achieved. Due to the nature of
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a PI controller is unable to perform tracking for a bell-shaped curve, it is difficult to use
the dynamic tuning/detuning method to achieve maximum power transfer. An operating
point close to the tuned-point is normally avoided to prevent the tracking process from
traversing between the two tuning regions, and when the operating point shifts to the other
region due to a vast or sudden circuit parameter change, the controller may track in the
wrong direction and fail to regulate the pickup output power. As a result, the dynamic
tuning/detuning method needs a controller that: 1) can adapt to the bell-shaped curve in
order to overcome the reduced maximum power transfer capacity, and 2) be able to track

the closest reference point along the power curve for achieving full-range tuning control.
2.5 Summary

A general overview of the complete IPT system and its existing power flow control
methods have been undertaken in this chapter. All the major parts and associated control

strategies have been discussed.

The primary track power supply is in its third generation up to date, with its G1 (First
Generation) and G2 (Second Generation) power supplies developed based on the current-
fed and the voltage-fed converters respectively. The G3 (Third Generation) power supplies
are developed based on the properties enhanced version of the previous two generations,
having = and T networks at the input of the resonant tank of the current-fed and voltage-
fed converters respectively. The track power supply can be designed to have a fixed
operating frequency but may cause high voltage and/or current stresses to the switches of
the inverting network, or be variably controlled to follow the natural circuit resonance and

enabling the soft-switching operation for higher power efficiency.

The secondary power pickups are magnetically coupled to the primary track and the
coupling degree can be measured by a term called coupling factor. Two different types of
tuning circuits are commonly used for the compensation of induced emf in the pickup coil,
and they are the series tuning circuit and the parallel tuning circuit. In a series-tuned
pickup, the load is voltage sourced and very advantageous to be used in IPT applications
where a constant output voltage is required. However, the parallel-tuned pickup has gained

its popularity owing to its voltage boosting capability which allows the pickup to operate
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with the primary current track from a further distance, but it requires an effective power
flow control to cope with the output voltage fluctuation that caused by the load variations.

The power flow control of the IPT systems can either be applied in the primary track
power supply or the secondary power pickups. By applying the power flow control in the
primary side of the IPT system, two strategies are commonly used which are the
magnitude and the frequency control of the track current. Both the methods can be used to
effectively control the pickup output power to meet the load demands. However they
cannot be applied in multiple pickups systems since a primary track power supply can
only be designed to compensate for parameter variations of a specific power pickup. In
addition, the adopted P1 controller is incapable of covering the full bell-shaped frequency
control range; therefore the power flow control can only be achieved in a selected tuning

region.

To simultaneously operate with multiple pickups using single track power supply, it is
necessary to perform the power flow control to each pickup individually. Three different
methods being voltage regulator, shorting-control, and the dynamic tuning/detuning
control, are used for this purpose. The methods using voltage regulator and shorting-
control are easy to design and implement, but they have low immunity to multiple circuit
parameter variations. Both of them also suffer from low power efficiency particularly
under light-load or no-load conditions, and may require large heat sinks for the excessive
power dissipation which increases the size and cost of the IPT system. The dynamic
tuning/detuning control is designed to tune or detune the power pickups so they only
receive sufficient power from the primary track current for meeting the load demands. It is
more power efficient in terms of the individual secondary pickup, but also suffers from the
incapability of covering the full control range that happens in the frequency control of the
primary track current, therefore results in only single-side control with reduced maximum

power transfer capacity.
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Directional Tuning/Detuning Control
Algorithm (DTDCA)

3.1 Introduction

3.2 Basic Concept and Control Law of Directional
Tuning/Detuning Control Algorithm (DTDCA)

3.3 Sampling Frequency and Tuning Step-Size of
DTDCA

3.4 Standard Procedure of DTDCA

3.5 Summary

3.1 Introduction

In Chapter 2, two different tuning configurations and three popular control methods have
been proposed in the past for controlling the power flow of the IPT systems [21, 62, 68,
91]. Each of them has clear advantages and drawbacks which need to be improved either
structurally or algorithmically for providing better control results against possible circuit
parameter variations. In this chapter, a novel control method, called as Directional
Tuning/Detuning Control Algorithm (DTDCA) is proposed to solve the problems
associated with the existing control schemes. The main objective of the proposed control
algorithm is to provide constant output voltage and deliver the power required by the load.
The concept of DTDCA is to perform smart tuning for the power pickup so that the power
pickup circuit can change the tuning condition according to the load demands, as well as
be able to cover both the under-tuning and over-tuning regions to achieve full-range

tuning control.

3.2 Basic Concept and Control Law of Directional
Tuning/Detuning Control Algorithm (DTDCA)

Because the output voltage behaviors of power pickups exhibit a bell-shaped relationship

with the tuning components of the resonant circuit, a normal PI controller can only
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provide a single-side tuning control with a monotonic trend, rather than achieving full-
range control along a turning curve [66]. A novel control algorithm called DTDC
(Directional Tuning/Detuning Control) is developed here to solve the problem, so a full-
range control can be achieved against parameter variations to keep the output voltage of

the pickup to be constant at a desired level.

In order to develop a controller having the capability of regulating the output voltage of
the pickup under different operating conditions, all possible correct tracking processes on

the tuning curve need to be thoroughly studied and compared.

The tuning curve has been divided into four different operating regions such as A, B, C,
and D as shown in Fig. 3-1. Each operating region of the tuning curve is defined as

follows:

e Region A-V(t,)<V,, ,and the pickup is operating in the under-tuning region.

ref !

e RegionB- V(t,)>V,,,and the pickup is operating in the under-tuning region.

ref !

e RegionC- V(t,)>V,,,and the pickup is operating in the over-tuning region.

ref !

e RegionD-V(t,)<V,, , and the pickup is operating in the over-tuning region.

ref ?

Note that the operating points shown in Fig. 3-1 are corresponding to different values of
tuning inductance/capacitance, and by changing the tuning inductance/capacitance the
operating point can be shifted and this results in different output voltages. For example, by
shifting operating point from P; to P,, the output voltage will change from V(tl) to V(tz).
The tracking process in these regions is divided into coarse tuning stage and fine tuning
stage. The coarse tuning stage takes place immediately after the initialization of the
controller (start-up of the pickup circuit) or when the output voltage is considerably
deviated from the reference voltage. Once the output voltage reaches around the reference

voltage, the circuit will be fine-tuned to approach it.
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Output Voltage
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a) Tracking Process in Area A
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=

Fig. 3-1: Tracking process of coarse tuning stage in different areas of output voltage

tuning curve and corresponding time-domain results
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Coarse tuning in region A

The tracking process in the region A can be clearly observed from the time-domain
illustration of Fig. 3-1 a). It can be seen that between any two successful sampling
instances, if the voltage lies exclusively in one of the operating regions, the sign of the

error remains unchanged. For example, if between two successful sampling instances t;
and t, the voltage V(tl) and V(tz) are in the same operating region A, then the error

remains positive. Therefore the error signal defined as:
e(tn ) =Vref _V (tn ) (3-1)

where t;, is the sampling instance, is always positive in the region A, and this error goes on

decreasing as time progresses. In addition, the rate of error defined as:
e.(tn): e(tn )_e(tn—l) (3'2)

is always negative in this region. To obtain a correct tracking in the region A to bring the
operating point P; to Py, the tuning parameter, e.g., T.L/C (Tuning Inductance or
Capacitance) should be increased from the initial starting point to the value which

corresponds to the desired output voltage.

Coarse tuning in region B

In the region B, it can be seen from Fig. 3-1 b) that the error signal is always negative and
decreases in terms of magnitude as time progresses. The rate of error in this case is always
positive. To perform a correct tracking in the region B, the T.L/C needs to be decreased

from point P; to Py.

Coarse tuning in region C

In the region C, the error signal which has been observed from Fig. 3-1 c) is always
negative and decreases in terms of magnitude as time progresses. The rate of error in this
case is always positive. It can be seen that the error and rate of error are identical in both
region B and C, and the only difference between them is that to perform a correct tracking

in the region C, the T.L/C needs to be increased from point P to Py.
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Coarse tuning in region D

In the region D, the error signal which has been observed from Fig. 3-1 d) is always
positive and decreases as time progresses. The rate of error in this case is always negative.
It can be seen that the error and rate of error are identical in both region A and D, and the
only difference between them is that to perform a correct tracking in the region D, the
T.L/C needs to be decreased from point P; to Py.

Figure 3-2 shows where the fine tuning stage occurs in the output voltage tuning curve and
how it appears in the time-domain. As it can be seen, the fine tuning process can occur
between any two possible operating points shown in the figure. Note that the coarse tuning
stage and fine tuning stage are represented by the shaded and un-shaded area (€)
respectively. The area € is a variable which its position and size are dependent on the

positions of P; and P,.

Fine tuning between region A and B

The term ‘fine tuning stage’ here means the controller is at a phase where it has just ended
the tracking process of coarse tuning stage (shaded area) and started to fine tune the circuit
to reach the reference point within the area €. In the tracking process of fine tuning stage
between the region A and B, there are two possible situations that needs to be considered,
i.e., whether the operating point is approaching towards the reference from region A or

from region B.

AtoB

If the two consecutively sampled voltages are taken from region A across to region B, a
negative error and a positive error are always obtained at the two successful sampling
instances t, and t,.;, respectively. The rate of error under such a condition is always
negative for both the illustrations shown in Fig. 3-2 a) and b) between t; and t,. The

correct tuning action for this particular case is to decrease T.L/C.

Bto A
On the other hand, if the two consecutively sampled voltages are taken from region B
across to region A as shown in Fig. 3-2 a) and b) between t; and t, , a positive error and a

negative error are always obtained at the two successful sampling instances t, and t1,

BRI
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respectively. The rate of error under such a condition is always positive. The correct
tuning action for this particular case is to increase T.L/C.

Fine tuning between region C and D

In the tracking process of fine tuning stage between the region C and D, it can also be
separated into two different situations depending on which direction the operating points
are approaching the reference either from region C or D.

DtoC

If the two consecutively sampled voltages are taken from region D across to region C, a
negative error and a positive error are always obtained at the two successful sampling
instances t, and t,.;, respectively. The rate of error under such a condition is always
negative for both the illustrations shown in Fig. 3-2 c¢) and d) between t; and t,. The

correct tuning action for this particular case is to increase T.L/C.

CtoD

And if the two consecutively sampled voltages are taken from region C across to region D
as shown in Fig. 3-2 ¢) and d) between t; and t,, a positive error and a negative error are
always obtained at the two successful sampling instances t, and t,.1, respectively. The rate
of error under such a condition is always positive. The correct tuning action for this
particular case is to decrease T.L/C.
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Fig. 3-2: Tracking process of fine tuning stage in different areas of output voltage tuning

curve and corresponding time-domain results
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Table 3-1: Results in tracking process of coarse and fine tuning stages

Coarse Tuning | e(t,) > e(t,1) | é(tn) | V(t,) > V(th1) | T.L/C(t,) > T.L/C(t,0)
Region A 0 -ve 1 1
Region B 1 +ve 0 0
Region C 1 +ve 0 1
Region D 0 -ve 1 0

Fine Tuning

Region A-to-B
Outcomel 0 Ve 1 0

Region B-to-A
Outcomel ! Ve 0 1

Region C-to-D
Outcomel ! Ve 0 0

Region D-to-C
Outcomel 0 Ve 1 1

Table 3-1 summarizes the results in the tracking process of coarse and fine tuning stages.
Comparisons have been made between similar operations as follows: region of A and D,
region of B and C, region of A-to-B and D-to-C, and region of B-to-A and C-to-D. It has
been found that the error in the region A and D is always positive whereas it is negative in
region B and C. In addition, the rate of error in the region A and D is always negative
whereas it is positive in region B and C. It is therefore impossible to distinguish the
difference between the pickup being operated in region A and D or region B and C by
using the error signal alone. However, by using the immediate past tuning result, it is
possible to distinguish the exact operating region of the pickup. The following conditions

are given for determining the operating region of the pickup:

e Region A: V(t,)<V,, and T.L/C(t,)>T.L/C(t,,) and V(t,)>V(t,,), or

V(t,)<V,, and T.L/C(t,)<T.L/C(t,,) and V(t,)<V(t,,).

ref

e Region B: V(t,)>V, and T.L/C(t,)>T.L/C(t,,) and V(t,)>V(t,,), or

V(t,)>V,, and T.L/C(t,)<T.L/C(t,,) and V(t,)<V(t,,).

ref

e Region C: V(t,)>V,, and T.L/C(t,)>T.L/C(t,,) and V(t,)<VI(t,,), or

V(t,)>V,, and T.L/C(t,)<T.L/C(t,,) and V(t,)>VI(t,,).

ref
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e Region D: Vv(t, )<V, and T.L/C(t,)>T.L/C(t,,) and V(t,)<V(t,,), or

V(t, )<V, and T.L/C(t,)<T.L/C(t,,) and V(t,)>VI(t,,).

ref

From the above conditions, it can be seen that the under-tuning and over-tuning regions
are differentiated by the immediate past tuning result in terms of the tuning direction of
the T.L/C and moving direction of the output voltage. In addition, the upper and lower
regions of each tuning region are differentiated by their relative position to the reference
voltage. To correctly track the desired output voltage from different operating regions of
the tuning curve, the possible operating conditions are given as:

., and T.L/C(t,)<T.L/C(t,,) and V(t,)<V(t,,), then
T.L/C(t,,,) should be increased.

e Condition 1: If V(t,)<V,

. and T.L/C(t,)>T.L/C(t,,) and V(t,)<V(t,,), then
T.L/C(t,,,) should be decreased.

e Condition 2: If V(t,)<V,

. and T.L/C(t,)<T.L/C(t,,) and V(t,)>V(t,,), then
T.L/Cf(t,,,) should be decreased.

e Condition 3: If V(t,)<V

. and T.L/C(t,)>T.L/C(t,,) and V(t,)>V(t,,), then
T.L/C(t,,,) should be increased.

e Condition 4: If v (t,)<V

., and T.L/C(t,)<T.L/C(t,,) and V(t,)<V(t,,), then
T.L/C(t,,,) should be decreased.

e Condition 5: If V(t,)>V,

., and T.L/C(t,)>T.L/C(t,,) and V(t,)<V(t,,), then
T.L/C(t,,,) should be increased.

e Condition 6: If V(t,)>V,

. and T.L/C(t,)<T.L/C(t,,) and V(t,)>V(t,,), then
T.L/Cf(t,,,) should be increased.

e Condition 7: If V(t,)>V

. and T.L/C(t,)>T.L/C(t,,) and V(t,)>V(t,,), then
T.L/C(t,,,) should be decreased.

e Condition 8: If V(t,)>V
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By summarizing the above possible operating conditions and categorizing the results once
again into the coarse tuning stage and the fine tuning stage, a truth table for determining

the tuning direction of T.L/C can be given as shown in Table 3-2.

Table 3-2: Truth table for determining tuning direction signal S,

Coarse Tuning V(t)) > Vrer | V(t,) > V(ths) | T.L/C (t,) > T.L/C (tns) | T.L/C (tner) > T.L/C (to)
Sa(tn) Sa(ty) Ss(ty) or Sy(th1) Su(tn)

A (Cond. 4) 0 1 1 1
B (Cond. 5) 1 0 0 0
C (Cond. 6) 1 0 1 1
D (Cond. 3) 0 1 0 0
Fine Tuning

A-to-B (Cond. 8) 1 1 1 0

B-to-A (Cond. 1) 0 0 0 1

C-to-D (Cond. 2) 0 0 1 0

D-to-C (Cond. 7) 1 1 0 1

Instead of purely depending on the error signals to generate the control signals as the
conventional PI controllers do, the proposed controller is developed based on the result of
Table 3-2, which has also included the validity of the previous control action into
considerations. To further simplify the results in Table 3-2, a Boolean expression can be

derived as:
S, = S3(81 ® Sz)"'s_s(sl = Sz) (3-3)

where S, is the signal in the control algorithm for determining the tuning direction with
logic 1 to increase or logic O to decrease the T.L/C. The actual output signal of the

controller can therefore be expressed by:
U(t,)=U(t,.)+(-1"*" - aH(t,) (3-4)

where U(t,) is the present-state control signal, U(t,.1) is the previous-state control signal,
and AH(t,) is the step-size of the adjustment in the present-state. The practical
implementation of the proposed DTDCA for changing the T.L/C of the pickup will be
discussed in Chapter 4 and Chapter 6.
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3.3 Sampling Frequency and Tuning Step-Size of DTDCA

After each tuning action in the pickup tuning circuit, the circuit would require certain time
period (time constant of pickup circuit) for the output voltage to stabilize. Since the
complete effect of each control action on the output voltage is required to be fully
observed for a proper validity check before the controller can take the next step, the
controller therefore has to wait for the pickup circuit to reach its steady state. This makes
the selection of sampling frequency for the controller to read the output voltage very
important as it may significantly affect the controller performance. Because the time
constant of different pickups with different configurations and parameters, may be
different, the selection of sampling frequency will need to be determined individually. In
this thesis, the sampling frequency of the proposed controller will be separately

determined for the LCL and the parallel LC power pickups.

A

Under-Tuning Over-Tuning

Output Voltage

T.L/IC, T.L/CY T.L/C

Fig. 3-3: Relationship between T.L/C and pickup output voltage

The performance of the proposed controller is not only dependent on the sampling
frequency for the output voltage detection, but also on the tuning step-size of the
controller when it takes tuning actions. The relationship between the T.L/C and the pickup
output voltage is shown in Fig. 3-3. From Fig. 3-3, it can be seen that the output voltage
can be controlled by operating the pickup in either in the under-tuning or over-tuning
region from the initial operating point A or E, corresponding to the initial T.L/C of T.L/Cy
or T.L/Cy’. For the DTDCA to perform an efficient control so the operating point can be

stabilized to the desired voltage with the shortest tuning distance, the operating points of
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the circuit should not jump across the two regions during any two consecutive samples. At
the initial controller startup, this can be ensured if the value of each tuning adjustment
does not exceed a maximum T.L/C variation range 4hn,. This can vary, depending on the
circuit characteristics and dynamic performance required. But its theoretical maximum
should be confined between the initial operating point (A or E) and the maximum point
(C). However, since the tuning relationship between the T.L/C and the output voltage may
still be varied by the circuit parameter variations, the value of 4hy, therefore will also need
to be determined under extreme operating conditions for both the LCL and the LC power

pickups in order to cover all possible operations.

Once the maximum tuning step-size is determined, the controller can use it as a coarse
tuning adjustment but should also be able to perform fine tuning since the performance of
the controller is critically dependent on the step change of T.L/C (44). A large fixed value
of 4h can make the system respond faster; but this may cause the output voltage to have
large oscillations around the reference voltage. Conversely, a small fixed value of 4h
makes the system sluggish but leads to a more stable output. A judicious compromise
between these two is needed to avoid output chattering and still obtain a reasonably fast
response. This can be obtained by adaptively changing 4h at each sampling instant t, as
follows:

If the output voltage does not oscillate around the reference point (|e(tn )| > €, see Fig. 3-2),

then 4h is kept constant at the predefined maximum step 4hn,. Contrary, when the output

voltage oscillates around the reference (|e(tn )| <€), 4h is changed according to:

AN(t, )=Ah =a-AH Coarse tuning (35
Ah(t,)=Ah=a-[AH(t,,)-B-AH,] Fine tuning

where « is a scaling factor (depending on the physical controller design) between the step-
size of control signal 4AH and the physical tuning step-size 4h, and £ is a scaling factor less

than one.

The above introduced method is called Simple Step-Size Adjustment (SSSA) since it is
based on a very simple and straight forward method on changing the tuning step-size of

the controller. The determination for the value of g is however difficult since the pickup
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circuit behavior may be constantly changing due to the circuit parameter variations.
Therefore, it can only be designed through heuristic method.

The decision on whether the controller should be performing coarse tuning or fine tuning
is purely dependent on S; and S, at any two consecutive sampling instances. If the
controller is in the coarse tuning stage which requires the tuning step-size with coarse
tuning value, then the logic signal S;S; (from Table 3-2) should be either 01 or 10 at any
two consecutive sampling instances. Contrary if the controller is in the fine tuning stage
which requires the tuning step-size with fine tuning value, then S;S, should be switching
between 00 and 11 at any two consecutive sampling instances. Under such an assumption,
the control result of applying SSSA can lead to two different outcomes which are the ideal
control result and the indefinite control result. Figure 3-4 shows the two possible
outcomes when the SSSA is applied. It can be seen from Fig. 3-4 a) that if an ideal control
result is obtained, the controller would bring the output voltage gradually towards Ve and
eventually reaches Ve by reducing the tuning step-size according to (3-5). The reduction
in the tuning step-size occurs at each time that the output voltage traverses the voltage

reference.

Output Voltage

. . .y ' . ) -
>
—Ah,— e th ot oty oty ts

e 4

a) Ideal control result after applying SSSA

FAh—— Ah,—

Output Voltage

v

-V

—ah,— TLC ot ts oty ts
b) Indefinite control result after applying SSSA

Fig. 3-4. Possible control results after applying SSSA
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The second possible outcome is shown in Fig. 3-4 b). It can be observed from the figure
that the controller reduces the tuning step-size (4hn, to 4h) at t, since the output voltage
has entered the fine tuning stage, which allows the output voltage at the next time instance
move towards the voltage reference (P, to P3). However, as the output voltage at t3 does
not traverse the voltage reference but stays above it, the controller switches back to the
coarse tuning mode and uses 4hy, as the tuning step-size. The mode switching then results
in an infinite looping between the coarse tuning and fine tuning stage of the control
algorithm and the output voltage can never reach to the desired value, which eventually
leads to an indefinite control result. In order to solve this problem, a prior knowledge
about whether the output voltage has entered the fine tuning stage or not is required so that

the tuning step-size can be adjusted correctly.

Table 3-3: Truth table for Ah adjustment determination (S;)

Possible | V(ty) > Vier | V(tn) > V(1) | V(tn1) > Veer | V(tn2) > Vier Si(t,)
Cases Sy(ty) Sy(tn) Ss(tn) Ss(tn)
Case 1 0 0 0 0 1
Case 2 0 0 0 1 1
Case 3 0 0 1 0 0
Case 4 0 0 1 1 0
Case 5 0 1 0 0 1
Case 6 0 1 0 1 0
Case 7 0 1 1 0 N/A
Case 8 0 1 1 1 N/A
Case 9 1 0 0 0 N/A
Case 10 1 0 0 1 N/A
Case 11 1 0 1 0 0
Case 12 1 0 1 1 1
Case 13 1 1 0 0 0
Case 14 1 1 0 1 0
Case 15 1 1 1 0 1
Case 16 1 1 1 1 1

Table 3-3 shows the determination of 4h adjustment. From Table 3-3, all possible cases

are categorized into three different categories as below:
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Category |

This includes case 1, 2, 15, and 16. Regardless of the result of Sg, the signal Si, Sy, and Ss
have implied that the tuning direction from the previous control action is incorrect and
therefore requires 4h to have the coarse tuning value (represented by logic 1) in the

present state.

Category 11
This includes case 3, 4, 13, and 14. Regardless of the result of Sg, the signal Si, S;, and Ss
have implied that the output voltage has entered the fine tuning stage and therefore

requires 4h to have the fine tuning value (represented by logic 0) in the present state.

Category 111

This includes case 5, 6, 11, and 12. The signal Sy, S,, and Ss in this category have shown
that the tuning direction from the previous control action is correct, and whether the
controller is in the coarse tuning or fine tuning stage is completely dependent on the
location of V(t,.2). As a result, both the case 5 and 12 belong to tracking stage and
therefore requires 4h to have the coarse tuning value in the present state. Conversely, the
case 6 and 11 belong to fine tuning stage and hence requires 4h to have the fine tuning

value in the present state.

Note that the result of case 7, 8, 9, and 10 are marked with N/A; since these cases are
impossible to happen. By summarizing the obtained result in Table 3-3, a Boolean
expression for determining whether the pickup should be coarse-tuned or fine-tuned (logic

1 for coarse tuning and logic 0 for fine tuning) can be derived as:

S; :(81582585)"'(81585586) (3-6)
3.4 Standard Procedure of DTDCA

To effectively control the output voltage of the pickup using the proposed DTDCA, a
standard procedure for executing the algorithm has been recommended as shown in Fig. 3-
5. The proposed DTDCA can be implemented by using a standard embedded controller
such as PSoC (Programmable System-on-Chip).
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Initialisation
A
—»  Unit delay of 1/fs Sampling
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| |
V(th1) V(th2)
A A
If V(tn) > Vref If V(tn) > VL(tn-l) If V(tn-l) > Vref If V(tn-2) > Vref
Si(th) =1 So(tn) =1 Ss(tn) =1 Se(tn) =1
Else Else Else Else
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Fig. 3-5: Flowchart of standard procedure of DTDCA
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The procedure starts with the initialization of the algorithm. In this process, the controller
initializes the settings according to the user specifications and the system characteristic
that the controller is applied to. These include sampling time of the controller, initial state
of each processing block (shown in the square blocks), maximum increment (or
decrement) level of the controller’s output, and the hysteresis band around the voltage

reference.

After the initialization, the first sampled output voltage V(t,) will be stored in the memory
blocks with an unit delay in each one of them before outputting to the next processing
block, and this allows the controller to still have the memory of the present output voltage
after two executions of the algorithm. For example, V(t,) will become V(t,.1) in the first
memory block after the first execution and then become V(t,.2) in the second memory
block after the second execution. Note that in order to perform a proper tracking process at
the initial stage, the controller should not provide tuning actions to the pickup anytime
before the third execution of the algorithm since the knowledge of V(t,.1) and V(t,.2) are
still lacking in the first and second execution. Assuming that the value of V(t,.1) and V(t,-2)
are properly stored in the memory blocks after executions of the algorithm, the present
sampled output voltage V(t,) will be compared with V. and V(t,.1) to generate the logic
signals of S;(t,) and S,(t,) respectively, and V(t,.1) and V(t,-2) will be compared with Vs to
generate the logic signals of Ss(t,) and Se(tn) respectively.

The obtained logic signals of Si(t,), Sa(tn), Ss(tn), and Se(t,) are used in two different
branches of the algorithm in the next stage. The left branch is used for determining the
tuning direction of the pickup, and it uses Si(t,), Sa(t,), and Ss(t,) to determine the logic
signal S4(t,) which has an output of 1 for increasing or O for decreasing the value of the
controlled tuning component. Note that S3(t,) is based on the previous result of Sy(t,)
which has been stored in the memory block and delayed by one unit. The right branch is
used for determining the value of AH(t,), and it uses Si(tn), Sa(tn), Ss(t,), and Se(t,) to
determine the logic signal S;(t,) which has an output of 1 for coarse or 0 for fine tuning the
pickup. The obtained S;(t,) will then be passed onto the next processing block for
calculating the actual value of AH(t,) according to (3-5). Note that the value of AH(t,) may
be based on AH(t,.1) depending on the result of S;(t,). Therefore AH(t,) also needs to be
stored in the memory block and delayed by one unit for the next calculation.
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A subroutine is introduced here to allow the controller take no further control actions after
the output voltage reaches to a satisfactory value. This is achieved by establishing a
hysteresis band around the voltage reference. If the sampled output voltage lies outside the
hysteresis band then 4H(t,) will still be calculated by the main algorithm. On the contrary
if the output voltage lies inside the hysteresis band then the value of AH(t,) will be set to
zero as the output voltage has reached the satisfactory value and requires no further tuning

actions from the controller.

By combining the result of S4(t,) and AH(t,), the output U(t,) of the controller can finally
be calculated using (3-4), and it would then be stored in the memory block with an unit
delay for the next calculation. After executing the complete standard procedure of the

proposed DTDCA, the controller will need to wait for a delay of 1/ f, (s represents the

sampling frequency of the controller) before going back to the start of the procedure, since
the effective control result can only be verified after the output voltage of the pickup has

reached to its steady state.

The proposed DTDCA can be applied to other secondary pickup systems with bell-shaped
tuning characteristic irrespective of the power ratings and sizes of the pickup system.

3.5 Summary

In this chapter, a novel Directional Tuning/Detuning Control Algorithm (DTDCA) has
been developed. By observing the output voltage behaviors of the pickup at different areas
of the bell-shaped tuning curve, two tracking modes have been proposed for coarse tuning
and fine tuning of the pickup circuit to reach the reference voltage quickly and accurately.
After summarizing the considered logic signals from the above two operating modes, a
control law for the DTDCA has been derived in the form of a Boolean expression. The
performance of the proposed DTDCA is dependent on both the sampling frequency and
the tuning step-size, and the determination of these two parameters has to be individually
examined for different pickup circuits. A sub-algorithm to perform simple tuning step-size
adjustment has been introduced for the controller to perform either coarse or fine tuning of
the pickup circuit. A standard procedure for the proposed DTDCA has also been

recommended for proper execution of the algorithm.
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4.1 Introduction

4.2 LCL Tuning Power Pickup

4.3 Effects of LCL Circuit Parameter Variations on
Pickup Output Voltage

4.4 Implementation of DTDCA Controlled LCL
Power Pickup

4.5 Simulation/Experimental Results and
Discussion

4.6 Summary

4.1 Introduction

As it has been discussed in Chapter 2, the power pickup can generally have either a series-
tuned or a parallel-tuned LC circuit as its tuning circuit [21]. Both configurations have
distinguishing advantages and shortcomings. For the series-tuned power pickup, the
output voltage is invariant to the load variations, but the circuit does not have the voltage
boosting ability. And as for the parallel-tuned power pickup, its output voltage can be
boosted up by the circuit quality factor, but has a current source feature which presents a
load dependent output voltage. A power pickup based on the LCL (Inductor-Capacitor-
Inductor) tuning configuration is therefore studied here as an alternative to the
conventional tuning methods, which is able to boost up the output voltage, and also has a

voltage source property under fully-tuned conditions.
4.2 LCL Tuning Power Pickup

4.2.1 Basic Structure of LCL Tuning Pickup

Figure 4-1 shows the complete structure of the LCL power pickup. The LCL power
pickup can be basically separated into two parts: the ac part and the dc part. The ac part is
the part of the pickup before the rectifier bridge where the voltage and current waveforms
are running at the primary operating frequency. It consists of a secondary pickup coil with

a self-inductance of Ls;, a tuning capacitor Cgr, and a tuning inductor Ls, to form an LCL
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T-network, or more commonly refer to as the composite tuning circuit since it is a
composition of the series tuning circuit and the parallel tuning circuit. The dc part of the
pickup consists of a dc capacitor Cpc and a dc load resistance R.. Unlike the power
pickups whose load is current sourced, i.e., parallel tuning power pickups, and require a
large dc inductor right after the rectifier bridge for achieving continuous current
conduction so as to obtain possible maximum power capacity, the composite power

pickup only requires a dc capacitor for stabilizing the output voltage.

Ls2 lac Irect I
1Y e S T
Cst = Vac Viet Coc =~ RL [] Vi
Voc

Fig. 4-1: Basic structure of LCL power pickup

Similar to the other conventional power pickups, through the magnetic coupling between
the primary current track and the secondary pickup coil, an emf can be induced in the coil
having an open-circuit voltage and a short-circuit current given as [21, 66]:

VOC

Voc = jogMly, 1y =~ (4-1)
JayLg,

where Ip is the primary track current, M is the mutual inductance between the primary
current track and the secondary pickup coil, and g is the nominal primary operating
frequency. The LCL tuning circuit here functions as a compensator for the unregulated
Voc and generates an ac voltage Vac with its magnitude and phase angle dependent on the
characteristics of the LCL tuning circuit. After the ac-dc rectification, the dc capacitor Cpc
filters out the high frequency components of the rectified current I to provide a dc load

current I and hence gives a dc output voltage V..

Assuming the value of the dc capacitor Cpc is selected such that it is large enough to
completely remove ripples in the output voltage, the secondary resonant tank voltage Vac

will become square wave that has the magnitude equal to V.. Figure 4-2 shows the steady
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state voltage and current waveforms of the composite pickup. Note that 6 is the phase

angle difference between the input and output of the composite tuning circuit.

Voc A
ot
A N
Y, Vac
AC TN PAEREN
________ oy .V
/ \ / \
! Y ! \
I \ / \
I \ I \
I : \ i \
: >
\ i \ i
\ ! \ !
\ / \ / ot
\ ! \ !
\ / \ /

Fig. 4-2: Voltage and current waveforms of LCL power pickup
By neglecting the harmonics of the square wave, the relationship between the output
voltage V. and the resonant tank voltage Vac can be presented by:

Ve (4-2)

T
— Vet — 7,
4

where \7AC is the peak value of the sinusoidal waveform of Vac. For ac-dc current

conversion of the LCL pickup, the load current I can simply be calculated by taking the
average of the rectified current l.e. But since et has the same magnitude as the resonant
tank current lac, the load current I can be expressed as:

A

rect —

I, =

IAAC (4'3)

SHELN
SHELN
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A A

where |, and |,. are the peak value of Iyt and Iac respectively. Considering R=V/I,

the relationship between the dc load resistor R_ and the equivalent ac load resistance Rac

can be expressed by:

=g RAC (4-4)

4.2.2 Characteristics of LCL Tuning Circuit in Steady State

A simplified model of LCL power pickup is shown in Fig. 4-3 without considering the ac-
dc rectification. As can be seen from the figure, the general structure of an LCL tuning
circuit consists of a secondary pickup coil inductance Lsi, a tuning capacitor Csr, and a
tuning inductor Lsy. The resistance Rac is the ac equivalent resistance of the dc load

resistor R (see Fig. 4-1).

s ; ISTI 5
VOC i C VST RAC VACE

Fig. 4-3: Simplified model of LCL power pickup circuit

Considering Csr, Ls2, and Rac as lumped circuit elements to form an impedance Z,, the

voltage across the tuning capacitor Cgr in Laplace domain is expressed as:

Rie , 1
— LSlLSZCST LSlCST
3 RAC SZ + LSl + LSZ RAC

LSZ LSlLSZCST LSlLSZCST

S

'Voc (S) (4'5)

The voltage across the ac resistor Rac can then be obtained by using the voltage division

method to give the voltage transfer function Hy(s) of the LCL tuning circuit as:
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Rac
_ Viac (S) _ Ls;Ls,Cor
i (S) - Voc (S) - 3 Rac 2 Latls, Rac (4-6)
S™+ S™+ S+

LSZ LSlLSZCST LSlLSZCST

Considering I ac (S):VAC (S)/RAC (S)v Vac (S): H, (S)'Voc (S) and Voc (S): SLs; - lsc (S)’

the current transfer function H,(s) can be obtained from:

S
1 (5) SLCa

H(s)= = 4-7
! ( ) ISC (S) 3 RAC SZ + LSl + LSZ S+ RAC ( )
LSZ I‘SlI‘SZCST LSlLSZCST

Equation (4-6) and (4-7) can also be expressed in the frequency-domain using rectangular

form:

H ( )_ RACZ(l_a)ZLSlCST )_ ja)RAC("Sl + Lg, _w2L51L52C5T) 4-8
vio)= 2 2 2 2 2 2 (4-8)
Rac (1_50 L81CST) + @ (L51+Lsz_a’ LSlLSZCST)

H,(jo)= o’ L31(L51 + L, =@0°Lg Ls,C; )+ joRc I—s,l(]-_a)2 LSlCST)

(4-9)
> >
RA02 (1_ o8 LsiCor ) + o’ (L51 +Ls, - o’ LsiLs,Cor )

where  is the primary operating frequency. The LCL power pickup can be fully-tuned by
separating the tuning capacitor Csr into Cs; and Cs, and tuning these capacitances to Ls;
and Ls; respectively. The LCL pickup circuit under the fully-tuned condition becomes as

shown in Fig. 4-4. The simplification of a fully-tuned LCL circuit is carried out by a two-

U Ls2
Norton Bl
Equivalent ,’/ L\ l
— |sc[ ‘:L51 CSlT"CSZT Rac
Thevenin
Equivalent
fe— NS QY Csz RAC
wo’Ls1Cs1=1

Fig. 4-4: Simplification of fully-tuned LCL pickup circuit

stage circuit transformation.

lac_r
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The first stage is having the original circuit transformed into a Norton equivalent circuit
with the short-circuit current of the pickup coil as its input source. Under fully-tuned
condition, the inductance Ls; and the capacitance Cs; would form an infinitely large
resultant impedance and can be regarded as an open-circuit in the circuit analysis. In
second stage of the transformation, the Norton equivalent circuit of the power pickup is
transformed into a Thevenin equivalent circuit having an input voltage of Voci. The
inductance Ls, and the capacitance Cs, here would cancel each other and the resultant
impedance is treated as a short-circuit in the circuit analysis. After the two-stage
simplification, it is obvious to see that the LCL power pickup acts like a voltage source
with an output voltage equals to the value of Voca.

By substituting o=, ZJ/\/L51C51 =]/\/L52C52 into (4-8) and rearranging (4-8), the

output voltage of a fully-tuned LCL power pickup becomes:

L C
VAC_R :Voc1 = %VOC = C_Slvoc = kVRVOC (4-10)
s1

S2

where kyg is the voltage boosting factor of the LCL tuning circuit under fully-tuned
condition. The load current under fully-tuned condition can also be calculated using

similar method, and it can be expressed as:

w, L
IAC_R :%kVRISC :QS_SkVRISC = kIRISC (4'11)
AC

where Qs s is the quality factor of a conventional series-tuned circuit, and kir is the current

boosting factor of the LCL tuning circuit under fully-tuned condition.

4.2.3 Controllable Power Transfer Capacity

When the LCL power pickup is fully-tuned, the power available to the load can be

determined from:

2
PAC_R :VAC_R ’ IAC_R = QS_skVR Voclsc (4-12)
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Similar to a simple series-tuned LC power pickup, the LCL tuning circuit can give a
constant output voltage. Moreover, its power transfer capacity is boosted by a factor of

kvr? under fully-tuned condition.

The output power of the LCL pickup can also be variably controlled by changing the
tuning condition of the resonant tank to meet the actual load demands. To simplify the
system analysis, the value of Ls; and Cs; are assumed to be fixed and they are tuned to the
nominal resonant frequency. This leaves Ls, or Cs, in the tuning circuit to be variably
controlled. In the case of variable Ls;, the value of Cs; is selected according to the voltage
boosting factor kyg of the LCL tuning circuit. The nominal tuning capacitance Csr can

therefore be expressed as:

Cy =C5, +Cy, = CSl(lJr kij (4-13)

VR

By substituting (4-13) into (4-8) and (4-9) and rearranging the equations with respect to
Vac and lac, the magnitude of output voltage and load current of the LCL tuning circuit

using variable Ls, can be presented by:
‘VAC(ja)O)‘ = kVRBC_L "Voc(ja)o)‘ (4-14)

“AC(ja)O)‘:kIRBC_L '“sc(ja)o)‘ (4-15)

where B¢ | is the controllable boosting coefficient. This is expressed as:

_ Rac \/RACZ + [a)OkVR L31(1_ Fadj )]2

= (4-16)
- RA02 + [a’okwe L51(1_ M )]2
where the variable ragj is given by:
L
F =" (4-17)
LSZ_r_a)O

"Crs R
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where Ls; y is the variable or actual operating inductance of Ls; and L is the

S2_r_w,
inductance of Ls, under fully-tuned condition with a resonant frequency equals to the

nominal frequency wo. The output power can therefore become:

PAC = kVRkIR Bc_l_2 'Voc I sc
2 (4-18)
2 Rac 2 “kyrKirVoc lsc
Rac™ + [a’okVR L51(1_ I )]

adj

Figure 4-5 shows the output power of the LCL power pickup with a variable Ls,. It can be
seen that the power pickup has an initial output power of Pac ini When Ls; = 0 (e.g.,
without using Ls2). Moreover, different values of kyr would result in different Pac ini.

Pac

Ls2

Fig. 4-5: Output power of LCL power pickup using variable Ls, under different kyg
The maximum Pac ini can be approximated using the following equation when kyr is

approaching infinity.

P _Voclse (4-19)

AC _ini_max
QS_s
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The pickup reaches its maximum output power when the circuit is fully-tuned, i.e.,

Ls, , =Ls, , ., » and as the value of Ls; v keeps increasing, the output power decreases

and eventually reaches zero when Ls, y is infinitely large. Different maximum output

power can be achieved by using different kyg. However, L . would also have to have

S2_r_a
different values such as Ls,.2, Lsz-4, and Lsy-g (as shown in Fig. 4-5), for the corresponding
kvr to reach the fully-tuned condition. This is due to the value of tuning capacitor Cs;
being selected according to the value of kyg and used to tune to Ls, which means that if
kvr is changed the value of Ls, under fully-tuned condition would also have to change in
accordance with the change of Cs,. By differentiating (4-18) with respect to ragj, the
gradient of the LCL pickup output power (ge () can be shown by Fig. 4-6. It can be
observed from the figure that the increase in kyr would also increase the circuit sensitivity

of the pickup.

Op L ' '

Ls2

Fig. 4-6: Gradient of output power using variable Ls, under different kyr

Besides the variable Ls,, the output power can also be changed by using variable Cs.
Following similar procedures that have been used in the case of variable Lsp, expressions
of the output voltage and load current for the LCL pickup using variable Cs, can be

obtained as follows:
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NAC(ja)O )‘ =K Bc_c 'Noc(ja)o )‘ (4-20)

“AC(ja)O)‘:kIRBC_C '“sc(jwo)‘ (4-21)

where Bc ¢ is the controllable boosting coefficient using variable Cs, and can be expressed

as:

_ Rac (RAC Fag) )2 + [a)o Kvr Lst (1_ Fag) )]2

o (4-22)
e (RAC Fagj )2 + [a’o Kye Lss (1 ~ P )]2

The adjusting ratio rag; here, has a similar definition to (4-17), however, it is equal to

Cs, +/Csz o, » Where Csp y is the variable or actual operating capacitance of Cs, and

C is the capacitance of Cs, under fully-tuned condition with a resonant frequency

S2_r_awy

equals to the nominal frequency wo. Considering P,. =Vl .., the output power can be

expressed as:

PAC = kVRkIR BC_L2 ’Voclsc

R,.’ (4-23)
= )]2 ) kVRkIRVOC I e

B (RAC radj )2 + [a)o kVR LSl (1_ radj

By differentiating (4-23) with respect to ragj, the gradient of the output power can be
presented by:

2R, l(a)okVR Ls,) (1_ Fagj )_ RACZrade
= Kok Vol 4-24
or-e [(RACradj )2+[kaVRL81(1_radj)]2]2 e ( )
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Pac

Csz.g Céz-A CSZ-Z
Cs2

Fig. 4-7: Output power of LCL power pickup using variable Cs, under different kyg

dr c \ T T T T

Cs2

Fig. 4-8: Gradient of output power using variable Cs, under different kyg

Figure 4-7 and 4-8 show the output power and gradient of output power of the LCL power
pickup using variable Cs, respectively. The initial power Pac_ini here is independent of kyr
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variations and can be determined by (4-14). At the tuned-points where they have been
indicated as Cs;.2, Csz-4, and Csy.g in Fig. 4-7, the Cs, controlled pickup provides the same
output power as the Ls, controlled pickup under fully-tuned condition. However, the
maximum power of the pickup does not occur at these tuned-points. The ratio rag to

achieve the maximum power can be calculated by having:

gp ¢ =0 or (kaVRLSl)2<1_radj>_ RACZradj =0

Solving the above equation to obtain the value of r.g, the required adjusting ratio is equal
to:

2 2
QS_S kVR

= (4-25)
1+Qq 752kwe2

By substituting (4-25) into (4-23), the actual maximum power of the Cs;, controlled pickup
can be obtained. To compare the maximum power between the Cs, and the Ls, controlled

pickup, a ratio rpmax_ci is defined as:

2

= PACn‘ex_C — (1+QS—52kVR2) (4'26)

Pac max_ L (Qs s Kvr )4

r-P max_ CL

where Pacmax ¢ and Pacmax 1 are the maximum power of the pickup using a variable Cs;
and variable Ls; respectively. The ratio rpmax_c. clearly shows that a Cs, controlled pickup
obtains a higher maximum output power than a Ls, controlled pickup under low kygr
operation, but the ratio approaches to unity when a high kyr is applied.

To further compare the effect of variations of Ls, or Cs, on the output power of the LCL
pickup, the gradient of the output power for both cases are shown together in Fig. 4-9. The
adjusting ratio ragj is selected to lie within a range of 0 ~ 2. It can be seen that when the
pickup is operating with lower voltage boosting factor, the pickup circuit is more sensitive
to the change of Cs,. However, the difference in circuit sensitivity with respect to the
tuning components between the Ls, controlled and the Cs; controlled pickup decreases as

the voltage boosting factor gets increased.
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Op
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Fig. 4-9: Gradient of output power using variable Ls, or Cs, under different kygr

Although it is obvious that power flow control for the LCL power pickup can be done
either by controlling the inductance of Ls, or the capacitance of Cs,, a preferable choice
can still be selected based on the characteristics of these two methods. Advantages of
using the variable Cs, include the initial startup power for the pickup is independent of kyr
and has a higher maximum output power under low kyr operation. Nevertheless, to
achieve higher value of kyg (> 10) than the conventional IPT systems with fixed tuning to
improve the loose coupling properties of the power pickup, the features of the Cs
controlled power pickup become imperceptible because the initial and maximum power of
the pickup using variable Ls, or variable Cs, are almost of the same according to (4-19)
and (4-26). The major factor that differentiates these two methods is the circuit sensitivity
of the pickup with respect to the change of these two variable components. As it is well-
known in engineering practices, if a system’s output is sensitive to the control signal, the
employed controller would need to have high resolution in both its feedback and output

signals, which often increase the size and cost of the system, and failure to do so, may
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result in poor or undesirable control result. It can be seen from Fig. 4-9 that the LCL
power pickup is more sensitive to the change of Cs, than the change of Ls, even though
the difference between these two circuit sensitivities decreases as the value of kygr
increases. The power flow control of the LCL power pickup is therefore based on using

the variable Lg, due to the reasons discussed.

4.3 Effects of LCL Circuit Parameter Variations on Pickup
Output Voltage

In practical operations, the power pickups are often deviated from its designated operating
point in terms of the circuit tuning condition due to the variation of circuit parameters [66,
67]. This causes the output voltage of the power pickup to fluctuate or chatter, which
results in an undesirable output characteristic for most electrical applications. In order to
regulate the output voltage of the LCL power pickup by using the variable L, it is
appropriate to know how the resonant tank voltage Vac is affected by variations in

different circuit parameters. These effects are analyzed here.

4.3.1 Operating Frequency Variation

As it has been discussed in Chapter 2, the primary track power supply can have two
different operating modes which are the fixed frequency operation and the variable
frequency operation. The fixed frequency operation offers a constant operating frequency
for the IPT system whereas the variable frequency operation allows the operating
frequency to follow the primary natural circuit resonance [21]. Advantage of having the
IPT system to operate with a fixed frequency is that a constant power transfer between the
primary and the secondary side can be maintained, and the output power of the secondary
pickup would not be affected by the variations of the operating frequency. However, since
the reflected impedance from the secondary pickup often causes the primary resonant tank
to detune from its nominal operating frequency, semiconductor devices in the primary
inverting network that are forced to switch at a constant nominal frequency may be
imposed with high voltage and/or current stresses and result in high switching losses. To
reduce the potential high switching losses, the semiconductor devices in the inverting
network can be switched using ZVS or ZCS techniques by following the natural circuit

resonance with certain degree of variation in the nominal operating frequency. Such a
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method provides a better power efficiency for the primary converter of the IPT system, but
it may also cause significant power drop for an LCL power pickup under high kyr
operation (or for an LC power pickup under high Q operation). As the primary power
supply may either use the fixed or the variable frequency converter topology in a practical
IPT system design due to their distinguishing features, it is therefore of great importance
to analyze the effects of the potential operating frequency variation on the output voltage
of the LCL power pickup, so a desired inductance of Ls, can be obtained based on the

analyses to compensate for this particular variation.

As it has been discussed in Section 4.2, the output voltage of the LCL pickup is controlled
by a boosting coefficient according to (4-14) when the circuit is operating at the nominal
frequency wo. However, when the IPT system has an operating frequency variation, the
boosting coefficient would be affected and needs to be re-examined. To do so, the
magnitude of operational voltage boosting factor of the LCL tuning circuit is obtained by

taking the absolute value of (4-8) as:

[\/Ac(ja))| _ RAC\/RACZ[]'_a)ZL81(C81 +Csz)]2 + o’ [L31 +Ls, _w2L51Lsz(C31 +Csz)]
Voc(i@) R fi-0?Ly(Cqy +Co, ) +@[Ly, + L, — 0Ly L, (Cy, +C, )]
= kv

(4-27)
By defining the actual operating frequency w as:
=0, 0, (4-28)

where o is the normalized frequency variation index, i.e., oz equals to 1.1 if the nominal
operating frequency wq is +10% higher. Considering o, =]/ Ls.Cs, =]/1/L52CS :

lagi = Lsz v /Lsz ¢ o, » @Nd Kz =Cg, /Cs, , equation (4-27) can be rewritten as:

[\/Ac(ja))| S kVRRAC\/RACZ[kVR (O‘f2 _1)+0‘f2]2 +(afw0kVRL51)2[1_ Fagj [kVR(afz _1)+0‘f2]]2
[Voc(ja))| RAcz[kVR(ocf2 —1)+ afz]z +(afa)0kVR LSl)Z[l— Mo [kVR(O:f ? —1)+ afz]]z
~k,

(4-29)
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It has been noticed that not only the operational voltage boosting factor gets affected by
the operating frequency variation but the open-circuit voltage of the pickup coil would
also be affected according to (4-1), and it is crucial to consider both of them in the
analysis. The output voltage of the LCL pickup under variation of the operating frequency

is therefore obtained by rearranging (4-29) and can be expressed as:

[\/Ac(ja))| =k, '[Voc(ja))| =k, 'Noc(jafwo)‘

(4-30)
=aky 'Noc_o(jwo)‘

where Voc o is the nominal open-circuit voltage of the pickup coil without being affected
by any parameter variations and it is given in (4-1). Figure 4-10 shows the output voltage
behavior under different operating frequency variations. It can be seen from the figure that
due to the effect of frequency variation, the ratio raq; for the pickup to achieve fully-tuned
condition has been shifted and indicated as ragj fur1, Fadj 2, @nd ragj nrs for the pickup
having +1%, 0%, and -1% variation in the operating frequency respectively. In addition,
the maximum output voltage of the pickup has also been changed. From (4-29), it can be

seen that the maximum output voltage is reached when:
2 2

By solving the above equation to obtain the required ratio rag; for the pickup to fully tune

to the drifted operating frequency, the solution is given by:

1
MJqf—ﬂ+af

I

adj_fwr — (4'31)
Substituting (4-31) back to (4-29), the operational voltage boosting factor ky can be
simplified and the maximum output voltage corresponding to the drifted operating

frequency can be expressed as:

: ak :
NAC_fvr_rmx (Jw)‘ = K. (af zf_\13+af 2 'Noc_o(]a)o )‘ (4-32)

The maximum output voltage under different frequency variations has been indicated as

VAC_fvr_maxl, VAC_fvr_maxZ, and VAC_fvr_max3 in Fig- 4-10.
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Fig. 4-10: Output voltage behavior of LCL power pickup using variable Ls, under operating

frequency variations

The result obtained in Fig. 4-10 shows that even the LCL pickup possesses a voltage
source property under fully-tuned condition, the output voltage would still be changed
when the pickup experiences an operating frequency variation. In addition, even the circuit
is retuned to the drifted frequency; the output voltage will no longer be the same as the
maximum output voltage which is obtained at the nominal operating frequency. It can also
be observed from Fig. 4-10 that if a constant output voltage Vi is required, the LCL
pickup has to be operated in the detuning region in order to compensate for the operating
frequency variation through adjusting Ls,. This causes the LCL tuning circuit to lose its
voltage source property. Furthermore, the MMOV (Minimum of the Maximum Output
Voltages, it is Vac wr max1 In this case) caused by the variation has to be larger than the
required constant voltage so the control range provided by the variable Ls, can be fully
used to compensate for the variation. Otherwise the pickup would be required to operate

with a reduced tolerance to the variation. From (4-30), it is obvious to see that in order to

keep the output voltage constant, the.term o K, “must be kept constant. By putting the
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expression of a k| into a quadratic equation of rag and solving it to obtain the desired

adjusting ratio for the corresponding frequency variation, the solutions can be presented

as:

! T (4-33)
kw(‘”r2 _1)+af2 - @oKyg Ly

adj_fv =

where ry (: Ky rer /Kyg OF Vg /VAC_R) is the ratio between the desired voltage boosting

factor ky re that needs to be kept constant and the voltage boosting factor kyg under fully-
tuned condition, or it can also be regarded as a ratio between the desired output voltage
Vet and the maximum output voltage of the pickup Vac g under the nominal operating
frequency. Note that in order to have a valid solution for the ratio rag +, the following

condition must be met.

22

r < > 5
Kyg (af —1)+ o

The ratio ry therefore has to be selected within the range of 0 <r, <1 to cover both the

positive and negative variations in the operating frequency. If the pickup is designed to
have an output voltage that is equal to the output voltage at the nominal tuned-point, then
only negative variations in the operating frequency will be allowed. Figure 4-11 shows the
relationship between the operating frequency variations and the adjusting ratio for
achieving the required ry. The ratio to achieve fully-tuned condition is represented by
ladj wr- The solutions of the required ratio for achieving the desired ry are separately shown
in the figure according to their operating region and represented by ragj v ot and ragj v ut

for the ratios in the over-tuning region and the under-tuning region respectively.
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Fig. 4-11: Adjusting ratio of Ls, for LCL power pickup to achieve desired r, under operating

frequency variations

4.3.2 Magnetic Coupling Variation

Contactless power transfer through loose magnetic coupling is a major feature of the IPT
system and has gained many different applications owing to its advantageous operating
distance between the stationary primary current track and the movable secondary power
pickups. Normally, the system is designed such that the secondary power pickups only
have lateral movements with respect to the primary track, for example, monorail systems,
for keeping the open-circuit voltage of the pickup coil more or less constant and therefore
reduces or excludes the need of compensation for any potential variations that may be
caused by unintended coupling situations [80]. However, as the applications of IPT
systems extend to different fields, the restricted lateral movements are no longer sufficient
to cope with the versatile operating environments such as applications involving 3-D
movements, and require the pickup to be designed to receive power from different
orientations within a power-zone created by the primary track current [23, 55, 57, 66].
Such a system involves constant variation in the magnetic coupling between the primary
and the secondary side of the IPT system, causing the output voltage of the pickup to

fluctuate and hence needs to be compensated. Major effect of the magnetic coupling
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variation on the secondary power pickups is identified in the open-circuit voltage of the
pickup coil since the mutual inductance M in (4-1) is proportional to the magnetic

coupling. The open-circuit voltage under the magnetic coupling variation is expressed as:
Voc = joya, Ml =a, 'Voc_o (4-34)

where oo is the normalized open-circuit voltage variation index and can also be regarded
as the normalized mutual inductance variation index since these two are proportional to
each other. Similar procedures that have previously been used in the analysis of effects of
variations of the operating frequency on the output voltage of the pickup is followed here
to study the effects of magnetic coupling variation on the voltage boosting factor ky. The
voltage boosting factor under magnetic coupling variations can be expressed as:

[VAC (ja)o )| _ kVR RAC \/RAC2 + (a)o kVR L51 )2 (1_ radj )2
[VOC (J @o )| RAc2 + (a)o Kyr Lsy )2 (1_ Vai )2 (4-35)
= kv

By rearranging (4-35) and taking the effect of magnetic coupling variation on the open-
circuit voltage of the pickup coil into consideration, the output voltage of the pickup can

be obtained by:
[VAC(ja)O )| =k '[Voc(ja)o )| = a,ck, 'Noc_o(ja’o )‘ (4-36)

Figure 4-12 shows the output voltage behavior of the LCL pickup under different
magnetic coupling variations. It can be seen that the tuned-point has remained unchanged,
but the maximum output voltage of the pickup has been affected. The maximum output

voltage is obtained when r., =1, and can be determined from:

NAC_ocvr_rmx (Ja))‘ = Uoekig 'Noc_o (on )‘ (4-37)

And the affected maximum output voltage is indicated as Vac ocvr maxt, VAC ocvr maxe, and

VAC_OC\/r_man Iﬂ the flgure
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Fig. 4-12: Output voltage behavior of LCL power pickup using variable Ls, under magnetic

coupling variations

In order to fully compensate for this particular variation and provide a constant voltage at
the output, the pickup has to be operated in the detuning region with the term aqcky in (4-
36) being kept constant. By rearranging the expression of acky into a quadratic equation

of ratio rygj and solving it to obtain the solutions, the required ratio for achieving the

2
aOC
Rac (rkj -1

@oKyg Ly

desired output voltage is determined from:

F o = 1%

adj_ocv

(4-38)

And the following condition has to be met for obtaining valid solutions in (4-38).

e <,
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The equality shows that if the pickup has been designed to operate with a certain specific
ry, the tolerable normalized variation index a,c has to be larger than ry in order to keep the

magnetic coupling variations within the control range provided by the variable Ls;.

Fad ; ; : ‘
rn=0.7
18+ -
16+ -
14 - -
radj_ocv_OT
12 -
10 radj_ocvr
0.8 - R
I’adj_ocv_UT
| | | | |
0.8 1 1.2

Ooc

Fig. 4-13: Adjusting ratio of Ls, for LCL power pickup to achieve desired r, under magnetic

coupling variations

The relationship between the magnetic coupling variations and the adjusting ratio rag; for
achieving the desired ry is shown in Fig. 4-13. The desired adjusting ratios are represented
DY radj ocv o1 @Nd ragj ocy uT 10 Separately show the results obtained in the over-tuning
region and the under-tuning region respectively. Note that the ratio for achieving the
maximum output voltage under different magnetic coupling variations is represented by
ladj ocvr, @Nd it has a result of constant unity regardless of the variations in the considered

parameter.

4.3.3 Tuning Capacitance Variation

By deliberately changing the tuning capacitor Cs, of the power pickup through a
continuous control loop, the secondary pickup is able to deliver the output power
according to the load demands. However, if unwanted variations of the tuning capacitor
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occur which may be caused by ambient temperature changes, manufacturing tolerances,
etc., the pickup output voltage would be affected due to the undesired change of the tuning
condition. In the LCL power pickup, the capacitor Csr (see Fig. 4-1) is subjected to this
concerned variation. By introducing a variable a. which represents the normalized tuning

capacitor variation index, the affected tuning capacitor Cst can be given as:

1
Cer = acCST_O = (C31 + Csz): acC51[1+ k_j (4-39)

VR
where Csr o is the nominal capacitance of Cst having Cs; and Cs; selected according to
the voltage boosting factor kygr. Substituting (4-39) back to (4-27), the voltage boosting

factor ky can be obtained by:

[VAC (Ja)X B KvrRac \/RAC2 [kVR (ac _1)+ o, ]2 + (wo KyrLs: )2 [1_ Fadi [kVR (ac _1)+ a, ]]2
[VOC (ja))| B RAc2 [kVR (“c _1)"' o ]2 + (a)o Kyr |-81)2 [1_ Fadj [kVR (ac _l)"‘ . ]JZ
= kV
(4-40)

And the value of ky reaches maximum when

1-r

adj

[kya (e, 1)+, ]=0.

Thus the required adjusting ratio for achieving the maximum output voltage can be given
as:

1
radj_cvr - kVR (ac _1)+ a

(4-41)

c

Substituting (4-41) into (4-40), the maximum output voltage under the tuning capacitor

variations can be obtained from:

: k .
NAC_cvr_rmx(Ja))‘: k (a iRl)-i—Ol "VOC_O(Ja)O)‘ (4'42)
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Fig. 4-14: Output voltage behavior of LCL power pickup using variable Ls, under tuning

capacitor Cgyr variations

Figure 4-14 shows the output voltage behavior of the pickup under different tuning
capacitor variations. Similar to the case of operating frequency variation, the tuning
capacitor variation also affects both the maximum output voltage and the ratio required for
achieving the fully-tuned condition. The maximum output voltages of the pickup under
different ¢ are indicated as Vac cvr maxt, Vac_ cvr maxe, and Vac cwr maxa in the figure and
corresponding to the tuned-points ragj cvri, Fadj cvr2, @nd ragj curs respectively. Solving the
quadratic equation of raq; after rearranging (4-40), the required adjusting ratio for the
pickup to achieve the desired output voltage under tuning capacitor variations can be
obtained from:

1
Rac \/I’Z - [kVR (ac _1)+ o ]2
1+ X

+ (4-43)
@oKygLsy

W el —D+ e,
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The condition to achieve valid solutions in (4-43) is

1 I,
or .
Kyr (ac —1)+ a, Kyr +1

r <

From the above equality, it can be seen that the result obtained here is similar to that in the
case of operating frequency variations, where the ratio ry has a range from 0 ~ 1 with the
pickup being operated in the detuning region when ry is less than 1 and fully-tuned when

re is equal to 1.

Fadi . .
rk:0.7
1.8 + il
1.6 |- _
1.4 _
1.2 ladj_cv_oT
L ‘ ladj cvr
|
|
08 - | - i
t adj_cv_UT
|
|
| }I | |
0.99 1 1.01

Oc

Fig. 4-15: Adjusting ratio of Ls, for LCL power pickup to achieve desired r, under tuning

capacitor Cgyr variations

The tolerance of the pickup to the tuning capacitor variations is allowed to have both
positive and negative variations in the nominal value of Csr defined in (4-13) if ry < 1.
However, if ry is selected to be 1 then only negative variations in the nominal Cst will be
allowed. Figure 4-15 shows the relationship between the tuning capacitor variations and
the adjusting ratio for achieving the required ry. The ratio to achieve fully-tuned condition

IS represented by ragj cvr. The solutions of the ratio required for achieving the desired ry are
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represented DY ragj v ot and ragj v ut to separately show the ratios in the over-tuning

region and the under-tuning region respectively.

4.3.4 Load Variation

Under fully-tuned condition, the LCL configuration provides a constant output voltage to
the load regardless of the load variations. However, as it can be seen from the variation
analyses of the parameters that have been discussed, the LCL pickup circuit has to be
operated in the detuning region in order to fully compensate for the considered parameter
variations. Therefore, an analysis for the load variation in the detuning operation of the

LCL pickup is necessary to be carried out here.
The load resistance under variation is given by:

Rac = arRAC_O (4-44)

where ¢, is the normalized load variation index and Rac o is the nominal load resistance.

By substituting (4-44) into (4-27), the voltage boosting factor ky can be given as:

[\/AC (ja)ox _ Kyr@ Rac \/(ar Rac )2 + (a’o KyrLs )2 (1_ Vadi )2

[VOC (ja)o ] (Olr Rac )2 + (a)o Ky Ls1 )2 (1 Ml )2 (4-45)
= kv

The maximum output voltage is reached when r,; =1 and can be determined from:

NAC_rvr_max (Jw)‘ =kyg 'Noc_o(ja)o )‘ (4-46)

Equation (4-46) shows that when the LCL pickup is fully-tuned, the maximum output
voltage is purely governed by the nominal voltage boosting factor and the LCL pickup
would not be affected by any load variations. The relationship between the output voltage
and the variable Ls, under different load variations is shown in Fig. 4-16. It can be seen
that the maximum output voltage Vac_nr max has remained unchanged at the tuned-point,
but the voltage tuning curve gets widened when the load increases above the nominal

value and narrowed when the load decreases below the nominal.
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Fig. 4-16: Output voltage behavior of LCL power pickup using variable Ls, under load

variations

The load variation in practical operations can be several times larger or smaller than the
nominal value and causes the shape change in the output voltage tuning curve to be
significant. In some extreme loading conditions such as open-circuit or short-circuit
operations, the variable Ls, may fail to regulate the output voltage because of the tuning
curve becoming too flat or too sharp to be controlled. The shape of the tuning curve
directly reflects the output sensitivity of the LCL pickup to the adjusting ratio ragj, which
also determines whether a controller with high resolution output and/or input is required in

the system or not.

Figure 4-17 shows the gradient of the output voltage (gyv) under different load variations,
and it can be observed from the figure that the circuit gets more sensitive to the variation
of Ls; if the load decreases but less sensitive if the load increases. The shape change of the
output voltage curve also happens in the case of operating frequency variation and tuning

capacitor variation. However, since these two.variations are generally tolerated by the
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pickup in a very small percentage, i.e., 1 ~ 2% for the operating frequency variation and 1
~ 5% for the tuning capacitor variation, the effect caused by these two variations on the
shape of the tuning curve are very limited compared with that of the load variations and

therefore have been omitted in the analyses.

Ov

0,=0.8
I 0,=1.0

/ o,=1.2

ladj

Fig. 4-17: Gradient of output voltage under different load variations

Given a desired output voltage Vi, the required adjusting ratio can be determined from:

1
r, =1+ K 4-47
adj_rv a)o kVR L81 ( )

And in order to obtain valid solutions from the above equation, r¢ has to be less than or
equal to 1 to ensure that the control range provided by the variable Ls, will always be able
to compensate for the load variations. The relationship between the load variation and the

adjusting ratio is presented in Fig. 4-18, having the result of the ratio required for
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achieving the desired ry in the over-tuning region and the under-tuning region represented
DY ragj rv ot and ragj v _ut respectively. As for the ratio for achieving the maximum output

voltage at fully-tuned condition, the result is represented by ragj rur-

Fadj . . .
rn=0.7
18+ -
16+ -
1.4 - .
I’adj_rv_OT
10 radj_rvr
08 r ladj rv_UT 7
L L L L
0.8 1 1.2
Oy

Fig. 4-18: Adjusting ratio of Ls, for LCL power pickup to achieve desired r, under load

variations

4.3.5 Choice of kyg and ry

From the analyses that have been carried out in the previous sections, it is known that in
order to provide sufficient voltage at the output and also be able to compensate for all
considered parameter variations by using the variable Ls,, the nominal voltage boosting
factor kyg and the ratio ry have to be carefully selected. These two parameters under
different values can cause different effects on the output voltage variation with respect to
the circuit parameter variations and thus need to be further investigated for having a

proper pickup tuning circuit design.

Note that the operating regions of the pickup can be separated into two regions which are

the under-tuning region and the over-tuning region. However, since the relationships
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between the output voltage variation, kyg, and ry are identical in these two regions, only

the result of under-tuning region is analyzed in this section.
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Fig. 4-19: Relationship between output voltage variation and parameter variation under a

constant kyg and different ry

Figure 4-19 shows the output voltage variations (in %) caused by: a) operating frequency
variations, b) magnetic coupling variations, ¢) tuning capacitor variations, and d) load
variations, under a constant kyg with different ry. Such a setup is used to see how changing
the value of ry affects the relationship between the output voltage variation and the
parameter variations. It can be seen from the results of a) and c) that if a lower ry is used,
i.e.,, 0.3 and 0.5, not only the magnitude of the output voltage variations can be reduced
but the linearity and symmetry between the output voltage variation and the parameters
variation can also be improved. Contrary to the case of d), the magnitude, linearity, and
symmetry of the result only get improved by operating with higher ry. In the case of b), the

result is not affected by any variations of ry.
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Fig. 4-20: Relationship between output voltage variation and parameter variation under a

constant V¢ and different kyg

Figure 4-20 shows the output voltage variations (in %) caused by the considered
parameters variation under a constant V¢ with different kyg. The results obtained in a), c),
and d) show that the magnitude of the output voltage variation can be reduced if a lower
kvr is used. In addition, the linearity and symmetry of the result can also be improved
under low kyg operation. Notice that the result of b) still remains unchanged, which shows
that it is the only one of the four considered cases whose result is completely independent

of the variations in both r, and kyg.

In terms of the circuit sensitivity, it can be seen from both Fig. 4-19 and Fig. 4-20 that the
pickup is most sensitive to the operating frequency variation, followed by variation in the
tuning capacitance, magnetic coupling, and the load. In the case of a) and c), the
sensitivity of the output voltage increases to both ry and kyg. In the case of d), the output

voltage sensitivity increases to kyr but decreases to the increase of ry. The case of b) is the
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only parameter variation that has an unaffected linear relationship with the output voltage
variation, and its positive and negative variations have symmetrical effect on the output
voltage variation in terms of magnitude. Note that in the case of a), c), and d) have all
been observed with nonlinearities in the result, and it would be very beneficial to keep the
relationship between the output voltage variations and the considered parameter variations
as linear and symmetrical as possible if a balanced control in both positive and negative

parameter variations is to be obtained.

In a practical IPT system design, it is important to prevent any kind of instantaneous
voltage increasing in the output to protect the load from overvoltage. If the output voltage
is expected to have variations caused by the parameter variations, then the pickup should
be designed to keep the output voltage variation as low as possible. From the results
shown in Fig. 4-19 and Fig. 4-20, the sensitivity of the output voltage variation can
generally be reduced by lowering kyg and ry despite the fact that operating the pickup with
lower r would increase the output voltage sensitivity to the load variation. However, if a
desired output voltage is predefined, lowering the value of kyr will result in the increase of
re and leads to a contradictory situation. Furthermore, the design of kyr is directly
depending on the ratio between open-circuit voltage of the pickup coil and output voltage
of the pickup, and required to be adjusted inversely proportional to the open-circuit
voltage for achieving the desired output voltage. Therefore with the reasons discussed, the
output voltage sensitivity to the parameter variations can only be optimized to have lower

output voltage variations on average.

4.3.6 Operating Range of Variable Ls;

To determine the operating range of the variable Ls; which allows the pickup to fully
compensate for all the parameter variations that have been discussed, the integrated effect
of these parameter variations needs to be considered here. Under such a condition, the

operational voltage boosting factor ky can be expressed as:

ky
O Ao KR (O‘r Rac )2 [kVR (O‘T _1)+ Or ]2 + (ch wokygLs; {1_ Fadi [kVR (aT _1)+ Or ]}2

(ar Rac )2 [kVR (aT _1)+ O ]2 + (af @pKygLsy )2 {1_ Fadj [kVR (aT _1)+ A ]}2

(4-48)
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where a7 is equal to afzac which represents the integrated variation of the operating

frequency and the tuning capacitor. Equation (4-48) can also be rearranged to obtain the
required adjusting ratio rag; pv for achieving the desired output voltage under the integrated

effect of the parameters variation, and the required ratio is determined from:

) 2
K -1
R, Hoc _l: VR(aT )"'O‘T:l

2
1 T ay
Cagi oy = 11+ 4-49
o kyr (7 _l)+aT @oKypLgg (449)

For equation (4-49) to have valid solutions, the following condition has to be met.

af aoc

s Kyr (aT _1)+aT

In order to fully compensate for all the considered parameter variations, the worst-case
scenario during practical operations has to be considered for obtaining the minimum and
the maximum required adjusting ratio, so an operating range for the variable Ls, can be
defined. Based on the results shown in Fig. 4-10, Fig. 4-12, Fig. 4-14, and Fig. 4-16, the
minimum and the maximum required adjusting ratio can be calculated using (4-49) with

the following conditions.

Maximum required ratio

e The LCL power pickup is operating in the over-tuning region of the output voltage
tuning curves.

e The operating frequency and tuning capacitor variations are at nominal value -
maximum allowable tolerance, and the magnetic coupling and load variations are

at nominal value + maximum allowable tolerance.

Minimum required ratio
e The LCL power pickup is operating in the under-tuning region of the output

voltage tuning curves.
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e The considered parameter variations are all at nominal value + maximum

allowable tolerance.

4.4 Implementation of DTDCA Controlled LCL Power
Pickup

A variable inductor can be achieved by either using a switch-mode inductor or a saturable
inductor [71, 98, 99]. Each of them has distinguishing advantages and shortcomings. For a
switch-mode inductor, its equivalent inductance can be controlled by directly changing the
duty cycles of the switching signal to perform precise tuning. But this technique generates
switching noises and may require additional filter design to reduce the undesired
harmonics. As for the saturable inductor, its equivalent inductance is dependent on the
characteristics of the magnetic core material and can be directly controlled by a variable
dc current, which is much easier to design, but may require more experiences and deep
knowledge on the electromagnetic theories. A DTDCA controlled LCL power pickup
based on a saturable inductor with variable equivalent inductance is proposed and

implemented in this section as a means of power pickup control.

4.4.1 Linear-Mode Saturable Inductor

The fundamental concept of using a saturable inductor is to change the permeability of
core material and thereby vary the inductance. This technique has commonly been used in
the past for various control applications [100-105]. A linear-mode saturable inductor is
adopted in the LCL power pickup to function as a variable tuning inductor. Note that the
term ‘linear-mode’ here means the operating state of the semiconductor device that

controls the dc current flowing through the core for changing the permeability of the core.

The inductance of Ls, using a saturable inductor is determined by:

(4-50)

where N is the total number of turns in the windings, S is the average cross-sectional area

of the core, and | is the mean length of the magnetic flux path. The permeability x4 of the

core material can be theoretically calculated by using dB/dH , where dB and dH are the
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changing rate of the magnetic flux density and the magnetic field strength respectively,
and these two parameters can often be obtained from the B-H curve that is given in the
datasheet. However it is more appropriate to use a simple circuit shown in Fig. 4-21 to

experimentally obtain the actual effective core permeability or inductance.

R
—L

Ve Lac § | @ -

Fig. 4-21: Testing circuit for obtaining effective core permeability

By changing the dc control current Icy to vary the core permeability which consequently
changes the inductance of Lac, the voltage across Lac would be varied and can be
presented as:
L
V., = _ ®tac .V (4-51)
L A ™

where o is the frequency of the input voltage and should be selected same as the nominal
operating frequency of the IPT system that the saturable inductor being applied to. Given
that the input voltage V, resistor R, and voltage across Lac are either known parameter or

can be directly measured, the inductance of Lac can then be calculated from:

Lo =——2 (4-52)

Figure 4-22 shows a typical relationship between the dc control current Icy and the
effective inductance of a saturable inductor. As can be seen from the figure that the
relationship is extremely nonlinear, and to prevent this nonlinearity being introduced
between the controller and the actual Ls,, only the quasi-linear part of the relationship can
be used. It can be seen that there are two quasi-linear parts as shown in the figure which
are the region between Lac max 10 Lac min @nd Lac max’ t0 Lac min’. HOwever, the region

between Lac max” 10 Lac min’ requires more current and can only achieve very limited
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variable inductance. Therefore the preferred operating range of the saturable inductor is
selected to lie between Lac max t0 Lac min. Note that the range between Lac max t0 Lac min
has to be sufficient to be equal to or larger than the operating range of Ls, that has been
previously defined in the worst-case scenario. In fact, core materials with a linear
relationship between the dc control current and the effective inductance should be used as
it can extend the range of the variable inductance, which is particularly useful when the

required operating range of Ls; is large.

Lac

I-AC_max

‘ I-AC_min

e _7_‘7_7LAC_min‘

0 IC'[rl

Fig. 4-22: Typical relationship between dc control current and effective inductance of

saturable inductor

A > 3 \LH B A “ 3 o B
— — D — — D
D D L] D D ]
—l C D —1 C D
D D L D D L
—1 D D —1 D D
D D —{ D D —
D D > D A
a) Current Direction: Ato B b) Current Direction: B to A

Fig. 4-23: Configuration of dc current controlled saturable inductor

Figure 4-23 shows the adopted configuration of the saturable inductor. Point A and B of
the outer ac windings are physically connected with the LCL tuning circuit, representing
the variable tuning inductance Ls,. Point C and D of the inner dc windings are connected

to a controllable dc current source for providing the required magnetizing force to achieve
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the desired inductance. Using the configuration shown in Fig. 4-23, it can be seen that the
flux produced by the ac current of the outer windings (thin-broken lines) is counteracted at
the center core in both cases of a) and b), thereby leaving the dc control flux (thick-filled
line) unaffected [99].

4.4.2 General Structure of Linear-Mode Saturable Inductor Controlled
LCL Power Pickup

The general structure of the proposed linear-mode saturable inductor controlled LCL
power pickup is shown in Fig. 4-24. Besides the basic LCL power pickup, a directional
tuning/detuning controller (DTDC), a MOSFET, and a saturable inductor are also
collaborated with the pickup to form a complete secondary system. The saturable inductor
shown in Fig. 4-23 can be directly used here having its point A, B, C, and D physically
connected with the LCL power pickup as shown in Fig. 4-24. The inductance of Ls; is
varied by changing the core permeability through the control of dc current I¢yy, and this dc
control current is taking a very small portion (typically 1 ~ 3%) of the load current I, so it
does not affect the power efficiency of the secondary pickup too much.

D C ICtrl
Saturable r|- -~ -
M—g [ |

Inductor | | I Ve ‘: Q
LYY e Y Y e > DTDC %

I—Sl A LSZ B
CDC ~ RL [] VL

lp

Voc @ Cst =

|
%

Fig. 4-24: General structure of saturable inductor controlled LCL power pickup
Strictly speaking the core permeability is varied by the magnetizing force produced from

the dc control current, and the magnetizing force is given by:

Nl
Hpe =—2<4rt (4-53)

loc

where Np¢ is the number of turns in the dc windings and Ipc is the mean length of the dc

magnetic flux path. As can_be seen_from (4-58) that a trade-off between the size
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(proportional to Npc) and the efficiency (inversely proportional to Icy) of the pickup is

inevitable.

The output voltage V_ of the pickup is used as a feedback signal to the DTDC for
generating a voltage control signal Vcyy. The signal Ve is used to control the MOSFET Q
which is designed to be operated in its linear region, so the MOSFET can function as a
variable resistor and have the control of its conduction current which in this case is the dc
control current Icy. Under such a controller structure, the proposed LCL power pickup

would therefore be able to dynamically change the tuning condition of the pickup.

4.4.3 Sampling Frequency for LCL Power Pickup

After each tuning adjustment in the inductance of Ls, the pickup circuit would require
certain time period to reach its steady state before the controller can take another valid
sample from the output voltage. The CR (Capacitor-Resistor) circuit at the dc side of the
LCL pickup has been identified as the major cause of this output delay. Figure 4-25 shows

a simplified model for the dc side of the pickup.

lrect I) Coc— RL|::| Vi

Fig. 4-25: Model for dc output voltage analysis

Since each control action would cause the output voltage to have a step change, the current
Irect IS therefore modeled as a step current, and a differential equation can be derived as

follows:

dl+v_|-:|
I:QL

C
DC "t

(4-54)

rect

By solving (4-54), the time-domain solution of the output voltage to this step change in

the current can be approximated by:

VL (t) =1 rect RL ' (1_ eit/RLCDC ) (4'55)
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Note that the solution obtained in (4-55) is not the actual solution for the output voltage. It
is only being used for approximating the CR circuit response to the step change of output
voltage. The settling time ts which is the time required for the response to reach and stay
within a specified tolerance band (usually 2 ~ 5%) of its final value, is given by (for 2%

tolerance band)
e /Rl =002 or t, ~4R.C,. (4-56)

and the sampling frequency of the controller should be selected based on the time fts.
However, to have a controller with fast response, the time ts needs to be reduced and this
can only be achieved through a proper design of Cpc. This is because the value of R in (4-
56) can only consider Ry max Which is the maximum tolerable load resistance, since the
time ts selected based on this value will be able to give the maximum settling time
covering the entire range of R_ min t0 RL_max. Generally the value of Cpc is selected to be
large so that the output becomes a smooth dc voltage with maximum power available to
the load. But using a large capacitance would cause the controller response to be sluggish
with high ESR (Equivalent Series Resistance). In addition, this results in large inrush
currents in the ac side of the pickup during startup which may cause overstress to the
resonant components [106]. Conversely, a small dc capacitor will result in a discontinuous
voltage after the rectifiers and lowers the amount of power that can be delivered. It is
therefore important to determine the optimal dc capacitance for the pickup to get the
possible maximum power while keeping the settling time of the circuit as small as

possible.

Figure 4-26 shows the steady state waveforms of the current lac, Irect, Ibc, and the voltage
ripples Vripple in the output voltage. Since the current flowing through the dc capacitance

Cpc isequal to | I, , the following differential equation can be obtained:

rect

AV . -
TP = [ pe|sin (@t)| — 1, (4-57)

C
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Vripple A ot

Fig. 4-26: Current and voltage waveforms under critical conduction condition

Considering the condition of V,;,,,. =0 when @t =sin ’1(I L/fAC), the complete solution of

ripple

Viripple Can be presented by:

V ippte = f[l _sin ‘1(I L/fAC)J”/ [ =12 =T, cos(mt)- ILa)t} 0<wt<rz

DC
(4-58)
Substituting IL/IAAC =2/ into equation (4-58), Viipple Can further be simplified as:
Vi = I—L{1.90147 —Fcos(a;t)+ a)t}} O<ot<r (4-59)
@Cpe 2

The maximum Ve can be obtained at @t =z —sin*(2/z). The relationship between

V'ripple_max and Cpc can therefore be expressed by:

~0.66- L or CDCzo.66-I—L (4-60)

a)CDC a)vripple_rmx

\Y

ripple_max
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By substituting (4-60) into (4-56), the sampling frequency can be obtained as:

f, ~ 0.3788. e mx (4-61)
VL

Given that the value of w and V_ are constant, the value of Vipple max has to be small to
obtain a smooth dc output voltage, which consequently lowers the sampling frequency of
the controller. Therefore, a trade-off between the response speed of the controller and the
steadiness of the output voltage is needed. Note that (4-60) and (4-61) can be directly used
in the practical design given that the dc output voltage is a constant value without any
variations. Nevertheless, the output voltage may in fact be varied due to an instantaneous
circuit parameter variation or a tuning control provided by the DTDCA during operations.
Therefore in order to obtain optimal values for Cpc and fs, the possible maximum I_ and
V. have to be considered in (4-60) and (4-61) respectively. The possible maximum value
of 1. and V| can be estimated using the analyses of output voltage response to the circuit

parameter variations provided in Section 4.3.

4.4.4 Tuning Step-Size for LCL Power Pickup

In order to successfully and efficiently perform the DTDCA, any two consecutive tuning
adjustments should not cause the output voltage to jump across the two operating regions
(under-tuning and over-tuning) of the tuning curve. To obtain the fixed maximum tuning
steps-size 4hy, that is being used in the tracking process of coarse tuning stage at startup
for the LCL pickup to avoid traversing between the operating regions under all possible
tuning curves with different parameter variations, the extreme operating condition needs to
be considered here. By observing the output voltage behavior from Fig. 4-10, Fig. 4-12,
Fig. 4-14, and Fig. 4-16, the tuning curve with the shortest A-C range (see Fig. 3-3) can be
identified and occurs under the operating condition of:

e The nominal operating frequency + maximum tolerable variation (o max).
e The nominal magnetic coupling - maximum tolerable variation (coc_min).
e The nominal tuning capacitor + maximum tolerable variation (o max).

e The nominal load resistance - maximum tolerable variation (ar min).
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Under such a condition, the inductance of Ls; at position C can be obtained from:

LSZ r_ap
== (4-62)
kVR(af_mza —1)+af_m2a

C_max

Lsz_c =

c_nmax

By presetting a startup voltage for the pickup and having a ratio between the startup
voltage and the maximum output voltage under fully-tuned condition of ry sarwp, the

startup inductance of Ls, at position A and E can be obtained by:

2 2 2

2
a R \/aocm'n l:kVR(afmax ac_max _1)+af_rrax ac_max
r_min ' ‘*AC
1+

2

e _startup Xf ax

Lsz_startup:Lsz_c' - kL
WDoKyrlsy

(4-63)

The maximum 4h, for the LCL power pickup to perform coarse tuning can therefore be
calculated by:
Lsz_c -L

S2_startu
Ah, = S

2

2 2
R aoc_m’n kVR(af_rmx ac_rmx _1)+af_rmx ac_rmx
ar_m'n AC -

2
rk_startup s _max
= 2ok L 'Lsz_c
WoKyrlsy

(4-64)
4.5 Simulation/Experimental Results and Discussion

4.5.1 Simulation Study of DTDCA Controlled LCL Power Pickup

The simulation study was conducted in Matlab/Simulink environment using a toolbox
called PLECS which emulates the circuit behavior of the LCL wireless power pickup. An
LCL power pickup model shown in Fig. 4-27 was created under an ideal situation without
taking into account the effects of ESR, forward voltage drop of diodes, and power
consumed by the controller.
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L1 L2
2888 /-74\
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vmt (V)—=CD
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C ﬁ
(50 CMux1l CMux

-

Fig. 4-27: PLECS model of LCL power pickup

The desired output voltage of the model is a constant 5 V with a £2% hysteresis band (4.9
~5.1V). The open-circuit voltage (V_oc) of the pickup coil is a pure sinusoidal waveform
having an amplitude of 2.8 V with a nominal operating frequency of 38.4 kHz, and the
pickup coil L1 has a self-inductance of 8.75 uH. The tuning capacitance C1 (equals to
Cs1+Cs) has a nominal value of 2.395 uF (Cs;=1.9632 pF and Cs;=0.4317 uF) to provide
a output voltage boosting factor kyr of approximately 4.5473 for a maximum dc output
voltage of 10 V under fully-tuned condition. The dc capacitance C2 is selected to be 110
uF so the maximum output voltage ripple can be kept below 0.05 V. The sampling
frequency of the controller is approximately 455 Hz with the assumption that the
maximum output voltage may go up to 10 V due to possible fully resonant operation or
any instantaneous parameters change. The load resistance R has a nominal value of 5 Q.
Notice that V_oc, C1, and R have all been connected to external variable sources to
emulate the parameter variations that have been considered in section 4.3.

Figure 4-28 shows the complete Simulink model of a DTDCA controlled LCL power
pickup. The simulation is initialized with a delay of 0.02 s in the DTDCA execution and
has an initial Ls, of 20 uH to provide an initial output voltage of approximately 6.5 V for
easing the observation on the tracking process. Furthermore, a 4hp, of 7.01 uH with a g of
0.1 have been used for the SSSA. To see the performance of DTDCA in compensating for
each parameter variation, the model is simulated in extreme operating conditions where
each considered parameter is varied instantaneously from its maximum to minimum

tolerable value in their individual testing simulation.
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Fig. 4-28: Simulink model of DTDCA controlled LCL power pickup
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Fig. 4-29: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction

signal Sy, and d) tuning step-size Ah, of a DTDCA controlled LCL power pickup under

operating frequency|variations
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Figure 4-29 shows the simulation result of the output voltage regulation under the
operating frequency variations. The nominal operating frequency of the simulation model
is assumed to have +2% variation, which would cause the operating frequency to be varied
from 37632 ~ 39168 Hz with an amplitude change in the open-circuit voltage from 2.744
~ 2.856 V. The first extreme operating condition occurs at t = 0.1 s having an operating
frequency of 39168 Hz with an open-circuit voltage of 2.856 V. The second extreme
operating condition occurs at t = 0.15 s having an operating frequency of 37632 Hz with
an open-circuit voltage of 2.744 V. It can be seen from the result that the first extreme
operating condition do not cause noticeable difference in the output voltage and therefore
requires no control action. The second extreme operating condition causes the output
voltage to drop, but the controller successfully regulates the output voltage back into the
hysteresis band after three cycles of the DTDCA execution. However, it was noticed that
the controller performed incorrect tuning at t = 0.02 s (beginning of the tracking) and t =
0.15 s (time after the second extreme operating condition). The reason for the first
mistaken tuning attempt is due to the lack of knowledge of the previous tuning direction
signal (S3) since there has been no tuning action by the controller prior to t = 0.02 s. This
requires the controller to take a tuning attempt with the step-size that has been predefined
in the initialization so the correct tuning direction in the next-state can be identified. The
second mistaken tuning attempt occurred due to the output voltage being kept constant
within the hysteresis band and the controller being unable to verify the correctness of the
previous tuning action. This also requires the controller to take a tuning attempt depending
on the result of S, at the time, which in fact have a 50% chance to tune to the wrong

direction and therefore needs to be improved.

Figure 4-30, 4-31, and 4-32 show the simulation result of the output voltage regulation
under the variations in magnetic coupling, tuning capacitor and load resistance
respectively. The model was assumed to have £30% variation (V_oc from 1.96 ~ 3.64 V)
in the magnetic coupling between the primary and the secondary of the IPT system, 5%
variation (C1 from 2.2752 ~ 2.5147 uF) in the tuning capacitor, and +30% variation (R
from 3.5 ~ 6.5 Q) in the load resistance. As can be seen, a similar result is obtained in
each case of parameter variations which have been considered here. It was observed that
the output voltage was eventually regulated and maintained within the hysteresis band

around the voltage reference.
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Fig. 4-30: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction
signal Sy, and d) tuning step-size Ah, of a DTDCA controlled LCL power pickup under

magnetic coupling variations
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Fig. 4-31: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction
signal S4, and d) tuning step-size Ah, of a DTDCA controlled LCL power pickup under

tuning capacitor variations
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Fig. 4-32: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction
signal Sy, and d) tuning step-size Ah, of a DTDCA controlled LCL power pickup under load

variations

4.5.2 Experimental Study of DTDCA Controlled LCL Power Pickup

To further show the effectiveness of the proposed controller, the DTDCA was applied
onto an LCL power pickup in a practical IPT system. The primary track power supply of
the prototype has a sinusoidal track current with an amplitude of 0.75 A and an operating
frequency of 38.4 kHz with variations of less than £1%. The track was winded onto a
cylindrical object with 34 turns to enhance the magnetic coupling between the primary and
the secondary side of the system. The secondary pickup coil has a self-inductance of 8.75
pH with 7 turns in the winding, and it has a nominal open-circuit voltage of 2.47 V when
it was placed 6 mm away from the primary track. A capacitor with a capacitance of 2.2 uF
with a manufacturing tolerance of £10% was used as the tuning capacitor of the LCL
tuning circuit. Considering the coupling factor k; that has been introduced in Chapter 2
equals to Nglys. /Nyl =nls. /I, , a nominal coupling factor of approximately 0.32 was
obtained from this experiment setup. A controller development platform called dSPACE

which allows rapid control algorithm development and testing was used for executing the
DTDCA. The output voltage ef the-pickup was used as-a feedback signal for the dSPACE
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to produce a control signal (Vgs) so as to control the conduction current of the linear-mode
MOSFET BS107. Note that this controlled conduction current was also the dc control
current of the saturable inductor which functions as the variable tuning inductor Ls,. The
conduction current (dc control current) has a variable range of 0 ~ 0.1 A corresponding to
the 2 ~ 3 V of the gate driving signal (Vgs) range of the MOSFET, and the maximum
signal level for each tuning step was set to 0.045 V to approximate the 4hy, of 7.01 uH.
Figure 4-33 shows a working prototype of the proposed LCL power pickup in the

laboratory.

Fig. 4-33: Working prototype of LCL power pickup

Figure 4-34 shows the practical and ideal output voltage tuning curves under the open-
circuit voltage and load variations, and the results were obtained under the condition of
Voc has a nominal value of 2.47 V with variations of £13% (2.15 ~ 2.8 V) and the load
resistance has a nominal value of 5 Q with variations of +30% (3.5 ~ 6.5 Q). Note that the
x-axis (Vgs) of the practical measurements are presented in the reverse direction due to the

inductance of Ls, being inversely proportional to Vgs.

From Fig. 4-34, it can be seen that the practical measurements are considerably different
from the ideal results. The reasons of the difference were identified after taking practical
issues into consideration which include: 1) the ESR of the pickup coil, tuning capacitor,
and variable tuning inductor, which were not being considered in the theoretical analyses
of Section 4.2.2 for reducing the circuit model complexity, and 2) the voltage drop of the
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full-bridge rectifier. Furthermore, it was found that since the saturable inductor was placed
too close to the secondary pickup coil, the magnetic coupling between the primary and the
secondary side of the system was affected and caused the LCL pickup to lose its voltage

source property under fully-tuned condition.
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Fig. 4-34: Practical and ideal output voltage tuning curves under load variations with a) V¢
=2.47 V, b) VOC: 2.8 V, and C) VOC: 215V

In order to evaluate the performance of the DTDCA in the under-tuning region under load
variations, the open-circuit voltage of the pickup coil was selected to be at the nominal
value (2.47 V) and Vgs was initialized to 2.8 V. The load variations were proceed in the
sequence of 5 Q (nominal and also the initial load resistance), 6.5 Q (nominal +30%

variation), 3.5 Q (nominal -30% variation), and back to 6.5 Q.
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-#.%- Agilent Technologies

Fig. 4-35: Output voltage waveform of DTDCA controlled LCL power pickup under load

variation (5 to 6.5 Q) in the under-tuning region

Figure 4-35 shows the output voltage waveform when the load resistance was switched
from 5 to 6.5 Q. From Fig. 4-35, it can be observed that the output voltage was initially
stabilized at 5 V with a Vgs of 2.8 V. After switching the load resistance to 6.5 Q, the
output voltage was increased to 6 V and followed by an incorrect tuning attempt in the
next sampling instance which resulted in an extra error of 0.5 V to the output voltage.
However, after checking the validity of the tuning attempt, the controller retuned the

circuit in the opposite direction and stabilized the output voltage at 5.1 V.

--:f}iii{f:—-Agilent Technologies
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Fig. 4-36: Output voltage waveform of DTDCA controlled LCL power pickup under load

variation (6.5 to 3.5 Q) in the under-tuning region
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The load resistance was then switched to 3.5 Q and the obtained result can be seen in Fig.
4-36. In this load change, the output voltage was dropped to 3.2 V. It can be seen from the
result that the sampling frequency was faster than the settling time of the pickup circuit
and caused the control signal Vgs to idle for the first two tuning attempts. But the
controller then successfully identified the correct tuning direction in the third attempt and

stabilized the output voltage at 5.1 V once again.

~#% Agilent Technologies

4 Maode
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Fig. 4-37: Output voltage waveform of DTDCA controlled LCL power pickup under load

variation (3.5 to 6.5 Q) in the under-tuning region

Figure 4-37 shows the result of switching the load resistance from 3.5 back to 6.5 Q.
Similar to the results from the previous load variations, the output voltage of the pickup
was regulated by the controller to the desired 5 V, the only difference being the control
process did not involve any incorrect tuning attempt nor there is any idling of the control

signal.

The second experiment was conducted for evaluating the performance of DTDCA under
the magnetic coupling variations in the over-tuning region, and therefore had Vgs
initialized to 2.4 V. Figure 4-38 shows the output voltage waveform under the magnetic
coupling variations in the sequence of A, B, C, and D, with the following conditions:

e A)Voc=247102.8YV, ki =0.32 10 0.36 (coupling distance 6 to 2 mm).

o B)Voc=2.810247V, k=0.36 to 0.32 (coupling distance 2 to 6 mm).
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o C)Voc=247102.15V, k=0.32to 0.28 (coupling distance 6 to 10 mm).
e D)Voc=2151t02.47 V, ki =0.28 to 0.32 (coupling distance 10 to 6 mm).

The obtained result shows that the output voltage had a minimum of 4.31 V and a
maximum of 5.68 V caused by the coupling variations, however it was still successfully
regulated by the controller to the desired 5 V.

--:f}iii{f:—-Agilent Technologies
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Fig. 4-38: Output voltage waveform of DTDCA controlled LCL power pickup under

magnetic coupling variations in the over-tuning region

From the experimental results, it can be seen that the pickup can work in both under-
tuning and over-tuning regions, which means that the proposed controller can control the
pickup to have the desired voltage as long as the desired value is on the controlled tuning
curve. This also allows the pickup to be fully-tuned on-line, if required, and therefore

makes it possible to achieve high kygr operation (or high Q operation for LC pickups).

4.5.3 Discussion

Despite the fact that the proposed DTDCA has been proven to be effective for the output
voltage regulation of LCL power pickup in both the simulation and experimental results,
several practical design issues have also been discovered while creating the simulation
model and building the prototype. These issues are found to be valuable for understanding
the limitations of DTDCA on the LCL power pickup and can also be taken into

considerations for improving the proposed controller.
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Performance of LCL power pickup in full-range tuning control

Providing full-range tuning control for the output voltage regulation of the pickup is one
of the major features of the DTDCA. However, when applying the DTDCA to the LCL
power pickups, the performance of the controller may severely be affected by the

characteristic of the LCL tuning configuration.

VAC T T T T T T T T T
TCL
. TC2 ——
i ! TC3—— |
|
|
|
|
|
|
|
|
|
|
|
| | | | | | | | |
0

Ls2

Fig. 4-39: Output voltage behavior of LCL power pickup under operating frequency/tuning
capacitance variations

Figure 4-39 shows the output voltage behavior of the LCL power pickup under the
operating frequency or the tuning capacitance variations, and all the possible output
voltage increasing/decreasing directions are indicated by the arrows. By using TC2 as an
example, it can be seen that the desired output voltage (Vier) can be achieved at either Py in
the under-tuning region or Pg in the over-tuning region of TC2. But the output voltage
variations due to drastic change in the considered circuit parameters are much more
significant in the over-tuning region and can be several times larger than in the under-

tuning region. In addition, the time for the controller to bring the operating points to the
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desired location may also be longer in the over-tuning region since the tuning distance (Pq
to Pg or Py to Pyp) is further compared with the distance (P; to P3 or P; to Ps) in the under-

tuning region.

In practice, the variations in capacitance of the tuning capacitor can be caused by ambient
operating temperatures or degradation of the dielectric, however, these two factors would
not cause an instantaneous change in the capacitance but only gradually vary the value.
This essentially allows the controller to provide prompting voltage regulation to the output
and prevents the load from overvoltage. However, the variations in the operating
frequency are generally fast and random, which may cause severe negative effect on the
transient performance of the LCL pickup. From these facts, it can be seen that in order to
prevent the load from transient overvoltage, the LCL pickup has to either work with IPT
systems whose operating frequency variation has a slow rate of change or with very

low/none variations in the operating frequency.

Tuning attempt

As it has been shown in both the simulation and experiment results, since the proposed
DTDCA requires information to validate control action from the previous state for
generating the next control signal, the tuning attempts performed by the DTDCA as shown
in Fig. 4-40, could occur at startup of the controller or after the output voltage has been
stabilized for a certain period of time. It can be seen from Fig. 4-40 that after the output
voltage has been stabilized, the logic signal S, would start to idle between 1 and 0, because
the tuning step-size has been adjusted to zero and the controller cannot verify the validity
of each control action. This idle state of S, would lead to two different results which are
presented by S; and S;” in the figure. Assuming the pickup experiences certain parameter
variation at t; and causes the output voltage to increase to V(ty) at t,, the output voltage at
t3 could have a value at the position of either V(t3) or V (t3)* depending on the logic result
of S4 or S4” respectively. This shows that the DTDCA has a 50% chance to tune to the
incorrect direction and may result in adding more error to the output voltage. Since
acquiring the validity of the previous state control action is necessary for the DTDCA to
perform accurate tuning control in the next state, the controller will still need this possible
mistaken tuning attempt for perturbation purpose, but the error caused by this tuning
attempt should be reduced by algorithmically adjusting the tuning step-size so the
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additional output voltage error is only sufficient for the controller to identify the correct

tuning direction.

v, A
V(ts)
,®
;o
V(t) :
[_?\_\;v_«a'_ _____
Sy A th b ot >t
S, A T

Fig. 4-40: Possible outcomes of tuning attempt

Constant 4hp,

Based on the concept of SSSA, the tuning step-size is basically separated into a constant
coarse tuning value (4hy,) and simple algorithmic fine tuning values. Such a method can
be conveniently used when the controller is performing simple reference tracking and
output voltage stabilization. However the simplicity of this method also lowers the
performance of the controller. Since the SSSA sets the tuning step-size back to the
constant coarse tuning value after the output voltage has been stabilized within the
hysteresis band, the first tuning attempt, immediately after any parameter variation which
causes the output voltage to go outside the hysteresis band would use the coarse tuning
value without considering the actual level of the error. This could lead to the two
possibilities that have been discussed before (see Fig. 4-40) with one of them may end up
with large error in the output voltage. In addition, this may also cause the operating point
at any two consecutive instances during the operation to switch between the under-tuning

and the over-tuning region.
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Fig. 4-41: Possible locations of operating point using constant Ah,,

Figure 4-41 shows the possible tuning results after the pickup has experienced the
operating frequency/tuning capacitance variation under different fixed tuning step-sizes.
Assuming the output voltage of the pickup has been stabilized at P; but suddenly
experiences the operating frequency/tuning capacitance variation and causes the output
voltage to jump to Py, the output voltage after the first tuning attempt may result in either
P3“ or P3“ if A4hy is equal to h;. In the case of P3°, the controller would recognize the
validity of the tuning action and gradually stabilizes the output voltage to Ps by using the
DTDCA. As for the case of P3”, the controller would need an extra turn to tune the pickup
from P3” back to P, and then stabilizes the output voltage to Ps as well. However, if 4hp,
has a larger value such as h,, the operating point can result in either P,‘ or P,* and may
require more time for stabilizing the output voltage to the desired location. In the situation
of P4, the controller would also stabilize the output voltage to Ps which is very similar to
the case of P3* by stabilizing the output voltage to the desired value with the shortest

tuning distance. But if the tuning attempt causes the output voltage to move from P, to
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P, *, the controller would still confirm the validity of this tuning action since P,"<P, and

stabilizes the output voltage at Pg in the over-tuning region, which has a longer tuning

distance compared with the distance between P, and Ps.

Although, all four different operating cases that have been discussed are able to achieve
the desired output voltage, it can be seen that the fixed coarse tuning step-size of the
controller may either cause the output voltage to have considerable additional error or
require longer time for stabilizing the output voltage due to a longer tuning distance.
Therefore, the tuning step-size adjustment method of the controller can be improved and
may require a non-model based solution since the system parameters can vary and cause

the output voltage error which is difficult to predict.
4.6 Summary

In this chapter, the circuit parameter variations and their effect on the power flow of an
LCL power pickup have been fully analyzed, and the DTDCA controller has been applied
on the LCL power pickup for the output voltage regulation.

A power pickup based on LCL tuning configuration has been studied as an alternative to
the conventional LC power pickup, due to its distinguishing voltage source property under
fully-tuned condition. The effects of using a variable tuning inductance or capacitance on
regulating the output power/voltage of the LCL power pickup have been compared, and
found that the pickup is generally less sensitive to the variation of tuning inductance,
which makes the pickup using a variable tuning inductance a preferable choice in
performing precise control of the pickup tuning condition.

The effects on the pickup output voltage caused by variations in the operating frequency,
magnetic coupling between the primary and secondary side of the IPT system, tuning
capacitance, and the load resistance have been analyzed, and equations for calculating the
required tuning inductance to achieve the desired output voltage under these parameter
variations have been obtained. It has been found that in order to cover all the considered
parameter variations, the LCL power pickup has to be operated in the detuning region

which causes it to lose its voltage source property.
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The effects of using different voltage boosting factor kyg or different ry (ratio between the
desired output voltage and the nominal maximum output voltage) on the relationship
between the output voltage variation and the considered parameter variations have also
been investigated, and the obtained result shows that the linearity, symmetry and the
magnitude of the relationship can be improved by using lower kyr or ry. Nevertheless, with
a predefined constant output voltage, decreasing one of the two factors means increasing

the other and therefore requires optimization.

The tuning step-size for the coarse tuning has been determined for the LCL power pickup
under extreme operating conditions to avoid switching between the operating regions at
any two consecutive sampling instances for an efficient tuning control at the controller
startup. The sampling frequency of the controller has also been determined for the LCL
power pickup, and it has a relationship proportional to both the operating frequency and

the output voltage ripples but inversely proportional to the level of the output voltage.

Both the simulation and experimental results have demonstrated the effectiveness of the
DTDCA in performing full-range control and output voltage regulation for the LCL power
pickup. This enables the pickup to be fully-tuned on-line, if required, and makes the high
kvr Operation possible. However, it has been found that in order to obtain a better transient
performance for the DTDCA, the algorithm for adjusting the tuning step-size of the
controller should be improved and may require a non-model based solution to deal with
changing circuit parameters. In addition, the LCL power pickup being operated in the
over-tuning region should avoid operating under fast and random operating frequency

variations to prevent the load from drastic overvoltage.
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5.1 Introduction

5.2 Fuzzy Logic Controller Design for Tuning Step-
Size Automation

5.3 Simulation and Experimental Results

5.4 Summary

5.1 Introduction

In Chapter 3, a novel control concept named the Directional Tuning/Detuning Control
Algorithm (DTDCA) has been developed to achieve full-range tuning control in the output
voltage regulation of the secondary pickup. The control process of the DTDCA has been
divided into two stages which are the coarse tuning stage and the fine tuning stage.
However, the output voltage response can have significant chattering or it may exhibit
sluggish response if a fixed tuning step-size is employed while controlling the voltage. To
overcome the disadvantages associated with fixed tuning step-size, an algorithm, called
Simple Step-Size Adjustment (SSSA) has been developed to perform coarse and fine
tuning for the coarse tuning and fine tuning stage respectively. The proposed DTDCA
along with the SSSA have been applied to an LCL power pickup and proven to be
effective on the output voltage regulation both via the simulation and experimental results.
Nevertheless, it has been found that the performance of the proposed secondary power

pickup may be degraded by several factors during the operation.

First, although the DTDCA can achieve full-range tuning in the LCL power pickup and
regulates the output voltage to a desired level, the load may experience large overvoltage
if the pickup is being operated in the over-tuning region under fast and random operating

frequency variations. Second, since the DTDCA requires validity check for every previous
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control action, the tuning attempt at the startup of the pickup or after the parameter
variations occurred is needed. This may result in the pickup having additional error in the
output voltage. And third, it is known that in order to have an efficient tuning control, the
operating region should not be switched at any two consecutive instances during the
control process so the operating point can be stabilized to the nearest desired location.
However, it has been realized that although the switching of the operating regions at the
startup of the pickup can be avoided by using a fixed A4y, which is predetermined under
extreme operating conditions, it cannot be avoided during normal operations since the
operating point is being constantly relocated on the tuning curves by the parameter

variations.

For the first factor, possible overvoltages may be reduced by either setting additional
constraints on the operating frequency variations, for example, only constant or slow
variations in the primary operating frequency are allowed in the system, or having a
controller with sampling rate faster than the rate of change in the variations of operating
frequency. This can provide faster regulation of the output voltage before the overvoltage
occurs. However, both of these two solutions are dependent on the characteristics of
circuit/system which may or may not be applicable in some applications. As for the
second and the third factors, the performance of the DTDCA can be improved by
dynamically changing the tuning step-size of each control action. This can be achieved by
employing a better algorithm for determining the tuning step-size according to the actual

operating condition.

A fuzzy logic controller for dynamic adjustment of the tuning step-size is therefore
proposed in this chapter for a better output voltage regulation of the pickup. The fuzzy
logic based controller has been found to be an effective alternative to conventional control
techniques for controlling processes whose detailed and accurate mathematical
descriptions are not available [107]. Since the output voltage of the pickup is extremely
difficult to model, fuzzy logic based controller has been adopted to improve the
performance of the DTDCA. The linguistic feature of the fuzzy based controller allows
incorporating non-numeric statements of human experts to form a rule base which can be

used to obtain a coherent control strategy.
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5.2 Fuzzy Logic Controller Design for Tuning Step-Size

Automation

The design of fuzzy logic controller (FLC) has three major parts which are: 1)
fuzzification of considered inputs, 2) formulation of control rule base, and 3)
defuzzification of fuzzy sets. The design of these three parts for the tuning step-size

automation of the DTDCA is described in this section.

5.2.1 Fuzzification of Output Voltage Error and Rate of Error

The tuning step-size of the DTDCA needs to be determined according to the condition of
the pickup output voltage. Therefore, the output voltage error and the rate of error, which
directly reflect the distance and speed of the output voltage with respect to the voltage
reference, have been considered as the input variables for the fuzzy controller. These are

defined as:
e(tn):Vref (tn)_VL (tn) (5'1)

r(t,)=elt,)—elt,.) (5-2)

where t;, is the sampling instance, V(t,) is the reference voltage, and V| (t,) is the sampled
pickup output voltage. The output voltage error and the rate of error are denoted by e(t,)
and r(t,) respectively. By introducing scaling factors to (5-1) and (5-2), the actual inputs of
the FLC can be given as:

€ (tn): GE- e(tn) (5-3)
Mn (tn):GR'r(tn) (5-4)
where GE and GR are the scaling factors for the error and rate of error respectively.

The input variable e(t,) can be fuzzified by four input fuzzy sets, and they are: Positive
Error (PE), Positive Zero (PZ), Negative Zero (NZ), and Negative Error (NE). The
membership functions of these four input fuzzy sets are shown in Fig. 5-1, and these are

defined mathematically as:
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1 ey >L
€
,UPE(elN ): I_LN’ O<ey <L (5-5)
0, en <0
0, ey >L
IUPZ(eIN)Z L-e, 0<e <L (5-6)
L IN
L+e,
_—, -L<e, <0
Hynz (eIN ): L " (5-7)
0, ey <-L
0, ey >0
e
luNE(eIN): _%’ —L<e, <0 (5-8)
1, en <—-L

where interval L is a design parameter. The value of L affects the performance of the
controller and should be carefully chosen. The guidelines for selection of L will be
discussed later along with the guidelines for selecting the scaling factors.

H(em) a
Hne(Bin) 1.0 Hpe(Bin)

Hnz(ein) Hpz(ein)

Fig. 5-1: Input membership functions for ey of FLC
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Similarly, the input variable r\y(t,) can be fuzzified by four input fuzzy sets, and they are:
Positive Rate (PR), Positive Rate Zero (PRZ), Negative Rate Zero (NRZ), and Negative

Rate (NR). The membership functions of these four input fuzzy sets are shown in Fig. 5-2.

H(rin) o
Hnr(rin) 1.0 Her(N)

Mnrz(MiN) Hprz(rin)

-L 0 L NN

Fig. 5-2: Input membership functions for ry of FLC

These membership functions are defined mathematically as:

1 ry > L
I
Hpr (rIN): I_IEI' O<ry <L (5-9)
0, ry <0
0, ry >L
fv)=9{L- 5-10
/UPRZ( IN) L—r, | o<r, <L ( )
L
L+r,
—, —L<r,<0
Hnrz (rIN ): L " (5-11)
0, ry <-L
0, ry >0
I
Hnr (rIN ) I_IE" -L<ny <0 (5-12)
1 ry <—-L
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5.2.2 Control Rule Base

The proposed FLC uses the following 9 control rules to dynamically change the tuning
step-size of the DTDCA. Note that this rule base has been carefully created such that the

output voltage of the pickup should accurately track the reference voltage.

Ri1: IF en(ty) is Positive Error AND r(tn) is Positive Rate
THEN Au(t,) is oz.

R2: IF en(ty) is Positive Error AND r(tn) is Positive Rate Zero
THEN Au(t,) is o.

Rs: IF en(tn) is Positive Error AND rn(tn) is Negative Rate Zero
THEN Au(t,) is o.

Ra: IF en(tn) is Positive Error AND rn(tn) is Negative Rate
THEN Au(t,) is om.

Rs: IF ein(tn) is Negative Error AND ry(tn) is Positive Rate
THEN Au(t,) is ow.

Re: IF ein(tn) is Negative Error AND rn(t) is Positive Rate Zero
THEN Au(t,) is oL.

R;: IF ein(tn) is Negative Error AND rn(tn) is Negative Rate Zero
THEN Au(t,) is o..

Rs: IF en(tn) is Negative Error AND ry(tn) is Negative Rate
THEN Au(t,) is oz.

Ro: IF en(tn) is Positive Zero OR Negative Zero
THEN Au(t,) is oz.

In the rules, o, om, and oz represent the output of the controller in the level of large,

medium, and zero respectively, and Au(t,) stands for the crisp output of the controller.
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The AND and OR fuzzy logics used in the above rules are those of Zadeh and of
Lukasiewicz [108]. For example, if ua and ug represent the grades of membership of an

object in fuzzy sets A and B, respectively, then these logics are defined as [109]:

Zadeh logic

AND (z4,,, p1g )= min (2, 415 )
OR(:UA’ ,UB): max(luA’ ,UB)

Lukasiewicz loigc

AND (z,, 15 )= max(0, 4, + 5 1)
OR(ttp, fg)=min (1, g1, + p15)

When evaluating the control rules, the Zadeh AND is used to evaluate the individual
control rules and the Lukasiewicz OR is used to evaluate the implied OR between the

control rules. Table 5-1 summarizes the rules R; to Ro.

Table 5-1: Summarized result of control rule base

ein(tn)
PE PZ | NZ NE
PR | Ry (02) Rs (Om)
PRZ | R, (0) Rs (OL)
rin(tn) Rq (02)
NRZ | R; (00) R7 (OL)
NR | R4 (Owm) Rs (02)

From Table 5-1, it can easily be seen that the rules can also be categorized according to
their output level. For the rules Ry, Rs, Rg, and Rz, a large tuning step-size is assigned.
Because the assumption of insufficient output voltage variation that caused by the
previous tuning attempt has been made. This requires a large tuning step-size in the next

state control to obtain a faster reference tracking speed. A zero tuning step-size is assigned
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to the rules Ry and Rg because the output voltage variation in the previous state may be
either the result of an incorrect tuning attempt or parameter variations. Under either of the
conditions the controller requires a small perturbation signal to help the algorithm to
identify the correct tuning direction in the next state control. The rule Ry is also assigned
with zero tuning step-size. Because the output voltage is close enough to the reference and
only requires being fine-tuned. As for the rules R, and Rs, whose previous state control are
performed in the correct tuning direction, a medium tuning step-size is assigned to them

for providing moderate reference tracking speed to avoid overshoot in the output voltage.

5.2.3 Defuzzification of Output Fuzzy Sets

H(AU) 4
1.0- HOZ(AU) HOM(AU) HOL(AU)
0.5+
0 05H H 'AU

Fig. 5-3: Output membership functions for Au of FLC

Figure 5-3 shows the output fuzzy sets of the controller with only positive values since the
physical tuning step-size cannot be negative. The Mamdani reference is used here as the

inference method for calculating the area of output fuzzy sets [110-112], and it is given

by:
S(u)= pl2-p)H (5-13)

A centroid defuzzifier is used to produce the output of the FLC [107, 108, 113], and the

crisp output can be expressed by:
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H - S(ttp par, )+ 0.5H -S(utg p )+0- St )

Au =
S(luRzR3R6R7 )"‘ S(lu&Rs )+ S(’uRlRBRQ )

(5-14)

where H is a design parameter. The selection of H will be discussed later along with the
selection of interval L and scaling factors of the FLC. The combined membership of
output fuzzy sets for control rules R;R3RsR7, R4Rs, and R1RgRg are obtained by using the
extended Lukasiewicz fuzzy logic OR. Since the conditions being ORed are maximally

negatively correlated, the values for these combined memberships are given by:
Hrppgp, = min (1, Hg, + Hg, + Hg, +,uR7)
Hrp, = min (1, e, +,uR5)
Hrpp, = min (1, Mg + Hg, + ,uRg)

The memberships u,, i=1...9, are obtained by the Zadeh logic AND and Lukasiewicz

logic OR, and the values for these memberships are given by:
Mg, = Min (ttpe s Hor) Hg, = Min (ttpe s Hprz) Mg, = Min (ttpe s tnez )
Mg, =min (/UPEi luNR) Hg, = Min (luNE ’ IUPR) Mg, = min (/UNE , IUPRZ)

Hr, = min (/uNE' /uNRZ) Hr, = min (/uNE’ luNR) Hr, = min (1’ Hpz + /uNZ)

The FLC output for producing the tuning step-size of the variable inductor can therefore

be determined from:
AH =GU -Au (5-15)
where GU is the output scaling factor.

5.2.4 Analytical Structure of Fuzzy Logic Controller

In order to obtain analytical expressions of the FLC with respect to e(tn) and rin(tn), the
en-Tin input space has heen divided into 28 different input combinations (1Cs) as shown in

Fig. 5-4. This is obtained by putting the membership functions of error of Fig. 5-1 over the
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horizontal axis (e\n) of Fig. 5-4 and putting the membership functions of rate of error of

Fig. 5-2 over the vertical axis (r\\) of Fig. 5-4 [108].

MINg
Be B7 A7 A6
L
Bl Al
B5 B4 BZ AZ A4 AS
Bg A3
>
L en
Cs Ds
C5 Cy C, D, D, Ds
Cl Dl
-L
Ce C7 D7 DG

Fig. 5-4. Possible input combinations of e and ry

To further evaluate the 1Cs, they are separated into classes of e;y-ry are within [-L, L] and

en-rn are not within [-L, L]. The results of evaluating the fuzzy control rules whose ejn-rin

are within [-L, L] and are not within [-L, L], are separately given in Table 5-2 and Table 5-

3 respectively.
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Table 5-2: Results of evaluating fuzzy control rules R; to Rg for all ICs whose ey and ry are
within [-L, L]

R1 Rz R3 R4 R5 Rs R7 Rs R9

A, | PE | PRZ 0 0 0 0 0 0 Pz

A, | PE | PE 0 0 0 0 0 0 Pz

A; | PR | PE 0 0 0 0 0 0 Pz

A, | PR | PRZ 0 0 0 0 0 0 Pz

B, | 0 0 0 0 | NE | PRZ 0 0 | Nz

B,| 0 0 0 0 | NE| NE 0 0 | Nz

B; | O 0 0 0 PR | NE 0 0 | Nz

B, | O 0 0 0 PR | PRZ 0 0 | Nz

C.| O 0 0 0 0 0 NRZ | NE | NZ

C.| O 0 0 0 0 0 NE | NE | NZ

C:| O 0 0 0 0 0 NE | NR | NZ

C:| O 0 0 0 0 0 NRZ | NR | NZ

D.| O 0 NRZ | PE 0 0 0 0 Pz

D,| O 0 PE PE 0 0 0 0 Pz

D; | O 0 PE [NR| O 0 0 0 Pz

Ds| O 0 NRZ | NR | 0 0 0 0 Pz

Table 5-3: Results of evaluating fuzzy control rules R; to Rq for all ICs whose e and ryy are
not within [-L, L]

R1 Rz R3 R4 R5 R5 R7 Rg Rg

As | PR | PRZ 0 0 0 0 0 0 0

As | 1 0 0 0 0 0 0 0 0

A; | PE 0 0 0 0 0 0 0 Pz

Bs | 0 0 0 0 | PR | PRZ 0 0 0

Bs | O 0 0 0 1 0 0 0 0

B:| 0 0 0 0 | NE 0 0 0 | Nz

Cs| O 0 0 0 0 0 NRZ | NR | O

Ce| O 0 0 0 0 0 0 1 0

C;| O 0 0 0 0 0 0 NE | NZ

Ds | O 0 NRZ | NR | O 0 0 0 0

Ds | O 0 0 1 0 0 0 0 0

D;| O 0 0 PE 0 0 0 0 Pz
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By using the results from Table 5-2 and Table 5-3, the analytical expressions for the crisp
output of the FLC for each IC can then be obtained. These analytical expressions are listed
in Table 5-4.

Table 5-4: Analytical expressions for crisp output of FLC for ICs A; to A; (C, to C;) and B;
to B; (D; to Dy)

Area Analytical expression
A; and C, H zl_:z__r::NZZ
A,and C, ol (;EZ_L;INQI)N+)L2
manace | W
A,and C, H (o - r.NZL)Z—(rIZ.ZN ~[ )
As and Cs H [(E _rINZ)li_rI:N.Z(ZL— M)
As and Cq 0
A;and C; 0
B, and D, ' | :NS(ZEE“ (:|: 3+?;LZ+(:,ZN:rlNr.2N)2)
B, and D, 2] e:.é(.zili.e(il_)l(?? _)e,NZ)
Bsand D; | H- e e (IgL‘EZLe;)e;N r),:O(zL EN r‘.fz)l;_(Lzr"izm ’)
seanin, | wCR T T
T
Bs and Dg 0.5H
anany|  no B
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Fig. 5-5: Interpolation of e\, rn, and FLC output

Figure 5-5 shows the interpolation of FLC inputs e, and r,, and FLC output, with L and H
being unity. As it can be observed from the interpolation, the output of FLC is calculated

by using different analytical expressions according to the corresponding input conditions.

Considering that the output of a linear discrete-time PD controller in position form [114,
115]:

AUPD(tn): Kp - (tn)+ Ko I (tn) (5-16)

where Kp and Kp are constant gains named proportional-gain and derivative-gain,
respectively, the proposed FLC can be fitted into the form of classical linear P
(proportional), D (derivative), or PD controller [115]. Table 5-5 shows the obtained
analytical expressions (in Table 5-4) for all the possible ICs in the form of (5-16).
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Table 5-5: Analytical expressions for crisp output of FLC for ICs A; to A; (C,to C;) and B,

to B; (D; to Dy) in classical forms

Area PD expression Kp Kp

ALC| Kol kot 0 ar

Az G, Kp | en| ‘ewl‘—l(z(%m‘zw 0

P G e E R TE ’

Ag, Cs 0 0 0

A7, C; 0 0 0

By, Dy | Kelenl+ Ko Jrul =Ko ﬁ \e,N\A(ZLO_IS‘Q:\‘)(fI(_Zl__LiNe‘lZ —r,N2) \e,N\-(ZL—\e;\';Jr"(;NL‘Z—e,NZ—ﬁNZ)
15-H-(2L-|e,|)

B D e 2o L] eu L -e.) 0

Dy | el | G T | R e

B Dy | Kol 0 T B

85,05 | ol : )

Be, De 05H 0 0
0.5-H-(2L—ey|)

B Dr el - Lo+ (C-e.) 0

From Table 5-5, it can be seen that the output expressions of the ICs fit into the linear
classical P, D, or PD forms very well, except that the proportional gains and the derivative
gains are nonlinear variables instead of constant values in the classical forms. Thus, the

proposed FLC can also be treated as ‘local’ nonlinear P-like, D-like, or PD-like controller
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with variable gains, where the ‘local’ here means that the control expression is only valid
to the corresponding IC. The output of P-like controller is produced in the ICs of A,, As,
B, B7, Cy, C3, Dy, and Dy. The output of D-like controller is produced in the ICs of Ay,
Ay, As, By, Bs, Cy, C4, Cs, D4, and Ds. And the output of PD-like controller is produced in
the ICs of B;, Bs, D1, and Ds. However, by comparing the P-like, D-like, and PD-like
output expressions of the ICs with the classical form, it is noticed that the D-like
expressions and the PD-like expressions in B; and D; have an additional term. This
additional term is dependent on the rate of error and can be regarded as a variable bias

function for the D-like controller to produce positive tuning step change [112].

5.2.5 Choice of Scaling Factors

The choice of scaling factors GE, GR, and GU can considerably affect the performance of
the DTDCA and hence needs to be carefully selected. However, there exists no universal
method to determine their values. Generally, the objective is to map the actual error and
the rate of error into the interval [-L, L], which can be expressed by the following

equations:

GE= i (5-17)
GR= ﬁ (5-18)

where ‘e‘max and \r\m is the maximum value of the absolute value of error and rate of

error respectively. However, this requires prior knowledge of the range of error and rate of
error of the pickup output voltage. In order to obtain the data for the error and rate of error
of the output voltage, the pickup needs to be either simulated or experimented under

possible parameter variations. The obtained data can simultaneously be processed to find

out the actual \e ‘max and ‘r‘max by using the following recursive method:
o (1) = 8 [[elt, ), € )] (5-19)

o (1) = 0 [[1(t, ), i (1) (5-20)
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The idea of this recursive method is to obtain the true maximum value of the absolute
value of error and rate of error at the end of the process, by continuously comparing the
present sampled error and rate of error with the corresponding maximum value that has
been previously stored. If the new value is higher than the present maximum, then the

maximum value will be updated and be used to compute the scaling factors GE and GR.

The performance of the DTDCA can also be affected by the value of L. A small L makes
the output of the pickup to stay outside the ICs whose e;y and ryy are within the interval [-
L, L] more often, whereas a larger value does the opposite [114]. This effect can be clearly
observed from Fig. 5-6. When the interval L has a smaller value, for example, L=0.5, ey
and r;y with a range of -1.5 ~ 1.5 would have 2/3 of the values lying outside the interval [-
L, L] and making the output of the FLC more sensitive to the change of e and r,

whereas a larger value causes the output to be less sensitive to the change of ey and ry.

Output
Output

Output
Output

c)L=15 dyL=20

Fig. 5-6: Interpolation of e\, rn, and FLC output with: a) L =0.5,b) L =1.0,c) L = 1.5, and d)
L=20
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Normally, the value of L is selected to be unity or some constant values to help defining
the scaling factors GE and GR. However, it can also be adjusted afterwards based on the
performance of the controller. For instance, in the proposed DTDCA it requires a tuning
attempt to identify the correct tuning direction after the output voltage has been varied
from a stabilized position. The tuning step-size, as has been discussed before, is
determined by the FLC based on the level of error and rate of error. Considering the
situation of output voltage having a large error with a large rate of error in the wrong
tuning direction, the output of the FLC would become zero according to the control rule
base. This causes the output voltage to have a zero rate of error (insufficient perturbation)
in the next state and requires the controller to take another tuning attempt which can lead
to two different control outcomes; one having a correct tuning direction with a large
tuning step-size and the other having an incorrect tuning direction with a large tuning step-
size. To overcome the insufficient perturbation problem that has been discussed, the value
of L needs be adjusted to a larger value so that the maximum rate of error would never

reach L, and consequently the output of the FLC would never go to zero.

The selection of output scaling factor GU follows similar guidelines as has been used in
mapping the error and rate of error into the interval [-L, L]. The maximum step-size of
control signal is obtained as follows:

AuU_. =H (5-21)

AH_, =GU-H or GU=AHT"HX (5-22)

where Aumax and AHmax are the output signal of FLC before and after scaling, respectively,
for producing the maximum tuning step-size. The selection of H is similar to L which is
generally chosen to be unity or some constant values. But it can also be adjusted after
defining GU Iif it is required to further improve the performance of controller. The effect
of changing the value of H is shown in Fig. 5-7. It can be seen that this can be used to

proportionally change the output level of FLC.
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Output
Output

A5 s

ayH=0.25

Output
Output

15 " s ’ EERET)

c)H=0.75 dH=10

Fig. 5-7: Interpolation of ey, rn, and FLC output with: a) H=0.25, b) H=0.5, ¢) H=0.75, and
d)H=1.0

5.2.6 Standard Procedure of Fuzzy Logic Based (FLB) DTDCA

Since the fuzzy logic controller is designed with the objective to provide dynamic tuning
step-size for the DTDCA to achieve better performance, the standard procedure for
executing the FLB-DTDCA is similar to the original design for executing the SSSA-
DTDCA.

The standard procedure for the DTDCA, after integrating it with the fuzzy logic controller,
is shown in Fig. 5-8. Similar to the original procedure, the procedure of the FLB-DTDCA
can also be divided into two branches, with one for determining the tuning direction which
has been described in Chapter 3, and the other for calculating the appropriate dynamic
tuning step-size by using the FLCA (Fuzzy Logic Control Algorithm). These two branches

are processed simultaneously.
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Initialisation
4
—» Unit delay of 1/fg > Sampling
A A A

If VL(th) > Vret(tn) If Vi(tn) > Vi(th1) ] _ i

Sit) =1 Sit) = 1 ot = Veill) - Vil
Else Else ‘

Sl(tn) =0 Sz(tn) =0 e(tn)

Sl(tn) Sz(tn)
P

Present-state logic results

e(t) e(th-1)
Si(tn) and Sa(tn) > r(t) = e(ty) - e(th)
Determination of Inc. r(tn)
7 or Dec. tuning
component according
to egn. (3-2) —» Fuzzy logic controller
Su(tn) Sa(tn) or Syftn.1)
Store Sy(t,)
Suftn) GU-Au(t,) or 4H(,)
A 4

Obtain controller’s
output Utt,)using |«
eqgn. (3-3)

U(tn) U (tn-l)

Store U(t,)

Fig. 5-8: Flowchart of standard procedure of FLB-DTDCA
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In the left hand branch, the DTDCA uses the comparison results S;(t,) and S(t,) along
with the previous direction signal Ss(t,) to determine the next direction signal S4(t,). In the
right hand branch, the FLCA performs simple subtraction for the first two processing
blocks to obtain the value of error e(t,) and rate of error r(t,), and the output of the later
fuzzy logic block produces a control signal GU-Au(t,) (or 4H) based on the obtained e(t,)
and r(t,). Finally, the signal of S4(t,) and GU-4u(t,) would be collected and used in the last

processing block for producing the control signal to vary the tuning component.
5.3 Simulation and Experimental Results

The effectiveness of the FLB-DTDCA has been illustrated using both simulations and
experiments. The LCL power pickups used for verification are based on the model and
prototype which have been previously created, whose features have been discussed in
Chapter 4. The results of FLB-DTDCA are compared with the results obtained from
SSSA-DTDCA (DTDCA using SSSA).

5.3.1 Simulation Study of FLB-DTDCA Controlled LCL Power Pickup

The simulation environment and conditions are exactly the same as the ones that have
been conducted in Chapter 4. The FLB-DTDCA controlled pickup is set to have an output
voltage of 5 V, and it is initialized with a 0.02 s delay in the controller for easy
observation and comparison. The scaling factors GE, GR, and GU of the FLC are selected
to be 0.6, 0.37, and 4x10°®, respectively, based on the expected maximum error, maximum
rate of error, and the ratio between the fuzzy logic output and its corresponding tuning
step-size. The pickup model is simulated considering several parameter variations
including variations in its operating frequency, magnetic coupling, tuning capacitance, and
load resistance. The values and variations of these circuit parameters have been given in
Chapter 4.

In the simulation, the pickup encounters the maximum tolerable value of each parameter at
0.1 s and minimum tolerable value at 0.15 s. Each parameter variation of the pickup is
individually simulated, and the results are shown in Fig. 5-9, Fig. 5-10, Fig. 5-11, and Fig.
5-12.
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Fig. 5-9: Simulation result of: a) output voltage V., b) inductance of Lsy, ¢) tuning direction
signal Sy, and d) tuning step-size Ah, of a FLB-DTDCA controlled LCL power pickup under

operating frequency variations
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Fig. 5-10: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction
signal S, and d) tuning step-size Ah, of a FLB-DTDCA controlled LCL power pickup under

magnetic coupling variations

- 147 -



Chapter 5

Fuzzy Logic DTDCA Control of LCL Power Pickup

W)
8
& 4
: 1 @
a)
1 4
ok 4
2 | | | | | | | | |
] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02
(H) x10®
25 T T
b 4
16 -4 b
. -
B |
a5 | | | | I | | I I
0 0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.16 0.13 02
1
08+ H
06+ H
c)
04+ H
02+ H
o | | | I I I I
i} 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02
H) x10®
4
3 4
2 )
. 4
0 L L L Tl T | ’—,_LL\\—L |
] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02
t(s)

Fig. 5-11: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction

signal Sy, and d) tuning step-size Ah, of a FLB-DTDCA controlled LCL power pickup under

tuning capacitor variations
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Fig. 5-12: Simulation result of: a) output voltage V., b) inductance of Ls,, ¢) tuning direction

signal S, and d) tuning step-size Ah, of a FLB-DTDCA controlled LCL power pickup under

load variations
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As can be seen from the results, the tuning step-size has changed dynamically according to
the level of error and rate of error. The controlled output voltage is a constant 5 V with no
steady state error. During the control process, the FLC gradually reduces the tuning step-
size as the output voltage approaches to the desired value, which is a typical PD control
action. This prevents the output voltage from overshooting. For comparison purpose, the
simulation results of the controlled output voltage for the FLB-DTDCA and the SSSA-
DTDCA are shown together in Fig. 5-13 and Fig. 5-14. The simulation conditions for both
cases are identical, except that the maximum tuning step-size is 4 uH for the FLB-
DTDCA and 7 puH for the SSSA-DTDCA. These two values are selected to give the
controllers their best performance in terms of tracking speed and precision. Note that the
control result in different parameter variations has been observed with similarities,
therefore only the results of the operating frequency variation and the magnetic coupling

variation are shown here.

T T T T T T I
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1 )
1
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Fig. 5-13: FLB-DTDCA and SSSA-DTDCA simulation results of: a) output voltage V., b)
inductance of Ls, and c) tuning step-size Ah, of a controlled LCL power pickup under

operating frequency variations
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Fig. 5-14: FLB-DTDCA and SSSA-DTDCA simulation results of: a) output voltage V., b)
inductance of Lg, and c) tuning step-size Ah, of a controlled LCL power pickup under

magnetic coupling variations

It can be seen that several improvements have been achieved in the output voltage
regulation by using the FLB-DTDCA. First of all, the pickup using FLB-DTDCA
dynamically adjusts the tuning step-size based on the value of error and rate of error. This
not only allows the controller to perform smooth reference tracking, but also reduces the
error when the controller is performing tuning attempts. On the contrary, the pickup using
the SSSA-DTDCA has a fixed tuning step-size, which may introduce more errors to the
output voltage if a large tuning step-size is used or sluggish in the overall control speed if
a small tuning step-size is used. Secondly, it can be observed from Fig. 5-13 and Fig. 5-14
that the SSSA-DTDCA may cause significant chattering in the output voltage around the
reference value before the output voltage enters the hysteresis band (HB), whereas the
pickup using the FLB-DTDCA does not have such a problem. And thirdly, steady state
error may exist in the output voltage of the pickup using SSSA-DTDCA since it uses a HB
to avoid unnecessary tuning action after the output voltage reaches to a value close to the
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reference voltage, whereas the pickup using the FLB-DTDCA does not have such an error
since the tuning step-size here would only become zero when the reference value is
exactly reached. It may be argued that the precision of the SSSA-DTDCA can be
improved by reducing the width of the HB; however this can cause the controller to take
more tuning adjustments for fine tuning the output voltage and consequently slows down
the overall control speed. In addition, the noise problem may also arise, which may result
in unnecessary tuning attempts and significant chattering in the output voltage. The
stabilization speed of the SSSA-DTDCA is also heavily dependent on the position of the

reference voltage relative to the output voltage in the fine tuning stage.

0 0

—
—-

b) Case of longer fine tuning period

Fig. 5-15: Possible output voltage conditions for SSSA-DTDCA to have: a) shorter fine

tuning period and b) longer fine tuning period

Figure 5-15 shows the output voltage conditions which can cause the SSSA-DTDCA to
have either a short or long fine tuning period. As it can be seen from the figure, if the
output voltage enters the fine tuning stage having its upper bound values of V(t,), V(ts),
and V(ts), or lower bound values of V(t3), V(ts), and V(t;), close to the reference voltage

Vrer, the SSSA-DTDCA uses less number of tuning adjustments to reach the values within
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the HB. On the contrary, if the output voltage in the fine tuning stage has the reference
voltage being in the middle of its upper and lower bound values, the SSSA-DTDCA
would require more tuning adjustments to reach the values within the HB. And since the
above two output voltage conditions cannot be predicted during the operations, the SSSA-

DTDCA can randomly present short or long fining tuning periods.

5.3.2 Experimental Study of FLB-DTDCA Controlled LCL Power Pickup

In order to compare the control result of the FLB-DTDCA and the SSSA-DTDCA, the
experiments for both the controllers were conducted under the same testing conditions,
including the maximum tuning step-size used. The specifications of the LCL power
pickup have all been given in Chapter 4. Two different experiments were conducted to
separately evaluate the controller performance under the load variations and the magnetic
coupling variations for both the FLB-DTDCA and the SSSA-DTDCA. The controller
performance under the load variations was evaluated by changing the load resistance in
the sequence of 5 Q, 6.5 Q, 3.5 Q, 6.5 Q and back to 5 Q, and the results obtained are
shown in Fig. 5-16, Fig. 5-17, Fig. 5-18, and Fig. 5-19. Note that the significant output
voltage variations observed in the experiments were due to the high rate of change in the
load resistance which was faster than the sampling frequency of the proposed controller.

This undesirable situation can be improved if a faster sampling frequency was selected.

Agilent Technologies --{EIiI{}--Agilent Technologies

a) b)

Fig. 5-16: Output voltage waveform of controlled LCL power pickup under load variation (5
to 6.5 Q) using: a) FLB-DTDCA and b) SSSA-DTDCA
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Fig. 5-17: Output voltage waveform of controlled LCL power pickup under load variation
(6.5 to 3.5 Q) using: a) FLB-DTDCA and b) SSSA-DTDCA

Agilent Technologies

a) b)

Fig. 5-18: Output voltage waveform of controlled LCL power pickup under load variation
(3.5to0 6.5 Q) using: a) FLB-DTDCA and b) SSSA-DTDCA

Agilent Technologies

Fig. 5-19: Output voltage waveform of controlled LCL power pickup under load variation
(6.5t0 5 Q) using: a) FLB-DTDCA and b) SSSA-DTDCA
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Experiments for evaluating the controller performance under the magnetic coupling
variations were performed by changing the relative position between the pickup coil and
the primary track in the sequence of A, B, C, and D, under the following conditions, and

the results are shown in Fig. 5-20.
e A)Voc=247—- 2.8V, k=0.32 — 0.36 (coupling distance 6 — 2 mm).
e B)Voc=2.8—>247V,k=0.36— 0.32 (coupling distance 2 — 6 mm).
e C)Voc=247—>2.15V,k=0.32 — 0.28 (coupling distance 6 — 10 mm).

e D)Voc=2.15—247V,k=0.28 — 0.32 (coupling distance 10 — 6 mm).

Agilent Technologies

6.53V

5.18V
5V ‘A 485V a
Y —

428V

b—A—fpb—8— F—c—F —0—]

PRIMT_OQO

a) b)

Fig. 5-20: Output voltage waveform of controlled LCL power pickup under magnetic
coupling variations using: a) FLB-DTDCA and b) SSSA-DTDCA

The experimental results obtained in this section are in good agreement with the
simulation results obtained in Section 5.3.1. In both cases it has been shown that the
pickup using either the FLB-DTDCA or the SSSA-DTDCA can regulate the output
voltage to be constant in the steady state. However, the FLB-DTDCA shows better overall

dynamic performance than the SSSA-DTDCA in terms of:
1. Control precision — FLB-DTDCA has no steady state error.

2. Transient response — FLB-DTDCA has no large tuning attempts to cause

significant output voltage spikes or chattering.
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3. Control speed — FLB-DTDCA has faster transient response than the SSSA.-
DTDCA on average.

Note that the ripples observed in the controlled output voltage of LCL power pickup using
FLB-DTDCA were caused by the dSPACE platform due to its low resolution ADC output
ports are incapable of handling high precision tuning step change. However, the ripples
can be removed if high resolution ADC output ports are adopted.

5.4 Summary

This chapter has proposed and developed an improved DTDCA by integrating the fuzzy
logic controller into the classical DTDCA to dynamically change the tuning step-size of

the variable inductor in the LCL power pickup.

The design of the fuzzy logic controller consists of fuzzification, formulation of control
rule base, and defuzzification. In the fuzzification stage, the fuzzy logic controller takes
the error and rate of error of the output voltage as its inputs. The error is classified by
using the membership functions of positive-error, positive-zero, negative-zero, and
negative-error. And similarly the rate of error is classified by using the membership
functions of positive-rate, positive-rate-zero, negative-rate-zero, and negative-rate. The
control rule base is formulated to improve the transient performance of the DTDCA, and
there are 13 different analytical expressions that have been obtained for 28 different input
combinations. These analytical expressions can be fitted into the forms of classical control
theory, and the result shows that the proposed fuzzy logic controller can be regarded as a
“local” nonlinear P-like, D-like, or PD-like controller with variable proportional gains and
derivative gains. The defuzzification process is undertaken by the common centroid

method with the Mamdani reference as the inference method.

The guideline for selecting the value of input interval L, output membership value H, and
scaling factors GE, GR, and GU of the fuzzy logic controller has also been provided. It has
been found that after the values for GE, GR, and GU are determined, the values of L and H

may be adjusted to improve the performance of controller if required.

Both the simulation and experimental results have demonstrated that the FLB-DTDCA

(DTDCA using fuzzy logic controller)-achieves: better overall performance in the output
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voltage regulation compared with the results of SSSA-DTDCA (DTDCA using simple
step-size adjustment). The observed improvements in the control performance include: 1)
the additional error that has been introduced by the control tuning attempts is reduced, 2)
there is no steady state error, and 3) the chattering effect in the output voltage is

eliminated and a smooth reference tracking is achieved.
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Chapter 6

Fuzzy Logic DTDCA Control of Parallel
LC Power Pickup

6.1 Introduction

6.2 Fundamentals of Parallel LC Power Pickup

6.3 Effects of LC Circuit Parameter Variations on
Pickup Output Voltage

6.4 Implementation of FLB-DTDCA Controlled LC
Power Pickup

6.5 Simulation and Experimental Results

6.6 Summary

6.1 Introduction

A secondary power pickup based on the LCL tuning configuration has been studied in
Chapter 4 as an alternative to the conventional LC tuning circuit to achieve constant
output voltage. LCL configuration has a theoretical advantage in keeping the output
voltage constant under fully-tuned conditions. Nevertheless, the LCL power pickup loses
its voltage source property under parameter variations such as variations in the operating
frequency, magnetic coupling, and the tuning capacitance. It has been found that although
the proposed DTDCA can achieve full-range tuning in the LCL power pickup, large
output voltage spikes may exist, particularly in the over-tuning region due to the

complexity involved in high order circuit dynamics.

This chapter focuses on applying FLB-DTDCA control to the conventional parallel LC
power pickup for the output voltage regulation. Structurally, the LC power pickup has less
energy storage elements and lower system orders, so the system dynamics are less

complicated compared to the LCL power pickup.
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6.2 Fundamentals of Parallel LC Power Pickup

6.2.1 Steady State Characteristics of LC Tuning Circuit

The parallel LC power pickup is most commonly seen in the IPT systems. The simplified
circuit of the parallel LC power pickup without considering the ac-dc rectification is
shown in Fig. 6-1. As can be seen from the figure, the LC power pickup consists of a
secondary pickup coil with self-inductance Ls, a tuning capacitance Cs, and a load
resistance Rac to form a simple second order system. The resistance Rac is the ac
equivalent resistance of the dc load resistor R (see Fig. 2-20), and the ratio between these

two resistances is R,. /R, = z*/8 [21, 77].

Ls

Y YY) >_
Is ICSI
R
Voc Cs A{ Vac

Fig. 6-1: Simplified model of LC power pickup circuit

I

The voltage transfer function of the power pickup can be determined from:

1
Hv (S) — VAC (S) — LsCs (6-1)
Voc(s) S SR
RACCS LsCs

Considering 1,.(s)=V,(s)/Ryc and 1. (s)=V,.(s)/sLs, the current transfer function

of the parallel LC power pickup is obtained from:

() R 1(: >
H,(S)z ac\S — AC™S (6-2)
15 (5) S SR
RACCS LSCS

Equation (6-1) and (6-2) can also be expressed in the frequency-domain using rectangular

form as:
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RACZ(l_a)Z LsCs )_ JoR L

(6-3)
Ry2(l- 0’ LC, ) + 0L’

Hy (Ja)):

H. (jo)= L% + jaR o L [1- 0°LCy )

(6-4)
Ry2(1- 0’L,C, | + 0’ L2

Under fully-tuned condition where a)OZLSCS =1, equation (6-3) and (6-4) can further be

reduced to:
. - iR
Hv(on):ﬁ (6-5)
@yl
H, (ja,)=1 (6-6)

The absolute value of (6-5) is also known as the quality factor Qs , of the parallel LC
power pickup. From (6-6), it can be seen that the output current is equal to the short-circuit

current of the pickup coil under fully-tuned condition.

6.2.2 Controllable Power Transfer Capacity of Parallel LC Power Pickup

The maximum power of the parallel LC power pickup has been given in Chapter 2, and it
is governed by the quality factor Qs ,, of the circuit. However, the LC power pickup can
also be controlled to perform detuning operation for meeting the actual load demands. The
tuning condition of the LC power pickup can be changed by simply having a variable
tuning capacitance in the resonant tank. Considering the normalized adjusting ratio of the

tuning capacitance is presented by:

C Vv
Vagj = = (6-7)
C:S_r_a)0
where C, , is the variable or actual tuning capacitance and C, , , is the tuning

capacitance under fully-tuned condition which is equal to ]/a)OZLS , the magnitude of the

output voltage and current can be obtained as:
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RAC\/RAC adj) +a)02LSZ

Vv 6-8
RS frelLt ©8)
2 2 2
lac = ks \/R(AC 5 ):d—Ji—)a)+ " “lsc (6-9)
0 S

By substituting Qg , =R,c/@,Ls into (6-8) and (6-9), the equations can be further

simplified as:
VAC = Kv 'Voc = Bc 'Qs_pVoc (6‘10)
l'ac =Bclsc (6-11)

where Ky is the operational voltage boosting factor of the tuning circuit and equals to

Bc -Qs ,- Bc is a newly introduced variable which represents the controllable boosting

coefficient and can be determined from:

JQs L 2l-rg P +1
QS_p ( adj) +1

B. = (6-12)

From (6-12), it can be seen that the controllable boosting coefficient has a maximum of
unity when rag; equals to 1 and a minimum of 0 when r.q; approaches infinity. Figure 6-2
and 6-3 show the system response of the parallel LC power pickup with respect to the
variation of normalized tuning capacitance under different Qs ,. From the figures it can be
seen that the quality factor of the LC tuning circuit directly controls the magnitude of the
maximum output voltage. But this has no effect on the maximum output current. The
sensitivity of the LC circuit to the variation of tuning capacitor increases with the value of
Qs_p for both its output voltage and output current. Under high Qs , operation, the phase

difference between the input and output voltage is approximately zero when r,q; equals to
zero (fully-detuned in under-tuning region), —7/2 when ruq; equals to unity (fully-tuned),
and —z when raq; approaches infinity (fully-detuned in over-tuning region). The phase
difference between the input and output current is approximately /2, 0, and —x/2, for

ragj €quals to zero, unity, and approaches infinity respectively.
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Qs_p:3

Magnitude

Phase (rad)

Fadi

Fig. 6-2: Output voltage response of parallel LC power pickup with respect to the variation

of tuning capacitance under different Qs ,

Magnitude

Phase (rad)

Fadi

Fig. 6-3: Output current response of parallel LC power pickup with respect to the variation

of tuning capacitance under different Qs |
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Pac

Qs p=8
Q S7p:4 |
Q S_p~— 2

Fadi

Fig. 6-4. Power transfer capacity of parallel LC power pickup using variable tuning
capacitor under different Qs ,

Considering the output power of the pickup is P,. =V,.I ¢, the variable power transfer

capacity of the parallel LC power pickup can therefore be determined from:

Qs

Pac =
Qs_pz(l_ fa

Vol 6-13
dj)z 1 loclsc (6-13)

Figure 6-4 shows the power transfer capacity of the parallel LC power pickup using

variable tuning capacitor.

6.3 Effects of LC Circuit Parameter Variations on Pickup
Output Voltage

Similar to the LCL power pickups, the conventional LC power pickups also have

parameter variations which can cause the output voltage of the pickup to fluctuate. The

most common parameter variations that can be seen in the LC power pickup include but

not limited to the variations in the operating frequency, magnetic coupling, and the load.
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In order to compensate for these variations by using the variable tuning capacitor Cs, this
section of the chapter is focused on the analyses of the relationships between the variable
tuning capacitance and the output voltage of the parallel LC pickup under these parameter

variations.

6.3.1 Operating Frequency Variation

As it has been discussed before, the variations in operating frequency can cause the
secondary pickup to detune from its resonant frequency, as well as changes the magnitude
of the open-circuit voltage of the pickup coil. Considering these two factors, the output

voltage of the LC pickup under the operating frequency variations can be determined

2
1
\/Qspz[af rade +1
a
1 2
Qs_pz[—afrade +1
O

where o; is the normalized frequency variation index that has been used in Chapter 4.

from:

VAC = ) Qs_ pVOC (6-14)

From (6-14), it can be seen that the maximum output voltage of the pickup has remained
unchanged. But the adjusting ratio raq; for achieving the fully-tuned condition has been
shifted to:

adj_ fur — 2
o

Figure 6-5 shows the output voltage behavior of the LC power pickup under operating
frequency variations. It can be seen that the entire tuning curve would be shifted to the left
if it is a positive variation and to the right if it is a negative variation, and they show

identical behavior in both the under-tuning and over-tuning regions.
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VAC T T T T T T

VACﬁfvrim ax |-

ladj fur1 Tadj_fur2 Tadj_fur3

0 1 2
ladj

Fig. 6-5: Output voltage behavior of parallel LC power pickup using variable Cs under

operating frequency variations

In order to maintain the output voltage to a constant desired value Vi, the adjusting ratio
of the tuning capacitance has to be varied accordingly. By rearranging (6-14) into a
quadratic equation with respect to the ratio rag and solving it to find the desired ratio

gives:

(6-15)

adj_ fv = 2 |t
O Qs _,

where ry is the ratio between the desired voltage Vs that needs to be kept constant and the
maximum output voltage of the parallel LC power pickup (Vac r) under fully-tuned

condition. And it can be expressed as:
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Vref V
VAC _R QS _ pVOC

ref

N = (6-16)
From (6-15) it can be seen that the tuned-point of the output voltage is shifted by ]7/ af2 :

and the span of the two solutions increases with increase of a; but decreases with increase

of either r, or Qs . To have valid solutions in (6-15), the ratio ry has to be smaller than 1.

ladj . ‘
rn=0.7

1.2+ B

ladj fv_oT

11

T 3
ladj fv_UT

0.9

|
|
|
|
|
|
|
|
!
|
|
|
|
|
l
0.8 1 .
0.95 1

Fig. 6-6: Adjusting ratio for parallel LC power pickup to achieve desired r, under operating

frequency variations

Figure 6-6 shows the relationship between the operating frequency variation and the
adjusting ratio for achieving the required ry in the LC power pickup. The ratio to achieve
fully-tuned condition is represented by ragj . The solutions of the required ratio are
separately shown in the figure according to their operating region and represented by
ladj fv ot and ragj ,_ut for the ratios in the over-tuning region and the under-tuning region
respectively. A quasi-linear relationship has been observed between the operating
frequency variation and the adjusting ratio, and in addition, the amount of adjusting ratio
that it takes for the tuning capacitor to compensate for the operating frequency variations

in the under-tuning and over-tuning regions are almost identical to each other.
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6.3.2 Magnetic Coupling Variation

The variations in the magnetic coupling between the primary current track and the
secondary power pickup directly affect the open-circuit voltage of the pickup coil.
Considering that the normalized magnetic coupling variation index is ao. and the affected

open-circuit voltage is equal to « V.., the output voltage of the pickup under magnetic

coupling variations can be expressed by:

_ aoc\/QS_pz(l_ Vagi )2 +1

= (6-17)
" QS_pz(l_radj)z +1

‘Ns pVOC

VAC T T T T T

VAC_ocvr_maxl

VAC_ocvr_maxz

VACfccvrﬁmaxB

2
Fadi

Fig. 6-7: Output voltage behavior of parallel LC power pickup using variable Cs under

magnetic coupling variations

Figure 6-7 shows the output voltage behavior of the LC power pickup using variable
tuning capacitor under magnetic coupling variations. From the figure it can be seen that

the shape of the tuning curve remains unchanged, but the level of the tuning curve is lifted
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or lowered by a factor of aq, and therefore the maximum output voltage Vac_ocvr max under

the magnetic coupling variations is changed according to @,.Qs Vo -

To keep the output voltage constant at a desired level, the required adjusting ratio for the

variable tuning capacitor can be obtained from:

a | L_ 1
_ " rk2 aocz
r-adj ocv =1+ (6'18)
- QS p

It can be seen that the magnetic coupling variations do not affect the position of the tuned-
point but the distance between the two solutions increases with the value of oo, which

shows that the tuning curve gets expanded with a larger ao.. Note that the valid solutions

in (6-18) can only be obtained when r, <« . This means that to allow the controller to

successfully maintain the output voltage to be constant, the desired output voltage has to
be less than or equal to the MMOV (Vac_ocvr maxs Shown in Fig. 6-7) at the tuned-point.

Fadj . : T
I'k=0.7
1.2 N
11 N
r'adj_ocv_OT
r .
10 adj_ocvr
I'adj_ocv_UT
0.9 i
08 1 1
0.8 1 1.2
Ooc

Fig. 6-8: Adjusting ratio for parallel LC power pickup to achieve desired r, under magnetic

coupling variations

Figure 6-8 shows the relationship between the ratio rag and the variation index aoc for

achieving a predetermined ry. The desired adjusting ratios are represented by ragj ocv ot and
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ladj_ocv_uT 10 separately show the results obtained in the over-tuning region and the under-
tuning region respectively. The ratio for achieving the maximum output voltage has been

found to be unity and represented by Fagj ocur-

6.3.3 Load Variation

To observe the effects of the load variations on the output voltage of the pickup, the
normalized load variation index «, is used here. The output voltage under the load
variations can therefore be obtained from:

1

\/Qs_pz(l_ "adj)2 +?
Vic = , 3 1r 'Qs_pvoc (6-19)
Qs _p (1—l’ad,-) +?

r

and the required adjusting ratio for maintaining the desired output voltage constant under

the load variations can be determined from:

1 1
2 2
~ o a
radj v 1+ (6'20)
N QS_ p

Notice that the valid solutions in (6-18) can only be obtained when the condition of

. <o, is met, which also requires that the desired output voltage to be less than the

MMOV (Vac_rr maxa Shown in Fig. 6-9) that caused by the load variations at the tuned-
point. Figure 6-9 and 6-10 show the output voltage behavior of the LC pickup under load
variations and the required adjusting ratio for maintaining the output voltage to be
constant with a given ry, respectively. From Fig 6-9 it can be seen that the output voltage
behavior in this case, is similar to the result of magnetic coupling variations, which the
concerned parameter variations only cause the maximum output voltage of the pickup to
vary but does not shift the tuned-point of the pickup. It can also be observed that by
operating the LC pickup in the detuning region, the output voltage variation with respect
to the load variation is much less than when the pickup is fully-tuned and can therefore

prevent the load from significant overvoltage during sudden load changes.
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VAC

VAC_rvr_max 1

VAC_rvr_maxZ

VACﬁrvrﬁmaxS

Qs p=10

1 2
ladi

Fig. 6-9: Output voltage behavior of parallel LC power pickup using variable Cs under load

variations

ladj
121

11 //
radj_rv_OT

r=0.7

10 radj_rvr
radj_rv_UT
09+ B
0.8 I I
0.8 1 1.2
Oy

Fig. 6-10: Adjusting ratio for parallel LC power pickup to achieve desired r, under load

variations

- 169 -



Chapter 6 Fuzzy Logic DTDCA Control of Parallel LC Power Pickup

6.3.4 Choice of Qs , and ry

It is known that the quality factor Qs , of the LC pickup can change the shape and
magnitude of the tuning curve, and the choice of ry can lead to different output voltage
variations with respect to the concerned parameter variations. The effect of these two
factors on the relationship between the output voltage variation and the parameter
variation is therefore needed to be investigated. Since the output voltage behavior of the
parallel LC pickup is almost identical in the under-tuning and over-tuning region, only the

results in the under-tuning region are presented here.

Vari. of Vari. of
Vac (%) r r r r Vac (%)

+20 |
+10 | +10 —— 1207

ol - 1 0
10| | -10

20 -20

0.99 1 1.01 08 ' ' i ' ' ' 12
a) Operating Frequency Variation b) Magnetic Coupling Variation

Vari. of
Vac (%)

10 -

-20

08 1 12

c) Load Variation

Fig. 6-11: Relationship between output voltage variation and parameter variation under a

constant Qs , and different ry

Figure 6-11 shows the output voltage variations (in %) caused by: a) operating frequency
variations, b) magnetic coupling variations, and c) load variations, under a constant Qs
with different ry. The output voltage variation increases with ry in the case a) and c), but it
has not been affected by ry in the case of b). In addition, it may not be obvious to observe
the nonlinearities that appear in the results of case a) and c), but the nonlinearities do exist
and can be improved by using lower r. Figure 6-12 shows the output voltage variations

(in %) caused by the considered parameter variations under a constant V¢ with different

- 170 -



Chapter 6 Fuzzy Logic DTDCA Control of Parallel LC Power Pickup

Qs_p. From the figure, it can be seen that the output voltage variation increases with Qs
in the case a), but decreases to the increase of Qs in the case c). Notice that the
relationship between the output voltage variation and the magnetic coupling variation still
remains unchanged, which makes it the only case that is not affected by either r, or Qs

amongst the three cases that has been discussed.

Vari. of Vari. of
Vac (%) | , , , , — Vac (%)
L Qe
420 —— Qs=12 +20
Qs »=10

+10 +10
— Qs,714

— Qs,712
Qs p=10

0.99 1 101 08 ' ' JI. ' ' ' 12
a) Operating Frequency Variation b) Magnetic Coupling Variation

Vari. of

0,
Vac (%) L Qeu

+20 - —— Qs,F12
Qs =10

+10 -

0.8 1 12
Or
c) Load Variation

Fig. 6-12: Relationship between output voltage variation and parameter variation under a

constant V¢ and different Qs ,

The results obtained from both Fig. 6-11 and Fig. 6-12 has shown that the LC pickup is
most sensitive to a), followed by b), and c¢). Based on the obtained results, it can be seen
that the sensitivity of output voltage in the case a) and c) can be reduced by using lower ry.
Varying Qs , can also achieve different circuit sensitivity, but it leads to two conflicting
situations. The first conflict is that the sensitivity of the output voltage increases with Qs
in the case a), but decreases in the case c), which means that a tradeoff between the output
sensitivity of case a) and c) is needed if Qs , is to be varied. The second conflict happens
due to the direct relationship between Qs , and ry. For example, under a given voltage
reference, increase/decrease in Qs , would mean decrease/increase in ry. Therefore, Qs

and ry can only be selected by considering all three investigated cases together.
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6.3.5 Operating Range of Variable Cs

To fully compensate for the parameter variations that have been previously analyzed, the
integrated effect of these parameter variations on the output voltage needs to be

investigated. The output voltage of the LC pickup under such a consideration can be

2
1 1
aoc\/Qsz(afradjj +72
af ar
V.o =

AC — 2
ol 1 1
QS_p (_afrade +—
ar

expressed by:

'Qs_ pVOC (6'21)

Ay

Equation (6-21) can also be rearranged to obtain the required adjusting ratio ragj pv for
achieving the desired output voltage under the integrated effect of the parameters

variation, and the required ratio can be determined from:

_ 1 1 _
k ocr
I’adj_ pv = 7 . 1i QS (6'22)
f _Pp

To have valid solutions in (6-22), the following condition has to be met:

r<o,o

ocrr

To fully compensate for all the considered parameter variations, the worst-case scenario of
the practical operations has to be considered for obtaining the minimum and the maximum
of the adjusting ratio ragj pv. The distance between the Min and Max of ragj py IS defined as
the operating range of the variable Cs. Based on the results shown in Fig. 6-5, Fig. 6-7,
and Fig. 6-9, it can be seen that the Min and Max of ragj v can be calculated using (6-22)

with the following conditions.

Maximum required ratio (ragj pv max)
e The parallel LC power pickup is operating in the over-tuning region of the tuning

curves.
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e The operating frequency is at nominal value - maximum allowable tolerance, and
the magnetic coupling and load variations are at nominal value + maximum

allowable tolerance.

Minimum required ratio (Fagj_pv min)

e The parallel LC power pickup is operating in the under-tuning region of the tuning
curves.

e The considered parameter variations are all at nominal value + maximum

allowable tolerance.

6.3.6 Comparison of Output Voltage Variation to Parameters Variation
between LC and LCL Tuning Circuits

In this section, the output voltage variation to the parameters variation between the LC and
the LCL power pickups is compared, so that the differences between these two tuning

configurations can be understood.

Figure 6-13 and 6-14 show the comparison results with respect to: a) operating frequency
variation, b) magnetic coupling variation, and c) load variation between the LC and the
LCL pickup, under the condition of a constant kyg or Qs , with different r and a constant
voltage reference with different kyg or Qs p, respectively. It can be seen from the results
that the output voltage of the LCL pickup is more sensitive to the parameters variation
especially under the condition of a), and as the voltage boosting factor increases, its output
voltage variation increases further and can be 4 ~ 5 times larger than the LC pickup. In the
case of ¢), the results show that the LC pickup would have lower voltage variation than the
LCL pickup when it encounters sudden load changes. However, it should be noted that if
rc is set to unity, the LCL pickup would have zero voltage variation to the load variation

due to its voltage source property.

Based on the results shown in Fig. 6-13 and Fig. 6-14, it can be seen that the LC pickup
would have better transient performance than the LCL pickup due to its lower output
sensitivity to the parameters variation. However, if the IPT system uses a primary power
supply with a fixed switching frequency, then the LCL circuit may still be a good
alternative to the tuning configurations of the power pickup due to its voltage source

property.
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Fig. 6-13: Comparison of output voltage variation to parameters variation between LC and

LCL tuning circuit under a constant kyg or Qs , with different ry
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Vari. of Vari. of
Vac (%) ' i Vac (%)
—— Q714
+40 ——— Qs,=12- +40
Qs p=10
+20 +20
e ] —— K14 1
0 B 0 e Kyr=12 |
S — Kyr=10
-20 -20
-40 B -40 R
LC Tuning Circuit LCL Tuning Circuit
0.99 ) ' I I 1 I ‘ ‘ ‘ 1.01 0.99 I ' - ) i I I I I 101
of of
a) Operating Frequency Variation
Vari. of Vari. of
Vac (%) . Vac (%) ,
— Qs,714 —— Kw=l4
+40 - —— Qsp=12- +40 - —— Kyw=12 -
Qs,=10 Kur=10
+20 - +20
0 - 0 4
-20 - L -20 - 4
-40 . . | -40 . . 1
LC Tuning Circuit LCL Tuning Circuit
0.8 ‘ ‘ ‘ 1 ‘ ' 12 0.8 ‘ ‘ ‘ 1 ‘ ] 12
Oloc Oloc
b) Magnetic Coupling Variation
Vari. of Vari. of
o . 9 :
VAC (A) —— Qs,=14 VAC (A]) — Kw=14
+40 | —— Qs,=12- +40 —— Kw=12
Qs ;=10 Kyr=10
+20 +20
0 B {___,J—’—*""_i_i_i_, o _—
20 - 4 -20
-40 R . e -40 . . A
LC Tuning Circuit LCL Tuning Circuit
0.8 I I I 1 I ‘ 12 0.8 ‘ ‘ ‘ ‘1 I I ‘ 12
o Oy
c) Load Variation
Fig. 6-14: Comparison of output voltage variation to parameters variation between LC and

LCL tuning circuit under a constant V. with different kyg or Qs
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6.4 Implementation of FLB-DTDCA Controlled LC Power
Pickup

6.4.1 Structure of Switch-Mode Variable Capacitor Controlled LC Power
Pickup

Pickup Loc - I
. -
Coil »
ol
M } | IcDC
IP ~ B ‘ ‘
(G
- Viect Coc D R | VL
Voc T
ch
FLB-DTDCA
0 <

e Vet

Fig. 6-15: Structure of variable capacitor controlled parallel LC power pickup

The basic structure of the proposed parallel LC power pickup is shown in Fig. 6-15. It
consists of the main circuit of a parallel LC power pickup and a control circuitry to form a
complete secondary system. The LC tuning configuration provides a constant output
current to the load under fully-tuned conditions. The tuning capacitance Cs is divided into
two parts; the first part is a fixed value capacitor Cs; which is used for starting up the
pickup circuit, and the second part consists of a capacitor Cs, and two switches (Q; and
Q2), which functions as a switched-mode variable capacitor for changing the tuning
condition of the power pickup. The output voltage V. is used as a feedback signal to the
FLB-DTDCA for producing signals V-1 and Veg2 with controlled duty cycles so that
the ac switch Q; and Q. can be turned on/off accordingly to obtain the desired equivalent
capacitance. This eventually allows the pickup to deliver the power as required by the

load.
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6.4.2 Selection of Cs; and Csg,

In order to have sufficient output power to startup the controller at the initial stage, the

capacitance of Cs; is required to be selected according to the location shown in Fig. 6-16.

| >~

>

C Cs1#+C.
0 S1 s1+Cs2 CS

Fig. 6-16: Proper location of Cs; on tuning curve of output voltage

The voltage Vsiarwp iS the voltage required to startup the controller. The value of Cs; can be
determined by using (6-22), with the operating frequency, magnetic coupling, and load
variations being considered at nominal value - maximum allowable tolerance. Such a
consideration would allow the pickup to startup the controller under all possible

parameters variation that has been considered.

The operating range of Cs to fully compensate for all possible parameters variation has
been determined previously, however since the capacitance obtained from the minimum
required ratio ragj pv min May not be equal to the value of Cs; determined here, the previous
calculated operating range can only be regarded as the minimum operating range. Hence,

the actual operating range of Cs, can be expressed as:

Cs,=C -Cs, (6-23)

pv_max

where Cpy_max IS the capacitance obtained from the maximum required ratio ragj py_max-
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6.4.3 Equivalent Capacitance of Cs;

For the resonant circuit using an ac switched capacitor, the waveform of the voltage in the
ac tank and across the capacitor can be represented by Vac and V¢ respectively, in Fig. 6-

17.

ot

Fig. 6-17: Voltages and control signals of ac switched capacitor

From the above illustration, it can be seen that the signal Vcyi.r and Veyr2 control the
on/off period of the capacitor in the positive and the negative cycles respectively. When
the capacitor is switched off (at 0), the voltage across the capacitor would be capped at
Vc ot since there is no more current flowing through the capacitor to charge it. The
capacitor only gets discharged when Vac is lower than V¢ (at ©-0). Such a technique can
control the amount of electric charges accumulated inside the capacitor and hence
achieves a variable equivalent capacitance for changing the tuning condition of the pickup
[66, 67].
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The relationship between the switching angle and the voltages can be expressed as:

Vv
0 = sin 1( i—"”J (6-24)

AC

The switching angle can also be directly related to the duty cycles of the control signal and
has a linear proportional relationship of:

T

0=
100

(D-50) (6-25)
where D is the duty cycle of the control signal Vcyi-1 and Vey2 in percentage. Considering
that the electric charges stored inside an ac switched capacitor are equal to that of using an

equivalent capacitance Ceq, an equation can be obtained as follows:

[[CoVe d(@t)=[ CV,csin(wt)d(@t) (6-26)
By expanding (6-26) into segments according to V¢ as shown in Fig. 6-17, the following
equation can be obtained:

1 4 A . 7—0 V4 A R
Cy = 2\7AC UO Cq,V e SIn (a) t) d(a) t)"‘ .[9 CsVe o d(a) t)"‘ Iﬂ_ecsszc sin (a) t) d(a) t)j|

(6-27)

Solving (6-27), the variable equivalent capacitance which is obtained by changing the duty

cycle of the control signals is determined from:

Ce =Cs, {1— cos (%J + 7{1— B)sin (ﬂ(D—_SO)ﬂ (6-28)

100 100

where D has a variable range of 50 ~ 100% since the control signals V-1 and Vg2 are
responsible for each 50% of the complete cycle. Figure 6-18 shows the relationship
between the equivalent capacitance and the duty cycle. As it can be seen from the figure,
the variable equivalent capacitance has a capacitance equals to Cs, when both switches are
fully turned on and zero when both switches are at 50% duty cycle.
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5 o0 95 100

D (in %)

Fig. 6-18: Relationship between C., and D of ac switched Cs;

6.4.4 Switching Signals for Q; and Q,

Cs2 = Cso = Cs2 = Cs2 =

Ql : VQ1:0 Ql : VQ1:O : VQ2:0 : VQ2:O
— — QZ — Q2 —

Fig. 6-19: Conditions of achieving ZVSin Q; and Q,

To reduce the switching losses in Q1 and Q, soft-switching technique such as ZVS (Zero
Voltage Switching) has to be employed. Figure 6-19 shows the conditions when the ZVS
can be achieved in Q; and Q.. Assuming that both Q; and Q, are ideal switches and have
no voltage drop in full conduction states, the conditions of a) and c) show that Q; and Q-
can be turned off anywhere in between 6; to 6, and 6, to 65 as shown in Fig. 6-20,
respectively, to achieve ZVS, as long as these switches are in forward conduction.
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Ve & IcA Full

conduction

Q2

switched

Fig. 6-20: Voltage and current waveforms of Cs, under full conduction and being switched

To achieve ZVS in the conditions of b) and d) where the current starts to flow through the
body diode of the switches and the voltage across the switches equals to zero if the
forward voltage drop of the diode is neglected, Q; and Q. have to be switched on in

between 03 to 65 and 6 to 07, respectively.

In order to achieve the ZVS while still giving the correct control signals to Q; and Q and

obtain the desired equivalent tuning capacitance, a CSC (Control Signal Conversion)
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method is proposed here. Figure 6-21 shows the signal waveforms that are required for

generating the control signals for Q; and Q; to achieve such a task.

Ve A
|
ot
Vsq A
|
ot
Vtrig A
Sa.
—>
So, 0t
VCtrI-l A N . N N N N N N
_I off ©on off oon
; — — — >
ot
Vcul-2 A . :
on off . on off
: . . >
ot

Fig. 6-21: Waveform of signals used for generating V.1 and Ve

The voltage signal Vs, is obtained by comparing Vac with ground reference through a
comparator as shown in Fig. 6-22 a), and it is used as an indicator for the positive (Vsq > 0)
and the negative (Vsq < 0) cycles of Vac. The voltage signal Vyig is obtained by integrating
Vsq through a passive integrator as shown in Fig. 6-22 b), and it is used as a reference

signal with which the control signals S, and S, are compared. The signals S, and S,

have a relationship:

So, =3, (6-29)

where S, is equal to the output signal U(t) of the FLB-DTDCA.
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Vac \:'J 3
sq
Cintg
|
I
Rintg
— M/ —
\r,qu —/\/ b
Vtrig

Fig. 6-22: Signal generation of: a) Vsq and b) Vg
The waveform of the signals shown in Fig. 6-21 has been summarized in Table 6-1.

Table 6-1: Truth table for V¢y.. and Vey.o generation

Possible | Vsq >0 | Sg >Virig | Sq, > Virig

VCtrI—l VCtrI—Z
Cases | (x) (%) (%)
Case 1 0 0 0 1 0
Case 2 0 0 1 N/A | N/A
Case 3 0 1 0 1 0
Case 4 0 1 1 1 1
Case 5 1 0 0 1 1
Case 6 1 0 1 N/A | N/A
Case 7 1 1 0 0 1
Case 8 1 1 1 0 1

The result of Table 6-1 can further be simplified using Boolean expressions. Hence the
control signals V1.1 and Vg2 can be obtained as:

Ve =X + X, (6-30)
Vw2 =X + X3 (6-31)

6.4.5 Guideline for Selecting Sampling Frequency of LC Power Pickup

Similar to the LCL power pickup, the LC pickup also requires certain time period for the
circuit to reach its steady state after taking control action, and the controller has to wait for
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that period of time to pass by before it can take another valid sample from the output
voltage. The LCR (Inductor-Capacitor-Resistor) circuit at the dc side of the LC pickup has
been identified as the major cause of this output delay. Figure 6-23 shows the dc side of
the LC pickup, and the output voltage can be approximated by using the model shown in
the figure.

I—DC
YY)

Vet @ Coc= Re Vi

Fig. 6-23: Model for dc output voltage analysis of parallel LC power pickup

As each control action would cause the output voltage to have a step change, the rectified
voltage Ve is therefore modeled as a step voltage, and a differential equation can be

derived as:

4%V, | Ly dv,

L,.C
PETRC dt2 R, dt

+ VL = Vrect (6'32)

The time-domain solution of the output voltage to this step change in the input voltage can

V (t)=V,o {1+ %e: He; - e;] -~ (e"t + ei H} (6-33)

4R °C
where A=i B=1-—-—¢  7=2R.C,., and a =7A

JB' Loe

be obtained from:

Equation (6-33) can be further simplified as:

V (t)=V.. {1+ e {— A-sinh [lj _ cosh(iﬂ} (6-34)
(04 [04
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V ([t)=V,., {1+ e77t [— jA-sin (éj - cos(éﬂ} (6-35)

where a is a real number in (6-34) and an imaginary number in (6-35). The nature of a is

determined by the term B, and o has real numbers when L, >4R, *C,. Or imaginary

numbers when L, < 4R, “C,.. Depending on the value of «, the output voltage response

can be under-damped, critically-damped, or over-damped. Figure 6-24 shows the three
different types of the output voltage response.

Vi
v
Under-damped (Lpc < 4R *Cpc)
—— Critically-damped (Loc = 4R *Cpc)
—— Over-damped (Loc > 4R ’Cpc)
0 t

Fig. 6-24: Output response of LCR circuit to a step voltage under different Lpc

The ideal output voltage response here is to have a fairly short settling time while still
having low overshoot (under-damped but close to the boundary of critically-damped). This
can be achieved by properly selecting the values for Lpc and Cpc. In [116], it has been
found that in order to obtain a power transfer capacity that is close to the maximum (>

90%), the minimum inductance of Lpc has to be selected according to:

Re i R o
Loc_nin =0.992 L;)”‘” ~ Lg)’"“ (6-36)

where Ri_min is the minimum load resistance. Note that the dc inductance obtained in (6-

36) is only valid when the output of the pickup is a constant dc voltage. By substituting (6-

b ki o



Chapter 6 Fuzzy Logic DTDCA Control of Parallel LC Power Pickup

36) back to the term B, the critical capacitance of Cpc to give an ideal output voltage
response under all possible load resistances can be obtained by meeting the condition of:

Cop 02—t (6-37)

pc_c =
4o RL_min

However, it does not guarantee the constancy of the output voltage. To select a proper
capacitance for Cpc so that it forms a low-pass filter together with the dc inductance Lpc,
the reactance of Cpc has to be much smaller than that of Lpc (X¢ << X.). This would allow
the LC low-pass filter to function as a voltage divider with a large dividing ratio for the ac
component of the actual rectified voltage Ve, and hence can result in a constant voltage
at the output. The ripple magnitude of the output voltage can be obtained from [117]:

1
e 30 LocCoc

v, (6-38)

The capacitance of Cpc under a given ripple magnitude can be determined from:

Coe = 1 M = 1 Vi (6-39)
3a)ZI-DC Vripple 3wR Vripple

L_min
Note that (6-39) is obtained by substituting the inductance of Lpc from (6-36).

Considering the settling time ts is the time required for the output of LCR circuit to reach
and stay within a specified tolerance band, for example, 2% of its final value, then the
settling time is given by:

e ¥/?RCc =002 or t ~8RC,., (6-40)

and the sampling frequency of the controller needs to be designed base on the maximum

settling time t, ., *8R_ xCoc mx» Where R max is the maximum load resistance and

Cbc max IS the maximum dc capacitance. The value of Cpc max Can be obtained by

substituting V, =V, ., into (6-39). Therefore, the sampling frequency of the controller is

determined from:
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R

L_min . Vripple (6'41)

L_max L_max

w
f, =0.375

Equation (6-41) can be used as a general guideline for selecting the sampling frequency of
the FLB-DTDCA. A faster sampling frequency can be achieved by using a dc inductance
larger than the minimum required dc inductance obtained in (6-36) despite the fact that the
ESR of the inductor may be increased, which would reduces the required dc capacitance in

(6-39) and hence increases the sampling frequency.
6.5 Simulation and Experimental Results

6.5.1 Simulation Study of FLB-DTDCA Controlled LC Power Pickup

The FLB-DTDCA controlled LC power pickup is simulated in Matlab/Simulink with
PLECS. Figure 6-25 and 6-26 show the LC power pickup circuit emulated by PLECS and

the complete simulation model respectively.

L1 L2
M [ '
+ : X +
Y c1 22 Diode +
- ® - Rocfier  RC2 vmt (V)—CD
Outl
|
A
Inl =
In2 In4

Fig. 6-25: PLECS model of parallel LC power pickup

The pickup coil has a self-inductance of 17.8 uH (L1) with an open-circuit voltage of 2.8
V under the operating frequency of 38.4 kHz. The nominal dc load has a resistance of 20
Q. This gives the quality factor Qs , of the tuning circuit to be approximately equal to 5.75
under fully-tuned condition. The maximum dc output voltage of the pickup can reach up
to 10 V; however the desired dc output voltage is predetermined to be 5V in order to fully
compensate for all possible parameters variation. The dc inductance L2 and capacitance
C2 of the LC filter are selected to be 49.736 uH and 18.42 pF, respectively, with the

assumptions that Vi max equals to 8 V and Ve < 0.05 V. The calculated sampling
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frequency based on the selected L2 and C2 is around 242 Hz. However a preliminary
simulation has shown that by using a sampling frequency that is several times faster than
the calculated sampling frequency can still give valid output voltage samples to the
controller. The initial capacitance of the variable tuning capacitor C1 is predetermined at
0.45 pF (in the under-tuning region; tuning circuit is fully-tuned when C1 = 0.965 pF) to
provide a minimum startup voltage (= 3 V) for the pickup.
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Fig. 6-26: Simulink model of FLB-DTDCA controlled parallel LC power pickup

The parallel LC power pickup model is simulated under variations in the operating
frequency, magnetic coupling and load resistance. These are represented by the function
blocks of Variable V_oc and Variable R in Fig. 6-26 and act as the inputs to the LC power
pickup circuit. The operating frequency is varied within a range of 2%, which would
cause the operating frequency to vary from 37632 ~ 39168 Hz. Under such a variation, the

amplitude of the open-circuit voltage is varied from 2.744 ~ 2.856 V. Figure 6-27 shows
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the controlled output voltage of the LC power pickup under the operating frequency

variations.
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T
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Fig. 6-27: Simulation result of: a) output voltage V., b) capacitance of Cg, ¢€) tuning
direction sighal S;, and d) tuning step-size Ah, of a FLB-DTDCA controlled LC power pickup

under operating frequency variations

As can be seen from the simulation result, the FLB-DTDCA has been delayed for 0.01 s to
allow the LC pickup to obtain an initial startup voltage at around 3 V. Then the controller
proceeds with its algorithm to track the reference voltage and stabilizes at 5 V after 0.003
s. The pickup experiences the maximum tolerable operating frequency at 0.04 s and has a
0.48 V of voltage deviation from the reference. At time 0.07 s the pickup experiences the
minimum tolerable operating frequency and the output voltage deviates from the reference
by 1.14 V. It takes 0.0006 s and 0.0016 s for the FLB-DTDCA to successfully regulate the
output voltage back into the desired value for the maximum and the minimum tolerable

operating frequency, respectively.
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Fig. 6-28: Simulation result of: a) output voltage V., b) capacitance of Cs, ¢) tuning
direction signal S,, and d) tuning step-size Ah, of a FLB-DTDCA controlled LC power pickup

under magnetic coupling variations

Figure 6-28 shows the simulation result of the LC pickup under the magnetic coupling
variations. The coupling variation is emulated by having a 30% rise in the open-circuit
voltage (3.64 V) at 0.04 s and a 30% decrease in the open-circuit voltage (1.96 V) at 0.07
s. The rise in Voc causes the output voltage to increase to 6.5 V and takes 0.0018 s for the
controller to bring it back to the reference. The decrease in Voc results the output voltage
to have a 2.7 V drop and takes 0.003 s for recovery.

Figure 6-29 shows the simulation result of the LC pickup under the load variations. In this
simulation, the pickup encounters a drastic +40% load change at 0.04 s which varies the
nominal load resistance from 20 Q to 28 Q and causes small variation in the output
voltage. Then the pickup encounters a -40% change in the load resistance at 0.07 s and
changes the load resistance from 28 Q to 12 Q. This causes the output voltage to have a

voltage drop of 0.93 V but is regulated by the controller after 0.0024 s.
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Fig. 6-29: Simulation result of: a) output voltage V., b) capacitance of Cs, ¢) tuning
direction signal S,, and d) tuning step-size Ah, of a FLB-DTDCA controlled LC power pickup

under load variations

6.5.2 Experimental Study of FLB-DTDCA Controlled LC Power Pickup

A prototype has been built to verify the FLB-DTDCA controlled LC power pickup. The
secondary pickup coil has a self-inductance of 17.8 uH (Ls in Fig. 6-15) with 11 turns of
winding, and it has a nominal open-circuit voltage of 2 VV when it is placed 20 mm away
from the primary track. A nominal coupling factor of approximately 0.2 is obtained from
this experiment setup. The fixed tuning capacitor Cs; has a capacitance of 0.6 puF and is
used to provide a startup voltage of approximately 3 V for the connected load having a
nominal resistance of 100 Q. The variable tuning capacitor Cs, has a capacitance of 0.57
uF, which together with Cg; the tuning capacitor bank gives a variable range of 0.6 to 1.17
uF for covering both the under-tuning and over-tuning regions of the LC power pickup.

The equivalent capacitance of Cs; is controlled by switching the semiconductor devices Q
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and Q- according to the control signals Vcyi-1 and Vg2 respectively. Figure 6-30 shows a
working prototype of the parallel LC power pickup in the laboratory.

Fig. 6-30: Working prototype of parallel LC power pickup

Similar to the considerations that have been previously taken in the simulation studies, the
control results to the variations in the operating frequency, magnetic coupling and load

resistance are included here.

575V

5V

3.9V

1

+~  Mode X Y <2 Y 2 Y2 O viy2
<None> % 5.000V 2.000V

Fig. 6-31: Output voltage waveform of FLB-DTDCA controlled LC power pickup under load

variations
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Figure 6-31 shows the controlled output voltage waveform of the pickup under the load
variations. The resistance of the load was switched in the sequence of 100 — 140 Q, 140
— 100 Q, 100 — 60 Q, and 60 — 100 Q. Note that the primary power supply has a +1%
variation in its operating frequency. Therefore the operating frequency variation was not
separately investigated but naturally integrated into other experiments. From Fig. 6-31, it
can be seen that the FLB-DTDCA can successfully regulate the output voltage of the
prototype to the desired 5 V. Although some chattering in the output voltage has been

noticed, it was due to the limitation of dSPACE output resolution.

0 100w/ & 00s 1000s/ Stop f£ 3550

555V 56V

v o .

4.5V 43V
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>
Cursors Menu

-~ Mode X Y fllo v O Y2 D il V%
<None> v 6.600V 2.000V

Fig. 6-32: Output voltage waveform of FLB-DTDCA controlled LC power pickup under

magnetic coupling variations

Figure 6-32 shows the controlled output voltage waveform of the pickup under the
magnetic coupling variations. The experiment was carried out by changing the operating
distance between the primary and the secondary side in the sequence of 20 — 30 mm, 30
— 20 mm, 20 — 10 mm, and 10 — 20 mm. And still, the output voltage of the prototype
gets regulated by the FLB-DTDCA and has remained constant at 5 V.

Figure 6-33 shows the switch control signals Vi1 and Vg2 during each commutation
cycle. As can be seen from the figure, position P; and P, are places where switch Q, are
tuned off and on respectively and position P; and P, are places where switch Q; are turned

off and on respectively. Each of the control signals can be varied to have duty cycles from
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50 to 100%, and together, they control the equivalent capacitance of Cs, from zero to full

capacitance.

a)

b)

BW Limit Vernier Invert Probe
DC - = _l ~

Fig. 6-33: Voltage waveforms of: a) Vac, b) switching control signal V.1, and c) switching

control signal Vcy.2
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! C)

= Function < Scale +) Offset
1-2 2.00V/ 413V

Fig. 6-34: Voltage waveforms of: a) Vac, b) voltage across switches Q; and Q,, and ¢)

voltage across Csy

Measurements of the voltage across the ac switch (Q; and Q) and the variable tuning
capacitor Cs, were taken to verify the ZVS of the switches. Figure 6-34 shows the
measurement results, and the positions Py, P,, P3, and P4 here are corresponding to the
positions shown in Fig. 6-33. From the above figure, it can be seen that switches Q; and
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Q- are zero voltage switched off at P, and P3 respectively. At positions P, and P4, Q; and
Q2 are zero voltage switched on if the forward voltage drop Vg of the body diode of the
switch is neglected. Hence, ZVS technique was successfully implemented on the

prototype to reduce the switching losses in Q; and Q..
6.6 Summary

In this chapter, the proposed FLB-DTDCA controller has been applied to a conventional
parallel LC power pickup for the output voltage regulation. The behaviors of the LC
tuning circuit including the output voltage, current and power have been investigated

under variable tuning capacitor control in the resonant tank.

Effects of variations in the operating frequency, magnetic coupling and load resistance on
the pickup output voltage have been analyzed, and equations for calculating the required
tuning capacitance to achieve the desired output voltage under these parameter variations
have been obtained. It has been found that in order to cover all the considered parameter

variations, the LC power pickup has to be operated in the detuning region.

The effects of using different quality factor or ry (ratio between the desired output voltage
and the maximum output voltage under fully-tuned condition) on the relationship between
the tuning capacitance and the output voltage have also been investigated. The results
obtained show that the relationship between the output voltage and the magnetic coupling
variation is not affected by the quality factor and ry. However, these two factors do affect
the sensitivities of the output voltage to the variations in the operating frequency and the
load. It has been found that the sensitivities of the output voltage to the variations in the
operating frequency and the load can be reduced by lowering ry. However, if the output
sensitivity is to be reduced through changing the design of quality factor, then by lowering
the quality factor can only reduce the output sensitivity to the operating frequency
variation. But this will increase the output sensitivity in the case of load variation. In
addition, with a predefined constant output voltage, decreasing one of the two factors

means increasing the other.

A comparison between the LC and the LCL power pickup has been carried out based on

the results of the output sensitivities-to the considered parameter variations. The results of
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the comparison show that the LC tuning circuit is less sensitive to the parameter variations
in the detuning region.

A general structure of the FLB-DTDCA controlled LC power pickup has been proposed
based on switch-mode variable tuning capacitor technique. The control range of the
variable tuning capacitor has been determined and the relationship between the controlled
duty cycle and the equivalent tuning capacitance has been obtained. A simplified model
has been introduced which approximates the dc output voltage of the pickup after the
application of each control action. Moreover, a general guideline for selecting the

sampling frequency of the controller has been proposed based on this model.

A method for converting the original output signal of the FLB-DTDCA into control
signals V-1 and V-2 for the ac switch Qq and Q», respectively, has been proposed and
designed for the switches to achieve ZVS. The conversion method has been practically
implemented on a prototype circuit to help reduce the switching losses during operation
while achieving the desired equivalent tuning capacitances.

Both the simulation and experimental results have demonstrated the effectiveness of the

proposed FLB-DTDCA in regulating the output voltage of LC power pickups.
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Conclusions and Suggestions for Future
Work

7.1 General Conclusions
7.2 Contributions of This Thesis Work
7.3 Suggestions for Future Work

7.1 General Conclusions

A comprehensive investigation of full-range tuning power flow control for IPT (Inductive
Power Transfer) power pickups has been undertaken in this thesis. Attention has been paid
to the following four main aspects:

e New power flow control methods and algorithms for the IPT power pickups.

¢ Full-range control of tuning curves of IPT power pickup tuning circuits.

e Effects of variations of parameters of pickup circuit on the output voltage of the
IPT power pickups.

e Performance evaluation of the output voltage regulation of the IPT power pickups.

A general introduction to contactless/wireless power transfer systems has been given in
Chapter 1. It has been shown that although currently the majority of mainstream power
transfer systems are based on direct power flow along the conductors, the demands of
contactless/wireless power transfer systems have significantly been increased in the past
decade and continues to grow due to the unique and convenient way of transferring power.
Three main contactless/wireless power solutions have been discussed, which are energy
harvesting, CPT (Capacitive Power Transfer), and IPT. However, since the energy

harvesting systems are limited to low power applications, and practical implementation of
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CPT is often difficult due to low permittivity of air, the IPT systems have become the
preferable choice for many practical applications. Nevertheless, accurate power flow
control of the IPT systems has been found to be challenging, particularly under variations
of several circuit parameters such as variations in the operating frequency, magnetic
coupling between the primary and the secondary side of the system, tuning capacitance,
load resistance, etc.

In Chapter 2, the basic structure and major components of an IPT system have been
systematically discussed including an overview of the power flow control methods of the
IPT systems. The power flow control methods of the IPT systems are categorized into the
control of primary track current and the control of secondary power pickup. Although the
primary track current can be controlled to regulate the pickup output voltage, it is only
suitable for single power pickup applications. On the contrary, if the power flow control is
applied to the secondary power pickups, each pickup which couples to the primary power
supply can have their own power regulation. Thus the power flow control of the secondary

pickup is a preferable control strategy for multiple-pickups operation.

In the secondary power pickup control, there are three different methods that have been
commonly used in the IPT applications. These are the adoption of simple voltage
regulator, shorting-control, and the dynamic tuning/detuning control. The adoption of
voltage regulator and shorting-control have several drawbacks, e.g., 1) it requires that the
circuit to be fine-tuned and overdesigned to meet the output power requirement under all
parameter variations, 2) significant excessive power may exist under light loading
conditions, and 3) a heat sink is needed for the dissipation of excessive power. Under high
Q operation, the fine tuning process can be more troublesome as the circuit tuning of the
pickup becomes more sensitive to the variations of the circuit parameters. As a result, Q
factor of the power pickup circuit has to be limited, and it is normally below 6 and a
maximum of 10. The dynamic tuning/detuning control which is designed to dynamically
change the tuning condition of the power pickup allows the secondary pickup to only take
sufficient power from the primary side according to the actual load demands and hence
increases the overall efficiency of the secondary pickup. Nevertheless, the adopted

conventional PI (Proportional and Integral) controller is only able to achieve single-side
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tuning control in either under-tuning or over-tuning region, rather than covering the entire

tuning curve of the pickup circuit.

Following the overview of the IPT system and its existing power flow control methods, a
novel control algorithm called as DTDCA (Directional Tuning/Detuning Control
Algorithm) has been proposed in Chapter 3 for the output voltage regulation of the pickup.
The concept of DTDCA is based on using the comparison result of: 1) output voltage
V. (t,) and reference voltage Vi(tn), 2) output voltage V (t,) and output voltage of previous
state V| (tn-1), and 3) the validity of the previous tuning direction signal, to determine the
tuning direction signal of the next state control. Similar to other discrete controllers, the
performance of DTDCA is also dependent on the selection of sampling frequency and the
magnitude of control signal (tuning step-size). However these two factors can vary
depending on the topology of the pickup circuit and therefore require to be examined for

each individual case.

In Chapter 4, an LCL tuning configuration has been thoroughly studied as a potential
alternative to the conventional LC tuning circuit. Theoretically, the LCL tuning circuit
behaves as a voltage source under fully-tuned condition, which is very advantageous in
most applications; since the output voltage can always remain constant regardless of the
load variations. However, variations in the operating frequency, magnetic coupling, tuning
capacitance, and load can exist in practical operations, and their combined effect can cause
the output voltage to significantly deviate from the desired value. It has been found that
the above considered parameter variations would change the magnitude of the possible
maximum output voltage. In addition, the variations in the operating frequency and the
tuning capacitance would also shift the tuned-point from its designated point. These facts
have shown that in order to fully compensate for all the considered parameter variations,
the LCL power pickup has to be operated in the detuning region, which consequently loses

its voltage source property.

Both the simulation and experimental results have proven the effectiveness of the
proposed DTDCA in achieving full-range tuning control, output voltage regulation, and
compensation for the considered parameter variations. This enables the pickup to be fully-
tuned on-line, if required, and makes the high Q operation possible. The two key factors
that govern the controller performance, namely the sampling frequency and the tuning
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step-size, have also been determined. The sampling frequency for the LCL power pickup
has been found to have a proportional relationship with the system operating frequency
and magnitude of the output voltage ripple, but it is inversely proportional to the
magnitude of output voltage. As for the tuning step-size of the controller, it has been
designed to vary according to the state of controller. When the controller is in the coarse
tuning state, the tuning step-size is a fixed value which avoids the tracking process from
traversing between the under-tuning and over-tuning regions. When the controller is in the
fine tuning state, the tuning step-size is changed by an algorithm, called Simple Step-Size
Adjustment (SSSA), to help the DTDCA in reducing the control signal and hence
gradually reaching to the reference value. However, several issues have also been
discovered in the DTDCA controlled LCL power pickup in terms of control quality. First
of all, it has been found that the pickup output voltage is much more sensitive to the
operating frequency and tuning capacitance variations in the over-tuning region than in the
under-tuning region. This causes the LCL pickup to have poor transient output
characteristic when operating in the over-tuning region, and has the possibility of
generating overvoltages when the considered parameters change dramatically. Second,
since the DTDCA requires a validity check for the previous control action before it can
determine the next control signal, the tuning attempt performed by the DTDCA may have
a 50% chance of tuning to the wrong direction with additional error to the output voltage.
Third, although the tuning step-size for the coarse tuning state has been determined on the
basis of avoiding the tracking process from traversing between the operating regions of the
tuning curves so a more efficient control can be achieved. This feature is however only
guaranteed at the initial startup of the controller but cannot be assured at any other times

during the operation.

To solve the above problems, a fuzzy logic based tuning step-size control has been
integrated to the DTDCA in Chapter 5. In the design of the fuzzy logic controller (FLC),
the error and rate of error of the output voltage are taken as the input signals to the
controller. By processing the input signals through the control rule base and
defuzzification, the FLC can generate three different types of output signal, which are
zero, medium and large tuning step-sizes for the corresponding conditions of the FLC
input signals. The analytical structure of the proposed FLC has been analyzed and found

to have 13 different analytical expressions for 28 different input combinations (ICs). The
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obtained analytical expressions can also be expressed by classical forms (P, PI, PD, or
PID) and has got 4 different P-like, 5 different D-like and 2 different PD-like controllers.
These controllers all have nonlinear and variable proportional and derivative gains, and
they can only be treated as ‘local’ P-, D-, or PD-like controllers as they are only valid to
the corresponding ICs. A special attention has been paid to the condition of the output
voltage having a large error and a large rate of error in the wrong tuning direction.
Because the output signal of the FLC under such a condition may go down to zero
according to the control rule base. This requires the interval L of the input signals of the
FLC to be designed larger than the expected maximum rate of error, so insufficient
perturbations during the control process can be avoided.

Both the simulation and experimental results have shown that the LCL power pickup
using FLB-DTDCA (Fuzzy Logic Based Directional Tuning/Detuning Control Algorithm)
for its output voltage regulation obtains better performance in the following aspects:

e Achieving smooth reference tracking without chattering effect in the output
voltage since the tuning step-size is dynamically changed according to the
conditions of error and rate of error.

e Reducing perturbation error in the output voltage when the controller performs a
tuning attempt.

e Removing the steady state error that was originally existed in the SSSA-DTDCA
(DTDCA using Simple Step-Size Adjustment).

In Chapter 6, the FLB-DTDCA has been applied to the conventional parallel LC power
pickup. The equivalent capacitance of the tuning capacitor is switch-mode controlled by
the control signals of the FLB-DTDCA so that the tuning condition of the pickup can be
varied to have different pickup output powers/voltages for meeting the actual load
demands. The effects of variations in the operating frequency, magnetic coupling, and
load resistance on the output voltage of the LC pickup have been studied, and it has been
found that the operating frequency variation causes the designated tuned-point to shift, and
the variations in the magnetic coupling and load resistance both change the magnitude of
the maximum output voltage. A comparison on the output voltage variation to the
parameters variation between the LC and the LCL power pickups has also been carried

out. The results have shown that since both the LC and LCL power pickups have to be
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operated in the detuning region to fully compensate for all possible parameter variations,
the higher output sensitivity possessed by the LCL power pickup (especially in the over-
tuning region) makes the LC power pickup a more preferable choice in applications where

tolerance of drastic output voltage variation is low.

7.2 Contributions of This Thesis Work

The main contributions of this thesis work include:

Proposing a full-range tuning control algorithm namely DTDCA (Directional
Tuning/Detuning Control Algorithm), and using it to successfully regulate the output
voltage of the secondary power pickups for the IPT systems. This enables the pickup to be

fully-tuned on-line, when necessary, even under high Q or kyr operation.

Analyzing the fundamental properties of the LCL and the LC power pickups, and the
effects of variations in the operating frequency, magnetic coupling between the primary
and the secondary side, tuning capacitance (for the LCL tuning configuration), and load
resistance on the output voltage of the LCL and the LC power pickups in the steady state.
The analytical method used can also be extended for analyzing other possible parameter

variations of the secondary power pickup.

Determining the control range for the variable tuning inductor/capacitor of the LCL/LC
power pickup to achieve full-range tuning control under all considered parameter

variations.

Determining the proper sampling frequency for the DTDCA in the LCL/LC power
pickups.

Proposing and developing the SSSA-DTDCA to control an LCL power pickup with a

linear-mode saturable inductor.

Proposing a fuzzy logic based tuning step-size control to dynamically change the tuning
step-size for the DTDCA according to the input combinations of the error and rate of
error. It has been successfully used to improve the performance of the SSSA-DTDCA in

the LCL and the LC power pickups. The analytical structure of the proposed fuzzy logic
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controller has been developed and expressed in the classical P, D, or PD controller forms
for the corresponding input combinations.

Proposing and developing a method for converting the raw control signal of the FLB-
DTDCA into duty cycle controlled switching signals for the ac switch of the switch-mode
variable capacitor that used in the LC power pickup. It has been used to achieve the
required equivalent tuning capacitance and also to reduce the switching losses through
ZV'S (Zero Voltage Switching) operation.

Part of the above contributions has been published in one journal paper [118] and five
conference papers [72, 119-122], and one book chapter has been accepted [123]. Another
journal paper has been submitted and under review [124]. A provisional patent based on
the FLB-DTDCA controlled LC power pickup has been filed.

7.3 Suggestions for Future Work

The work conducted in this thesis has focused on the development of full-range tuning
controller for the power flow control of the IPT secondary power pickups. Various
theoretical analyses, system and component level simulations, and experimental tests have
been undertaken to achieve the research objectives. As a result, the controller has been
successfully developed with very useful results for practical analysis and design. Further,
more areas have also been opened for investigation in the future. To conclude this thesis,

several areas are suggested here for future research on the topic.

Reflected effects to the primary power supply

Unlike fully-tuned series/parallel power pickups, the proposed DTDCA tunes/detunes the
secondary pickups to meet the actual load demand so the reflected impedance may have
large imaginary components which may affect the primary converter operations. The
actual reflected impedance on the primary side therefore needs to be further investigated.
The obtained results can be very useful in designing the primary power supply of the IPT

system that adopts the DTDCA control at the secondary.

Systematic design method for determining the proper kygr, Qs p, and r
As it has been described in Chapter 3 and Chapter 5 of this thesis, the choice of kygr, Qs p

and ry can all affect the output sensitivity of the secondary power pickups to the
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considered parameter variations in different degrees. If a relationship between the choice
of kvr, Qs_p, I', and specifications of the application can be established, the obtained result

can be very useful, especially for optimizing power pickup design.

Better approximation for settling time of pickup circuits

Two simplified models have been introduced in this thesis to separately approximate the
settling time of the investigated pickup circuits. The model that has been used in modeling
the CR filter with a current step change is proven by the simulations to provide valid
approximation for the settling time of the LCL power pickup. However, the model that has
been used in modeling the LCR filter with a voltage step change can only provide a very
general guideline on how to select the sampling frequency for the LC power pickup, and
caused the calculated sampling period is much slower than the actual settling time of the
circuit. To obtain a better controller performance in the LC power pickup by selecting the
proper sampling frequency, a better approximation of the settling time for the LC pickup
needs to be provided.

Accurate secondary power pickup modeling

Although the DTDCA has been proven effective on the power flow control of the
secondary power pickups, an accurate closed form secondary power pickup model with
actual rectification circuitry and the proposed DTDCA controller has not been obtained in
this research. Difficulties in achieving such a task include the model establishment of the
circuit with nonlinear components like diode rectifications, and fitting the DTDCA into an
analytical form. These two topics can be regarded as new research directions for better
understanding of both the transient and steady state behaviors of the DTDCA controlled

power pickups.
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Appendices

Embedded Matlab Functions of SSSA-DTDCA and FLB-
DTDCA Simulations

function NxtS = fcn(Vo, Vprev, Vref, PrevS)
% This block supports an embeddable subset of the MATLAB language.
% See the help menu for details.

%$This program is used to determine the tuning direction signal according
%$to equation 3-3.

if Vo > Vref
S1 = 1;
else
Sl = 0;
end

if Vo > Vprev
S2 = 1;
else
52 = 0;
end

NxtS = or (and(PrevS, xor(Sl, S2)), and(~PrevS, ~xor(Sl, S2))),; %54

function S7 = fcn(Vo, Vprev, Vref, Vpprev)
% This block supports an embeddable subset of the MATLAB language.
% See the help menu for details.

$This program is used to generate signal for determining whether the
$pickup should be coarse-tuned or fine-tuned according to equation
$3-6.

if Vo > Vref
S1 = 1;
else
S1 = 0;
end

if Vo > Vprev
S2 = 1;
else
S2 = 0;
end

ok o



Appendices

if Vprev > Vref
S5 = 1;

else
S5

end

Il
o
~

if Vpprev > Vref
S6 = 1;

else
S6 = 0;

End

S7 = or(or(and (S5, and(S1l, S2)), and(~S5, and(~S1l, ~S2))),
or (and (S6, and(S1l, S5)), and(~S6, and(~S1l, ~S5))));

function h = fcn(S7, hprev, Vo)
% This block supports an embeddable subset of the MATLAB language.
% See the help menu for details.

%$This program is used to determine tuning step-size of the DTDCA using
$Simple Step-Size Adjustment (SSSA) according to equation 3-5.
hm = 7.0le-6;
beta = 0.
h = hprev;

o-
1;

if S7 == 1 && Vo < 5.1 && Vo > 4.9
h = 0;
elseif S7 == 0 && Vo < 5.1 && Vo > 4.9
h = 0;
elseif S7 ==
h = hm;
elseif S7 ==
h = hprev-beta*hm;
end

S e

function h = fcn(err, errprev)
% This block supports an embeddable subset of the MATLAB language.
% See the help menu for details.

$This program is used to determine tuning step-size for the DTDCA using
$Fuzzy Logic Control Algorithm.

GE = 0.6; $Scaling factor for error

GR = 0.37; $Scaling factor for rate of error
SG = 4e-6; $Scaling factor for output signal
L =1; $Interval L

H=1; 3Interval H

e = GE*err; $Error

r = GR* (err - errprev); $Rate of error

o)

$Fuzzification (L can be changed, depends on the design)

Q o)

e — Membership Functions for error--—------—-—-—----—--——- 5
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if e>=0
ep = e/L;
epz = (L-e)/L;
enz = 0;
en = 0;
if e>L
ep = 1;
epz = 0;
end
else
en = ((-1)*e)/L;
enz (L+e) /L;
epz = 0;
ep = 0;
if e<(-1)*L
en = 1;
enz = 0;
end
end
Fmmm Membership Functions for rate of error-----—-———-—--——- %
if r>=0
rp = r/L;
rpz (L-r)/L;
rnz = 0;
rn = 0;
if r>L
rp = 1;
rpz = 0;
end
else
rn = ((-1)*r)/L;
rnz = (L+r)/L;
rpz = 0;
rp = 0;
if r<(-1)*L
rn = 1;
rnz = 0;
end
end
Fm—m e End of Membership Functions—--——-----—-—-—----—-————- %
e Control Rule Base-————————"""""—"——"——"——————— %
url = min(ep, rp):; $Rule 1
ur2 = min(ep, rpz):; %$Rule 2
ur3 = min(ep, rnz); %$Rule 3
ur4 = min(ep, rn); %Rule 4
ur5 = min(en, rp); %Rule 5
ur6 = min(en, rpz); %Rule 6
ur7 = min(en, rnz); $Rule 7
ur8 = min(en, rn); %$Rule 8
ur9 = min(l, epz+enz); %$Rule 9
e End of Control Rule Base-——————"—"="—"—"————————— %
e Defuzification--——-—-—=---"-"""--"--"---—-———— %

ol = min(1l, ur2+ur3+ur6+ur?);
om = min (1, urd4+urd);
oz = min (1, url+ur8+ur9);

Sol = ol*(2-0l) *H;

- 227 -



Appendices

Som = om* (2-om) *H;
Soz = oz* (2-o0z) *H;

%Centroid Defuzzification

o = ((Sol*H)+ (Som*0.5*H)+ (Soz*0))/ (Sol+Som+Soz) ;
h = SG*o;

g End of Defuzification------------—--—-—-——- 5

function CS = fcn (NxtS, h, CSprev)
% This block supports an embeddable subset of the MATLAB language.
% See the help menu for details.

$This program is used to determine the final output signal of the DTDCA
%using either Simple Step-Size Adjustment or Fuzzy Logic Control.

SS = NxtS*1;
CS CSprev + h*(-1)"(SS+1);
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