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ABSTRACT OF THE DISSERTATION
DESIGN OPTIMIZATION OF INDUCTIVE POWER TRANSFER SYSTEMS
FOR CONTACTLESS ELECTRIC VEHICLE CHARGING APPLICATIONS
by
Masood Moghaddami
Florida International University, 2018
Miami, Florida

Professor Arif I. Sarwat, Major Professor

Contactless Electric Vehicle (EV) charging based on magnetic resonant induction is an
emerging technology that can revolutionize the future of the EV industry and transporta-
tion systems by enabling an automated and convenient charging process. However, in
order to make this technology an acceptable alternative for conventional plug-in charging
systems it needs to be optimized for different design measures. Specifically, the efficiency
of an inductive EV charging system is of a great importance and should be comparable to
the efficiency of conventional plug-in EV chargers.

The aim of this study is to develop solutions that contribute to the design enhancement
of inductive EV charging systems. Specifically, generalized physics-based design optimiza-
tion methods that address the trade-off problem between several key objectives including
efficiency, power density, misalignment tolerance, and cost efficiency considering critical
constraints are developed. Using the developed design methodology, a 3.7kW inductive
charging system with square magnetic structures is investigated as a case study and a
prototype is built to validate the optimization results. The developed prototype achieves
93.65% efficiency (DC-to-DC) and a power density of 1.65kW /dm?.

Also, self-tuning power transfer control methods with resonance frequency tracking
capability and bidirectional power transfer control are presented. The proposed control
methods enhance the efficiency of power converters and reduce the Electromagnetic Inter-

ference (EMI) by enabling soft-switching operations. Several simplified digital controllers
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are developed and experimentally implemented. The controllers are implemented without
the use of DSP/FPGA solutions. Experimental tests show that of the developed simplified
controllers can effectively regulate the power transfer around the desired value. Moreover,
the experiments show that compared to conventional converters, the developed converters
can achieve 4% higher efficiency at low power levels.

Moreover, enhanced matrix converter topologies that can achieve bidirectional power
transfer and high efficiency with a reduced number of switching elements are introduced.
The self-tuning controllers are utilized to design and develop control schemes for bidirec-
tional power transfer regulation. The simulation analyses and experimental results show
that the developed matrix converters can effectively establish bidirectional power transfer
at the desired power levels with soft-switching operations and resonance frequency track-
ing capability. Specifically, a direct three-phase AC-AC matrix converter with a reduced
number of switches (only seven) is developed and built. It is shown that the developed
converters can achieve efficiencies as high as 98.54% at high power levels and outperform

conventional two-stage converters.
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CHAPTER 1
INTRODUCTION

Inductive power transfer (IPT) is an emerging technology for transferring power
from an energy source to a receiver without any physical contact based on electro-
magnetic induction. This technology has recently found a wide range of applications
in commercial and residential sections such as material handling [1,2], biomedical
implants [3,4], transportation systems [5,6] and static [7-9] and dynamic electric
vehicle charging systems [10-14]. Using IPT technology wireless power transfer from
one system to another across a relatively large distance can be achieved. This is
achieved by enabling resonant magnetic induction in two loosely-coupled inductors
which have a weak magnetic coupling. Since IPT is unaffected by dust or chemicals
and eliminates sparking and the risk of electrical shock, it can be used in hazardous
environments. This technology offers high reliability, robustness, high efficiency and
provides a clean, safe, and robust way of transferring power. Therefore, IPT has
rapidly gained an increasing interest in industrial and commercial sectors.

Contactless electric vehicle (EV) charging based on IPT is a new technology

that brings more convenience and safety to the use of EVs. It enables automated
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Figure 1.1: A typical contactless electric vehicle charging system based on inductive
power transfer.
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charging processes without the need for interaction of the driver by eliminating
the charging cables. Contactless EV charging is divided into two main categories:
static charging [15-39] and dynamic (in-motion) [5,11,16,40-83] charging. In static
charging, is aimed to charge EVs using a contactless charger when the EV is parked
in a charging station. This is a solution that enables safe, efficient and convenient
overnight recharging of EVs [9]. A typical static inductive EV charging system
is shown in Fig. 1.1. This system is comprised of a power supply, primary and
secondary converters, loosely-coupled magnetic structures (transmitter and receiver
structures), and corresponding compensation components.

On the other hand, dynamic contactless EV charging systems based on IPT
are designed to provide a wireless power transfer link to the moving EVs on the
roadways. This technology can significantly increase the range of EVs by providing
continuous wireless power while EVs are moving. Therefore, using dynamic con-
tactless EV charging systems, the required size of the traction batteries in EVs can
be reduced. A typical structure of a dynamic contactless EV charging system is
shown in Fig. 1.2. This system is composed of multi-conductor underground trans-
mitter tracks, a receiving structure mounted under the EV. In order to achieve a
convenient dynamic EV charging, the system should be able to tolerate high levels
of misalignments with respect to the underground tracks [5,12].

A roadway IPT system is a safe, robust and clean way of transferring power
to EVs with high flexibility, convenience and is unaffected by weather and dirt.
Roadway IPT systems have already been proposed for more than two decades [40].
However, due to technological barriers, commercial developments have been slow.
A typical roadway inductive power transfer system and its components are shown
in Fig. 1.2. This system is composed of primary transmitter tracks, secondary

receiver magnetic structures, compensation capacitors, power converters, controllers
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Figure 1.2: Typical structure of a dynamic (roadway) contactless EV charging sys-
tem EV charging system.

and wireless communication modules. The primary tracks, which are built as loops,
are placed underground. Track loops are longer than pickup pads and due to a large
air gap, the magnetic coupling coefficient between transmitter and receiver would be
lower than 10% [40]. Many studies have been established to improve the efficiency of
the magnetic structures with magnetic materials both in the primary tracks and the
secondary pad. But the use of magnetic materials in the primary track structures

increases the implementation cost and may not be commercially practical.
1.1 Existing Challenges in Contactless Electric Vehicle Charg-
ing Systems

In order to make inductive charging systems an acceptable solution that can per-
form as efficient as conventional plug-in charging systems, they need to be highly
optimized for different design measures, such as power transfer efficiency, power
density, cost efficiency, and misalignment tolerance. Also, such systems should have
a high tolerance to misalignments in order to provide a convenient charging process.
Moreover, electromagnetic field (EMF) emissions of such inductive charging units
should comply with standards to meet human exposure limitations. In the following

sections, these key design challenges are investigated.



1.1.1 Power Transfer Efficiency

The power transfer efficiency of an inductive EV charging system is of key im-
portance and should be comparable to the efficiency of conventional plug-in EV
chargers, in order to be considered as an unbeatable solution that brings more con-
venience to the use of EVs. In a loosely coupled IPT system, due to weak coupling
of the coils in an inductive link, it requires a strong magnetic field to be created to
deliver high power levels at large ranges. To achieve this, it requires the use of a
reactive power compensation circuit, as well as power converters that can generate
large currents at high frequencies, often in the kHz ranges. In order to generate a
high-frequency current on the primary side, power converters are employed in IPT
systems. A typical configuration of an IPT system is shown in Fig. 1.1. The power
source of an IPT system is usually the electric utility (1¢ or 3¢) supplying power at
50/60 Hz, and for portable applications a dc battery source may be used.

The efficiency of inductive EV charging systems can be improved by increasing
the magnetic coupling between the transmitter and receiver structures. This requires
increasing the size and volume of the magnetic structures. This increased size and
volume, however, not only will compromise the ground clearance of EVs, but also
leads to a decrease in the power density and cost efficiency of the inductive charging
system. Therefore, a good magnetic structure design should consider a trade-off
between power transfer efficiency and power density.

Also, the efficiency of inductive charging systems can be improved by using
low loss high-frequency power electronics converters. Specifically, power converters
with soft-switching (zero-current switching (ZCS) or zero-voltage switching (ZVS))
operations are of a great importance. Since inductive EV charging systems operate
at frequencies as high as 85kHz, the use of soft-switching converters is essential.

Such converters can be designed based on the resonance nature of IPT systems.



This requires the use of controllers that enable ZCS/ZVS by relying on the resonance

nature of inductive charging systems.

1.1.2 Power Density and Cost Efficiency

Compared to plug-in chargers, inductive charging systems are composed of a few
extra components including transmitter and receiver magnetic structures and com-
pensation networks. The compensation networks are usually embedded inside the
receiver and transmitter power converters. This increases the size of the power con-
verters and thereby their power density is decreased. Also, this will increase the
cost of the converters. Therefore, power electronics should be optimized for power
density and compactness.

In static inductive EV charging systems, the transmitter structure is placed
on/under the ground and the receiver is mounted under the EV. The space for the
receiver coil under the EV and the admissible weight of the magnetic structures are
normally limited, and the weight and volume of the magnetic structure should be
considered as a constraint. Therefore, conventional structures may compromise the
ground clearance of the EV or require major chassis adjustment. As a result, it is
essential for both transmitter and receiver magnetic structures to be optimized for
size and volume. However, reducing the size of magnetic structures may compromise
other characteristics of the system such as power transfer efficiency and misalign-
ment tolerance. Therefore, a trade-off between different design objectives should be
established.

Although IPT systems can achieve efficiencies as high as 95% at high power
transfer levels, they produce power losses in different components of the system in-

cluding magnetic structures. The power losses and high power density requirements



together bring about design challenges for IPT systems that require electromagnetic
and thermal design considerations [7].

The thermal performance of an inductive charging system should be considered
in their design process. Specifically, the thermal performance is of great importance
in inductive EV charging systems with high power levels light-duty (up 22 kW) and
heavy-duty (higher than 22 kW) EVs. The thermal performance of an inductive
charging system is directly related to the distribution of power losses in the system.
The power losses in an IPT system is distributed over the magnetic structure, power
electronic converters, and compensation networks on both transmitter and receiver
sides. The heat dissipation in the power electronic devices is usually optimized
by the use of effective heat sinks along with natural air or forced air convection
inside the device. Moreover, the thermal management system inside power electronic
converters can be either an open-loop or closed-loop controller. Where in a closed-
loop thermal management system, the temperature of the device is kept around a
reference point.

The losses in magnetic structures are distributed over different key components
including the Litz wire coil, ferrite cores, and shielding plates. Magnetic structures in
IPT systems are cooled either by natural air or forced air [84,85]. The air convection
is a process that involves both heat transfer and fluid flow processes in fluids. Also,
temperature changes in the coils cause changes in the resistance of the coils in the
magnetic structures which can significantly affect the losses generated in the coils.
Therefore, the electromagnetic model should also be coupled with the thermal and
fluid models. Electromagnetic analysis of IPT systems using finite element analysis
(FEA) has been studied in many studies [86-88]. However, multiphysics FEA of
IPT systems considering electromagnetic, thermal and fluid models has not been

reported.



1.1.3 Misalignment Tolerance

Static inductive EV charging systems are aimed to be implemented in parking sta-
tions and therefore, should be able to tolerate some level of misalignment. An
unguided vehicle parking requires a large charging zone for more convenience. High
tolerance to horizontal misalignment in an IPT system is essential for a convenient
vehicle charging. This tolerance is specified to be between 100 mm and +150 mm
or higher [89]. Thus, the inductive charging systems should be designed in a way
that have an acceptable horizontal misalignment tolerance. However, similarly, a
magnetic structure with high horizontal misalignment tolerance may not be a cost-
efficient solution. Thus, misalignment tolerance should be considered as one of the

design measures for inductive charging systems.

1.1.4 Electromagnetic Field Emissions

The electromagnetic field (EMF) emissions of inductive charging system for light-
duty EVs should comply with SAE TIR J2954 [90] standard. This standard is based
on human exposure limitation as defined by the International Commission on Non-
lIonizing Radiation Protection (ICNIRP) [91]. Therefore, EMF limitations should

be considered as an important constraint in the design of magnetic structures.

1.1.5 Foreign Object Detection

In a loosely-coupled IPT system, the coupling between the transmitter and receiver
coils is poor. Therefore, compensation capacitors are used to form a resonant circuit
with the self-inductance of the primary, to generate large resonant currents which
are essential for transferring power between primary and secondary circuits. Also,

to reduce the size of the coils and compensation capacitors and increase the power



transfer efficiency, IPT systems usually operate at high resonance frequencies up
to 90 kHz [90]. Therefore, in a loosely coupled IPT system, high-frequency high-
magnitude magnetic fields will be generated in the power transfer area. The high-
frequency magnetic fields can induce intense eddy-currents on conductive objects,
and generate heat which can lead to a significant temperature rise in the object
[92]. As a result, conductive objects should not be exposed to the magnetic fields
generated by the IPT system to avoid efficiency reduction and eliminate the risk of
fire [93,94]. Consequently, a conductive foreign object detection (FOD) mechanism
in IPT systems with large air gaps is essential.

Different FOD methods for IPT systems have been proposed, which can be cat-
egorized into two major types: sensor-based and sensorless detection methods. The
sensor-based FOD methods include distance detection [95], light intensity moni-
toring [96], image processing [97], thermal sensors [98,99], and magnetic field sen-
sors [100]. Sensorless FOD methods are designed based on measurement, estimation,
and monitoring of different parameters in IPT systems. These parameters include
induced voltage [101], capacitance [102], power loss [103,104], and energy decay
time [105].

1.2 Literature Review

In this Section, the background work and literature review of inductive EV charging

systems are presented.



1.2.1 Magnetic Structures of Inductive Electric Vehicle Charg-

ing Systems

Magnetic structures play a key role in the performance of inductive EV charging
systems. These structures should be optimized for different design objectives and
ensure the seamless operation of the inductive charging system at any operating
condition. Specifically, the magnetic structures should be optimized to have a high
power transfer efficiency and high power density and cost efficiency. Further, these
structures should be able to allow high tolerance to misalignments to provide more
convenience for vehicle alignment. However, these design objectives are incommen-
surable. For example, a high power density design may compromise the power
transfer efficiency and misalignment tolerance or, a cost-efficient design will have a
reduced efficiency and misalignment tolerance. Therefore, trade-offs between differ-
ent design objectives should be considered in the design of magnetic structures.
The design of magnetic structures involves multiple constraints. The stray elec-
tromagnetic field (EMF) generated by an inductive charging system should remain
within the limits as defined by standards such as SAE J2954 for light-duty induc-
tive EV charging systems [90] which complies with the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) [91]. Also, the power transfer ef-
ficiency of the system should remain above 85% and 80% in aligned and offset po-
sitions, respectively. Further, temperature rises which are caused due to the power
losses in magnetic structures should be kept as low as possible and therefore should
be considered as a critical design constraint. The addition of these constraints to
the trade-offs between different design objectives further increases the complexity

of the design optimization problem.



Various magnetic structures are proposed for both static and dynamic inductive
EV charging systems. The magnetic structure designed for small air gaps include
U-cores [106,107], E-cores [107,108], S-cores [108], pot-cores [109,110], and ferrite
discs or plates [111]. Because of the use of large ferrite cores in these structures,
they are relatively bulky, expensive, and fragile.

On the other hand, planar magnetic structures are thin, light and do not compro-
mise the ground clearance of the EVs. These structures include, circular [9,112,113],
unipolar rectangular [84], bipolar double-D (DD) [11,84], bipolar double-D Quadra-
ture (DDQ) [114], and tripolar [115]. These structures are all recommended by SAE
J2954 [90]. The design optimization of these magnetic structures is investigated in
different studies. In [9], design and optimization of circular magnetic structures are
discussed in detail. In [84,89], multi-objective optimization of magnetic structures of
inductive EV charging systems considering power transfer efficiency, power density
and stray magnetic field as objective functions are presented. However, a study that
provides a generalized systematic approach for the design optimization of magnetic

structures in inductive charging systems has not been reported in the literature.

1.2.2 Power Converter Topologies in Inductive Power Trans-

fer Systems

In a loosely-coupled IPT system, the inductive link requires a strong magnetic field
to be created to deliver high power levels at large air gaps due to the weak coupling
of the coils. To achieve this, this technology requires the use of power converters that
can generate large high-frequency currents, often in the kilohertz range (10-85 kHz).
In order to generate a high-frequency current on the primary side, specific power
converters are employed in IPT systems. Power converters play a key role in the

performance of IPT systems. Recent developments in IPT systems have heightened
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the need for high-power, reliable and efficient converters. Normally, these converters
take 50/60 Hz current from the AC mains and convert to high-frequency using a
two-stage AC-DC-AC power conversion. The power source of an IPT system is
usually the electric utility (single-phase or three-phase) supplying power at 50/60
Hz.

Voltage-source inverters (VSI) based on pulse-width modulation (PWM) with
a front-end rectifier have become the preferred choice for most practical applica-
tions [116]. This is mainly due to their simple topology and low cost. On the other
hand, this two-stage topology has low-frequency harmonics on the dc link and the
ac input line, which requires the use of very bulky short-life electrolytic capacitors
for the dc link and a large low-pass filter at the output [116]. Several topologies
have been proposed to solve the problems of the traditional ac-dc-ac power convert-
ers [117-119]. Matrix converters are the main alternatives for two-stage converters
that can convert energy directly from an ac source to a load with different frequency
and amplitude without any energy storage elements [120]. These converters have
the advantages of the simple and compact topology, bidirectional power flow ca-
pability, high-quality input-current waveforms, and adjustable input power factor
independent of the load [116,120-123]. Particularly, different converter topologies
have been proposed for IPT applications [124-132]. A simple, compact and highly
efficient single-phase matrix converter for IPT applications is presented in [124].
The energy injection and free oscillation control strategy is applied to the topology.
However, this matrix converter suffers from current sags around input ac voltage
Z€ro-crossings.

The magnetic structures are inherently capable of transferring power in either
direction. However, in order to enable bidirectional power transfer in IPT systems,

the use of bidirectional AC-AC power converters is essential. Conventionally, four-
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Figure 1.3: The structure of a bidirectional IPT system.

quadrant two-stage AC-AC converters are proposed for bidirectional IPT systems
[130]. However, in recent years there has been an increasing interest in matrix
converters (MCs). MCs are used to convert AC mains inputs to an AC output with
a different frequency and amplitude directly without any intermediate conversion
stage. In MC topologies the bulky energy storage elements are eliminated and
thereby, they have high power density and are more reliable. Specifically, three-
phase to single-phase and single-phase to single-phase matrix converters are of great
interest in IPT systems. These types of converters have been successfully employed
with a reduced number of elements and improved efficiency [124,133]. Since MCs
are inherently bidirectional, they can be used to regenerate power from an IPT
system back into the source and as a result, they can be used for inductive EV
charging/discharging applications where G2V and V2G connections can be realized.

In [124], a half-wave single-phase MC for inductive power transfer systems which
is comprised of two bidirectional switches is proposed. This converter, however, can
only inject energy to the IPT systems in positive or negative half-cycle depending
on the input voltage sign. In other words, half of the resonant current half-cycles are
free-oscillation modes which significantly reduces the maximum extractable power

from AC mains.
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Bidirectional IPT systems have been studied in [125,134-145]. The magnetic
structures in IPT systems are inherently capable of transferring power in either
direction. However, in order to enable bidirectional power transfer in IPT systems,
the use of bidirectional power converters is essential. Specifically, a bidirectional
AC-AC converter is essential in the primary side, as an interface between AC mains
and the IPT system. Conventionally, two-stage AC-AC converters are used for
IPT systems including H-bridge converters [135], current source converters [125,
134], z-source inverters [146], multilevel inverters [130]. However, in recent years
there has been an increasing interest in matrix converters (MCs) [124,133,147,148].
MCs are used to directly convert AC mains inputs to a high-frequency AC (HFAC)
output without any intermediate conversion stage. In MCs, the bulky energy storage
elements are eliminated and thereby, they have high power density and are more
reliable. Specifically, three-phase to single-phase and single-phase to single-phase
matrix converters are of great interest in IPT systems. These types of converters
have been successfully employed with a reduced number of elements and improved
efficiency [124,133]. Resonant MCs have been of great interest in many applications.
In [148], a single-phase AC-AC resonant converter with soft-switching operation
sliding-mode control is introduced.

In [147], a single-phase MC based on a modulation technique for bidirectional
IPT systems is proposed. The converter enables attenuation of the harmonic dis-
tortions in the grid current. However, the converter is hard-switched, which leads
to a lower efficiency and reliability and requires complex commutation techniques.
Quantum resonant converters which are introduced in 1989 [149] have found an in-
creasing interest for IPT systems. In [124], a half-bridge single-phase quantum MC
comprised of two bidirectional switches is proposed. Due to the reduced number

of switches in the converter, energy injection to the resonant tank can be only car-
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ried out in half of the resonant current half-cycles. Therefore, the maximum power

transfer that can be achieved by the converter is limited.

1.2.3 Control Methods of Inductive Power Transfer Systems

Different control methods for IPT systems and resonant converters have been pro-
posed. These methods include power—frequency control [135,150], phase-shift and
frequency control [151,152], load detection [153], power flow control [17], and slid-
ing mode control (SMC) [148,154-156]. The control methods can have a self-tuning
capability [157,158]. This feature makes these controllers suitable for dynamic TPT
applications, where the resonance frequency of the system may have small varia-
tions due to load variations on the receiver side. Furthermore, it can find many
applications such as energy encryption [159], where the IPT system has a variable
resonance frequency with the use of variable compensation capacitors. Specifically,
a very effective method which is widely used as control technique in resonant power
electronic converters is energy-injection free-oscillation method. This control tech-
nique has been successfully employed in many studies [124,160]. This method can
be employed in different converter topologies such as two-stage AC/DC/AC convert-
ers [160] and matrix converters [124]. Using this method, the resonant current can
be regulated by controlling the energy transfer rate which is injected to the primary
LC tank. This is achieved by constantly switching between two free-oscillation and
energy-injection operation modes of the converter.

Power flow control plays a crucial role in the IPT system’s optimal operation,
which can in turn be attained by controlling the transferred power to either the
transmitter or the receiver, or both [17]. In the literature, several techniques for

power flow control for IPT systems exist, including resonance frequency control
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[161], power-frequency control [128,135,150], phase-shift control [151,152,157], load
detection [153], reactive power control [17], and sliding mode control (SMC) [148,
154]. Tuning the control parameters and handling the system variability can be
made possible by modifying the control methods to be adaptive with self-tuning
capability [158,162]. The self-tuning capability of such controllers can significantly
enhance the performance and interoperability of IPT systems.

Soft-switching operations in power converters can significantly improve the ef-
ficiency and reduce their electromagnetic field interference (EMI) [163-169]. Since
IPT systems for electric vehicle applications usually operate at frequencies ranging
between 20 and 85 kHz, the performance of the power converters, considerably affect
their performance. Thus, by ensuring soft-switching operations of the converter, the
controllers can greatly improve the performance of the system. One method capable
of effective power flow control in IPT systems is the energy-injection free-oscillation.
This technique, which enables soft-switching operations, has been successfully ap-
plied in many studies [124,133,160, 162].

Conventionally, pulse-width modulation (PWM) based power electronic convert-
ers are used in IPT systems and desired outputs are achieved by controlling the
frequency and duty-cycle of the PWM signal [130,137,170,171]. In [162], a control
method based on a variable frequency control technique is proposed for inductive
EV charging systems. This method achieves multiple power transfer levels in a full-
bridge DC/AC converter and is designed to reduce the frequency of energy injection
(rather than changing the duty-cycle of a PWM signal) without compromising the
resonance behavior of the IPT system. The developed controller is open-loop and
provides multiple power transfer levels.

The resonance frequency in an IPT system can slightly deviate from its nomi-

nal point due to changes in operating conditions. The deviation of the switching
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operations from the resonance point can dramatically affect the performance of
the system. Therefore, constant switching adjustment to the resonance frequency
variations is essential to ensure high power transfer efficiency in the system. The
resonance frequency tracking capability of the controller enables synchronization
of the switching operation of the converters with the resonant current to achieve
maximum power transfer with high efficiency [157,162,172,173].

In order for an IPT system to operate at the proper operating point with high
performance, the use of controllers for power transfer regulation, resonant current
regulation, switching frequency tuning, etc. are of a great importance. Different
control strategies for resonant IPT systems have been proposed, such as power-
frequency control [135,150], frequency and phase-shift control [151], load detection
[153], power flow control [17], and sliding mode control [154]. The control methods
can have a self-tuning capability [157,162,174]. This feature makes these controllers
suitable for dynamic IPT applications, where the resonance frequency of the system
may have small variations due to load variations on the receiver side. One of the
effective methods for controlling the transferred power in an IPT system is the
amplitude modulation of the resonant current based on energy-injection technique.
This control technique can be designed for a wide range of converter topologies
including two-stage AC/DC/AC and single-stage matrix converters. This technique
has been successfully employed in single-phase and three-phase matrix converters
to effectively regulate the resonant current [124,133,175].

The requirements for light-duty static inductive EV charging systems are es-
tablished in SAE TIR J2954 Standard [90]. This standard defines four inductive
charging levels as 3.7kW, 7.7kW, 11kW and 22kW for light-duty EVs with a min-
imum power transfer efficiency of 85%. Also, the standard requires the inductive

charging system to have a single nominal operating frequency of 85 kHz. Although
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the requirements for static inductive charging for heavy-duty EVs are not defined
in the standard, it is successfully implemented in many studies [14,17,84].

Similar to conductive charging systems, inductive EV charging systems are ca-
pable of bidirectional power transfer which enables V2G, G2V, V2I and, V2V con-
nections through the IPT system. Since such inductive connections can be easily
and quickly established at different geographical locations of the power system, they

can make the power system more complex and dynamically varying.

1.3 Research Objectives and Original Contributions

The aim of this research is to tackle the existing challenges in inductive electric

vehicle charging systems. Specifically, the following research areas are investigated:

1. Generalized Physics-Based Multi-Objective Design Optimization of

Magnetic Structures for Inductive Charging Systems

The aim of this objective is to introduce a generalized approach for design opti-
mization of magnetic structures for inductive charging systems that addresses
the trade-off problem between several key objectives including efficiency, power
density, misalignment tolerance, and cost efficiency considering critical con-
straints. The design problem is formulated as a constrained multi-objective
optimization problem (MOP). The MOP is then solved using a genetic algo-
rithm (GA) which is coupled to a physics-based model of the inductive charg-
ing system. The physics model is a 3D parametric hybrid electromagnetic and
thermal model which is solved using finite element analysis (FEA) and is cou-
pled to the circuit model. The proposed optimization method complies with
SAE J2954 standard for inductive charging systems in terms of interoperabil-

ity and electromagnetic compatibility (EMC). Using the proposed method,
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design optimization of multiple planar topologies are investigated. Specifi-
cally, a 3.7kW inductive charging system is investigated as a case study and
a prototype is built to validate the optimization results. The results show
that the proposed generalized multi-objective optimization method provides
a holistic solution for obtaining the magnetic design parameters of inductive
EV charging systems. Using the proposed method, the magnetic structures
can be effectively designed by prioritizing the objectives. Using the developed
design methodology, a 3.7kW inductive charging system with square magnetic
structures is investigated as a case study and a prototype is built to validate
the optimization results. The developed prototype achieves 93.65% efficiency
(DC-to-DC) and a power density of 1.65kW /dm?.

. Design and Development of Self-Tuning Controllers for Inductive

Power Transfer Systems

In this objective, self-tuning controllers for power transfer regulation in in-
ductive power transfer (IPT) systems are proposed. The proposed controllers
enable power transfer regulation around a user-defined reference power level.
The converter’s efficiency is improved by constantly tuning the switching op-
erations to the resonant current zero-crossing points, thereby achieving the
soft-switching operations reducing the power losses and electromagnetic in-
terference (EMI) the power converters. The self-tuning capability makes it
suitable for dynamic IPT systems with uncertain loads and fluctuating reso-
nance frequency. High operating frequencies can be achieved using the pro-
posed simplified digital circuit designs for the controllers which deliver a low
total propagation delay. Bidirectional power transfer can be enabled by using
the proposed controllers on both transmitter as well as receiver sides. In the

reverse power flow mode, the primary converter operates as a rectifier and the
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power transfer is controlled through the secondary converter using the pro-
posed controllers. The performance of the proposed controllers is analyzed
using MATLAB/Simulink, and the results are presented detail. Finally, the
proposed controllers are implemented experimentally and their performance is
evaluated in a case study IPT system. The experimental and simulation results
conform to each other and show that the proposed converter can effectively

regulate the power transfer with an improved efficiency.

It is shown that the proposed controllers can effectively control the power
transfer level in IPT systems, which uses different predefined energy injection
levels to maintain user-defined power transfer levels. The controllers’ self-
tuning functionality renders it suitable for dynamic IPT applications where
the resonance frequency and the load might vary. The proposed controller
can also significantly improve efficiency and reduce the EMI by enabling soft-
switching operations. The controller is further designed using a simplified
digital circuit that can lower costs by eliminating the need for availing more
expensive solutions, such as DSP and FPGA. Therefore, the controllers can
operate at high frequencies. These salient features of the controllers including
low cost and high efficiency, therefore, make it a powerful alternative that
can be applied to a wide variety of IPT systems. Several simplified digital
controllers are developed and experimentally implemented. The controllers
are implemented without the use of DSP/FPGA solutions. Experimental tests
show that of the developed simplified controllers can effectively regulate the
power transfer around the desired value. Moreover, the experiments show that
compared to conventional converters, the developed converters can achieve 4%

higher efficiency at low power levels.

19



3. Development of Direct AC-AC Matrix Converter Topologies Induc-

tive Power Transfer Systems

Direct single-phase and three-phase AC-AC matrix converters for inductive
power transfer (IPT) systems with soft-switching operation are investigated
in this objective. The proposed topologies are expected to have a high reli-
ability and extended lifetime due to the soft-switching operation and elimi-
nation of short life electrolytic capacitors. The soft-switching operations will
also reduce switching stress, switching loss and electromagnetic interference
(EMI) of the converters. Quantum energy injection/regeneration principle
is used to design a simplified digital power controller that enables the con-
verter to establish bidirectional power transfer between the IPT system and
single-phase AC mains at a desired power level. The simplified controller can
be implemented using basic logic circuit components, without the need for
DSP/FPGA platforms, thereby reducing the complexity and the implementa-
tion cost. The converters benefit from resonance frequency tracking capability
for the synchronization of switching operations of the converters with the res-
onant current which makes it ideal for dynamic IPT systems. The converters
are specifically suitable for establishing grid-to-vehicle (G2V) and vehicle-to-
grid (V2G) connections through inductive electric vehicle charging /discharging
systems. The proposed converters are analyzed theoretically, are simulated in
MATLAB/Simulink, and finally are verified experimentally on a case study
IPT system. The results show that the proposed matrix converters can ef-
fectively establish bidirectional power transfer at different power levels with

soft-switching operation and resonance frequency tracking capability.

Specifically, a direct three-phase AC-AC matrix converter with reduced num-

ber of switches (only seven) is developed and built. Due to reduced switch-
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ing elements the converter can achieve high reliability, efficiency and cost-
efficiency. The converter operates in eight modes operation modes, which are
described in detail. A variable frequency control strategy based on quantum
energy injection/regeneration principle is employed to regulate the resonant
current, the resonant voltage, and the output power. With the use of the
proposed converter as the primary converter, simulation analysis and exper-
imental implementations on a case study IPT system, show that the current
regulation control method can fully regulate the output current and output
power around user-defined reference values. Thus, it is suitable for dynamic
IPT applications, where the system has inherent variations. It is shown that
the developed converters can achieve efficiencies as high as 98.54% at high

power levels and outperform conventional two-stage converters.

. Further Applications of Self-Tuning Power Controllers in Inductive

EV Charging Systems

The introduced self-tuning controllers can find many applications in inductive
EV charging system. In this objective, a few applications that utilize the power
transfer control along with resonance frequency tracking capabilities of the
developed controllers are introduced. These applications include, sensorless
conductive foreign object detection (FOD) and sensorless vehicle proximity

detection.

It is shown that the proposed FOD method based on the resonance frequency
deviation provides a fast and effective technique for detection of conductive
foreign objects in IPT systems. By the use of self-tuning controllers, the need
for detection sensors is eliminated, which as a result simplifies the implemen-

tation of the method. The proposed technique can be implemented for initial
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(standby) detection at low-power and online detection at full-power. Experi-
mental results on a case study IPT system show that the proposed method is
effective in detecting conductive objects and in initial detection mode, it can
detect a H-cent coin in the power transfer area in about 200 ms. However,
comparisons between the effect of vehicle variations and conductive foreign
objects on the resonance frequency deviation show that online detection mode
would not be effective for detection of such small objects. The detection of
larger objects is achieved in both initial detection and online detection modes
with much higher speed and larger detection area. Furthermore, it is shown
that by reducing the detection speed, the detection area is significantly in-
creased and much smaller conductive objects can be detected. The resonance
frequency deviations are proportional to the size and shape of the objects and

in fact can be used as a measure for the size of the object.

A vehicle proximity detection method is proposed which provides a simple and
effective mechanism which can be used in inductive charging stations to enable
automated inductive charging process. Since the transmitter magnetic struc-
ture is used as the detection coil, the proposed method can be implemented in
any inductive charging system and requires minor system modifications. The
resonance frequency of the inductive charging system is used as a measure for
vehicle detection. The resonance frequency tracking capability is enabled using
self-tuning controllers for IPT systems which have a relatively simple design.
The simulations results show that the vehicle can be detected in about 1.5
meters from the perfect alignment and once the resonance frequency recovers
to its original value indicates that the vehicle is perfectly aligned and therefore

the charging process can be initiated.
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CHAPTER 2
GENERALIZED PHYSICS-BASED MULTI-OBJECTIVE DESIGN
OPTIMIZATION OF MAGNETIC STRUCTURES FOR INDUCTIVE
CHARGING SYSTEMS

Magnetic structures in inductive electric vehicle (EV) charging systems should
be designed to achieve high power transfer efficiency and high power density. Also,
these structures should be able to provide high tolerance to misalignments for more
convenient vehicle alignment. Therefore, magnetic structures should achieve mul-
tiple design objectives simultaneously which makes the design process challenging.
The aim of this study is to introduce a generalized approach for design optimization
of magnetic structures for inductive charging systems that addresses the trade-off
problem between several key objectives including efficiency, power density, mis-
alignment tolerance, and cost efficiency considering critical constraints. The de-
sign problem is formulated as a constrained multi-objective optimization problem
(MOP). The MOP is then solved using a genetic algorithm (GA) which is coupled to
a physics-based model of the inductive charging system. The physics model is a 3D
parametric hybrid electromagnetic and thermal model which is solved using finite
element analysis (FEA) and is coupled to the circuit model. The proposed opti-
mization method complies with SAE J2954 standard for inductive charging systems
in terms of interoperability and electromagnetic compatibility (EMC). A 3.7kW in-
ductive charging system is investigated as a case study and a prototype is built to

validate the optimization results.
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2.1 Multi-Objective Design Optimization of Square Mag-
netic Structures for Static Inductive Charging Systems

In this section, a generalized approach for the multi-objective design optimization
of magnetic structures is presented. The proposed approach incorporates several
objectives including power transfer efficiency, horizontal misalignment tolerance,
power density and specific cost. Also, design constraints including the ones defined
by SAE J2954 standard are also included. The design optimization is formulated as
a constrained multi-objective optimization problem (MOP). A Genetic Algorithm
coupled with a hybrid analytical-numerical formulation is developed in order to solve
the MOP. The MOP is then solved using genetic algorithm (GA) which is coupled
to a physics-based circuit model of the inductive charging system. The physics-
based model is a 3D parametric hybrid electromagnetic and thermal model which
is solved using finite element analysis (FEA) and is coupled to the circuit model.
The physics model is employed to precisely calculate circuit parameters such as
magnetic couplings, equivalent resistance of the coils, magnetic cores, and other
structural components. In this work, COMSOL Multiphysics is employed to per-
form the 3D FEAs. The proposed optimization method complies with SAE J2954
standard for inductive charging systems in terms of interoperability and electro-
magnetic compatibility (EMC). A 3.7kW (class WPT1/Z1 of SAE J2954) inductive
charging system is investigated as a case study and optimized magnetic structures
are presented for several design scenarios. A prototype is built based on the op-
timized design parameters for maximum power density. The experimental results
show that the proposed method effectively results in the desired optimized magnetic

structures with high accuracy.
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2.1.1 Derivation of Equivalent Circuit Model of an Induc-

tive Charging System

In order to interpret the effect of magnetic structure design on the performance of in-
ductive charging systems, a detailed circuit analysis is essential. The circuit diagram
of a typical series compensated inductive charging system is presented in Fig. 2.1(a).
The system is composed of a primary rectifier, primary DC/AC converter, magnetic
structure equivalent model (L;,Ls,M), series compensation capacitors (C,Cs), and
secondary battery charger (AC/DC converter, traction battery).

The equivalent circuit of a series-compensated inductive battery charger, can
be derived using fundamental harmonic approximation (FHA) [176]. Since in IPT

systems, the output voltage of the primary DC/AC converter has a fundamental

Three-phase Series compensated
input: DC/AC magnetic couplers  Ac/pc
208V, 60Hz converter EV
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Figure 2.1: The circuit diagram of series compensated inductive charging systems (a)
complete model including primary and secondary power converters, (b) simplified
fundamental harmonic model, (c¢) primary side model.
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harmonic component exactly at the resonance frequency, FHA can be applied in

order to model all the voltages and currents as sinusoidal at the resonance frequency.

2.1.1.1 Equivalent Model of a Full-Wave Battery Charger

A battery charger has inherently nonlinear characteristics. However, a full-wave
battery charger can be modeled using FHA method. Using FHA, tA battery charger
has inherently nonlinear characteristics. However, a full-wave battery charger in a
resonant circuit can be modeled using FHA method. Using FHA, the battery charger
on the secondary side of an inductive charging system can be modeled as a variable
equivalent resistance. The equivalent ac resistance of a full-bridge rectifier (Ry)

feeding a DC load Rp can be expressed as [176],

8

The equivalent DC resistance of the battery can be written as Rp = Vg/Ip.

Therefore, (2.1) can rewritten as,

R, — 8Vp

2.2
=y (2:2)

Also, it can be easily shown that in a full-wave rectifier the relation between DC

current (1,.) and secondary RMS AC current (I5) is as follows,

2v2

™

Ip =

I (2.3)

Using (2.2) and (2.3), the equivalent AC resistance can be rewritten as,

_ 22V

™ IQ

Ry (2.4)

Equation (2.4) gives the equivalent load of a battery charger at the secondary as

function of ac current and battery voltage.
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2.1.1.2 Equivalent Circuit of Series Compensated Inductive Battery Charger

Derivation of Equivalent Circuit Model of an Inductive Charging Systems The equiv-
alent circuit of the inductive charging system is shown in Fig. 2.1(b) where, V; and
I, are the voltage and current outputs of the primary converter respectively which
are applied to the primary circuit, /5 is the secondary current, r; and ry are the
equivalent resistances of the primary and secondary respectively which incorporate
resistance of power converters, compensation capacitors, coils, magnetic cores and
shielding plates (Section 2.1.2). This circuit can be further simplified by reflecting
the battery charging load to the primary side as shown in Fig. 2.1(c). The secondary

current I, then can be calculated as,

MI, — 22y,
L=t w (2.5)

T2

In a series-series compensated IPT system which operates at the resonance fre-

quency, the reflected resistance to the primary can be expressed as [7],

w2 M?
Reyy=——— 2.6
q To +RL ( )
Using (2.4) and (2.5), (2.6) can be rewritten as,
M(rwMI; — 2+/2V)
R,, = WMmwMh V2V5) (2.7)

7T7"2[1

By applying KVL to the equivalent circuit of the primary, the following can be
derived,

‘/1 == (Tl + Req)ll (28)

where V] is the main harmonic component of the input voltage applied to the pri-
mary. Using (2.7) and (2.8), the primary and secondary currents [y, Iy can be

written as,
Vi + 2v/2wM Vg
m(riry + w?M?)

I = (2.9)
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TwMVy — 24/2r Vg
7(riry + w?M?)

I = (2.10)

2.1.1.3 Inductive Charging System Efficiency

The power transfer efficiency can be calculated as,

Rpl?
— By 2.11
T i+ R (2.11)

Using (2.9) and (2.10), n can be expressed as,

_ 2Vp(V2rwMV; — 4riVp)
Vi (mraVi + 22w M Vi)

(2.12)

2.1.1.4 Optimal Input Voltage

The input voltage of the IPT system (V) can be controlled by the primary DC/AC
converter. The optimal input voltage at which maximum power transfer efficiency

occurs (Vo) can be found by solving the following equation for V;,

on
v = 0 (2.13)

Using (2.12), V., can be simplified as,

2V/2V5 (7“17“2 + \/rlrg (rirg + w2M2))

TwMrs

Vopt = (2.14)

By substituting (2.14) in (2.12), the corresponding efficiency 7,4, is derived as,

2\/r1r2 (rirg + w2M?) — 2ry1y

Nmaz = 1 e (215)
To further simplify (2.15), the following factor is defined as,
2M2
?="2 (2.16)
172
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Figure 2.2: Power transfer efficiency (7) of an inductive charging system as a function
of resistance r and mutual inductance M.

where @) is a factor that represents both the level of magnetic coupling and coil
quality in primary and secondary magnetic structures. Using (2.16), (2.15) can be
simplified as,

2/1+Q?*—-2
nmale_
QQ

(2.17)

where the quality factor ) can be calculated using the physics-based model for M,
r1 and ry. In Fig. 2.2, the plot of maximum power transfer efficiency as a function
M and riry is presented. This plot shows that efficiency increases when M increases
or when r79 decreases. This can be mathematically proved by taking the derivative

of Nimae TESPect to Q as,

dnmax o 2Q2_2\/1+Q2+4 (2 18)
dQ Q3/1+Q? '
Based on (2.18), it can be easily shown that for any @ > 0, we have % >

0. Therefore, N4, is a strictly increasing function of ). As a result, achieving

maximum () guarantees maximum power transfer efficiency of the system.
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Figure 2.3: Representation of circuit-based (power transfer) and physics-based con-
straints in wM — r coordinates.

2.1.1.5 Output Power Constraint

The power output of an inductive charging system can be expressed as P,,; = RLIQQ.
Using (2.4) and (2.10), P,,; can be rewritten as,

87“1‘/32
2 \/7“17“2(7‘17“2 + w?M?)

Equation (2.19) expresses the relationship between output power and mutual

Pout =

(2.19)

inductance and equivalent primary and secondary resistances. In the case that

primary and secondary structures are identical, it can be assumed r = ry = 7,

812
i+ I

Fig. 2.3 conceptually shows the circuit-based (output power) and physics-based

Pyt = (2.20)

design constraints. Based on (2.20), the circuit-based constrained is a quadrant in

. . . 8V2
wM — r coordinates with a radius of Wft.
ou

Inductive charging systems are designed to achieve @Q*> >> 1. Therefore, ac-
cording to (2.16) we have w?*M? >> r2. Thereby, (2.20) can be approximated as

8V2 . .
P, = —=2%-. Thus, the required mutual-inductance M, can be expressed as
oM ’ 0 )

8V

Mo = m2wP,
out

(2.21)
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Figure 2.4: Structure of a square magnetic coupler for inductive EV charging sys-
tems.
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1. Ambient temperature (T=Tgm) 1. Thermal insulation
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Figure 2.5: Boundary conditions of the hybrid physics model solved using FEA.

2.1.2 Parametric Physics Model Using 3D Finite Element

Model

In order to be able to evaluate different design objectives and constraints in an induc-
tive charging system with any design parameters, a parametric hybrid physics model
that incorporates both electromagnetic and thermal models is employed. 3D Finite
Element Analysis (FEA) is employed for numerically solving the physics model.
In this study, COMSOL Multiphysics software is employed for performing the 3D

FEAs. A physics model takes design parameters as an input and provides mutual-
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Figure 2.6: Sample finite element analysis results of the hybrid physics model: (a)
Magnetic flux density distribution, (b) Temperature distribution.

inductance, magnetic field distribution, maximum temperature. The physics model
can be directly coupled to the optimization algorithm. Fig. 2.4 shows a 3D FEA
model of a square magnetic structure. In Fig. 2.5, the details of the applied bound-
ary conditions for the electromagnetic and thermal models are presented. Further,
in Fig. 2.6(a) and (b), sample plots of magnetic flux density distribution and tem-
perature distribution on the magnetic structures are presented. In the following

section, the derivation of different parameters using the physics model is presented.

2.1.2.1 Equivalent Resistances of Coil

Due to the high operating frequency of inductive charging systems, the coils are
usually composed of Litz wire to minimize the losses by mitigating the skin and
proximity effects. Litz wire is composed of many thin wire strands which are twisted
and woven and are individually insulated. The skin and proximity effects in a Litz
wire are divided into bundle level and strand level. Since the bundle-level effects
are minimized by manufacturing techniques, in this study only strand-level effects

are considered. The equivalent resistance that incorporates both skin and proximity
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effects can be expressed as [177],

7,eq = Tskin + (rprom' + Tpro:pe) (222>

where 74, is the strand-level skin effect resistance calculated as,

s ber (ys)bed’ (ys) — bei(vys)ber’ (7ys)

skin = Tde™ : 2.23
Fkin = Tde™y ber’(7ys) + bei () (223)
Tage = n:lTpdgNlT is the dc resistance of a strand, v, = \/wpors, and bei(), ber(), bei’ (), ber’()

are Kelvin functions. Also, 7,0z and 7,04 are the strand-level proximity effect re-
sistances due to the internal magnetic field of the wire and external magnetic field,

respectively and are calculated as [177],

S Bys bera(ys)ber’ (7s) + beia(vs)bed’ (vs) (2.24)

2 ber?(vys) + bei?(vs)

Tproxe = Ns

bera(ys)ber! (vs) + beia(ys)bei (7s) al ‘Hi,e:r:t
™ ;(J (2.25)

ber?(vs) + bei (s "2

rms

where 3 is the packing factor, ber2(), bei2() are second order Kelvin functions, H;
is the external magnetic field at the ¢’th turn which can be calculated using the

electromagnetic model.

2.1.2.2 Equivalent Resistance of Core Losses

The ferrite core losses is calculated by integrating the Steinmetz equation over the

volume of the core as,
Proe = / kfoB%dv (2.26)
Vi

where P is the core loss per unit volume, Bis the peak flux density, f is the frequency
of sinusoidal excitation, and k, «, 8 are Steinmetz constants which are determined
using curve fitting techniques. Using (2.26), the equivalent series resistance which

represents the core losses ... is calculated as,

Pcore kfa S B
Tcore = ]—Ems = [Ems [/fB dv (227)
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The flux density distribution B is calculated using the electromagnetic physics model
and thereby, r.... can be directly calculated using (2.27) by performing the integra-

tion over the volume of the core.

2.1.2.3 Equivalent Resistance of Stray Losses

The stray magnetic fields generated by the magnetic structures of inductive charging
systems can penetrate into nearby conductive or magnetic object and induce losses.
Due to high frequency and high magnitude characteristics of the stray magnetic
fields, such losses can be significant. In inductive electric vehicle charging systems,
such stray losses are induced in the shielding plates and the vehicle chassis. The

losses on conductive objects are calculated using the surface impedance technique

[WH 722
Pate = —H* d 2.2
plat /S 29 rms®S ( 8)

where H,.,,, is the RMS magnetic field at the surface of the object which is calculated

as [178],

using the FEA. The equivalent series resistance that represents the stray losses

(Tstray) can be calculated as,

_ %fs Hfmsds

rstray - 20 12
rms

(2.29)

2.1.2.4 Equivalent Resistance of Compensation Capacitors

The Equivalent Series Resistance (ESR) of the compensation capacitors can be

calculated based on the loss tangent as,

tan d(w)
fear =50

(2.30)

where C'is the capacitance of the capacitor and tan §(w) is the frequency dependent

loss factor, which is provided by the capacitor manufacturer.
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2.1.2.5 Thermal Performance Analysis

In order to ensure that magnetic structures have a proper thermal performance, the
thermal analysis is essential. In this study, the electromagnetic model is coupled to
a thermal model in order to calculate the temperature distribution in the magnetic
structures. The hot-spot temperature (0j5) is then determined and is used as a

constraint in the optimization algorithm.

2.1.3 Multi-Objective Optimization of Magnetic Structure

Design
2.1.3.1 Multi-objective Optimization Formulation

The design of magnetic structures in an inductive power system deals with multiple
objectives including Power Transfer Efficiency (n), Horizontal Misalignment Tol-
erance (A), Power Density («), and Cost Efficiency (8). The inductive charging
system should be optimized with respect to different design parameters, such as
coil inner width, coil width, number of turns, etc., to balance these four conflicting
design objectives. In addition, multiple constraints need to be considered for the
optimization problem. These constraints contain structural size limits, magnetic
coupling constraint, and hot-spot temperature limit, and stray field limit to meet
the desired design specifications and comply with standards.

Let p = (p1,...,pn) denote n design parameters of the inductive charging sys-

tem, the magnetic structure design therefore can be defined as a multi-objective
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optimization problem (MOP) mathematically described as follows:

max F(p) = {n(p), A(p), a(p), B(p)}
s.t. Sp(p) < Smaoca

Bs(p> S Bma:r:v (231)

ehs(p) S emaxa

M(p) = M07

where F'(-) is the set of four real-valued objective functions {n(-), A(+), a(-), 5(:)}

defined as:

2.1.3.2 Power Transfer Efficiency (7)

The power transfer efficiency is one of the key performance metrics in inductive
charging systems. This objective can be determined using (2.17). This equation is
coupled to the electromagnetic physics model through M, r; and ro circuit param-
eters. It should be noted that losses in the coils, magnetic cores, and stray losses in

the primary and secondary are all incorporated in r; and 7y, respectively.

2.1.3.3 Horizontal Misalignment Tolerance (A)

Inductive EV charging systems should be able to tolerate slight horizontal misalign-
ments by maintaining an acceptable power transfer efficiency. Higher tolerance to
misalignments provides more convenience and flexibility for inductive EV charging
stations. The misalignment tolerance for any magnetic structure can be calculated
using the FEA model and power transfer efficiency calculations at different misalign-
ments. The misalignment tolerance (A) is defined as A = Max{D |n(D) > Nmin},
where D is the horizontal displacement and 7,,;, is the minimum acceptable power

transfer efficiency which should be 80% according to SAE J2954.
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2.1.3.4 Power Density («)

The power density is a measure of compactness of the magnetic structure which is

determined as,

. 2.32
=y (2.32)

where « is the power density usually expressed in kW /dm?, and V; is the volume of

the magnetic structure.

2.1.3.5 Specific Cost ()

The specific material cost of the magnetic structure (in W/$) can be determined by

calculating the length of Litz wire, ferrite core volume, and shielding plate area as,

P
- L,Cy + V;Cs + 5,0,

B (2.33)

where L, is the wire length, V; is the core volume, S, is the shielding plate area
and C,, Uy, C, are the per unit specific costs for the Litz wire, ferrite core and
aluminum plate, respectively.

Let Q = {p € R"[S, < Spaw: Bs(P) < Binazs Ons(P) < Oz, M(p) = My} be the
space of system design parameters. Geometric Constraint: S,(p) < Spae represents
the outer diameter of the pads and should be less than a maximum allowable value;
Stray Field Constraint: Bs(p) < B provides the maximum allowable magnetic
field in a certain region as defined by the SAE J2954 standard; Temperature Limit:
Ons(P) < Oae gives the maximum allowable operating temperature to ensure the
thermal performance of the system; and Mutual-Inductance Constraint: M (p) = My

represents the desired mutual inductance constraint according to (2.21).
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Figure 2.7: The flowchart of the proposed physics-based multi-objective design op-
timization algorithm.

2.1.3.6 Genetic Algorithms for Multi-objective Optimization

Given the design parameter space 2, the main objective of Problem (2.31) is to
calculate a Pareto-optimal solution p* € (), where there is no p € 2 satisfying
that, n(p*) < n(p), A(p") < A(p), a(p”) < a(p), B(p*) < B(p), with at least
one strict inequality fulfilled. However, due to the nonlinearity of the objective
functions and constraints in Problem (2.31), the Pareto-optimal solution p* €
cannot be computed efficiently [179]. Therefore, the scalarization method is imple-
mented to solve Problem (2.31) by combining its four objective functions into one

single-objective scalar function. For details, the scalarization method maximizes a
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positively weighted convex sum of the objectives, that is,

max  win(p) + waA(p) + wsa(p) + wsf(p)
(2.34)

st. pe,

where w = [wy, wy, w3, wy]? denotes for the weight vector, which is determined
based on Zle w; = 1 and w; > 0, ¢ = 1,...,4. According to the theorems in
[180], assume that the parameter space (2 is convex and the four objective functions
{n(p), A(p), a(p), 5(p)} are convex on €2, it can be proved that the optimal solution
of the single objective Problem (2.34) is an efficient solution for the original MOP
Problem (2.31). Corresponding to each weight vector w, one of the Pareto-optimal
solutions can be derived for the magnetic structure design problem.

Give a weight vector w, the Genetic Algorithm (GA) is introduced to compute
the optimal solution p* of Problem (2.34) to determine the optimal design param-
eters of the magnetic structure for inductive charging systems. The proposed GA
contains four main steps including: 1) First Population Initialization, 2) Selection
of the Individuals, 3) Crossover, and 4) Mutation Process [181]. Firstly, the design
parameters are represented in the chromosome type, typically as strings of 0 and
1. The GA begins with randomly generating a first population in the chromosome
type. Then, the GA algorithm produces a series of new populations generated by
selection, crossover and mutation processes. The optimal solution of Problem (2.34)
is derived until the new population satisfies the algorithm stopping criteria. The
flowchart of the proposed physics-based multi-objective design optimization algo-

rithm is presented in Fig. 2.7.
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Table 2.1: The cost coefficients for different materials.

Coefficient Description Value
Cuw Litz wire cost per unit length ($/m) 2.04
Cy Ferrite material cost per unit volume ($/dm3) 180
Cp Aluminum plate cost in unit area ($/m?) 333.68

Table 2.2: Design specifications of the target case study system.

Description

Value

Air gap (g)
Output power (P)

100 mm (Class Z1)
3.7 kW (Class WPT1)

Frequency (fs) 85 kHz
Secondary Battery Voltage (Vi) 160V
Maximum Structure Footprint (Sp) 25 dm?
Maximum Stray Field (Bmaaz) 6.25 uT
Maximum Hot-Spot Temperature (65) 80°C
[ 479 mm - i 364 mum |
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Figure 2.8: Optimized magnetic structures for different design cases of Table 2.3.

2.1.4 Case Study Analysis

A 3.7 kW inductive EV charging system for 100 mm air gap (WPT1/Z1 as defined
in SAE J2954) with square magnetic couplers is investigated as the case study.
The magnetic structures are assumed to have an area no more than 25 dm?. Also,

the stray field of the inductive system should be less than 6.254T to meet human
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Figure 2.9: Contour plots of fitness function for different design cases of Table 2.3.

Table 2.3: Optimization results for different design scenarios.

No Objective Function Weights Optimized Design Parameters Objective Functions and Constraints
[er ws ws wi | Dic(mm) _We(mm) N _| n(%)___A(mm) __a(kW/dm®) __BW/S) | Bs(uT)
1 0.7 0.1 0.1 0.1 223 103 5 96.81 164 0.81 46.68 3.45
2 0.4 0.1 0.4 0.1 147 84 8 95.82 116 1.39 80.11 4.98
3 0.3 0.1 0.5 0.1 121 82 10 95.07 102 1.65 94.94 5.94
4 0.4 0.4 0.1 0.1 151 85 8 95.92 117 1.35 77.75 5.02
5 0.3 0.5 0.1 0.1 163 86 7 96.15 125 1.25 71.86 4.47
6 0.3 0.1 0.1 0.5 124 80 9 95.15 102 1.65 94.94 5.37

exposure regulations in compliance with ICNIRP 2010 standard [91]. Also, the
ferrite tiles are selected as MnZn N87 material. The cost function is calculated
using the cost coefficients presented in Table 2.1. The detailed design requirements
and constraints are presented in Table 2.2.

The parameterized square magnetic structure is presented in Fig. 2.4. As it is
shown, the magnetic structure is identified by inner width of the coil (D;.), width of

the coil (W,), and number of turns (N;). The proposed multi-objective optimization
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algorithm is programmed in MATLAB. Also, COMSOL Multiphysics is employed
for performing parametric 3D FEAs on electromagnetic and thermal physics mod-
els. The multi-objective optimization is carried out for different design priorities
by applying corresponding objective function weights to achieve optimal solutions.
A computer with a Core i7-4770 processor and 16 GB of memory is employed to
perform the optimizations and the results are presented in Table 2.3. Each 3D FEA
takes 75 seconds on average. The average time required for each optimization sce-
nario is about 9 hours. However, by utilizing the multi-core processing capabilities,
multiple FEAs can be performed in parallel to significantly reduce the optimization
time. In Fig. 2.9, the corresponding contour of the fitness function for each de-
sign case is presented. Also, the optimized design structure for each design case is

presented in Fig. 2.8.

2.1.4.1 Design for Efficiency

Case No. 1 of Table 2.3 shows the optimization for results maximum power transfer
efficiency. This is achieved by assigning the highest priority to the efficiency and
minimum priority to the rest of objectives. The corresponding optimized magnetic
structure is presented in Fig. 2.8(a). As it can be seen the optimized structure
requires to have a large cross-sectional area with only 5 turns. Although using this

design 96.81% efficiency can be achieved, the power density of this design is as low

as 0.81kW/dm3.

2.1.4.2 Design for Efficiency and Power Density

In case No. 2, the power transfer efficiency and power density are considered with

the same level of priority. Compared to case No. 1, although the efficiency is reduced
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by about 1%, the power density is improved by 72%.(1.39kW/dm?). The optimized

structure for this case study is shown in Fig. 2.8(b).

2.1.4.3 Design for Power Density

The power density can be further improved by increasing its priority over efficiency
as presented for Case No. 3. Compared to Case No. 2, the power density is
improved by about 19% while the efficiency is decreased by 0.75%. The dimensions
of the optimized structure is presented in Fig. 2.8 (c¢) and the corresponding contour

plot of the fitness function is presented in Fig. 2.9(c).

2.1.4.4 Design for Efficiency and Displacement Tolerance

The cases No. 4 and 5 present optimal solutions the priority of displacement tol-
erance. Specifically, the optimized structure in case No. 5 can achieve 125 mm
displacement tolerance with 96.15% efficiency and 1.25 kW /dm? power density. The
corresponding structures and objective function contours are presented in Fig. 2.8

(d),(e) and in Fig. 2.9(d),(e).

2.1.4.5 Design for Cost Efficiency

Case No. 6, presents an optimized design for both power transfer efficiency and cost
efficiency. The derived design parameters and objective function values are similar
to case No. 3 (1.65 kW /dm?) with slight improvement in efficiency. This is due
to the fact that the power density and cost efficiency objectives follow the same
trend. The corresponding optimized structure and the objective function contour

are presented in Fig. 2.8 (f) and in Fig. 2.9(f).
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Table 2.4: Specifications of the experimental setup.

Component Description
Ferrite Plates Laird MP2106-0MO0, 53mm X 53mm X 2.5mm, N&87 MnZn
Litz Wire Gauge 8, round Litz wire, 5xX5x42/38 structure

AC Capacitors KEMET PHEA450, film capacitor 22nF, 3kV
Power Switches  IXYS IXXN110N65C4H1, 650V 210A IGBT
Resistive Loads TE1000B10RJ, 102, 1000W

Receiver pad Three-phase
A Compensation AC/DC/AC
. Capacitors converter _

Transmitter pad

Figure 2.10: The developed experimental setup with optimized square magnetic
structures designed for high power density.
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Figure 2.11: Power transfer efficiency of the case study system as function of receiver
power obtained using both calculations and experimental measurements with and
without horizontal offset.

2.1.5 Experimental Analysis

Based on the optimization results presented in Section 2.1.4 for maximum power
density, a 3.7 kW prototype is built. The magnetic structure is built according
to the design parameters of case No. 3 of Table 2.3 which are derived for highest
power density. The experimental setup is shown in Fig. 2.10 and the specification

are presented in Table 2.4. The setup is composed of optimized square magnetic
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structures, a three-phase power supply, a three-phase AC/DC/AC converter, and
secondary loads.

Fig. 2.11 shows the plots of the power transfer efficiency (1) of the case study
system as functions of power (kW) which are obtained using both calculations and
experimental measurements with and without horizontal offset. According to Fig.
2.11, the experiments show that the prototype system can achieve 93.65% efficiency
at 3.7 kW which is good agreement with 95.53% theoretical value. Also, it can be
seen that with 102mm horizontal offset, the efficiency of the system at 3.7kW is re-

duced to 83.43% which conforms to the expected horizontal displacement tolerance.
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CHAPTER 3
DESIGN AND DEVELOPMENT OF SELF-TUNING
CONTROLLERS FOR INDUCTIVE POWER TRANSFER SYSTEMS

In this chapter, self-tuning controllers for IPT systems with resonant current
control are introduced. The proposed controllers are designed based on an ampli-
tude modulation technique for resonant converters to regulate the transferred power
in an IPT system. Using the proposed controllers, the switching operations of the
converters are synchronized to the resonance current of the IPT system which in turn
eliminates the need for manual frequency tuning and enables soft-switching opera-
tions (zero-current switching). Soft-switching operations increase the efficiency and
reliability, and reduce the switching stress and electromagnetic interference (EMI)
of the converters. Based on the control design, a simplified digital control circuit is
proposed which can be used as an alternative for high-cost DSP/FPGA solutions.
The design methodology, theoretical analysis of the proposed converter, along with
simulation and experimental results on a case study IPT system are presented in
detail. The results show that the proposed controllers can effectively regulate the
transferred power with self-tuning capability and soft-switching operations. The

work presented in this chapter is published in [162,172-174].
3.1 Sliding Mode Controller for H-Bridge Converters in In-
ductive Power Transfer Systems

In this section, soft-switching self-tuning H-bridge converters which are controlled
based on the an amplitude modulation technique based on a sliding mode control
are proposed for IPT systems. The proposed controller benefits from the self-tuning

capability. This enables the synchronization of the switching operations with the
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resonant current and guarantees soft-switching operations. A simplified digital de-
sign for the proposed controller is presented which can be used as an alternative for
DSP/FPGA based solutions. It can operate at much higher frequencies which is
suitable for IPT applications. The proposed converter is analyzed theoretically and
simulated in MATLAB/Simulink, and finally, it is implemented experimentally and

the results are presented.

3.1.1 Self-Tuning Controller Design

In Fig. 3.1, an H-bridge converter topology connected to a DC source input and an
equivalent RLC circuit of an IPT system at the output is shown. The DC source is
usually a full-bridge rectifier. The equivalent circuit of an IPT system is composed
a series capacitance C, primary inductance L, and an equivalent resistance R,
which represents the reflected load from the secondary circuit to the primary. The
self-tuning controller for an H-bridge converter can be designed based on the energy-
injection and free-oscillation technique for resonant circuits. A conceptual plot of
the resonant current and output voltage of a converter which are controlled using
energy-injection control method is shown in Fig. 3.2. As it is shown, each half-cycle
can be either an energy-injection mode or a free-oscillation mode. The transitions
between different modes only occur at resonant current zero-crossing points, which
ensures the soft-switching operation of the converter. In energy-injection modes,
energy is injected into the LC tank from the DC voltage source, thus increasing
the resonant current. On the other hand, in free-oscillation modes, the LC tank
continues its oscillation without energy injection from the source, thus decreasing
the resonant current. Therefore, the resonant current can be regulated around a

reference current by constantly switching between the two operation modes.

47



S; E % Ss g }
Q_ _‘ CP Lp Re
Figure 3.1: An H-bridge converter connected to an equivalent RLC circuit repre-
senting an [PT system.
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Figure 3.2: Resonant current and output voltage of the H-bridge converter which
is controlled using the proposed SMC based on energy injection and free oscillation
technique.

3.1.1.1 Sliding Mode Controller Design

The controller can be designed based on sliding mode control (SMC) framework
which is based on energy-injection and free-oscillation technique to perform ampli-
tude modulation on the resonant current. The sliding surface is defined based on

the peak resonant current as,

(k] = ires — lip[K]] (3.1)
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where o[k] is the discrete sliding surface and i,.s is the reference current and 7, [k]
is the discretized peak resonant current can be rewritten as follows [133]:
Te arctan(Tw)/Tw

ll] = (k) = v 1) s (52)

where u[k] is the input voltage of the IPT system, v, [k] is the voltage of the com-
pensation capacitor, 7 is the resonant damping time constant, and w is the nat-
ural resonance frequency. The reaching law for the SMC can be formulated as
follows [182]:

(o[k + 1] — olk])olk] <O (3.3)

Using (3.1) and (3.3) the following can be derived:
(lip[k +1]] = [ip[K] o k] > O (34)

Based on (3.4) the feedback control law u[k] is picked so that the discrepancy
between consecutive resonant current peaks and o[k] have same signs. In other
words, whenever o[k] > 0 energy injection to the LC tank should be performed
to increase the peak resonant current and whenever o[k] < 0 the LC tank should
continue its free-oscillation. This is depicted in Fig. 3.2. In an H-bridge converter
which is shown Fig. 3.1, the output voltage which is applied to the LC tank can be
either Vg, —Vy. or 0. As a result, based on (3.4) the control law for a full-bridge

converter can be derived as,

;

Vie  olk] > 0,14,[k] <0

ulk +1] =~V ofk] >0, i,[k] >0 (3.5)

Based on (3.5), an H-bridge converter will have four operation modes which are

presented in Table 3.1. These operation modes are determined according to the
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Mode 3 Mode 4

Figure 3.3: Different control modes in an H-bridge converter: energy injection modes
(1 and 2), free-oscillation modes (3 and 4).

Table 3.1: Four operation modes and corresponding switching states in an H-bridge
converter.

Mode Type \ sign(i,) sign(o|k]) \ S1 Sy S35,
1 energy injection 1 1 1 0 01
2 energy injection 0 1 01 10
3 free oscillation 1 0 1 0 00
4 free oscillation 0 0 01 00

sign of o and peak resonant current ¢, in each half-cycle. In Fig. 3.3, the resonant
current path in four different operation modes are presented. According to Table

3.1 and Fig. 3.3, the switching states of the H-bridge converter would be as follows:

Sl = Sigﬂ(l}) SZ = Sign@r) (3 6)

Sy = sign(i,) - sign(olk]) Sy = sign(i,) - sign(o[k])
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3.1.1.2 Simplified Design for the Sliding Mode Controller

Based on the control laws and corresponding switching signals derived for the H-
bridge converter in Section 3.1.1.1, a simplified digital controller can be designed
which is shown in Fig. 3.4. The controller takes the resonant current of the IPT
system and the reference current as the inputs and generates four switching signals
for the H-bridge converter. The performance of the converter can be described in
four operation modes, which are presented in Table 3.1 and Fig. 3.3. The operation
modes 1 and 2 are energy injection modes in which energy is injected into the IPT
system, and the operation modes 3 and 4 are free oscillation modes in which the
IPT system continues its resonant oscillation. The transitions to different modes of
operation only occur at resonant current zero-crossing points. The controller takes
a feedback from the resonant current of the IPT system as the input and generates
the switching signals for the four switches of the H-bridge converter. It is composed
of two differential voltage comparators, a peak detector, two D-type flip-flops, two
AND gates, and a NOT gate.

The first differential comparator is used to detect resonant current zero-crossing
points, as well as its direction. The peak detector is used to detect the peak of the
resonant current in each half-cycle. The D-type flip-flops are used to save the state

of the peak comparator for the next half-cycle (sign(o[k])). These two flip-flops are

L i
S1 o sign(i + o'
T ondt) Comp. GND
Sz o
5 I Clkq "L'
S; 0= o
S ‘h—(:l:r Peak || | i
| Detector

D Flip-Flop

Figure 3.4: The proposed simplified controller for H-bridge resonant converters (i,
is the measured resonant current signal, i,.; is the reference current).
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Figure 3.5: Simulation results on the case study IPT system using an H-bridge
converter topology: (a) iref=40A, P,;=6.6kW, (b) 7,.y=60A, P,,;=14kW.

used to consider both positive and negative peaks of the resonant current. Finally,
AND and NOT gates are used to generate the appropriate switching signals for Si,
Sy, S3 and Sy according to Table 3.1.

3.1.2 Simulation Analysis

The proposed self-tuning soft-switching control circuit for H-bridge converter topol-
ogy which is presented in Fig. 3.4, is simulated using MATLAB/Simulink. The
simulation model is comprised of a three-phase mains, transmitter and receiver
pads with their corresponding compensation circuits, an AC/DC/AC H-bridge con-
verter which is controlled by the proposed controller and it is connected to the
transmitter coil, and a battery charger for an electric vehicle at the secondary. The
self-inductances of the primary and secondary are each 172 puH, where each has a
120 nF' compensation capacitor. As a result, the operating resonance frequency of
the LC tank will be 35 kHz. The three-phase power supply has a line-to-line voltage

of 208 V with 60 Hz power frequency.
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Figure 3.6: The case study IPT system with circular pads as transmitter and re-
ceiver, an AC/DC/AC converter controlled by the proposed control circuit.
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Figure 3.7: Resonant current and energy injection switching signals of the H-bridge
converter in the case study IPT system: (a) Vi, = 10V, 4,ef = 3.64, P, = 35W,
(b) Vi, =20V, dyes = 10A, Py = 155W.

The reference current of the controller (i,.f) is set to 60A and 100A and the
simulations were carried out. In Figs. 3.5a and 3.5b, the resonant current, and the
corresponding switching signals for both simulation cases are shown. As it can be
seen, the switches 1 and 2 are constantly switching while switches 3 and 4 have a
variable frequency switching signals. These switching signals are adjusted by the
controller to regulate the energy injection to the IPT system in order to regulate

the transferred power.
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3.1.3 Experimental Analysis

In order to verify the performance of the proposed self-tuning controller, a pro-to-
type H-bridge converter topology is built based on the control circuit presented in
Fig. 3.4 and the experimental tests were carried out. The case study IPT system
which is shown in Fig. 3.6 is comprised of two circular power pads as the trans-
mitter and receiver structures, compensation capacitors, an AC/DC/AC H-bridge
converter along with the proposed self-tuning controller. The self-inductance of the
circular pads are each 172 puH, where each has a 120 nF' compensation capacitor
and thereby, the operating resonance frequency of the LC tank would be 35 kHz. A
variable three-phase power supply is used as the AC mains. The experimental tests
were carried out in two scenarios: (a) Vi, = 10V and i,.; = 3.64, (b) Vi, = 20V
and i,y = 10A, where V1, is the line-to-line voltage of the three-phase input volt-
age. In Fig. 3.7, the resonant current and energy injection switching signals (S3 and
Sy) of the H-bridge converter are shown. These results show that the implemented
controller is capable of regulating the resonance current around the reference current

at different input voltage levels with soft-switching operations.

3.2 Self-Tuning Variable Frequency Controller for Inductive
Electric Vehicle Charging with Multiple Power Levels

In this section, a self-tuning controller for contactless electric vehicle (EV) charg-
ing systems based on inductive power transfer (IPT) with multiple power levels
is introduced. The multiple charging levels (consisting of 10 charging levels) are
achieved by controlling the energy injection frequency of the transmitter coil of the

inductive power transfer (IPT) system. The charging levels include the standard
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wireless charging levels for light-duty EVs (Levels 1, 2, 3 and 4) as defined by
SAE TIR J2954 [90]. The proposed controller is capable of self-tuning the switch-
ing operations to the natural resonance frequency of the IPT system and benefits
from soft-switching operations (zero-current switching), which ensures the maximum
performance of the IPT system. The proposed controller has such a simple design
which can be implemented based on a simplified control circuit. The simulation
of the proposed controller for an inductive charging system at different charging
levels is carried out in MATLAB/Simulink. Also, the proposed controller with an
AC/DC/AC converter is implemented experimentally on an IPT charging system
to verify the effectiveness of the controller at different charging levels. The experi-
mental test results conform with the simulation results and verify that the proposed
controller effectively enables self-tuning capability and soft-switching operations at

different charging levels for IPT based contactless EV charging systems.
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Figure 3.8: The proposed simplified control circuit designed for a two-stage full-
bridge AC/DC/HFAC converter.

95



3.2.1 The Proposed Controller

Using the energy injection method the amplitude of the resonant current in an [PT
system can be controlled by varying the rate of the energy injection to the primary
coil. On this basis, a self-tuning variable frequency energy injection control method
for IPT systems is proposed. The proposed method employs a variable frequency
energy injection to the IPT system to achieve multiple charging levels. Fig. 3.8
shows the proposed controller which is designed for a two-stage AC/DC/HFAC
converter. The two-stage converter is composed of a three-phase rectifier and a
single-phase full-bridge high-frequency inverter. The operation of the full-bridge
inverter can be described in four modes based on the direction of the resonant
current (positive or negative) and the type of the (energy injection or free-oscillation)
operation mode, as it is presented in Fig. 3.3 and Table 3.2. Based on Table 3.2,
four switching signals of the full-bridge inverter Si, S, S3, and S; can be expressed

in terms of current direction (Ssg,) and energy injection (S;,;) states as follows:

Sl = Ssgny SQ = Ssgna 83 = Ssgn : Sinj S4 = Ssgn : Sinj (37>

Based on (3.7), regardless of the type of operation mode (whether it is an energy
injection or free-oscillation mode) S; is switched ON when the direction of current
is positive, and S5 is switched ON when the direction of current is negative. Fur-
thermore, (3.7) shows that Sy is switched ON in positive energy injection modes

and S3 is switched ON in negative energy injection modes.

Table 3.2: Four operation modes of a full-bridge inverter and corresponding switch-

ing states.
Mode Type Current direction Energy injection | S1 Sz S3 Sy
(Ssgn) (Sing)
mode 1 | Energy injection | 1 1 0 0 1
mode 2 | Energy injection | 0 1 0 1 1 0
mode 3 Free oscillation 1 0 1 0 0 0
mode 4 Free oscillation 0 0 0 1 0 0
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voltage applying the proposed control method for charging Level 2-4.

The presented controller is designed based on a simplified circuit and it is com-

posed of D-type flip-flops, logic gates, a differential comparator, and multi-port
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switches. The sign of the resonant current (S,,,) which has the resonance frequency
fr, is determined by the zero-cross detector which is the differential comparator.
Based on (3.7), S; is connected to Sy, and Ss is connected to ?gn as shown in Fig
3.8. The series flip-flops form three frequency dividers and by using the sign signal
Ssgn as the clock source, signals with f,/2, f,./4 and f,/8 frequencies are generated.
By combining the sign signal S, with the signals generated by the frequency divider
with the use of AND and NOT gates, four switching signals for positive energy injec-
tion half-cycles (P, P, Ps,P;) and four switching signals for negative energy injection
half-cycles (N1,Ny,N3,N,) are generated. Based on (3.7), since Py, P,, P3 and Py are
energy injection signals in positive half-cycles, S3 can be connected to any of them,
enabling energy injection to the IPT system at different rates. Similarly, based on
(3.7), since N7, No, N3 and N, energy injection signals in positive half-cycles, S,
can be connected to any of them, enabling energy injection to the IPT system at
different rates. Therefore, the multi-port switches are employed to connect S3 and
Sy to the proper energy injection switching signals based on a user-defined charging
level preset. In Fig. 3.9, typical energy injection switching signals for positive and
negative half-cycles are presented. Using two multi-port switches in the proposed
control circuit the frequency of energy injection in positive and negative half-cycles
of the resonant current can be controlled separately. The energy injection frequency
in positive and negative half-cycles can be f, (resonance frequency), f,./2, f./4 and
fr/8. Thereby, enabling energy injection to the IPT system at 10 distinct levels.
These charging levels are presented in Table 3.3. Although, these 16 (4x4) charging
levels can be reduced to 10 distinct charging levels as there are 6 charging levels are
equivalent to the other 10 charging levels which are given in Table 3.3, e.g. Level

1-2 is equivalent to Level 2-1, and Level 1-4 is equivalent to Level 4-1, etc.
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Typical waveforms of the resonant current and output voltage of a full-bridge

inverter with the use of energy injection control method is shown in Fig. 3.10. As it
can be seen, each mode starts and ends at zero-crossing points, which leads to zero-
current current switching (ZCS) of the inverter. Therefore, the converter will have
higher efficiency compared to conventional converters. Also, the simple design of the
controller not only simplifies its implementation but also enables higher operating
frequencies, at which conventional digital controllers (DSP/FPGA) may not be able
to achieve.

In charging levels with different energy injection frequencies for positive and
negative half-cycles, the output voltage of the full-bridge inverter will have a DC
component. Since the impedance of the series RLC circuit shown (in Fig. 2), for a
DC input is infinite (the capacitor acts as an open circuit). In other words, the DC
component of the voltage is eliminated. As a result, the output resonant current will
only include harmonic (non-DC) components, without any DC component, which
will result in a symmetrical resonant current.

In an IPT system if the converter operates at the resonance frequency a perfect
matching will be obtained, as the impedance of the compensation capacitors cancels
out the equivalent impedance of the transmitter and receiver coils, resulting in a
purely resistive network; Thereby, there would be no phase difference between the
resonant current and input voltage. As a result, the zero-current switching (ZCS)
will ensure the zero-voltage switching (ZVS). Since using the proposed controller
the switching operations are synchronized with the resonant current and therefore,
the ZCS and ZVS are both achieved. However, if the resonance frequency of the
primary and secondary are a little different due to imperfect resonance matching,
the equivalent circuit would not be purely resistive. Since the proposed controller
uses zero-current crossing points for generating the switching signals, in such a case

only ZCS will be achieved.
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3.2.2 Theoretical Analysis

In this section theoretical calculation of different measures for the contactless charg-
ing system based on the proposed controller is presented. Analytical solutions for

the resonant voltage, resonant current and the output power can be found as follows:

3.2.2.1 Resonant Current and Resonant Voltage Calculation

The differential equation of a series compensated IPT system can be expressed based

on the resonant current 7 as follows:

A% Re di 1

where L is the self-inductance of the transmitter, and C' is the compensation ca-
pacitor of the transmitter, and R., is the equivalent resistance of the load on the
receiver side, reflected to the transmitter side. At each zero-crossing point of reso-

nant current, the initial conditions of the circuit are as,

.
in = 0, Ld—z(o) =V — v (3.9)

where 7j is the initial resonant current and V; is the output voltage of the inverter.

The resonant current and the resonant voltage (v.) of the compensation capacitor

Table 3.3: Different charging levels which can be achieved using the proposed con-
troller.

Frequency of energy injection
Charging Level | Positive half-cycles Negative half-cycles

Level 1-1 fr fr

Level 1-2 fr fr/2
Level 1-4 fr fr/4
Level 1-8 Ir fr/8
Level 2-2 fr/2 fr/2
Level 2-4 fr/2 fr/4
Level 2-8 fr/2 fr/8
Level 4-4 fr/4 fr/4
Level 4-8 fr/4 fr/8
Level 8-8 fr/8 fr/8
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can be found by solving (3.8), based on the initial conditions given in (3.9) [133]:

i(t) = Ke ""sin(wt) (3.10)

L(
C(1+47m2w?)

where 7 = 2L/R is the damping time constant, w = /w3 — @2 is the natural

ve(t) = v + Tw — e Y7 [sin(wt) + Tweos(wt)]) (3.11)

damped frequency, wy = 1/v/LC is the resonant frequency, a = R.,/2L is the

damping coefficient, and the coefficient K is expressed as:

‘/t_/UCO

K =
wlL

(3.12)

In order to calculate the initial condition for the resonant voltage v, at each
current zero-crossing in a steady-state condition, a full control cycle consisting of
2n half-cycles of the resonant current which includes one energy injection half-cycle
(Fig. 3.10) is considered. The resonant voltage at the end of the energy injection

half-cycle (t = m/w) can be calculated using (3.11) as follows:
Vel = ‘/t + ﬂ (‘/t - UCO) (313>

where [ is defined as:

B =em (3.14)

At the end of free-oscillation half-cycles (half-cycles from 2 to 2n), the resonant

voltage can be calculated based on (3.11) as follows:
Vek = v B (1)1 (3.15)
Using (3.13), equation (3.15) can be rewritten as follows:
vk = Vi(1+ B)B (=1 + v (3.16)

By assuming that the system has reached a steady-state condition, it can be con-

cluded that the resonant voltage at the beginning of each control cycle (v at k = 0)

61



should be equal to the its value at the end of the control cycle (v at k = 2n).

Therefore, using (3.16) the following equations can be derived:

Vo = —Vi(14 B)B*" " + v,8™" (3.17)
Voo = —%W*Vt (3.18)

Equation (3.18) is the initial condition for the resonant voltage in the steady-
state condition and can be used in (3.12), (3.11) to calculate the resonant current

and the resonant voltage at any time.

3.2.2.2 Output Power Calculation

The maximum output power of the converter is achieved when the controller is
set to level 1-1. In this case, all of the half-cycles of the resonant current would
be in energy injection mode. Using the same method for calculation of the initial
condition for the resonant voltage in steady-state conditions which is presented in
Section 3.2.2.1, the initial condition for the resonant voltage can be calculated as,

1+

Voo = _m‘/t (3.19)

Using (3.12) and (3.19), the resonant current ¢ for any half-cycle can be written

as follows:

o
WL P)

The output power can be calculated using (3.20) as follows:

i e~V sin(wt) (3.20)

w/w
‘/01 Vi wL%Yt_ﬂ) e~t/7 sin(wt) dt
P =
T/w

P 2‘/;272w (1+75)
~ wL(1 = B)(1 + 72w?)

Using (3.22), the output power can be calculated based on the input voltage and

(3.21)

(3.22)

the circuit parameters.
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Table 3.4: The simulation results at charging levels 1-1, 1-2, 2-2 and 4-8.
Charging Level | RMS Resonant  THD of Current (%) | Output Power (kW)
Current (A)

Level 1-1 105.2 0.85 41

Level 1-2 78.4 2.18 22.1
Level 2-2 67 3.43 12.3
Level 4-8 55.1 5.39 3.6

3.2.3 Simulation Results

An inductive EV charging system based on the proposed self-tuning controller which
is shown in Fig. 3.8, is simulated in MATLAB/Simulink. The simulation model is
presented in Fig. 3.11 and it is composed of a three-phase power supply, a full-
bridge three-phase rectifier, a full-bridge single-phase inverter which is switched
by the proposed controller, transmitter and receiver coils with their compensation
capacitors, and a battery charger for an EV at the receiver. The self-inductances
of the transmitter and receiver each are assumed to be 172 pyH, with compensation
capacitors of 0.12 pF. Therefore, the resonance frequency of the IPT system is 35
kHz. The three-phase power supply is assumed to have a line-to-line voltage of 208

V and 60 Hz power frequency. The EV battery is modeled as a 360 V battery with

Series compensated
magnetic couplers

Three-phase U777 777 1 e Battery: |
input: : | : | Acic  BEUAV:|
17.2 | v

120nF converter
ZOSVLT 60Hz 31_@ Ss :120"': uH by ——— 22kwh |
A |
ol : '
. '
o | I
| |
| |
|
Primary : __________

Rectifier |

- Syo i Resonant current

SV\I_ItChInQ S0 Frequency o reverse: Reverse power enable
Signals  Sjo Controller o P Reference power
S4

Figure 3.11: Inductive electric vehicle battery charging model with the proposed
controller simulated in MATLAB/Simulink.

63



= 200 T T T T T T T T T =
€< <
s s 100
£ N | c
=3 00 d h h i i i i i f 3 -100 Y h | i i f Y |
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
e N B B I T e ey e 1 T r ; T T
o’ o’
~ 05 H ~ 05 i
2 w
o 1 1 f o i 1 1
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
B e s g Sy g pp———(———p———— Bl e p—— p— — — = - — 3
&5 H 05 .
0 i i | ° i f
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
= =T T e e e e e T T = T r T T
2 200 H 2 200 H
° °
g 0 i g 0 g
s - o s - 9
S -200p J Lt Ld L L g g-200 L] - = - L L L]
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
- T T T T T T T T T = T T T T T T T T T
2 100~ 22 5of |
BE SE
gL sor 1 Bt
53 i i i i i 53 i i i i i i i i
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
Time (us) Time (us)
=g 100 =23 100F T T T T T T T T T 3
g% £z
£ L ]
§¢ °© gg °
=3 -100 €3 100t ; . V

I I i L L L h
1400 1450 1500 1550 1600 1650 1700 1750 1800

! il it L il i L il
1400 1450 1500 1550 1600 1650 1700 1750 1800
T T T T T

SN L

; ; ; ; ; ; f ;
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800
T T

= T T T T T — 1F T T T T T T T T =
- o«
051 1 ~ 051 4
" )
0 I 0 L
1400

. . . . . . i .
1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800

S 0 :_I_ . T T T T ] % w0l T |_- : T |—| T T |_-\ T 1
°
g ° ‘ g 0 B
S 200 | : ; : : ; : S -200f h i 1 i i | J i | |
1400 1450 1500 1550 1600 1650 1700 1750 1800 1400 1450 1500 1550 1600 1650 1700 1750 1800

ez ¥ T : T : : : : : : 222 ! ! | ! ! ! ! ! !
BE BE 4o ~
E : 10 ——
53 53 1 1 1 1 1 I I I I

0 1400 1450 1500 1550 1600 1650 1700 1750 1800

1 1 1 1 | I 1 1 |
1400 1450 1500 1550 1600 1650 1700 1750 1800
Time (us)

(c) (d)

Figure 3.12: The resonant current, inverter output voltage, switching signals and
battery charging current in different charging levels: (a) Level 1-1 charging with 41
kW output power, (b) Level 1-2 charging with 22.1 kW output power, (c) Level 2-2
charging with 12.3 kW output power, (d) Level 4-8 charging with 3.6 kW output
power.

Time (us)

22 kWh capacity. The secondary converter is modeled as a conventional two-stage
(AC/DC/DC) battery charger that can operate at constant current (CC) mode at
a desired charging power level.

The simulations are carried out in four charging levels (levels 1-1, 1-2, 2-2 and
4-8 according to Table 3.3) and the results are presented in Table 3.4. Also, the

resonant current, inverter output voltage, battery charging current and correspond-
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Three-phase AC/DC/AC Analog
converter controller board

Figure 3.13: The case study IPT setup consisting of two circular transmitter and
receiver power pads, an AC/DC/AC converter as the primary converter and the
proposed controller.

ing switching signals are shown in Fig. 3.12. As it is shown, using the proposed
controller, different charging levels can be achieved with low harmonic distortions
(THD) in the resonant current. It is important to note that the charging levels 1-2

and 4-8 respectively correspond to the charging levels 4 and 1, as defined by SAE
TIR J2954 standard [90].

3.2.4 Experimental Analysis

The proposed controller for IPT systems is implemented experimentally and tested
on an IPT system. In Fig. 3.13, the IPT test-bed which is comprised of two
circular transmitter and receiver power pads, compensation capacitors, a three-
phase AC/DC/AC converter as the primary converter connected to the proposed
controller, and a variable load at the secondary. The self-inductance of the power
pads is 172 puH, and each pad has a 0.12 pF' compensation capacitor. As a result,

the resonance frequency of the IPT system would be 35 kHz. The three-phase input
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(g) Level 2-8 (i) Level 4-8

(j) Level 8-8

Figure 3.14: Experimental test results on the IPT system setup: the resonant current
and energy-injection switching signals at different charging levels.

of the rectifier is connected to a three-phase power supply with a reduced line-to-line
voltage of 25 V, with 60 Hz frequency.
The proposed controller is tested at multiple charging levels according to Table

3.3 and the results are presented in Table 3.5. The resonant current and the energy
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Table 3.5: Experimental test results on the case study IPT system using the pro-
posed controller at different charging levels.

Frequency of energy injection
Charging Level | Positive half- Negative half- | Resonant Output
cycles cycles current (A)  power (W)

Level 1-1 fr fr 8.00 165.76
Level 1-2 fr fr/2 5.81 87.42
Level 1-4 fr fr/4 4.74 58.19
Level 1-8 fr fr/8 4.19 45.47
Level 2-2 fr/2 fr/2 3.64 34.32
Level 2-4 fr/2 fr/4 2.59 17.37
Level 2-8 fr/2 fr/8 2.12 11.64
Level 4-4 fr/4 fr/4 1.70 7.48
Level 4-8 fr/4 fr/8 1.29 4.31
Level 8-8 fr/8 fr/8 0.82 1.74

injection switching signals for each charging level are shown in Fig. 3.14. This figure
shows that due to the self-tuning capability of the converter, the switching operations
are all synced with the resonant current (at 35 kHz resonance frequency). Also, Fig.
3.14 verifies the ZCS operations which occur at the current zero-crossing points.
Therefore, the proposed controller effectively self-tunes the switching operations
with the resonant current and achieves soft-switching operations at each charging

level.

3.3 Development of a Power-Frequency Controller with Res-
onance Frequency Tracking Capability for Inductive Power
Transfer Systems

A self-tuning controller for power transfer regulation in inductive power transfer
(IPT) systems is proposed in this section. The controller enables power transfer
regulation around a user-defined reference power level. The converter’s efficiency

is improved by constantly tuning the switching operations to the resonant current,
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thereby achieving the soft-switching operations reducing the electromagnetic inter-
ference (EMI) the power converters. The self-tuning capability makes it ideal for
dynamic IPT systems with uncertain loads and fluctuating resonance frequency.
High operating frequencies can be achieved using the proposed simplified digital
circuit design for the controller which delivers a low total propagation delay. Bidi-
rectional power transfer can be enabled by using the proposed controller on both
transmitter as well as receiver sides. In the reverse power flow mode, the primary
converter operates as a rectifier and the power transfer is controlled through the sec-
ondary converter using the proposed controller. The performance of the proposed
controller is analyzed using MATLAB/Simulink, and the results are presented. Fi-
nally, the proposed controller is implemented experimentally and its performance
is evaluated as a case study on an IPT system. The experimental and simulation
results conform to each other and show that the proposed converter can effectively
regulate the power transfer with an improved efficiency.

This section presents design and implementation of a power-frequency controller
that regulates the power transfer rate in accordance with the desired level (specified
by the user) and tracks the resonance frequency of the system in a way that max-
imizes the power transfer efficiency. This controller also ensures its performance is
not affected by system changes due to dynamic variations, as is the case in roadway
IPT systems. Above all, the method proposed in this section simplifies the design
and complexity of the controller, thereby reducing implementation costs. The ex-
isting methods in literature fall short in all of the above aspects, highlighting the
uniqueness of the proposed controller. Although the proposed controller leverages
similar benefits in terms of its self-tuning capability, low EMI, soft-switching oper-
ations, low switching stress, etc., its real novelty lies in the simplified, cost-effective

design, and its ability to maximize power transfer efficiency even in dynamic system
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Table 3.6: Distinct power transfer levels and corresponding energy injection fre-
quencies for positive and negative half-cycles.

Frequency of energy injection
Power — -
Level 1m Positive  half- | Negative half-
cycles (fr/n) cycles (fr/m)
Level 1-1 | fr fr
Level 1-2 | fr fr/2
Level 1-4 | f» fr/4
Level 1-8 | fr fr/8
Level 2-2 | f./2 fr/2
Level 2-4 | fr/2 fr/4
Level 2-8 | fr/2 Ir/8
Level 4-4 | fr/4 fr/4
Level 4-8 | f./4 fr/8
Level 8-8 | f,/8 fr/8

environments. A digital circuit-based design and implementation of the proposed
controller is presented, which is capable of effectively regulating the transferred
power. In order to validate the controller’s efficacy, it is analyzed theoretically, sim-
ulated in MATLAB/Simulink, and then experimentally implemented, the results of

which are discussed in detail.

3.3.1 Proposed Control Method

A control method based on variable frequency energy-injection and free-oscillation
technique for IPT systems is presented in [162], which provides 10 power transfer
levels (Table 3.6). These power levels are achieved by independently controlling
the frequency of energy-injection into the IPT system at positive and negative half-
cycles of the resonant current. The power transfer levels are labeled as n-m, where
n and m correspond to f,./n and f,./m energy-injection frequencies for positive and
negative half-cycles, respectively (where f, is the resonance frequency). Figure 3.16
conceptually shows the positive and negative half-cycle energy-injection signals for
different power levels (n,m € {1,2,4,8}). In this study, the control technique is

further developed in order to design a closed-loop self-tuning controller that enables
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power transfer regulation in IPT systems. This is achieved by designing a control
loop for power level that can regulate the power level around the reference power

(Prer) by switching between energy-injection states presented in Table 3.6.

3.3.1.1 Power-Frequency Controller

The proposed controller along with a full-bridge DC/AC converter connected to an
RLC is shown in Fig. 3.15. The RLC load represents the IPT system where L
is the self-inductance of the primary coil, C' is the series compensation capacitor,
and R, is the equivalent reflected resistance of the secondary. The controller takes
the resonant current as feedback generates four output signals to control the full-

bridge converter based on the reference power level (P,.r). The proposed controller
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Figure 3.15: The proposed power-frequency controller designed based on a digital
control circuit.
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is comprised of a differential comparator, AND, OR, NOT logic gates, flip-flops,
signal rectifier, 10-level analog to digital converter (ADC) and an encoder.

Figure 3.16 conceptually shows the positive and negative half-cycle energy-injection
signals for different power levels (n,m € {1,2,4,8}) which are presented in Table
3.6 and the control circuit diagram shown in Fig. 3.15. These energy injection sig-
nals are generated using a three-stage frequency divider (three flip-flops connected
in series) and are routed to the output switching signals using two 4-input multi-
plexer circuits (combination of 2 NOT gates, 4 AND gates, and an OR gate). The
multiplexers are switched using four selectors (a and b for negative half-cycles, and
¢ and d for positive half-cycles) which are determined based on the resonant current
amplitude and the reference power (P..y).

The circuit is designed to achieve zero-current switching by synchronizing the
switching operations with the resonant current. This is done using the output of the
resonant current zero-cross detector (output of the differential comparator, S,,) as
a clock source signal for the resonance frequency divider. The frequency divider is
used to change the energy injection frequency in order to control the power transfer
level. A signal rectifier (AC/DC converter) is used to convert the measured AC
resonant current into a DC signal in order to enable comparisons with the reference
level. This signal determines the level of the resonant current. Using an ADC,
the corresponding DC signal is then converted to a 4-digit signal by comparing
the equivalent DC signal to the reference level input. Based on the level of the
resonant current, the encoder generates 4 signals to control the power transfer level
and minimize the power level error respect to the reference power level. The power
transfer control is achieved by tuning the frequency of energy injection to the IPT
systems using two multiplexer circuits for positive and negative half-cycle energy

injection signals, which are generated by the resonance frequency divider circuits.
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Figure 3.16: Resonant current and corresponding positive and negative half-cycle
energy injection signals for n,m € {1,2,4,8}.

m

The “reverse” input is used to enable reverse power flow mode by disabling all
the switching signals and thus allowing the converter to operate as a rectifier. In
this case, the secondary coil works as a transmitter and the primary coil works as
a receiver allowing a reverse power flow. If the primary circuit is powered by an
AC source, an inverter is required between the AC power source and the DC-link in

order to enable power transfer to the grid, forming a V2G connection.

3.3.1.2 Self-Tuning Capability

The power electronic converters used in IPT systems should operate at the res-
onance frequency of the system in order to achieve the maximum power transfer
efficiency. Any deviation from the resonance frequency can dramatically affect the
performance of the system. Due to different operating conditions in IPT systems
such as, transmitter and receiver alignment, load characteristics, etc., the charac-

teristics of the system including resonance frequency may change. Also, different
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Figure 3.17: The resonant current and corresponding switching signals controlled
using the proposed controller for power level 2-4 (n=2, m=4).

IPT systems can be designed based on a range of operating resonance frequencies
(e.g. 20-85 kHz for inductive EV charging systems). Furthermore, IPT systems
can have a variable resonance frequency for different purposes [159]. Therefore, the
use of self-tuning controllers that can track and tune the switching operations of
the converters with the resonance frequency of the IPT system would be of great
interest, as it eliminates the need for manual tuning and it can significantly enhance
the performance of the system.

The proposed controller (Fig. 3.15) synchronizes the switching signals with the
resonant current of the IPT system to enable the self-tuning capability. This is
achieved by using the resonant current sign signal (Ss,, determined by the differ-
ential comparator), and its complement % as clock sources for the entire control
circuit. This ensures that the switching operations always occur at the resonant cur-
rent zero-crossing points, and therefore, the converter is switched at the resonance
frequency. This also enables zero-current switching operations which significantly

enhance the performance of the converter and reduce switching stress.
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3.3.2 Theoretical Analysis

The proposed power controller achieves power transfer control based on resonant
current regulation. Therefore, finding an analytical solution for the resonant current
in an IPT system would be useful in order to calculate the power transfer level at

different energy injection frequencies.

3.3.2.1 Power Transfer Level

In an RLC circuit shown in Fig. 3.15, the equation for the resonant current can be

written as follows:
di 1 . . N
LE + 5 Zdt - Rqu ‘/m]+< ) + ‘/mj (t> (323)

(t) and V" (t) are output voltage pulses

where 7 is the resonant current, V. fl

inj+
of the converter at energy injection level n-m in positive and negative half-cycles
respectively. In Fig. 3.17, V., (t) and V7. (t) for power level 2-4 (n=2 and m=4)
are conceptually shown. These input functions are periodic with cycles of 2n7/w
and 2mm/w (w is the frequency of the resonant current), and can be expressed as,

Vi 0<t<?Z
Vinj+(t) = (3.24)

s 2nm
0 ;<t<T

-V, I<t<®Z
Vi (t) = (3.25)
0 0<t<ZI 2mcpgamm
Equation (3.23) can be solved by applying the superposition law and considering

Vinis(t) and Vil (t) as two separate input functions:

di
LU / idt + Regin = VI (1) (3.26)
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di m
Pl 1 / indt + Rugia = V(1) (3.27)

where 7; and iy are corresponding solutions due to V.

znj—i—( ) and V7 ( ) input func-

nj—

tions respectively. First, the analytical solution for i; is found. Since in each half-

cycle V.

i+ (t) is constant, (3.26) can be rewritten as follows:

dzil Req dll 1
e 2
72 + T +LCZ1 0. (3.28)

The controller is designed in way that zero-current switching is obtained. There-

fore, the initial conditions would be as follows:

| di, i
i1(0) =0, LE(O) = Vi (t) — ve(0) (3.29)
where V.. (t) is the converter output voltage and v.(0) is the initial capacitor

voltage. Therefore, the solution of (3.28) would be as follows:

‘/Z’Z]+ C(O>

—F e VT sin(wt). (3.30)

1 =

where w = y/w? — 1/72 is the natural resonance frequency, wy = 1/v'LC is the

resonance frequency, and 7 = 2L/R., is the damping time constant. Assuming
that the system has reached to a steady-state condition, v.(0) can be calculated as

follows [162]:

(1 B) non—
ve(0) = 52”52 v, (3.31)
where 3 = e7=. Using (3.24), (3.30), and (3.31), i, can be derived as follows:
1 _|_52n—1 . '
mwe /Tszn(wt) O0<t< w
i1(t) = < (3.32)
(1+8)5*!
—t/T s s 2nm
(oL ey e Teint) Gt < 5
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Since negative half-cycle energy injection always happens after a positive half-
cycle energy injection, the following can be obtained:

™

VI () = —vm (t— L) (3.33)

mnj— inj+ W

Since (3.26) is linear and time-invariant, based on (3.33) the following is obtained:
7T

ia(t) = —ir(t — =) (3.34)

n=m

In order to eliminate the power levels that will result in a repetitive power level,
the proposed controller is designed in a way that n < m. Using (3.34) and (3.32),
15 can be written as follows:
1+ Hpr?
wL(1~ p2m)
io(t) = (3.35)

(

VieT/Tsin(wt) 0<t<Z

1_'_62771—1
(wL(1—p>m)B

Applying the superposition principle for differential equations, the final solution

Vie Tsin(wt) I <t< 20T

for the resonant current can be expressed as follows:

Using the analytical solution for the resonant current, the transferred power can
be obtained as follows:

J; - (Vimg (8) + Vi (1)) a(t) dt

2mm Jw

Py = (3.37)

Considering the fact that in a full cycle (0 < t < 2mm/w) there would be
m/n positive half-cycle energy-injections and only one negative half-cycle energy-

injection, (3.37) can be rewritten as follows:

m/n (2i-1)7m/w ) 271'/0.;_ )
. f o Vdcz(t)dt%—j;r/w Ve i(t)dt
inj

STE (3.38)
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Using (3.32) and (3.35), (3.38) the power transfer level can be calculated based
on IPT system parameters L, C, R.,, DC-link voltage V., and power transfer level
n-m. This equation is specifically useful for estimating the output power at different

power transfer levels given in Table 3.6.

3.3.2.2 Voltage Gain of the Converter

Since the proposed controller tunes the output voltage of the converter by switching
to different modes of operation, its voltage gain characteristic would be of great

interest. The RMS output voltage at power transfer level n-m can be calculated as

follows:
2mm [w
f / V2dt
Vigns = A| 22— (3.39)
2mm Jw
Based on Fig. 3.17, (3.39) can be rewritten as,
2i—-1)m/w 21w
S o Vadt+ [ Vi
v _ 2(i—1) 7 /w T/ w (34())
e 2mm Jw
Equation (3.40) can be simplified as follows:
1 2
v e ) Ve i, .
2mm Jw 2nm
Using (3.41) the voltage gain of the converter can be obtained as follows:
Vims n-+m
G, = = 3.42
Vie 2nm ( )

According to (3.42), the converter using the proposed controller operates as a
controlled voltage source for the primary with control parameters n and m. In IPT
systems (specifically dynamic IPT systems), R, can change due to inherent vari-
ations of the system such as vehicle alignment relative to primary and number of

charging vehicles. The controller is designed to regulate the voltage gain with the
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variations of R, to achieve the desired power transfer level (P,..r). For instance,
if R., decreases, output voltage of the converter is reduced (n and/or m are in-
creased) to regulate the power level around P,.¢. In other words, lower R., results
in lower energy-injection levels (higher n and/or m). At a fixed energy injection level
(no power level regulation), the RMS output voltage of the converter is constant,

therefore there would be an inverse relationship between power level and R.,.

3.3.2.3 System Response Time

Since an IPT system can be represented with an equivalent RLC circuit (shown
in Fig. 3.15), the settling time of the system within 2% of the final value can be

expressed as follows:
8L

T, ~ 41 =
T R,

(3.43)

Equation (1) shows that there is an inverse relationship between response time of
the system and R.,. The relationship between power level and different system

parameters including R., is presented in (3.38).

3.3.2.4 Steady-State Error

As discussed in Section 3.3.1, the proposed controller operates based on 10 discrete
power transfer levels presented in Table 3.6. This means that the controller switches
between these discrete power levels to minimize the output power error. In Fig. 3.18,
the output power and steady-state error are plotted as a function of reference power.
The output power (P.U.) is calculated using (3.38) at different energy injection
levels and the relationship between the output power and the reference power (P.U.)
is determined based on the design of the controller. Figure 3.18 shows that the

maximum steady-state error of the system is 22%.
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Figure 3.18: The output power and steady-state error as a function of reference
power.

3.3.3 Simulation Results

The proposed controller along with an IPT system is modeled and simulated in
MATLAB/Simulink using SimPowerSystem toolbox and the performance of power
transfer regulation is evaluated at different conditions. The simulation model and
the specifications of the IPT system are presented in Fig. 3.19 and Table 3.7 re-
spectively. The IPT system is comprised of a three-phase two-stage AC/DC/AC
converter connected to the primary circuit, magnetic couplers, compensation ca-
pacitors, secondary AC/DC converter which charges an EV battery. The power
controller is modeled based on the control circuit presented in Fig. 3.15 using AND,
OR and NOT logic gates, flip-flops, ADC conversion. The voltage comparator is
modeled as a “compare to zero” block which acts as zero-cross detector. The current
measurement transformer is modeled as a controlled current source with a 1:1000
conversion ratio. The current measurement signal is converted into a DC signal
using a half-wave rectifier which is then connected to the ADC/Encoder block in
order to switch the controller to the appropriate power transfer level. The controller

generates the switching signals of the second stage (inverter stage) of the primary
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Figure 3.19: The case study IPT system simulation model.

Table 3.7: Specifications of the case study IPT system.

Parameter Value

Primary and secondary self-inductances 172 uH
Primary and secondary compensation capacitors | 120 nF
Resonance frequency 35 kHz

Grid line voltage 208 V

EV battery voltage 360 V
EV battery capacity 22 kWh

converter. The reference power level is determined using (3.38), based on the energy
injection levels for positive and negative half-cycles (n and m).

The simulations are carried out for all power levels according to Table 3.6, and
the results are presented in Table 3.8. The results include grid power and current
(rms), battery charging power and current, and efficiency of the system. Also, the
power level and efficiency of the system at different power levels are presented in

Fig. 3.20 which shows that as the power level drops (higher n and/or m), the
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Table 3.8: Distinct power transfer levels and corresponding energy injection fre-
quencies for positive and negative half-cycles.

Power Grid Grid Battery Battery Efficiency
Level power cur- charging  charging | (%)
n-m (kW)  rent current power

GV GY kW)
1-1 33.83  112.65| 92.61 33.34 98.54
1-2 23.28 89.56 | 63.28 22.75 97.72
1-3 18.76  78.97 | 50.81 18.21 97.07
1-4 16.60 73.76 | 45.17 16.06 96.77
2-2 14.51 68.33 | 39.38 13.97 96.27
2-3 10.48 56.98 | 28.14 9.97 95.17
2-4 8.55 50.80 | 22.66 8.04 94.08
3-3 6.65 44.38 | 17.04 6.18 92.87
3-4 4.80 36.94 | 12.80 4.37 91.01
4-4 3.00 28.16 | 7.95 2.63 87.75

100

196

194

Power (kW)

192

Efficiency (%)

10- -90

88

11 1-2 1-4 1-8 2-2 24 2-8 4-4 4-8 8-8
Power Level

Figure 3.20: Power and efficiency of the converter at different power transfer levels
calculated based on simulation results.

efficiency of the converter drops. It is due to the fact that at lower power levels, the
number of free-oscillation cycles are increased by the controller, in order to reduce
energy injection into the IPT system, thereby allowing the resonant current to freely
oscillate through the switches of the converter. This in turn increases conduction
losses in the converter. Figure 3.20 also shows that for the first five power levels
(levels 1-1, 1-2, 1-4, 2-2, 2-4), the converter can achieve a minimum efficiency of
96%. Furthermore, the maximum efficiency that is achieved at level 1-1 with 33.83
kW power is 98.54%.

By applying step changes in the reference power level, the performance of the

controller is analyzed in tracking the reference power level. In Fig. 3.21, the simula-

81



EERTIT o ‘ i A
5-I. ‘ ‘ ‘ ! 85 VY ‘ VYTV VUV VYUV VWV VO VI
_ 8 8.2 8.4 8.6 8.8 9 9.2 ~ 150 24‘.6 24‘.8 2‘5 252 254 256 25.8
DAL 5 55 a0 O
e T ___ﬂi
g s ‘ﬂ 3;2 5;4 8.6 B;E ? 9.‘2 5 2 24‘.6 Zﬂ‘.ﬁ 25 2 25 4 25 6 25 8
Byref ] B
H T 3 10
Fa o ‘8 812 814 8‘.6 818 ; 9.‘2 Fe 24‘.6 24‘.8 2‘5 25‘.2 25‘.4 25‘.6 25‘.6
ngzo T T T T T T T Eig:* T T T S— — L L
8 8.2 84 Time!(;:s) 8.8 9 9.2 246 248 25 12-I5m2e ) 254 25.6 25.8
(a) Transition from Level 1-4 (18 kW) to (b) Transition from Level 2-4 (10 kW) to
Level 2-2 (12 kW). Level 1-2 (20 kW).

N
S

Power (kW)
3 @
T T T T

Reference
)

o

Output
Power (kW)
3 &
‘ 5 ‘

o

I I I I I I
5 10 15 20 25 30
Time (ms)

(c) Transition from Level 1-4 (18 kW), Level
2-2 (12 kW), Level 2-4 (10 kW) and Level 1-2
(20 kW).

Figure 3.21: Simulation results on the case study IPT system showing resonant
current, DC-link current, energy-injection switching signals (S3, Sy), reference power
and output power.

tion results including resonant current, DC-link current, energy-injection switching
signals, reference power and output power are presented for different power level
transitions. The output power is calculated based on the power delivered to batter-
ies at the secondary circuit. Figure 3.21(a) shows the transition from level 1-4 (18

kW) to level 2-2 (12 kW). In Fig. 3.21(b) transition from level 2-4 (10 kW) to level
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Figure 3.23: Experimental setup of the proposed controller and its components.

1-2 (20 kW). Also, in Fig. 3.21(c) transition from level 1-4 (18 kW), level 2-2 (12
kW), level 2-4 (10 kW) and level 1-2 (20 kW) are presented. The results show that
the using the proposed controller, the output power of the IPT system effectively
tracks the reference current (estimated output power) with low discrepancy. The
controller effectively changes the energy injection frequencies in order to conform to
the reference power level. In Figs. 3.21(a) and (b),it can be seen that the switching
operations always occur at the resonant current zero-crossing points which verifies
the self-tuning capability of the controller and zero-current switching (ZCS) in the

converter described earlier in Section 3.3.1.2.
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Table 3.9: Specifications of the experimental IPT system.

Parameter Components Value
Pad self-inductance 15 turns, 10 AWG Litz wire 172 pH
Compensation capacitors Film capacitor, FPG66Y0124J 120 nF
Primary supply Variable three-phase AC supply | 10 V (LL), 60 Hz
Secondary battery Lead-acid battery 12 V, 86.4 Wh

Table 3.10: List of components used in experimental implementation of the proposed
power controller.

Component Part number
Switches (S51,52,593,54) | CREE CMF20120D
Gate driver 1R2110

Current transducer PE-51688
Differential comparator TLC374
NOT gate SN74LS04
AND gate SN74HCO08
OR gate M74HC4072
Flip-flop SN74LS74
ADC, Encoder Atmel ATmega32

3.3.4 Experimental Results

In order to validate the effectiveness of the proposed control circuit for controlling
the power transfer in IPT system, experimental test results were carried out on a case
study IPT system. The case study system which is shown in Fig. 3.22, is composed
of two circular transmitter and receiver magnetic structures, primary three-phase
converter, compensation capacitors, and a battery charger connected to a 12V bat-
tery at the receiver side. The primary converter is a two-stage AC/DC/AC converter
where its first stage is a full-bridge three-phase AC/DC converter connected to a
60Hz variable three-phase source and the second stage is a full-bridge single-phase
DC/AC converter which is controlled with the proposed power controller. The spec-
ifications of the circular power pads, compensation capacitors, primary AC supply
and secondary battery conform to the ones given in Table 3.9. Resonance frequency
of the IPT system is 35 kHz. The proposed control circuit which is presented in

Fig. 3.15 is implemented experimentally and is shown in Fig. 3.23. Also, the circuit
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Figure 3.24: Experimental results on the case study IPT system at different power
levels: (a) output power obtained based on experimental measurements and theo-
retical calculations, (b) converter efficiency obtained based on experimental mea-
surements and simulation results.
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Figure 3.25: Experimental results on the IPT setup showing the resonant current,
battery charging current and negative half-cycle switching signal (S3): (a) transition
from Level 1-8 to Level 1-1, (b) transition from Level 1-1 to Level 1-8.

components used in building the controller and converter prototype are listed in
Table 3.10. The logic gates the differential comparator is used to detect resonant
current zero-crossing points. The logic gates and flip-flops are utilized to build the
three-stage resonance frequency divider and 4-input multiplexers (described in Sec-
tion 3.3.1.1). A 10 level ADC (Analog-to-Digital Conversion) along with an encoder

are implemented using an Atmel Atmega32 microcontroller.
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The performance of the controller is evaluated by applying step changes in the
reference power level which causes changes in the energy injection frequencies. In
Figs. 3.25(a) and (b), the resonant current, battery charging current and negative
half-cycle energy injection signals (S3) during the transitions from level 1-8 to level
1-1 and from level 2-1 to level 2-8 are shown. These figures show that the controller
can effectively regulate the battery charging current and thereby the power transfer
level according to the reference power level. Also, in Figs. 3.26(a) and (b), the
resonant current, primary DC-link current and energy injection switching signals
(S5 and Sy) for level 1-4 and level 2-2 power are shown. These figures show that the
converter achieves ZCS by self-tuning of the switching operations to the resonant
current. Experimental results of the converter output voltage (switch node voltage)
and the resonant current at power Level 2-4 are presented in Fig. 3.27. This figure
shows that the converter achieves Zero Current Switching (ZCS) operations. In
free-oscillation modes, the output voltage equals to the voltage drop across two
conducting switches (S; and Sz, or Sy and Sy) consisting of a body diode and a

forward biased switch. In energy injection modes, the output voltage equals to V.
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or —Vj., incorporating the voltage drops across two conducting switches (S; and Sy,

or Sy and S3).

3.3.4.1 Efficiency Analysis

The power transfer at different levels with a maximum of 500 calculated based on
the experimental measurements on the case study IPT system setup and theoretical
calculations, is presented in Fig. 3.24(a). This figure shows that the experimental
measurements of power transfer at different power levels conform to the theoretical
calculations with a small discrepancy. In 3.24(b), experimental efficiency measure-
ments on the IPT system setup using both the proposed power controller and con-
ventional controller at different power transfer levels are presented and compared to
the simulation results at high-power levels. The conventional controller is designed
based on the firing angle control with respect to resonant current zero-crossing points
in order to regulate the resonant current and the power transfer rate. The figure
shows that for low power rates (5001/), the converter can achieve a power trans-
fer efficiency of 96% using both control methods. However, as the power level is
decreased, the proposed power control method performs better and achieves higher
efficiencies. This is due to the fact that the proposed power control method benefits
from soft-switching operations. Also, based on Fig. 3.24(b), it can be seen that the
converter achieves efficiencies above 98% at high-power levels (at level 1-1) which is
only about 2% higher than efficiency measurements at low power level.

In Fig. 3.24(b), experimental efficiency measurements on the IPT systems setup
using both the proposed power controller and conventional controllers at different
power transfer levels are presented and are compared to the simulation results at
high-power levels. The conventional controller is designed based on switching firing

angle control respect to the resonant current zero-crossing points to regulate the
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Figure 3.27: The output voltage of the DC/AC converter and resonant current at
power Level 2-4.

resonant current and the power transfer rate. The figure shows that for low power
rates (500W), using both control methods, the converter can achieve a power transfer
efficiency of 96%. But as the power level is decreased, the proposed power control
method performs better and achieves higher efficiencies. This is due to the fact that
the proposed power control method benefits from soft-switching operations. Also,
based on Fig. 3.24(b), it can be seen that the converter achieves efficiencies above
98% at high-power levels (at level 1-1) which is only about 2% higher than efficiency

measurements at low power level.

3.3.4.2 Resonance Frequency Tracking Capability Analysis

In order to verify the resonance frequency tracking capability of the controller,
the case study IPT system is investigated under different transmitter and receiver
pad alignments (vertical and horizontal). Any change in the pad alignment will
lead to a change in the characteristics of system including the resonance frequency.
The alignment of the IPT system is controlled using a multi-axis alignment system

(shown in Fig. 3.22). The resonance frequency measurements are carried at with
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Figure 3.28: Experimental frequency measurement results: (a) Dynamic resonance
frequency variations during horizontal movement of the secondary pad at 50 mm/s
speed and 200 mm air gap, (b) Resonance frequency measurements with variations
in distance between the transmitter and receiver power pads (g: air gap).

different vertical and horizontal alignments and are presented in Fig. 3.28. Fig.
3.28(a) shows the resonance frequency of the IPT system as it dynamically changes
when the secondary pad moves horizontally at 200mm air gap and 50mm/s speed.
This figure shows that the power controller effectively tracks the resonance frequency
of the system in dynamically varying conditions. Also, Fig 15(b) shows the steady-
state resonance frequency at different horizontal and vertical displacements which
is captured experimentally using the IPT system setup. The results also show
that the resonance frequency of the system can deviate by 3.5% due to horizontal
misalignments. It is important to note that in the presented alignment experiment,
the vehicle chassis which may impact the characteristics of the IPT system is not

considered.
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3.4 Summary

A self-tuning soft-switching controller for H-bridge converters for power transfer
regulation of IPT systems has been introduced. The self-tuning capability of the
proposed controller allows synchronization of the switching operations with the res-
onance current of the IPT system and enables soft-switching operations to achieve
a high efficiency. A simplified design for the proposed controller is introduced which
eliminates the need for high-priced DSP/FPGA solutions and enables higher operat-
ing frequencies. The simulation results and experimental studies on a case study IPT
system show that the proposed controller effectively regulates the resonant current
around a desired value, synchronizes the switching operations with the resonant
current and enables soft-switching operations. Although the proposed controller
is designed for two-stage AC/DC/AC converter topologies, using the same design
methodology it can be designed for any type of converter topology.

Furthermore, a controller that can be used in inductive EV charging systems to
achieve multiple charging levels is introduced. The proposed controller has 10 user-
defined charging levels and is capable of self-tuning the switching operations of the
converter to the resonance frequency of the IPT system, and therefore eliminates
the need for switching frequency tuning. Also, it enables soft-switching operations
(ZCS) in the converter, which will result in a significant increase in the efficiency of
the power electronic converter. Furthermore, the implementation of the proposed
controller based on a simplified circuit eliminates the need for DSP/FPGA based
solutions and enables high operating frequencies which are usually required in IPT
systems. The experimental test results on the IPT test-bed conform with the sim-
ulation results and verify the effectiveness of the proposed controller at different

charging levels.
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CHAPTER 4
SINGLE-PHASE SOFT-SWITCHED AC-AC MATRIX
CONVERTERS WITH POWER CONTROLLER FOR
BIDIRECTIONAL INDUCTIVE POWER TRANSFER SYSTEMS

In this chapter, direct single-phase ac-ac matrix converters with self-tuning capa-
bility and soft-switching operations for bidirectional inductive power transfer (IPT)
systems are introduced. The self-tuning capability of the converters makes them
suitable for inductive electric vehicle charging applications where the system has
variable operating conditions. The soft-switching operations of the converters sig-
nificantly improve the efficiency and reduce the switching stress which in turn re-
duces the complexity of the switching commutation. Also, due to the elimination of
DC conversion stage and short life electrolytic capacitors, it is expected to be more
reliable and durable. A discrete-time sliding mode control (SMC) is proposed to
regulate the power transfer level and its direction in the IPT system. Theoretical
analysis and design methodology of the proposed SMC are presented in detail. The
simulation analysis on a case study IPT system is carried out and the results show
that the proposed converter with its SMC can fully regulate the output resonant cur-
rent around a user-defined reference value. The proposed converter is specifically
suitable for grid-to-vehicle (G2V) and vehicle-to-grid (V2G) connections through
inductive electric vehicle (EV) charging systems in residential sectors. The work

presented in this chapter is published in [183,184].
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4.1 Self-Tuned Single-Phase AC-AC Converter for Bidirec-

tional Inductive Power Transfer Systems

In this section, a soft-switched single-phase single-stage AC-AC matrix converter

with self-tuning capability for bidirectional IPT systems is presented. A sliding

mode controller is designed to control the power transfer level and its direction. A

simplified digital design for the proposed SMC is presented. The controller con-

stantly synchronizes the switching operations of the converter with the resonant

current and, thereby achieves zero-current switching (ZCS). The proposed bidirec-

tional AC-AC converter along with its controller is modeled in MATLAB /Simulink

and its effectiveness in IPT based G2V and V2G connections is analyzed and the

results are presented.
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Figure 4.1: Single-phase ac-ac matrix converter with the simplified self-tuning con-

troller.

92



4.1.1 Sliding Mode Controller Design for Single-Phase AC-

AC Converter

In Fig. 4.1, a direct single-phase AC-AC converter comprised of four bidirectional
switches (Sa1, Sa2, Sp1, Sp2) are shown. The system is represented by an equivalent
RLC circuit with a series capacitance C', a primary inductance L, and an equivalent
resistance R which characterizes the reflected impedance of the secondary circuit to
the primary. In forward power transfer mode, the equivalent resistance has a positive
value and in reverse power transfer mode, the equivalent resistance has a negative
value. In order to design a sliding mode control (SMC) for the converter, the SMC
laws should be obtained using theoretical analysis of the system. In order to design
an SMC that enables soft-switching operations, it is assumed that the switching
operations always occur at the resonant current zero-crossing points. Moreover, this
assumption guarantees the resonance frequency self-tuning capability of the system.

The design methodology is presented in the following section.

4.1.1.1 Sliding Mode Control Law Derivation

The state-space equations of an IPT system connected to the converter which is

shown in Fig. 4.1 can be written as follows:

z(t) = vel) (4.1)

ir(t)

(t) = Ax(t) + Bu(t)
(4.2)

y(t) = Cx(t) + Du(t)
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where v.(t) is the voltage of the capacitor C' and i;(¢) is the resonant current of the

LC tank and:

o

1
A= “|,B= ,C’:[o 1},1):0 (4.3)

Sl

Assuming that the each half-cycle starts at a current zero-crossing, the initial con-

dition and the input can be written as follows:
z(0) = . U= (4.4)

where v is the initial capacitor voltage and v; is the voltage across the LC tank.

The solution to (4.2) in Laplace domain can be written as:

X(s) = (s — A)~! [x(o) + B%} (4.5)

Using (4.3) and (4.4), (4.5) can be rewritten as follows:

i vy N Cuvy (R+Ls)
s(CLs*4+CRs+1) CLs>+CRs+1
X(s) = (4.6)
C v, Cvy
CLs>+CRs+1 CLs>+CRs+1

By applying inverse Laplace transform to (4.6) the time domain solution xz(t)

can be written as follows:

1
vy + (v — vy )e T [cos(wt) + — sin(wt)

TW
x(t) = (4.7)
(v = v) et sin(wt)
L wlL J
where,
1 R? 2L
_ )8 2L 4,
““NVIc i "7 R (4.8)
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Figure 4.2: Conceptual plot of resonant current and inverter output voltage based
on energy injection and free oscillation technique.

Equation (4.7) gives the resonant current and voltage for each half-cycle based on
the initial capacitor voltage vy and the tank voltage v;. The half-cycles wherein
vy = Ve or vy = =V, are energy-injection/regeneration half-cycles while the half-
cycles wherein v, = 0 are free-oscillation half-cycles. Using (4.7), the peak resonant
current in each half cycle ¢,, which occurs at the time ¢, can be found by solving

the following equation:

di — 1
% _ (UtwLUO)e_tp/r w cos(wt,) — - sin(wt,)| =0 (4.9)

By simplifying (4.9), ¢, can be calculated as follows:

, _ arctan(rw) (4.10)

i w
By substituting (4.10) in (4.7), the peak resonant current i, can be calculated as

the following equation:

j = W) e TW (411)
wL 1+ (1w)?

95



Modes: 2, 8
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Figure 4.3: Resonant current path in 10 operation modes of the single-phase matrix
converter.

In order to achieve zero-current switching operations, the transitions between
different modes always occur at resonant current zero-crossing points. Therefore,
the state-space model presented in (4.2) can be discretized in switching time points

which results in a discrete-time SMC. Thus, the sampling time T is defined as:
T
T,=— 4.12
i (412

The equivalent discretized state-space model given by (4.2) can be rewritten as

follows:

zlk] = . (4.13)
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xlk + 1] = Ay z[k] + By ulk]

(4.14)
ylk + 1] = Cyz[k] + Dgu[k]
where A; and By can be calculated as follows:
Ag=LH(sI — A) o, (4.15)
By=A"'(A;—1)B (4.16)
Using (4.3), (4.15) and (4.16) can be simplified as follows:
_6771'/7'0.) 0
Ag = (4.17)
0 _e—TF/Tw
By = [1 4 e/ o} (4.18)

Also, based on the discretized model given by (4.14), the discretized peak resonant
current can be rewritten as follows:

Te~ arctan(tw)/Tw
lk] = (] = k) e (4.19)

Based on the peak resonant current given by (4.19), a sliding surface is defined
as,

o[k] = liplK]| = ires (4.20)

where olk] is the discrete sliding surface and i, is the reference current. The

reaching law for the SMC can be formulated as follows [182]:
(o[k + 1] — olk])olk] <O (4.21)
Using (4.20) and (4.21) the following can be derived:

(liplk + 1] = [ip[K][)o k] > 0 (4.22)
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Based on (4.22) the feedback control law wu[k] is picked so that the discrepancy
between consecutive resonant current peaks and o[k| have same signs. In other
words, whenever o[k] > 0 energy injection to the LC tank should be performed
to increase the peak resonant current and whenever o[k] < 0 the LC tank should
continue its free-oscillation. In the AC-AC converter which is shown Fig. 4.1, the
input voltage of the LC tank can be either V., —V,. or 0. As a result, based on

(3.4) the control law for the single-phase AC-AC converter can be derived as,

’

[Vael alk] >0, i,[k] <0

ulk +1] = § —|Voe| olk] >0, i,[k] > 0 (4.23)

0 olk] <0

\

Similarly, in reverse power transfer mode the following can be derived:

7

—|Vael  o[k] >0, i,[k] <0

ulk +1] = q [Viel  olk] >0, i,[k] > 0 (4.24)

KO olk] <0

Based on (4.23) and (4.24), the single-phase AC-AC converter will have 10 op-
eration modes which are presented in Table 4.1. These modes are determined based
on the direction of resonant current (S.), input voltage polarity (S,), reverse power
flow signal (S,.) and energy injection /regeneration signal (S;). In Fig. 4.3, the reso-

nant current path in 10 operation modes are presented. According to Table 4.1 and

Fig. 4.3, the switching signals of the AC-AC converter can be obtained as,

Sar = (S5S, + S5S,)S;,  Sas = (S¢S, + SrS,)S;

Sp1 = (S;S, + SS,)S; +S;,  Spa = (S:S, + 5:5,)S; + S; (4.25)
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Table 4.1: Operation modes of the single-phase AC-AC converter.

Modg Current Supply volt-  Reverse Energy ON

direction age polarity power injection- switches

(Se) (Sv) flow (Sr) regeneration

(S5)

1 0 0 0 1 Sa1,SB2
2 1 0 0 1 Sa2,SB1
3 0 1 0 1 Sa2,5B1
4 1 1 0 1 Sa1,SB2
5 0 0 1 1 Sa2,SB1
6 1 0 1 1 Sa1,SB2
7 0 1 1 1 Sa1,SB2
8 1 1 1 1 Sa2,SB1
9 1 — — 0 SB1 s SB2
10 0 - - 0 SB1,SB2

where, S7 = S, @ S, and S; = S; ® S,. The direction of the power transfer can
be reversed by changing the S, signal. Based on the control laws for the SMC and
corresponding switching signals given in (4.25), a digital control circuit is designed
which is shown in Fig. 4.4. This controller is composed of differential compara-
tors and logic gates. A resonant current measurement (i,) and AC input voltage
measurement (V,.) are used as feed-back and the reference current (i,.r) and power
transfer direction (S,) are defined as inputs.

In Fig. 4.2, conceptual plots of the energy injection/regeneration signal, res-
onant current in forward power transfer mode are shown. As it can be seen,
the controller constantly switches between energy-injection/regeneration modes to
regulate the amplitude of the resonant current. In energy-injection/regeneration
modes energy is injected /regenerated into/from the LC tank from/to the single-
phase AC supply, thus increasing/decreasing the resonant current. Conversely, in
free-oscillation modes the LC tank continues its oscillation without any energy injec-
tion /regeneration from/to single-phase AC supply, thus decreasing/increasing the

resonant current.
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Figure 4.4: The simplified digital SMC based controller for the single-phase AC-AC
converter.

4.1.2 Simulation Results

A bidirectional inductive battery charging system with the proposed single-phase
AC-AC converter as the primary converter is modeled in MATLAB/Simulink. The
specifications of the case study IPT system is presented in Table 4.2. The simulations
are carried out in forward and reverse power transfer modes (G2V and V2G) at Level
1 (L1: 3.3 kW) and Level 2 (L2: 7.7 kW) power levels (as defined in SAE J2954
standard [90]). Figure 4.5 shows the simulation results on the case study inductive
battery charging system: (a) forward power transfer at 3.5kW power (Level 1), (b)
forward power transfer at 8kW power (Level 2), (c) reverse power transfer at 3.3kW
power (Level 1), (d) reverse power transfer at 7.5kW power (Level 2). The results
show that the single-phase AC-AC converter effectively enables bidirectional power
transfer at desired power transfer levels. Figs. 4.5(a) and (b) show that in forward
power transfer mode, the charging current has notches which correspond to the AC
supply voltage zero-crossing points. This is due to the fact that in AC supply voltage
zero-crossing points, although the controller forces the converter to operate at its
maximum power transfer mode (without any free-oscillation modes), enough power
is not being injected to the system to keep the charging current constant. Therefore,

the battery charging current at secondary has such variations.
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Table 4.2: Specifications of the case study system.

Parameter Value
Self-inductances (Lp, Ls) 172 uH
Compensation capacitors (Cp, Cs)  0.12 uF
Resonance frequency (fr) 35 kHz
Grid voltage (Vac) 120V

Grid frequency (fac) 60Hz
Battery voltage (V3) 360 V
Battery capacity (Cp) 22 kWh
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Figure 4.5: Simulation results on the case study inductive battery charging system:
(a) forward power transfer at 3.5kW power (Level 1), (b) forward power transfer
at 8kW power (Level 2), (c) reverse power transfer at 3.3kW power (Level 1), (d)
reverse power transfer at 7.5kW power (Level 2).
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4.2 Single-Phase Soft-Switched AC-AC Matrix Converter
with Power Controller for Bidirectional Inductive Power
Transfer Systems

In this section, a direct soft-switched single-phase AC-AC matrix converters for
bidirectional inductive power transfer (IPT) systems is proposed. Quantum en-
ergy injection/regeneration principle is used to design a simplified digital power
controller that enables the converter to establish bidirectional power transfer be-
tween the IPT system and single-phase AC mains at a desired power level. The
simplified controller can be implemented using basic logic circuit components, with-
out the need for DSP/FPGA platforms, thereby reducing the complexity and the
implementation cost. The converter benefits from resonance frequency tracking ca-
pability for the synchronization of switching operations of the converter with the
resonant current which makes it ideal for dynamic IPT systems. Also, it benefits
from soft-switching operations to achieve an enhanced efficiency and low electro-
magnetic interference (EMI). The converter is specifically suitable for establishing
grid-to-vehicle (G2V) and vehicle-to-grid (V2G) connections through inductive elec-
tric vehicle charging/discharging systems. The proposed converter is analyzed the-
oretically, is simulated in MATLAB/Simulink, and finally is verified experimentally
at low power on a case study IPT system. The results show that the proposed ma-
trix converter can effectively establish bidirectional power transfer at different power
levels with soft-switching operation and resonance frequency tracking capability.
With regular 120V /240V single-phase supply, the power transfer levels that
can be obtained include standard power levels as defined by SAE J2954 for light-

duty EVs [90]. The power transfer regulation is achieved based on energy injec-
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Figure 4.6: Series-compensated bidirectional IPT system with a single-phase AC-
AC MC as the primary converter and a conventional H-bridge converter as the
secondary converter.

tion /regeneration principle. The proposed controller benefits from resonance fre-
quency tracking capability to constantly synchronize the switching operations of
the converter with the resonant current. Also, it achieves zero-current switching
(ZCS), which in turn eliminates the need for conventional multi-stage commutation
techniques. The power controller is designed and implemented based on a digital
circuit composed of basic logic level components without the use of FPGA /DSP so-
lutions, thereby making it a low-cost solution. Theoretical and simulation analyses
and experimental validations of the proposed direct AC-AC matrix converter along

with its controller are presented in detail.

4.2.1 Power Transfer Controller for Direct Single-Phase AC-

AC Converter

In Fig. 4.6, a series-series compensated bidirectional IPT system with a direct
single-phase AC-AC MC as the primary converter and an H-bridge converter as the

secondary converter is shown. The IPT system is represented by primary and sec-
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Figure 4.7: Concept plot of resonant current, energy injection or regeneration signal,
grid current (unfiltered) and grid voltage: (a) forward power transfer mode with
positive grid voltage, (b) forward power transfer mode with negative grid voltage,
(c) reverse power transfer mode with positive grid voltage, (d) reverse power transfer
mode with negative grid voltage.

ondary self-inductances L, and L, primary and secondary compensation capacitors
C, and Cs. The primary converter is comprised of four bidirectional switches (Saj,
Saz, Sp1, Sp2).

A power controller is designed for the AC-AC converter that enables power trans-
fer at the desired level by tuning the energy injection/regeneration rate in the IPT
system. The controller takes resonant current (i,) and AC supply voltage (v,)
as feedbacks and generates four switching signals for the AC-AC converter. The
controller is designed to enable soft-switching operations at the resonant current
zero-crossing points. In other words, each operation mode starts and ends at cur-

rent zero-crossing points, forming a half-cycle. The zero-current switching (ZCS)
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Figure 4.8: Resonant current path in the single-phase AC-AC converter in 10 oper-
ation modes.

significantly reduces the complexity of commutation usually required in matrix con-
verters and eliminates the need for conventional four stage commutation techniques.
The controller is composed of two main sections: switching logic and energy in-
jection/regeneration frequency divider. The quantum energy injection/regeneration
principle and the design methodology for each section of the controller are described

as follows.
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4.2.1.1 Quantum Energy Injection/Regeneration Principle for Power

Transfer Control

Loosely-coupled IPT systems operate based on resonant magnetic induction to en-
able power transmission through large air gaps. In such systems, the inductance
of the coils and compensation capacitors form LC tanks (in both primary and sec-
ondary sides) in which a buffer energy is stored. The power transfer level in an IPT
system can be regulated by controlling the buffer energy stored in the LC tanks.
Quantum energy injection/regeneration to/from LC tank is a technique which can
be used to control the buffer energy and consequently the power transfer level of
the IPT system. This control method can be applied to the single-phase AC-AC
matrix converter which is shown as a primary converter in Fig. 4.6. Based on this
method energy can be transferred from/to the single-phase power source to/from
the primary LC tank in the form of quantum energy pulses which exactly correspond
to the resonant current half-cycles. In the half-cycles in which energy transfer is not
desired, the IPT system enters a freewheeling mode in which the resonant current
is freewheeled in order to continue its natural oscillation.

In Fig. 4.7, the application of this technique on the single-phase converter is
conceptually shown at different operating conditions. This figure shows the concept
plots of resonant current, energy injection or regeneration signal, grid current and
grid voltage where (a), (b) represent forward power transfer mode with positive
and negative grid voltages, and (c), (d) represent reverse power transfer mode with
positive and negative grid voltages. As it can be seen, in forward power transfer
mode, quantum energy injections increase the resonant current while in reverse

power transfer mode, quantum energy regenerations decrease the resonant current.
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Table 4.3: Operation modes and corresponding switching states of the single-phase

AC-AC matrix converter
Mode ‘ Type ‘ Sr (Pg < 0) Se (ir > 0) Sy (Ua,c > 0) Snrg ‘ SAl SAQ SBl SBQ
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Figure 4.9: The proposed power controller for the primary single-phase AC-AC
converter for bidirectional IPT systems.

4.2.1.2 Switching Logic Design

A switching logic based on the quantum energy injection/regeneration method for
the single-phase AC-AC converter can be designed. This switching logic can be
designed by defining different operation modes of the converter which are determined
by the resonant current direction, grid voltage polarity, power transfer direction,
and energy injection/regeneration signal. These operation modes are divided into

three different types: energy-injection, energy-regeneration, and free-oscillation. A
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resonant current measurement (i,.) and an input voltage measurement (v,.) are used
as inputs for the switching logic. These modes are determined based on the direction
of resonant current (S, : i, > 0), input voltage polarity (S, : v4. > 0), user-defined
reverse power transfer signal (.S, : P, < 0, where P, is the grid connection power),
and energy flow signal (energy injection/regeneration signal) (Sy4). The Sy, signal

is controlled by the second section of the controller which is described in Section
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4.2.1.3. Zero-cross detectors with tunable hysteresis bands are employed in order
to find S, and S, using the resonant current and grid voltage input signals. The
hysteresis band can be tuned to a desired value using a positive feedback from the
source signals.

The switching logic is designed in a way that in energy injection modes the
output voltage of the converter and the resonant current have the same sign, and in
energy regeneration modes they have opposite signs. Also, in free oscillation modes,
the output voltage of the converter is zero and the resonant current is freewheeled
in the LC tank. For example in an energy injection mode (S, = 1, S, = 0) with a
positive resonant current (i, > 0), a positive voltage should be applied to the IPT
system and therefore, if v,. > 0 is positive, S4; and Spy are turned on, and if v,. < 0,
Sas and Spy are turned on. In an energy regeneration mode (S, = 1, S, = 1)
with a negative resonant current (i, < 0), a positive voltage should be applied to
the IPT system and therefore, if v,. > 0 is positive, Sx; and Sy are turned on, and
if v, < 0, Sy2 and Spy are turned on. According to these principles, 10 operation
modes can be defined in the AC-AC converter, which are presented in Table 4.3 and
the corresponding resonant current paths are shown in Fig. 4.8. Using Table 4.3, a
switching logic can be easily obtained by expressing the switching signals S41, Sao,
Sp1, and Spgy as boolean equations for each switching signal in terms of S., S,, S,

and Sy, as follows:
SAl - Sm"gS_r (Sv Sc + S_vgc) + Snrg Sr (S_v Sc + Sv E)
SAQ = SnrgS_r (S_v Sc + Sv E) + Snrg Sr (Sv Sc + S_vgc)
(4.26)
SBl = SnrgS_r (S_’USC + Sv E) + Snrg Sr (Sv Sc + S_vgc) + Trg

SBZ = SnrgS_r (Sv Sc + S_vgc) + Snrg Sr (S_v Sc + Sv E) + Sm"g
The direction of the power flow can be reversed by changing the S, signal. The

resonant current sign S, which is used as a clock source for the controller is switched
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at resonant current zero-crossing points, based on (4.26) the soft-switching opera-
tions of the converter is ensured. Based on (4.26), a switching logic circuit is designed
which is presented in Fig. 4.9.

In order to achieve the soft-switching operations in the converter, the transitions
between operation modes are performed at zero-crossing points. This is due to the
fact that the resonant current sign (S. : i, > 0) changes at each resonant current
zero-crossing point. Also, the controller should be designed in such a way that any
change in the energy injection/regeneration signal (S,,,) occurs at resonant current
zero-crossing points. Thereby, according to the boolean equations given in (4.26),

the converter achieves zero-current switching.

4.2.1.3 Power Transfer Controller

In an IPT system, the power transfer level can be controlled by regulating the en-
ergy transfer rate in the system. This can be achieved by controlling the number
energy injection/regeneration pulses in a specific control cycle. In this study, a
control cycle consisting of 8 resonant current cycles (16 half-cycles) is considered
and the power transfer control is achieved by regulating the number of energy in-
jection /regeneration half-cycles. The proposed power controller which is shown in
Fig. 4.9, can change the number of energy injection/regeneration half-cycles to
1, 2, 4, and 8 for both positive and negative half-cycles of the resonant current.
This digital controller is designed using AND, OR, NOT, XOR logic gates, flip-
flops, and multiplexers. The controller generates an energy injection/regeneration
signal (Syr4) based on the user-defined power transfer settings (selectors) for both
positive and negative resonant current half-cycles. Using the proposed power con-

troller, 10 power transfer levels can be achieved which are presented in Table 3.6.
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Table 4.4: Power transfer levels obtained using the power controller

Selector state | Number of energy injection/regeneration pulses | Voltage transfer
Power Level No. — > ]
aiazbibz positive pulses (m) ‘ negative pulses (n) ratio (Gy)
1 0000 8 8 1.0000
2 0001 8 4 0.8660
3 0010 8 2 0.7906
4 0011 8 1 0.7500
5 0101 4 4 0.7071
6 0110 4 2 0.6124
7 0111 4 1 0.5590
8 1010 2 2 0.5000
9 1011 2 1 0.4330
10 1111 1 1 0.3536

Each power level corresponds to a certain number of positive and negative energy
injection /regeneration half-cycles, n and m, and selector state (ajasbibs).

In Fig. 4.7, resonant current (i,), grid voltage (V;), grid current (i,), and en-
ergy injection/regeneration signal (S;,;/Syey) in forward and reverse power transfer
modes at power transfer level 6 are shown conceptually. This figure shows that using
the power controller, the resonant current is rectified and directed to the single-phase
grid connection in both directions. Also, the switching diagram of the converter at
different operating conditions is presented as Fig. 4.10. This figure corresponds to
the operating conditions shown in Fig. 4.7 and it represents the switching signals
of the converter (Sa1, Sa2, Sp1, Sp2) along with the resonant current, grid voltage,

grid current, and energy injection/regeneration signal.

4.2.1.4 Forward Power Transfer

The forward power transfer mode (S, = 0) enables energy transfer from the primary
single-phase AC source to the secondary DC source. In this case, the MC constantly
switches between energy-injection and free-oscillation modes. In energy-injection
modes, energy is transferred to the IPT system and as a result, the resonant current

is increased. In free-oscillation modes, energy transfer to the IPT system is avoided
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and the resonant current is allowed to circulate in the system and the energy stored
in the LC tank is used as a source for energy transfer to the IPT system. Since
the energy stored in the system reduces, the resonant current decreases. Therefore,
switching between these two types of modes enables power transfer regulation in
forward power transfer mode. In Figs. 4.7(a), (b), the resonant current, energy
injection signal, grid current and grid voltage are shown conceptually. It is clear
that the resonant current increases in energy injection modes and it decreases in

free-oscillation modes.

4.2.1.5 Reverse Power Transfer

The reverse power transfer mode (S, = 1), is used to enable energy transfer to
the primary single-phase AC source from the secondary DC source to the primary
AC source. In this case, the secondary converter acts as an inverter to allow the
secondary structure operate as a transmitter and in the primary MC, the energy-
regeneration and free-oscillation modes are engaged. In this case, IR, which repre-
sents the secondary load reflected to primary (shown in Fig. 4) is negative. This
means that R., generates power (rather than consuming power) and injects power
to the primary LC tank. In energy-regeneration modes, the MC transfers energy
back to the primary AC source and therefore the resonant current decreases. This
is done by directing the resonant current to the AC source with a reverse polarity as
shown in Fig. 4.7 and thereby, the energy stored in the resonant tank is injected into
the grid which results in a reduction in the energy stored in the LC tank and the
resonant current. Also, in free-oscillation modes, the primary current is allowed to
circulate in the IPT system and thereby, energy regeneration is avoided. However,
as a result of the energy transfer from the secondary to primary, in free-oscillation

modes, the energy stored in the primary LC tank increases which in turn increases
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the resonant current. Power transfer regulation in reverse power transfer mode is

enabled by continuously switching between these two types of modes.

4.2.2 Theoretical Analysis

In this section, the power transfer rate and efficiency of the converter at different

power levels are calculated theoretically and details are presented.

4.2.2.1 Calculation of Power Transfer

The power transfer rate of the converter at different levels can be calculated by
analyzing the voltage harmonics that are generated by the converter. Since the
IPT system is tuned to operate at the resonance frequency, only the harmonic com-
ponents of the converter output voltage that have the resonance frequency mainly
involve in the power transfer. The proposed power control method is based on a full
control cycle which is composed of 8 resonant current cycles. Thus, the fundamental

harmonics component at the resonance frequency can be calculated as follows:

w 8x 2
Vit = / Vot SIN(w t) dt (4.27)
0

8
where v,,; is the instantaneous output voltage of the converter, w is the angular
resonance frequency, and V;"" is the main harmonic component of the output voltage
at power level corresponding to n and m number of energy injection/regeneration
pulses in positive and negative half-cycles respectively. Based on the principles of

operation of the converter explained in Section 4.2.1, v,,; can be formulated as,

(

Vout = z':O,...,m—l, ]:0,,71—1 (428)
0 otherwise
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where v,. is the instantaneous voltage of the single-phase AC mains. The first
section of v, corresponds to energy injection/regeneration modes and the second
section corresponds to free-oscillation modes. The sign of the v,,; in energy injec-
tion /regeneration modes is determined based on the power transfer mode, direction
of the resonant current and the polarity of the instantaneous grid voltage. By ex-

panding (4.27) using (4.28), the following is obtained:
20i+1)m

(2i+ )7

m—1 ,2hr n—1
+ v E
v = 8_: ( ;:0 /2“r |Vae| sin(w t) dt + ZE:D [2i+1>,r |Vae| sin(wt) dt) (4.29)

w

Due to the fact that the resonance frequency is much higher than the power
frequency, the variations of grid voltage in a control cycle can be neglected, and
therefore (4.29) can be simplified as follows:

j: ac
ymn — 0% 1) |Vac] (4.30)
47

It should be noted that the calculated harmonic are time variant and it is de-
pendent on the single-phase AC mains voltage. At the resonance frequency the
equivalent RLC tank is purely resistive and therefore, the fundamental harmonic of
the resonant current can be calculated as,

vimt £ (m o+ n)|vee
I =——= 4.31
! R., A7 R, (4:31)

where R., is the equivalent resistance reflected to the primary (Fig. 4.8). Using
(4.31), the power transfer rate can be obtained as:

1
b= Req(lrm)2 =

(m +n)*v,
= (m 4 n)"ve,

4.32
3272 R,, ( )
where P, is the instantaneous power transfer rate between single-phase AC mains
and IPT system. Since v, is sinusoidal, the average power transfer P,, in a full grid

voltage cycle can be calculated in terms of the RMS grid voltage V¢ as follows:

(m+n)*Vi,

P, —
3212 R,,

(4.33)
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According to (4.33), the power controller regulates the power transfer rate by chang-
ing the number of energy injection/regeneration pulses (n and m). It should be
noted that in reverse power transfer mode, R,, is negative and therefore, P, will be

negative.

4.2.2.2 Calculation of Voltage Transfer Ratio (VTR)

The voltage transfer ratio of the converter is defined as follows:

‘/out

G, =
Vac

(4.34)

where V,,; is the RMS output voltage of the converter which can be calculated as,

[ vz,ar

out

Vour =A\| ———F— 4.35
! 27T/(.U0 ( )

where wy is the angular frequency of grid voltage. It can be shown that using (4.28),

(4.35) can be simplified as,

mtn f 2m/wo 02 dt
16 0 ac

Vour = (4.36)

27T/Cd0
Based on the definition of Vo and (4.36), the relation between V,,; and Va¢ is

derived as,

Vour = ———Vac (4.37)

Using (4.34) and (4.37), the voltage transfer ratio (VTR) of the converter can

be found as,

Vour v/
G, = Jowt _ VMmN (4.38)
Vac 4

Equation (4.38) is used in order to directly calculate the voltage transfer ratio

at different power transfer levels as presented in the last column of Table 4.4.
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Figure 4.11: The efficiency of the single-phase AC-AC converter as a function of
power transfer level and equivalent reflected resistance.

4.2.2.3 Efficiency Analysis

Since the converter achieves soft-switching operations, the switching losses are neg-
ligible and its conduction losses form the major power losses of the converter. Using
the proposed power controller, the switching state of the converter corresponds to
one of the operation modes presented in Table 4.3. In Fig. 4.8, it can be seen
that in any operation mode, there are always two conducting bidirectional switches.
Considering the fact that each conducting bidirectional switch is composed of one
conducting power switch (MOSFET or IGBT) and one conducting body diode, the

converter loss can be written as follows:

F)loss = 2<PS + PD) = 2(’VFSIrms + RFIEmS + VFDIrms) ( )
4.39

=2 (VFS + VFD + RFIrms) ]rms
Using (4.32) and (4.39), the efficiency of the converter can be obtained as,

__ A 1
- f)t + Boss B 1 + RF 47T(VFS + VFD)
Reg (N 4m)Vis

(4.40)

Ui

The efficiency of a typical AC-AC converter as a function power level number

and equivalent reflected resistance which is calculated analytically using (4.40), is
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presented in Fig. 4.11. This figure shows that as the power level decreases, the
efficiency is decreased. Also, it can be seen that the converter can achieve up to

98% efficiency.

4.2.3 Simulation Results

A bidirectional inductive battery charging system with the proposed single-phase
AC-AC MC converter as the primary converter and a conventional H-bridge con-
verter as the secondary converter (Fig. 4.6) is modeled in MATLAB/Simulink.
The primary converter is controlled using the proposed power controller and the
secondary converter is switched using a self-tuning controller with battery charg-
ing/discharging current controller. The specifications of the case study system are
presented in Table 4.5. The simulations were carried out in 10 power transfer levels
in both forward and reverse power transfer modes with 120V or 240V single-phase
mains, and the results are shown in Table 4.6 and Table 4.7. These tables show that
the proposed single-phase AC-AC converter provides a wide range of power transfer
levels for both G2V and V2G connections and the IPT system can achieve power
conversion efficiencies as high as 98%. In Fig. 4.12, the grid voltage and current, the
energy injection/regeneration signals, the resonant current and the battery charg-

ing/discharging current for: (a) forward power transfer at level 2 with 120V grid

Table 4.5: Specifications of the case study IPT system

Parameter Value
Air gap 200 mm
Self-inductances (Lp, Ls) 172 pH
Compensation capacitors (Cp, Cs) 0.12 uF
Resonance frequency (fr) 35 kHz
Grid voltage (Vac) 120V, 240V

Grid frequency (fac) 60 Hz
Battery voltage (V) 360 V
Battery capacity (Cp) 22 kWh
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Figure 4.12: Simulation results including the grid voltage and current, the en-
ergy injection/regeneration signals, the resonant current and the battery charg-
ing/discharging current.

voltage at the positive peak of the grid voltage, (b) forward power transfer at level

6 with 240V grid voltage at the negative peak of the grid voltage, (c) reverse power

transfer at level 3 with 120V grid voltage at the positive peak of the grid voltage.
As it can be seen, since the resonance frequency of the IPT system is much higher

than the frequency of the single-phase mains, the variations of the grid voltage in a
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Table 4.6: Simulation results of the case study IPT system in forward power transfer
(G2V) at different power levels

Power Transfer | Grid Grid Grid Battery  Battery
Level voltage power current current power
™) kW) (A) A) (kW)
1 120 4.77 48.52 13.18 -4.61
240 15.52 74.16 46.8 -15.09
9 120 3.52 41.41 9.64 -3.37
240 7.85 45.15 22.11 -7.64
3 120 2.92 37.58 7.94 -2.77
240 6.15 39.30 17.11 -5.97
4 120 2.62 35.57 7.12 -2.48
240 5.49 37.15 15.26 -5.31
5 120 2.32 33.37 6.26 -2.18
240 4.78 34.37 13.20 -4.62
6 120 1.73 28.64 4.60 -1.59
240 3.53 29.34 9.66 -3.38
. 120 1.43 25.93 3.79 -1.30
240 2.93 26.70 8.04 -2.78
8 120 1.14 22.95 2.94 -1.01
240 2.33 23.69 6.28 -2.18
9 120 0.84 19.55 2.13 -0.72
240 1.73 20.23 4.67 -1.59
10 120 0.54 15.48 1.28 -0.43
240 1.14 16.21 2.95 -1.01

few cycles of the resonant current is negligible and the grid voltage can be assumed
to be constant. Figs. 4.12(a) and (b) show that in G2V connections, the grid cur-
rent and voltage are of the same sign and the battery charging current is positive
which confirm that the power that is being transferred to the battery is positive.
Also, the figures show that free-oscillation modes cause a reduction in the energy
stored in the IPT system and thereby reduce the resonant current. Conversely, Figs.
4.12(c) and (d) show that in V2G connections, the grid current and voltage have an
opposite sign and the battery charging current is negative, which confirms that the
power is being transferred to the grid is positive. Similarly, the figures show that
free-oscillation modes cause an increase in the energy stored in the IPT system and

thereby increase the resonant current.
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Table 4.7: Simulation results of the case study IPT system in reverse power transfer
(V2G) at different power levels

Power Transfer | Grid Grid Grid Battery  Battery
Level voltage power current current power
™) kW) (A) A) (kW)
1 120 -9.76 100.16 31.73 10.60
240 -13.28 76.94 38.81 13.87
9 120 -7.19 85.45 26.08 8.01
240 -10.95 73.10 33.13 11.60
3 120 -6.04 78.99 23.62 6.92
240 -9.82 69.76 30.37 10.53
4 120 -5.44 74.81 22.30 6.30
240 -9.16 68.08 29.24 9.85
5 120 -4.80 69.78 20.49 5.64
240 -9.75 70.89 31.87 10.63
6 120 -3.64 61.46 17.77 4.46
240 -7.16 60.78 26.01 8.00
. 120 -3.04 56.32 16.38 3.99
240 -5.99 56.12 23.55 6.82
8 120 -2.47 50.89 15.35 3.49
240 -4.79 49.64 20.47 5.63
9 120 -1.86 44.10 13.49 2.83
240 -3.62 43.41 17.78 4.48
10 120 -1.19 34.77 10.27 2.08
240 -2.43 35.56 14.87 3.42

In Fig 4.13, the simulation results of a forward power transfer mode at the
maximum power level (15 kW) in a full grid voltage cycle showing grid voltage, grid
current, battery charging voltage and current are presented. This figure shows that
the grid voltage variations lead to variations in battery charging current. Moreover,
it can be seen that the LC filter has significantly reduced the harmonics associated
with energy injection/regeneration current pulses of the primary side. Calculations
show that the grid current has a Total Harmonic Distortion (THD) of 19%. It
should be noted that the grid current THD still can be improved more by using
higher order power filters.

In Fig. 4.14, the efficiency calculations based on both the proposed power con-
troller and a conventional controller at different power transfer levels are presented.

The conventional power controller is simulated based on the firing angle control
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Figure 4.13: The simulation results of a G2V connection at the maximum power
transfer level (15 kW) in a full grid voltage cycle showing grid voltage, grid current,
battery charging voltage and current.
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Figure 4.14: The efficiency of a single-phase AC-AC converter controlled using the
proposed power controller and conventional controller at different power transfer
levels calculated based on simulations.

method with respect to zero-current crossing points to regulate the power transfer
rate. The results show that in both cases the converter can reach efficiencies as
high as 98% at the maximum power level (Level 1). As the power level decreases,

the proposed converter significantly outperforms the conventional controller and at
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Table 4.8: Specifications of the case study IPT system setup

Parameter Components Value
Pad self-inductance 15 turns, 10 AWG Litz wire 172 pH
Compensation capacitors Film capacitor, FPG66Y0124J 120 nF
Primary supply Variable three-phase AC supply | 20 V (LL), 60 Hz
Secondary battery Lead-acid battery 12 V, 86.4 Wh

power level 10 it can achieve 8% higher efficiency. This is mainly due to the fact that
the proposed power controller ensures soft-switching operations of the converter at

all power transfer level.

4.2.4 Experimental Results

The proposed single-phase AC-AC converter and its power controller are built and
experimental tests were carried out on a case study IPT system which is shown
in Fig. 4.15. The IPT system setup includes series compensated transmitter and
receiver power pads with 200mm air gap, primary AC-AC converter, secondary H-
bridge converter. The power controller of the primary AC-AC converter is built
according to the circuit presented in Fig. 4.9. A variable single-phase AC supply
is used as a grid connection. The details of the IPT system setup specifications are

presented in Table 4.8. An LC power filter is used on the primary side for miti-

; —Receiver pad

Figure 4.15: The IPT system setup comprised of primary and secondary pads,
primary AC-AC matrix converter controlled using the proposed power transfer con-
troller, and the secondary converter.
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Figure 4.16: Experimental test results on the case study IPT system setup including
the grid voltage and current (unfiltered), the energy injection/regeneration signals,
and the resonant current: (a), (b) level 2 forward power transfer at positive and
negative peak grid voltage, (¢), (d) level 6 forward power transfer at positive and
negative peak grid voltage, (e), (f) level 6 reverse power transfer at positive and
negative peak grid voltage, (g), (h) level 7 reverse power transfer at positive and
negative peak grid voltage.

gation of the harmonics generated by the proposed single-phase AC-AC converter.
This filter is designed to have a cut-off frequency less than one-sixth of the switch-
ing frequency of the converter (resonance frequency). The LC filter is composed of

L=40pH, C=20uF with a cut-off frequency of 5.6 kHz.
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The experimental results including the grid voltage and current (unfiltered), the
energy injection/regeneration signals, and the resonant current are shown in Fig.
4.16. Figures 4.16(a), (b), (c) and (d) show forward power transfer at levels 2 and
3 at positive and negative peak grid voltage. Figures 4.16(e), (f), (g) and (h) show
reverse power transfer at levels 6 and 7 at positive and negative peak grid voltage.
These figures show that the AC-AC converter can effectively establish single-phase
G2V and V2G connections at different power transfer levels with resonance fre-
quency tracking capability and soft-switching operations.

As it is shown in Fig. 4.16, in forward power transfer modes, the grid current
and voltage have same signs and therefore, the power is being transferred from the
primary AC supply to the secondary. In reverse power transfer modes, the grid
current and voltage have opposite signs and thus, the power is being transferred
from the secondary to the primary AC supply. The power controller is designed to
allow the resonant current to continue its damped oscillation regardless of power
transfer level and direction of power. This enables the resonance frequency tracking
capability and ensures high power transfer efficiency as the converter operates at the
damped resonance frequency of the IPT system (frequency of resonant current). The
transitions to different operation modes occur at the resonant current zero-crossing
points which enable soft-switching operations. The grid voltage has small variations
that are due to the energy injection/regeneration to/from the IPT system. The
efficiency measurements at 95W show that the single-phase AC-AC converter can
achieve 92% efficiency at level 1 in both forward and reverse power transfer modes.
The efficiency of the converter significantly increases as the power level increase and

as it is shown in Fig. 4.14, it can achieve efficiencies as high as 98%.
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4.3 Summary

The proposed self-tuned soft-switched single-phase AC-AC converter along with its
SMC based controller can be used in IPT systems as an alternative for conventional
two-stage converters. The reduced number of elements which is achieved by elim-
inating the DC conversion stage and corresponding bulky DC-link capacitors will
lead to a compact and reliable converter. The proposed SMC based controller en-
ables soft-switching operations which in turn can significantly enhance the efficiency
of the converter. Since IPT systems usually have a variable operating condition, the
self-tuning capability of the proposed converter is suitable for IPT systems. The
controller is designed based on a simplified digital circuit that can achieve high
operating frequencies without the need for DSP/FPGS solutions. Using the pro-
posed controller the power transfer direction and level can be easily controlled. The
bidirectional power transfer capability enables G2V and V2G connections through
a single-phase power line, which can facilitate the grid integration of EVs through
inductive charging links for residential sectors.

The proposed direct single-phase AC-AC converter along with the proposed
power transfer controller can be used as an alternative to conventional two-stage
converters for bidirectional IPT systems. Due to the elimination of AC-DC conver-
sion stage and bulky DC-link capacitors, the converter is more compact and reliable
compared to conventional two-stage converters. The power transfer controller which
is designed based on the energy injection/regeneration principle and is implemented
based on simplified logic design, effectively enables bidirectional power transfer at
10 different power levels. The resonance frequency tracking capability ensures that
the converter operates exactly at the damped resonance frequency of the IPT sys-

tem and therefore, power transfer efficiency with high efficiency can be achieved.
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Also, the converter benefits from soft-switching operations that further enhances
the efficiency of the converter. Finally, the structure of the single-phase matrix con-
verter along with the simplified controller makes it suitable for residential inductive
charging systems with bidirectional power flow capability. The resonance frequency
tracking capability of the converter makes it suitable for inductive EV charging sys-
tems, in which the system may have variations. The bidirectional power transfer
capability can be used to make single-phase G2V and V2G connections through IPT

systems at multiple power levels including those defined by SAE J2954 standard.
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CHAPTER 5
THREE-PHASE AC-AC MATRIX CONVERTER FOR INDUCTIVE
POWER TRANSFER SYSTEM

In this chapter the applications of Three-Phase AC-AC Matrix Converter for Induc-
tive Power Transfer Systems are presented. Specifically, a direct three-phase ac-ac
matrix converter for inductive power transfer (IPT) systems with soft-switching op-
eration is introduced. The proposed topology is expected to have a high reliability
and extended lifetime due to the soft-switching operation and elimination of short
life electrolytic capacitors. The soft-switching operation will also reduce switch-
ing stress, switching loss and electromagnetic interference (EMI) of the converter.
A variable frequency control strategy based on the energy injection and free os-
cillation technique is used to regulate the resonant current, the resonant voltage,
and the output power. With the use of reverse blocking switches, the proposed
converter can be built with a reduced number of switches (only seven), which will
consequently increase the reliability, efficiency and reduce the cost of the converter.
The converter operates in eight modes, which are described in detail. With the
use of the proposed converter as the primary converter, simulation analysis and
experimental implementations on a case study IPT system, show that the current
regulation control method can fully regulate the output current and output power
around user-defined reference values. Thus, makes it suitable for dynamic IPT ap-
plications, where the system has inherent variations. The work presented in this

chapter is published in [133,175, 185].
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Direct three-phase AC-AC Matrix Resonant Tank
Converter

Figure 5.1: Proposed three-phase ac-ac matrix converter.

5.1 Single-Stage Three-Phase AC-AC Matrix Converter for
Inductive Power Transfer Systems

In this chapter, a three-phase ac-ac matrix converter for IPT systems is proposed.
The proposed matrix topology can be built using seven switches, which six of them
are reverse blocking switches and one is a regular switch. A variable frequency
control strategy based on the proposed converter is used, which is based on the
energy injection and free oscillation technique. The key benefits of the proposed
converter are soft-switching operation, high efficiency, reduced number of switches

and low electromagnetic interference (EMI).

5.1.1 Proposed Three-Phase AC-AC Converter

The proposed direct three-phase ac-ac converter is shown in Fig. 5.1. In this figure,
C represents the primary compensation capacitor, L is the primary self-inductance

and R, is the reflected resistance of the load at the secondary to the primary circuit.
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Figure 5.2: A conceptual plot of three-phase input voltages, resonant current and
corresponding switching signals of the converter in different modes of operations.

The proposed converter consists of six reverse blocking switches and one regular
switch (IGBT or MOSFET) which is in parallel with the resonant tank. A reverse-
blocking switch can be built using a series combination of an IGBT or a MOSFET
with a diode. However, individual switches with reverse-blocking capability are now
available in the market and have the advantage of total lower forward voltage and

thereby, enable the converter to operate with higher efficiency.
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In [124], a control strategy for a single phase ac-ac converter based on energy
injection and free oscillation of the resonant circuit is presented. This control method
is further developed in this study and is applied for three different control modes,
which are resonant current regulation control, power regulation control and resonant
voltage regulation control. The control modes are all based on zero current switching
(ZCS) operation. Since the proposed converter is based on the resonant current zero
crossing points, the operating frequency of the converter is equal to the resonant
current frequency (natural damped frequency, which is described in Section 5.1.2).
Therefore, the operating frequency of the converter is determined by the circuit
parameters. In a dynamic IPT system, the primary and secondary self-inductances
are fixed by the track/coil parameters, such as size and number of turns in the coil.
In practice, although the primary’s position relative to secondary affects the mutual
inductance, it has a very small effect on self-inductances, due to the inherently large
air gaps required in electric vehicle (EV) dynamic charging systems, such variations
are minimized. Therefore, self-inductances of the primary (L in Fig. 5.1) and
secondary are constant. This ensures the performance of the converter in dynamic
IPT systems.

The operation of the converter for each control mode can be described in eight
operation modes, which are presented in Tables 5.1, 5.2 and 5.3. The operation
modes 1 to 6 are energy injection modes in which energy is injected to the LC tank,
and the operation modes 7 and 8 are free oscillation modes in which the LC tank
continues its resonant oscillation. The transition of different modes of operation
occurs at current zero-crossing points. Each mode starts at a resonant current zero-
crossing, and continues for a half cycle until the next resonant current zero-crossing.
This operation mode transition is determined based on the state of the circuit, and

the reference values for the resonant current, voltage, and the output power.

130



5.1.1.1 Current Regulation Control Mode

The resonant current regulation plays a key role in the power transfer performance
of an IPT system. Since the resonant current amplitude is proportional to the
amount of injected energy to the LC tank, the resonant current regulation control
can be achieved by continuously changing the operation mode of the converter from
energy injection modes (increasing the resonant current) to free oscillation modes
(decreasing the resonant current), and vice versa. Using this strategy, the resonant
current can be regulated around a user-defined reference current. This is carried out
by comparing the peak output resonant current, i, to the reference current (i,.r)
at each current zero-crossing point. The 1, is measured in each half cycle of the
resonant current. If 4, is negative and its absolute value is less than 4,.; (i, < 0
and |i,| < i,f), an energy injection to the LC tank is required for the next half
cycle to increase the resonant current. According to Table 5.1, the converter should
enter one of the energy injection modes 1 to 6, depending on the three-phase input
voltages. Moreover, if 7, is positive or its absolute value is more than 4,.s (i, > 0 or
|ip| > irer), the converter should enter one of the free oscillation modes 7 and 8. A
conceptual plot of three-phase input voltages, resonant current and corresponding
switching signals of the converter in different modes of operations is presented in
Fig. 5.2. Also, Fig. 5.3 demonstrates the resonant current path in the proposed
converter in 8 modes of operation.

In each energy-injection mode, the LC tank terminals are switched between
the most positive and the most negative input lines. According to Table 5.1, the
switching is performed using six reverse-blocking switches, Sa1, Sa2, Sp1, SB2, Sc1
and Sco, which are used to switch the three-phase input lines to the output during
modes 1 to 6, based on the measured input voltages. It should be noted that

the energy injection always occurs in positive half-cycles of the resonant current. In
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free-oscillation modes, the negative half-cycles of the resonant current are conducted
through the parallel switch Sr (mode 8) and the positive half-cycles of the resonant
current are conducted through the intrinsic body diode Dp (mode 7). It should
be noted that negative half-cycles are always free-oscillation modes; therefore Sg is
switched at the rate of the resonance frequency. Since the resonant current becomes
negative after any mode from 1 to 7, mode 8 always occurs after any other mode of

operation.

5.1.1.2 Voltage Regulation Control Mode

The voltage limit in the LC tank and particularly in the compensation capacitor
is of great importance. This voltage limit is mostly limited to the insulation level
of the primary coils/tracks and voltage rating of the compensation capacitor. The
voltage regulation control can be achieved using an approach similar to the current
regulation control mode. In Section 5.1.2, it is shown that the peak resonant voltage
occurs in each resonant current zero-crossing. Therefore, the resonant voltage can be
measured in each current zero-crossing and peak voltage detection is not required.

In voltage regulation control mode, if the peak resonant voltage is negative and
its absolute value is lower than the reference voltage (v, < 0 and |v,| < v,cf), then
according to Table 5.2, the circuit will enter one of the energy injection modes 1 to
6, depending on the three-phase input voltages. Therefore, energy will be injected
to the LC tank for a half cycle to increase the resonant voltage, and the LC tank
terminals are switched between the most positive and the most negative input lines.
The switching is performed using six switches, Sa1, Sa2, Sgi, Sp2, Sc1 and Seo,
which are used to switch the three-phase input lines to the output during modes
1 to 6, according to Table 5.2 and based on the measured input voltages. Mode 7

occurs when the peak voltage is negative and its absolute value is higher than the
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Table 5.1: Switching States in different Modes of Operation in Current Regulation
Control Mode.

Mode Resonant Cur- Input Volt- Conducting

rent ages Switches
1 ip <O, [ip| <drey Vo <Ve<Va Sa1,SB2
2 ip <O, |ip| <iref Ve<W<V, Sa1,Sce2
3 iP<07 |7’P| <iref Va <Vc<vb SBl»SAQ
4 ip <0, lip| <iper Ve<Va<V SB1,Sc2
5 ip <0, lip| <dpey Vo <Va<WVe Sc1,SB2
6 ip<0,|ip|<’i7.€f Vo <V < Ve Sc1,S A2
7 iP<07|i;D|>iref - DF
8 ip >0 — Sk

Table 5.2: Switching States in different Modes of Operation in Voltage Regulation
Control Mode.

Mode Resonant Voltage Input Volt- Conducting

& Current ages Switches
1 vp <0, up| < Vpef Vo <Ve< Ve Sa1,SB2
2 vp <0, |vp| < Vpey Ve< V<V, Sa1,S¢c2
3 vp <0, |vp| < Vpey Vo< Ve <V SB1,Sa2
4 vp <0, |vp| < Vpey Ve < Vo<V SB1,Sc2
5 vp <0, |vp| < Vpey Vo <Va< Ve Sc1,Sp2
6 vp <0, |vp| < Vpey Vo <V < Ve Sc1,Saz2
7 vp <0, |vp] > Vpey - Dp
8 ip >0 — Sg

reference voltage (v, < 0 and |v,| > v,.r) and therefore energy injection to LC tank
should be avoided for a half cycle to decrease the resonant voltage. In this mode,
the LC tank enters a free oscillation state and the resonant current is positive, which
is conducted through the intrinsic body diode (Dp) of the parallel switch (Sg) as
shown in Fig. 5.3 for mode 7. In mode 8, the resonant current is negative and
the switch Sp is on. Since the resonant current becomes negative after any mode

between 1 to 7, mode 8 always occurs after any other mode of operation.

5.1.1.3 Power Regulation Control Mode

In dynamic IPT systems due to inherent variations in the load power transfer control
is important. The power input regulation control can be achieved using an approach

similar to current regulation control method. The peak current (i,) and the input
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Table 5.3: Switching States in different Modes of Operation in Power Regulation
Control Mode.

Mode Owutput Power & Input Volt- Conducting

Resonant Current ages Switches
1 Pout < Prey , ip <0 Vo < Ve < Vg Sa1,5B2
2 Pout < Prey , ip <0 Ve <V < Ve Sa1,Sc2
3 Pout<PTef,ip<0 Vo < Ve <V SB1,SA2
4 Pout < Prey , ip <0 Ve < Vo <V SB1,Sc2
5 Pout<PTef ,ip<0 Vi < Vo < Ve Sc1,SB2
6 Pout < Preg , ip <0 Vo <V < Ve Sc1,S a2
7 Pout > Prey , ip <0 - Dr
8 ip >0 - Sp

voltage (V;,,) are measured. Considering the fact that all negative half-cycles are free
oscillation modes, and in free oscillation modes the input voltage is zero (V;, = 0),

the average output power (P;,) for a full-cycle (T') can be calculated as below:

1
Pout = / Zp‘/m = _Zp‘/; (51)
T s

In this control mode, in each current zero crossing P,,; is compared to a reference
power (P,.r) and if the average output power (P,,) in one half cycle is lower than
the reference power (P,..r), the circuit will enter one of the energy injection modes
1 to 6, depending on the three-phase input voltages based on Table 5.3. Therefore,
energy will be injected to the LC tank in the next half cycle to increase the resonant
current, and the LC tank terminals are switched between the most positive and the
most negative input lines. According to Table 5.3., the switching is performed using
six switches, Sa1, Sa2, Sp1, Sp2, Sc1 and Sca, which are used to switch the three-
phase input lines to the output during modes 1 to 6, based on the measured input
voltages. Mode 7 occurs when the average output power (P, ) is higher than the
reference power (P,.r); therefore, energy injection to LC tank should be avoided for
a half cycle to decrease the resonant current. In this mode, the LC tank enters a free
oscillation state and the resonant current is positive, which is conducted through the

intrinsic body diode (Dp) of the parallel switch (Sr) as shown in Fig. 5.3 for mode
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Figure 5.4: The IPT model and its components simulated in MATLAB /Simulink.

7. In mode 8, the resonant current is negative and the switch Sg is on. Since the
resonant current becomes negative after any mode between 1 to 7, mode 8 always

occurs after any other mode of operation.

5.1.2 Theoretical Analysis

The differential equation of a LC tank with primary self-inductance of L, and com-

pensation capacitor C' with an equivalent resistance of R can be expressed as,

di o1t
LE—FReqz—l—a/ozdt%—vc(O)—V} (5.2)

where 7 is the resonant current, v, is the voltage of the compensation capacitor and
V; is the input voltage. Equation (5.2) can be rewritten as the following second

order differential equation:

d®i Ry, di 1
dt2+ I %—i‘ﬁl—o (53)
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where the initial conditions of the circuit are:

i(0) =0
LE0) = Vi~ ui(0) o
PR — — v
dt t c
The solution of (5.3) based on initial conditions in (5.4) is derived as:
i = Ke V" sin(wt) (5.5)
where the natural damped frequency w = +/w? — a?, resonant frequency wy =

1/vLC, damping coeflicient o = R,,/2L, damping time constant 7 = 2L/R and
the coefficient K is expressed as:

Vi — UC(O)

K =
wlL

(5.6)

Equation (5.5) shows that the peak current decreases exponentially with a time
constant of 7 and (5.6) shows that the value of K changes in each half cycle de-
pending on the input voltage and initial voltage of the compensation capacitor. It
should be noted that in the free oscillation modes the input voltage is zero (V; = 0).
Also the compensation capacitor voltage can be expressed as:

Kr

Uc(t) = UC(O) + m

(Tw — e~V [sin(wt) + Tweos(wt)]) (5.7)

The resonant current and voltage equations (5.5) and (5.7) can be used for finding
the peak values of current and voltage in each half cycle. In order to find the peak
value of the resonant current 4,, which occurs at the time ¢, corresponding to the
nth current peak, the following equation can be solved to find the extremum points

of the resonant current:

di _ —t/T L _
i Ke w cos(wt) - sin(wt)| =0 (5.8)

By simplifying (5.8) the following equations are derived:

tan (wt,) = Tw (5.9)
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- atan (Tw) + nw (5.10)
w

therefore the nth peak value of the resonant current can be calculated using (5.5)

and (5.10) as:

atan (Tw)+nm TW
iy = Ke™ T —1)'— 5.11
AN e (5-11)

Similarly the peak values of the resonant voltage can be found using (5.7) a,

K —t/T
e (“’ cos(wt) — 7 sin(wt)
(5.12)
I
— —[sin(wt) + Twcos(wt)]) =0
-
Equation (5.12) can be simplified as following set of equations:
d K
chC = 5e—t/rsm(wt) =0 (5.13)
sinfwhn) =0 (5.14)
= (5.15)

Based on (5.5), (5.13), (5.14) and (5.15) it can be seen that in each resonant
current zero-crossing, resonant voltage is exactly in its peak. Since control modes,
which are presented in Section 5.1.1 are all based on resonance current zero-crossing
points, the voltage regulation control mode can be established on peak values of
resonant voltage in each current zero-crossing.

Using (5.5), the resonant current in a time period composed of both energy

injection and free oscillation modes can be expressed as follows:

Kie /Tsin(wt) 0<t<Z
i(t) = (5.16)

Kpe VTsin(wt) T <t<2om
where m denotes the number of cycles, which is composed of one energy injection

half cycle and 2m — 1 free oscillation half cycles, K; and K; are coefficients of
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(5.5) in the first energy injection and free oscillation half cycles respectively, can be

calculated using (5.6) and (5.7) as follows:

Ki = — [Vi = v(0)] (5.17)

1 T 1 K;mw

Kp=— [vc(;)] =L {vc(o) o)

(1+ e—”/m)] (5.18)

By assuming i,.r as the reference current, using (5.11) and (5.12) the number of

cycles that the next energy injection should occur (m) can be calculated as follows:

_l Tw in KfTW arctan(7w
e (22 e

Equation (5.19) predicts the number of cycles that the LC tank will continue

its free oscillation mode, after an energy-injection mode, as a function of initial
condition (Ky), circuit parameters (Tw) and the reference current i,.;. A duty-cycle
can be defined as the ratio of the number of energy injection modes to the number
of free-oscillation modes in the time interval between two successive energy injection
modes, and can be written as,

L fin

1= F (5.20)

where f;,; is the switching frequency of the energy-injection modes and f, is the
resonance frequency of the LC tank. The duty-cycle D;, is a measure that represents
the energy demand for the LC tank. For example in Fig. 5.2, this measure is D;=0.5,

which shows that only half of the cycles energy needs to be injected to the LC tank.

5.1.2.1 Converter Loss Analysis

The power loss of the proposed converter can be calculated by evaluating the con-

duction and switching losses of the power switches in different modes of operation.
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Table 5.4: Typical values for parameters used for theoretical converter loss calcula-
tion.

Parameter Description Typical
Value
%z Switch forward voltage 1.5V
Rp Equivalent ON-state resistance 0.08 Q
Coss Output capacitance 250 pF
Eon + Eopy  Switching volt-ampere crossover energy losses 2 mJ
Vep Diode forward voltage 1.8V
FErr Reverse recovery energy loss 200 pJ

The loss of each power switch is composed of switching and conduction losses and

can be written as,

Psz = Pscon + Pssw = [VF[‘WQ + RF[Ems} Tconfsw
1
+ (Eon + Eoff) + 50035‘/;721 fsu) (521)

where Pseong and Psg, are the conduction and switching losses of the switch S,
respectively, Vg is the forward voltage of the power switch (in power MOSFETsS,
Vi = 0), Rp is the equivalent resistance of the switch during on state, I,,, and
I.ms are the mean and RMS values of the conducted current respectively, T.,, is
the conduction time of the switch, f;, is the switching frequency, E,, and F,ss are
volt-ampere crossover energy losses during the switch turn-on and turn-off transi-
tions respectively, C,ss is the output capacitance of the switch, and V;, is the input
voltage. Since in the converter benefits from ZCS switching is always performed, the
switching losses from volt-ampere crossover are minimized and thus, are relatively
low. Therefore, the conduction losses dominate, followed by the losses due to C,q
(output losses). The losses associated with any diode in the converter are composed

of conduction and reverse recovery losses and can be calculated as below:
PDx - PDcond + PDT"F - VFD]cngconfsw + Errfsw (522)

where Ppeong and Pp,,. are the conduction and reverse recovery losses of the diode D,

respectively, Vgp is the forward voltage of the diode and F,., is the reverse recovery
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energy of the diode. The losses of the converter can be calculated by calculation
of the losses associated with energy-injection and free-oscillation modes separately,
considering the fact that the switching frequency of all the switches are f;,; = D; f,,
except S which its switching frequency is f,. In each energy injection mode (modes
1 to 6) two reverse blocking switches are involved; therefore, the losses associated

with energy injection modes (F;,;) can be described as,

It should be noted that if the switches S41, Sa2, SB1, Sp2, Sc1 and Sco are
switches with built-in reverse blocking capability, Pp, loss is eliminated in (5.23),
and as a result the efficiency of the converter will be increased. Since Sr and its
body diode Dp are the only switches, involved in free oscillation modes, the losses

associated with free oscillation modes (P,s.) can be calculated as follows:

Pose = Psy + DiPp, (5.24)
Finally the total dissipated power can be described as follows:

Pross = Pinj + Pose (5.25)

Typical values for high power switches and diodes for 50 A output current are
presented in Table 5.4. However, for different values of current, these typical values
should be modified accordingly. Fig. 5.5 presents the efficiency of the converter
versus resonant current and switching frequency, which is calculated based on Table
5.4 and equations (5.21)-(5.25). This figure shows that the efficiency of the con-
verter increases as the resonant current increases, and any change in the switching
frequency, does not affect the efficiency significantly in high resonant currents. Also,

the maximum efficiency of the converter is 96.6%.
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Figure 5.6: Simulation results of the IPT system with ¢,.;=282.8 A.

5.1.3 Simulation Results

The proposed three-phase converter, which is presented in Fig. 5.1, is simulated

using MATLAB/Simulink. The IPT model is shown in Fig. 5.4. This model is
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Figure 5.7: Frequency spectrum of the resonant current shown in Fig. 5.6.

composed of a three-phase power supply with an output LC filter, the primary
three-phase ac-ac converter, the primary and secondary magnetic structures with
their corresponding compensation capacitors and the secondary load, which is a
battery charger of an electric vehicle. The controller of the primary converter and
its components are also shown in Fig. 5.4. The measurements include the three-
phase input voltage and the output resonant current of the LC tank. The controller
is triggered in each resonant current zero-crossing, and based on the voltage and
current measurements the switching state of the of the converter is determined.
The switching signals of the converter does not change until the next current zero-
crossing.

The self-inductances of the primary and secondary are each 168 pH, where
each have a 1 uF compensation capacitor and thereby, the operating frequency of
the converter, which is equal to the resonance frequency of the LC tank would be
12.28 kHz. The line-to-line voltage of the three-phase supply is 208 V. The current
regulation control mode is enabled with 282.8 A (200 Arms) reference current. The
simulation results including the three-phase input voltages and their corresponding
modes of operation, the output resonant current and corresponding switching signals

of Sa1, Sp1, Sce2, Sk, are shown in Fig. 5.6. Also, the frequency spectrum of the
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output resonant current is shown in Fig. 5.7. As it can be seen in Figs. 5.6 and 5.7,
the current is fully regulated around the reference current and its THD is 9.22%. The
active and reactive power calculations show that the total output power is 18.4 kW
and the fundamental reactive power is zero (@1 = 0) and therefore, the displacement
power factor is unity (DPF = 1). However, due to higher order harmonics in the
three-phase input voltages and currents, the true power factor is 0.76. Using the
specifications given in Table 5.4 for the switches of the converter, the efficiency of
the converter is calculated based on (5.21)-(5.25) through the simulation, which is
96.2%.

5.1.4 Experimental Results

The experimental study is performed on a case study IPT system, which is shown
in Fig. 5.8. This system is composed of two circular magnetic structures with 700
mm diameter and 200 mm air gap. The circular power pads are composed of coils,
ferrite bars, and aluminum shields. The proposed three-phase matrix converter is
used as the primary converter with a series-parallel topology, which is shown in Fig.
5.4 is implemented where, the self-inductance of each circular pad is 168 pH, and 1
uE compensation capacitors are used in both primary and secondary circuits. The
line voltage of the three-phase power supply is 40 V. In this experimental study,
series combination of a MOSFET (IRF3205) with a diode (DSEP 30-12A) is used
to make the reverse the blocking switches. However, switches with built-in reverse
blocking capability are available in the market (e.g. IXRH-40N120). The switch
Sr is also an IRF3205 MOSFET, and its body diode is used as the diode Dp.
A STM32F4-discovery board with an ARM Cortex-M4 168 MHz DSP is used as

the main controller. The resonant current regulation and output power regulation
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Figure 5.9: Experimental results on the case study IPT system: Output resonant
current and corresponding switching signals.

control strategies are studied on the case study IPT system, which are described in

the following sections:

5.1.4.1 Current Regulation Control

The resonant current regulation control with 14.1 A (10 Arms) reference current is
used to regulate the resonance current. Figure 10 shows the output resonant current
and corresponding switching signals of S41, Sg; and Sg switches during the transi-

tion of the most positive phase in voltage from phase A to phase B. The operating
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Figure 5.10: Experimental results on the case study IPT system: input voltage (1),
input current (i,), and power (P,) for phase A and output resonant current (i,).

frequency of the converter is 12.25 kHz, which has a small discrepancy compared to
the theoretical resonance frequency (12.28 kHz). The waveforms of the input voltage
(Va.), input current (i,), input power (P,,;) for phase A and output resonant current
(i) are shown in Fig. 5.10. As it can be seen, the resonant current is fully regu-
lated around the reference current. However, the input voltage has high frequency
harmonics which will reduce the true power factor of the converter as a result it also
will reduce the power transfer efficiency of the converter. The frequency spectrum
of the output resonant current is measured experimentally, which is shown in Fig.
5.11. Calculations show that the THD of the output resonant current is 14.3%.
The total output power is 267 W (89 W from each phase). The input power factor
measurements show that the true power factor is 0.67. However, the fundamental
reactive power is zero and therefore, the displacement power factor is unity. Also,
the measured loss of the converter is 31.5 W and consequently, the efficiency of the

converter is 89.4% compared to 92.7% theoretical efficiency using (5.21)-(5.25).
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Figure 5.11: Frequency spectrum of the resonant current shown in Fig. 5.10.

The main limiting factors in the proposed converter are the speed of the controller
(DSP board) and the response delay time of the resonant current measurement. In
IPT applications high-frequency operation of the converter (10-85 kHz) is essential to
maximize the power transfer efficiency. On the other hand, in the proposed converter
the current and voltage measurements using analog to digital conversion (ADC),
with high sampling rate are required. Also, the implemented control strategy on
the DSP, which consist of floating-point operations and comparisons, etc, along with
ADC conversions, will take tens of clock cycles of the DSP to execute. As a result,
a DSP with a high clock speed is essential. The maximum frequency that can be
practically achieved using the DSP board (STM32F4-discovery ARM Cortex-M4
168 MHz DSP), is about 40 kHz. However, the proposed controller of the converter
has the potential to be implemented based on analog circuit, which can significantly
enhance the controller speed and resolve the need for a DSP.

Also, a Hall-effect current transducer “LA 55-P” is used for the resonant current
measurement, which has a response delay less than 1 ps. Considering the fact that
at least 20 samples in a full-cycle of the resonant current are required for a proper

performance of the converter (without losing the zero-crossing points), the maximum
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frequency that practically can be achieved is about 50 kHz based on the response

time delay of the current measurement.

5.2 Three-Phase AC-AC Matrix Converter with Simplified
Bidirectional Power Control for Inductive Power Trans-
fer Systems

The use of direct three-phase ac-ac matrix converter with bidirectional power control
for inductive power transfer (IPT) systems is proposed. The converter enables direct
power conversion between low-frequency three-phase AC mains and high-frequency
IPT systems. A digital power controller is designed and developed to regulate the
power transfer rate at the desired level in both directions. A simplified circuit for
the bidirectional power controller is presented which can be implemented with a few
number of logic components or using a Field Programmable Gate Array (FPGA).
The controller enables soft-switching operations and benefits from the resonance
frequency tracking capability to maintain the high-efficiency power transmission at
any operating conditions. The converter achieves bidirectional power transfer which
is specifically useful for establishing grid-to-vehicle (G2V) and vehicle-to-grid (V2G)
connections through inductive electric vehicle (EV) charging/discharging systems.
Also, the proposed converter can be employed in dynamic IPT systems as it can
cope with variations of the system. The controller design methodology, simulation
analysis, and the preliminary experimental results of the proposed matrix converter
on a case study inductive battery charging system are presented in detail.

In this section, the use of direct three-phase AC-AC matrix converter with a sim-

plified power transfer control for IPT applications is proposed. Matrix converters
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are bidirectional which makes it suitable for IPT based grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) connections. A power controller is specifically designed for
the converter to enable the bidirectional power transfer regulation at a desired level.
The controller has the resonance frequency tracking capability to ensure maximum
power transfer efficiency of in the system. Therefore, the proposed converter can
be employed in dynamic IPT systems as it can cope into variations of the system.
The converter benefits from soft-switching operations which significantly enhances
the performance of the converter and reduces the complexity of the commutation
between bidirectional switches. A simplified circuit for the power controller is pre-
sented which can be implemented with a few number of logic components or using a
Field Programmable Gate Array (FPGA). The controller enables soft-switching op-
erations and benefits from the resonance frequency tracking capability to maintain
the high-efficiency power transmission at any operating conditions. The controller
design methodology, simulation analysis, and the preliminary experimental results
of the proposed matrix converter on a case study inductive battery charging system

are presented in detail. The bidirectional power controller prototype is developed

on an FPGA.

5.2.1 Bidirectional Power Transfer Control for Three-Phase

AC-AC Converter

The AC-AC matrix converter which is comprised of six bidirectional switches is
presented in Fig. 5.12. The IPT system is modeled as a series RLC circuit where L
is the transmitter inductance, C' is the series connected compensation capacitor, and
R, is the equivalent load resistance reflected to the primary. The RLC equivalent

circuit model is derived by reflecting the secondary load to the primary side. In
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Figure 5.13: The conceptual plot of the primary resonant current and corresponding
output voltage of the converter in energy-injection and free-oscillation modes.
an [PT system with a series compensated secondary, the equivalent load resistance

reflected to the primary R., can be calculated as follows [7]:

w2 M?
Rey = R,

(5.26)

where w is the angular resonance frequency and Ry, is the load at the receiver side.

In order to generate an appropriate high-frequency resonant current in the primary
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Figure 5.14: The proposed simplified digital power controller for the three-phase
AC-AC matrix converter designed based on the switching logic given in (5.28).

of the IPT system and regulate the power transfer rate, a control mechanism should
be designed that can achieve the control objectives by switching the converter into
different states of operation.

The controller of the three-phase AC-AC converter can be designed based on
energy-injection/regeneration and free-oscillation technique. This technique has
been used in many studied to regulate the power transfer level in IPT systems
[124,133,139,162,172,183]. In Fig. 5.13, the conceptual plot of the primary reso-
nant current and corresponding output voltage of the converter of an IPT system in
energy-injection and free-oscillation modes for forward power transfer is presented.
It can be seen that energy-injection modes increase the resonant current amplitude.
In contrast, free-oscillation modes decrease the amplitude of the resonant current.
On the other hand, when the converter operates in reverse power transfer, energy-
injection modes decrease the resonant current amplitude and free-oscillation modes
increase the amplitude of the resonant current. Therefore, in both forward and re-
verse power transfer modes, the resonant current can be controlled by controlling the

energy-injection and free-oscillation modes. In [133], it is shown that the resonant
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current can be calculated as,

L Vi _UC(O)

iy 7 e~V sin(wt) (5.27)

where i, is the resonant current, V; is the voltage source applied to the RLC tank,
v.(0) is the initial capacitor voltage, w is the resonance frequency, 7 = 2L/ R, is the
time constant of the RLC tank. In [162], it is shown that in steady-state conditions
v:(0) is also a function of V; and RLC circuit parameters. Therefore, based on
(5.27), it can be seen that the amplitude of the resonant current can be controlled
by controlling V; in each half-cycle.

The energy injection/regeneration technique which is employed in IPT systems
controls the applied voltage to the RLC tank V; by switching to different operating
modes in order to regulate the power transfer. Based on this technique it can be
found that each forward and reverse power transfer modes, the converter has 14
states of operation which are determined based on the direction of the resonant
current and the relative order of three-phase input voltages. The forward power
transfer mode consists of 12 energy-injection and 2 free-oscillation states which are
presented in Table 5.5. The reverse power transfer mode consists of 12 energy-
regeneration and 2 free-oscillation states which are presented in Table 5.6. According

to Tables 5.5 and 5.6 the switching logic for six switches (Sa1,542,581,582,5¢1,502)
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of the converter can be derived as,

SAl = (Sab : Sca : Ssgn + Sab : Sca : Ssgn) : Sinj

+(Sab - Sea - Segn + Sav * Sea * Ssgn) * Sreg

SA2 = (S_ab : Sca : Ssgn + Sab : S_ca : Ssgn) : Sinj

+(S_ab : Sca : ?gn + Sab ' Sca ' Ssgn) ' Sreg
SBI = (S_ab : Sbc : Ssgn + Sab : S_bc : Tgn) : Sinj
+(S_ab ' Sbc ' Tgn_}_ Sab ' S_bc ' Ssgn) ' Sreg
o o - (5.28)
SB2 = (Sab : Sbc . Ssgn + Sab : Sbc : Ssgn) : Sz'nj

+(Sab'S_bc'Tgn+S_ab'Sbc . Ssgn) -STeg

Sct = (Sea * Sbe * Ssgn + Sea * She = Ssgn) * Sing

+(Sea - She = Ssgn + Sea * Sbe * Ssgn) * Sreg + Sing
Sca = (Sea * Sbe - Ssgn + Sea - Ste - Ssgn) * Sing

+(Sea - Sbe - Ssgn + Sea * Sbe - Ssgn) - Sreg + Sing

where the variables are defined as Sy, @ vy > vy, Spe @ Up > Vey Seq : Ve > Vg,
Ssgn © 4p > 0, Sip; : reverse power transfer mode, S,., : reverse power transfer
mode. Using (5.28), a digital controller is designed which is presented in Fig. 5.14.
The controller takes three-phase voltages (v,,vp,0.) and resonant current (i,) mea-
surements and generates the corresponding switching signals for the converter to
regulate the resonant current around the user-defined reference current (i,.r) and
desired power transfer direction (Rev=0 for forward power transfer and Rev=1 for

reverse power transfer).
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Figure 5.15: Simulation results on the proposed AC-AC matrix converter: (a) for-
ward power transfer mode at 68.2 kW charging power, (b) reverse power transfer
mode at 26.4 kW discharging power,

Table 5.5: Switching states in forward power transfer mode

Mode 4 >0 wvg >vp Uy > Ve Ve > Vg Switches
1 1 1 1 0 Sa1,Sc2
2 1 1 0 0 Sa1,5B2
3 1 0 1 0 SB1,Sc2
4 1 0 1 1 SB1,SA2
5 1 0 0 1 Sc1,S 42
6 1 1 0 1 Sc1,S5B2
7 0 1 1 0 Sc1,S A2
8 0 1 0 0 SB1,S4A2
9 0 0 1 0 Sc1,SB2
10 0 0 1 1 Sa1,SB2
11 0 0 0 1 Sa1,Sc2
12 0 1 0 1 SB1,Sc2
13 1 - - Sc1,Sc2
14 0 — — Sc1,Sc2

5.2.2 Simulation Analysis and Experimental Results

The proposed converter and its controller connected to an inductive EV charging
system are simulated in MATLAB/Simulink. The simulation model consists of
transmitter and receiver circuit with 172pH inductance and 120nF series-connected
compensation capacitors, a 208V, three-phase voltage source, a secondary AC/DC

converter connected to a 22kWh 360V battery. The simulation results for forward
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Table 5.6: Switching states in reverse power transfer mode
Mode ip >0 wvg >vp Uy > Ve Ve > Vg Switches

1 1 1 0 Sc1,S 42

SB1:S42

Sc1,SB2

Sa1,S5B2

Sa1,Sc2
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power transfer at 64.2kW and reverse power transfer at 26.4kW are presented in Figs.
5.15(a) and (b) respectively. These results verify that the converter can effectively
establish a bidirectional connection between the IPT system and the power grid at
different power transfer levels. This figure also shows that the converter generates a
high-frequency resonant current in the IPT system which is regulated by controlling
the energy injection/regeneration level. The plots of the three-phase grid voltage
and unfiltered grid current show that the converter switches to different phases
whenever grid voltages cross each other. This ensures that the maximum power
transfer is always achieved.

The proposed three-phase AC-AC matrix converter along with its controller is
implemented experimentally and is tested on case study IPT system as shown in
Fig. 5.16. The controller is implemented according to the design which is presented
in Fig. 5.14. The controller is composed of differential comparators, peak detector
and an FPGA board (Xilinx Spartan 6) to perform the logical operations. The IPT
system test-bed is composed of transmitter and receiver power pads, each having
172pH inductance and a series connected 120nF compensation capacitor thereby,

resulting in a 35kHz resonance frequency. A three-phase variable power supply is
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Figure 5.16: The IPT system setup used for experimental analysis.

used as the grid connection. In order to validate the performance of the converter,
experiments are carried out at low-voltage grid connection at low-power level. In
Fig. 5.15, Sa; and Sps switching signals (according to Fig. 5.12) at 35W forward
power transfer rate are presented. This figure shows that the converter achieves
zero-current switching operation and effectively generates high-frequency resonant
current from a low-frequency AC main.

The harmonic content of the grid current can be effectively mitigated by regular
LC power filters. Also, high-order power filters similar to the single-phase topology
presented in [186,187] can be employed to further improve the power quality of the

proposed converter.

5.3 Summary

In this chapter, direct three-phase single-stage ac-ac converters for inductive power
transfer (IPT) systems are introduced. The proposed converters have different con-
trol modes, which can be used to regulate the resonant current, resonant voltage

and output power around user-defined reference values. The energy injection and
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Figure 5.17: Experimental results on the proposed three-phase matrix converter
pro-to-type: resonant current (i,), and unfiltered phase A current (i,), switching
signals S41, S49.

free oscillation control strategy provides a simple and effective method, which makes
it suitable for the control of IPT systems. Key benefits of the proposed converter
are the minimized number of switches, soft-switching operation, and elimination of
short-life electrolytic capacitors. These features will lead to high-efficiency convert-
ers with high reliability and extended lifetime. Specifically, with the use of reverse
blocking switches, a direct AC-AC matrix converter is developed and built only
with seven switches. The simulation results and experimental studies show that the
proposed converters can maintain the resonant current or the output power around
the user-defined reference values. This feature makes the converters suitable for dy-
namic [PT systems, where the system has inherent variations. The simulation and
experimental results on the proposed converters with power controller show that the
converters can effectively establish a bidirectional power transfer connection between
the IPT system and the power grid at a desired power level making it suitable for
forming contactless G2V and V2G connections. The converter achieves zero-current
switching (soft-switching) and can track the resonance frequency in dynamically
varying IPT systems which both together ensure the high efficiency operation of

the system. The soft-switching operations significantly reduce the complexity of the
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controller design by eliminating the need for multi-stage commutation processes for
bidirectional switches. Moreover, the controller is designed based on a simplified
switching logic which can be easily implemented on FPGA boards without the need

for DSP platforms.
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CHAPTER 6
APPLICATIONS OF SELF-TUNING CONTROLLERS IN
INDUCTIVE ELECTRIC VEHICLE CHARGING SYSTEMS

The self-tuning controllers which are introduced in Chapter 3.1 can find many
applications in inductive EV charging system. In this chapter, a few applications
that utilize the power transfer control along with resonance frequency tracking ca-
pabilities of the developed controllers are introduced. The work presented in this

chapter is published in [188,189].

6.1 Sensorless Conductive Foreign Object Detection for In-
ductive Electric Vehicle Charging Systems Based on
Resonance Frequency Deviation

In this section, a sensorless conductive foreign object detection (FOD) method for
inductive power transfer (IPT) systems based on resonance frequency deviation
monitoring is proposed. The proposed detection method is based on the fact that
the proximity of conductive objects to the transmitter area will affect the resonant
characteristics of the system, including resonance frequency. Thereby, the conduc-
tive object detection is achieved by constantly monitoring the resonance frequency
deviation with respect to its nominal value. Self-tuning controllers for IPT sys-
tems are utilized to synchronize the switching power converters with the resonance
current in order for the system to operate at the resonance frequency. The pro-
posed method is specifically designed for standby mode FOD in which detection is
performed at low power before the entrance of the vehicle to the charging station.
Theoretical analysis of the proposed method based on circuit theory and 3D finite

element analysis (FEA) is presented. Also, the proposed method is implemented in
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a case study IPT system and its effectiveness is verified experimentally by detecting
different conductive objects. The results show that the proposed method is fast,
sensitive, effective, and is capable of detecting conductive objects as small as a 5-
cent coin in standby mode. Based on the proposed FOD, two detection modes are
proposed: standby detection mode and online detection mode. In standby mode,
the charging area is continuously examined for any conductive foreign object with-
out the presence of the vehicle at low power. On the other hand, in online detection
mode, FOD is performed along with the charging process at charging power levels.

Theoretical analysis of the proposed method based on circuit theory and 3D finite
element analysis (FEA) is presented. The proposed method is implemented on a
case study IPT system and its effectiveness is verified experimentally in detection
of different conductive objects. The results show that the proposed method is very
fast, sensitive and effective and is capable of detecting conductive objects as small

as a d-cent coin.

6.1.1 Effects of Conductive Foreign Objects on IPT Systems

When a conductive object is placed in the power transfer area in an IPT system,

due to high-frequency magnetic fields generated by the coils, the object acts as

Magnetic coupling and
compensations

Primary Secondary
Converter M Cs | converter
KU |_
o—1 - e o -
A.C o——I Ls —I Load
mains | |
o—
L H
Self-tuning | " :
Controller

Figure 6.1: Typical IPT system with a primary self-tuning controller.
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Figure 6.2: The magnetic flux density inside the case study [PT system: (a) normal
operation, (b) a conductive object is placed on the primary coil.

an electromagnetic shield and as a result, it dramatically affects the distribution of
magnetic flux lines around it. Consequently, characteristics of the magnetic couplers
change, including the self-inductances of the primary and secondary (L, and L) and
the mutual-inductance between primary and secondary (M). The changes on the
inductances significantly depend on the position of the conductive object relative to
the magnetic couplers, size, shape, and material type of the object. Figure 6.2(a)
shows the magnetic flux lines of a sample IPT system with circular power pads,
which are calculated using 2D finite element analysis (FEA). Figure 6.2(b) shows
the distorted magnetic flux lines with the presence of a conductive object in the

power transfer area.

6.1.2 Conductive Foreign Object Detection Method

The effects of a conductive foreign object on the resonance frequency of an IPT

systems can be captured by analyzing its effects on self and mutual inductances (L,,
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Ls and M) of the system. The equivalent impedance of a series-series compensated

IPT system which is shown in Fig. 6.1 can be written as follows:

1
Z:RP—FE—'—SLP—'—ZT (61)

where, R, is the primary resistance, C, is the primary compensation capacitor, Z,
is the reflected impedance of the secondary into primary, which can be calculated

as follows:
82 M2

Z, = ——
E+8L8+Rs

(6.2)

where R; is the equivalent resistance of the secondary which includes the load resis-
tance, Cj is the secondary compensation capacitor. By considering primary current
as the output and primary voltage as the input of the system, the transfer function

of the system can be written as follows:

l 1

H(s) =2 =~ 6.3
== (63)
Using (6.1) and (6.2), the transfer function given in (6.3) can be expressed as

follows:

sCp (1 + s*CsLg + sCyRy)

H(s) =
CpCs(LpLs — M?)s* + CpCy(Ls Ry + Ly Ry ) s+ (6.4)

(CyLy 4+ CiLs + C,OsR,R,)s* + (CyR, + CyR,)s + 1

The derived transfer function has four poles that are comprised of two pairs
of complex conjugate numbers. The poles which are closer to the imaginary axis
in the complex plane are defined as the dominant poles and their imaginary parts
are defined as the resonance frequency of the IPT system (in rad/s). The presence
of a conductive foreign object close to the charging area affects the values of the
inductances L,, Ly and M. As a result the resonance frequency gets affected, as

these parameters form the coefficients of the denominator of (6.4). Therefore, the
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Figure 6.3: 3D model of the case study IPT system.

Figure 6.4: Flux density in the circular power pad.

presence of a conductive foreign object can be detected by measuring the resonance
frequency.

To demonstrate how an IPT system is affected by a conductive foreign object,
a sample IPT system is analyzed using 3D finite element analysis (FEA). The 3D
model of the sample IPT system, consisting of two circular power pads is shown in
Fig. 6.3. FEA is used to calculate L,, Ly and M with conductive foreign object
located at different positions relative to the center of the charging pad on top of
the primary pad. Figs. 6.4 and 6.5 show the flux density inside the ferrite bars and
surface loss density on the external object respectively.

Figure 6.6 shows the self and mutual inductances as a function of the location

of the foreign object relative to the center of the primary pad. In Fig. 6.7 the
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Figure 6.6: Primary self-inductance (L,), secondary self-inductance (Ls) and
mutual-inductance (M) versus the location of the conductive object relative to the
center of the transmitter.

corresponding resonance frequency of the IPT system, which is obtained by cal-
culating the dominant poles of the transfer function (6.4) at each point is shown.
This figure shows that the frequency deviation increases as the conductive object is
placed closer to the coils, and it is maximum on the coils. This figure also shows
that if the object is placed exactly in the center of the pad, the frequency deviation
would be almost zero. This can be justified by the fact that due to the symmetry
of the magnetic structure, the flux density in the center of the pads is canceled and
consequently the effect of the conductive foreign object on the flux lines would be
negligible.

As it is shown in Fig. 6.7, the presence of conductive objects always tends

to increase the resonance frequency while the presence of vehicle always tends to
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Figure 6.7: Resonance frequency of the IPT system versus the location of the con-
ductive object respect to the center of the transmitter pad, calculated using 3D
FEA.

Transmitter

AC/DC/AC converter with FOD

DC-link  Primary
Rectifier Relay Converter
A M com

o Co
AC B -|
mains .
c ”—— Primary
N o [ o ?31-84 Compensation
L 3{ 45 Digital i,

Self-tuning
Low-power Controller
AC/DC rectifier

NO

+1

L

Figure 6.8: The proposed primary converter system with self-tuning controller and
FOD and a low-power DC source for initial (standby) detection.

-
o
=)

T
——g=150mm
— g=200mm
—— g=250mm
—— g=300mm [|

a
o
T

&
=]
T

Resonance frequency deviation (Hz)
o

o
=]
=]

I I I | I I I
100 200 300 400 500 600 700 800
Reciever misalignment (mm)

Figure 6.9: Resonance frequency deviation of the IPT system versus the location of
the receiver pad relative to the center of the transmitter pad.

165



decrease the resonance frequency. In addition, the resonance frequency further drops
once the receiver is energized (starts the charging process). In other words the

resonance frequency can be expressed as follows:
frep = fro—Afv — Afy (6.5)

AfO:fr_.fref (66)

where f,.; is the reference frequency, f,o is the normal resonance frequency of the
primary pad without the presence of the vehicle, Afy, Afr, and Afp are resonance
frequency deviations caused by vehicle alignment, charging process and conductive

foreign object respectively.

6.1.2.1 Initial Foreign Object Detection at Low Power

In an inductive EV charging station, initial conductive foreign object detection at
very low power can be applied to the transmitter coil to continuously monitor the
charging area for any conductive object, prior to the presence of the EV and the
charging process initialization. In this case, Afy, = Af;, = 0 and therefore based on
(6.6), conductive objects can be detected. In Fig. 6.8, the primary converter with a
digital self-tuning controller along with an FOD mechanism is shown. The DC-link
can be switched between the main three-phase rectifier and a low-power low-voltage
rectifier. The low-power DC-source enables the system to perform the initial FOD

in standby mode.

6.1.2.2 System Losses in Initial Foreign Object Detection Mode

The losses associated with the initial FOD mode can be calculated as follows [162]:

20272 (1 + —7/Tw
P = v dCT ( ¢ ) (67)
7L(1 4 72w?)(1 — e~7/™v)
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where w = /w2 — 1/72 is the damped resonance frequency, wy = 1/v LC' is the
natural resonance frequency, C' is the primary compensation capacitor, 7 = 2L/r,
is the damping time constant, L is the self-inductance of the transmitter, r. is the

resistance of the transmitter coil, and V. is the DC-link voltage.

6.1.2.3 Online Foreign Object Detection Along With Charging Process

The proposed FOD can be used during the charging process. However, vehicle
variations can also affect the magnetic characteristics of the IPT system including
resonance frequency. In Fig. 6.9, the resonance frequency deviations in the the case
study inductive charging system, due to vehicle variations, as a function of vehicle
position respect to the center of the transmitter pad is presented. This figure shows
that the maximum resonance frequency deviation due to vehicle variations is about
74 Hz (with 150 mm air gap). As the vehicle can have variations during the charging
process, it would be impossible to discriminate the intrusion of small foreign objects
(such as 5-cent coin and 10d nail, which are presented in Section 6.1.3) with vehicle
variations based on resonance frequency deviation. However, larger objects can be
easily distinguished, as their effect on resonance frequency would be much higher
than the effect of vehicle variations. For instance, a beverage can causes frequency

deviations as high as 660 Hz (Section 6.1.3).

6.1.2.4 Foreign Object Detection Speed

The frequency of the resonant current can be measured by counting the number of
cycles within a specific sampling time period. This is achieved by using the current

measurement signal as a clock source for a timer/counter. The number of cycles
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Figure 6.10: The case study IPT system with a self-tuning controller.

which can be counted in the sampling time period can be calculated as follows:

T
Neye = — (6.8)

tcyc
where N,y is the number of counted cycles in the sampling time period T, f; = 1/7

is the sampling frequency, t.,. = 1/f. is the time period of the resonant current.
Neye = fiT5 (6.9)

Based on (6.9), the minimum frequency deviation which can be detected would

be as follows:

oLy (6.10)

d min — ==
f Ncyc Ts

Equation (6.10) shows that the minimum detectable frequency deviation equals
to the sampling frequency. For example, if with 1 ms and 10 ms sampling times, the
frequency deviations more than 1 kHz and 100 Hz would be detectable respectively.
This shows that the sensitivity of the detection method increases as the sampling
time decreases. In other words, the accuracy of the FOD is compromised as the

detection speed is decreased.
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Table 6.1: Specifications of the case study system.

Parameter Value
Air gap 200 mm
Pad diameter 700 mm
Self-inductances (Lp, Ls) 172 pH
Compensation capacitors (Cp, Cs) 120 nF
Nominal resonance frequency (fr) 35 kHz
Grid voltage (Vac) 120 V
Grid frequency (fac) 60 Hz

6.1.3 Experimental Analysis

The proposed conductive FOD method is experimentally tested on a case study
IPT system for different conductive objects with different shapes, sizes, and posi-
tions including beverage cans and coins. The case study IPT system shown in Fig.
6.10 is composed of two circular power pads, compensation capacitors, a primary
three-phase AC/DC/AC converter. The specifications of the case study IPT system
is presented in Table 6.1. A self-tuning controller is used to generate the switching
signals that are synchronized with the resonance frequency for the primary con-
verter. The controller also measures the frequency of the resonant current. The
controller can detect any deviation from nominal resonance frequency and disables
the switching signals if the deviation exceeds a threshold user-defined value.

The experiments were carried out by placing the objects at different positions
relative to the transmitter and receiver power pads and the frequency deviations
were measured. The experimental test results along with 3D FEA simulation results
and corresponding FOD speeds are presented in Fig. 6.11. This figure shows that
the simulation results conform with experimental ones with a small discrepancy.
The maximum frequency deviations caused by the presence of the coin and the
beverage can are 24 Hz and 660 Hz respectively. The detection area for an object
with a specific sensitivity of detection frequency deviation (speed) is defined as the

percentage of the primary charging pad area in which the object can be detected.
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Figure 6.11: Experimental test results on different foreign objects: (a) 5-cent coin
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detection speed and 82% detection area.

100F  __._=& = I T
— .

9 g Coin
e [ Beverage can

© e T 4
3 80 i

© i

k] i

o 60r i
=~ i

3 i

[ [

© 40!

c

0

=

o

2 20

O

o

0 L L L L L L L
0 20 40 60 80 100 120 140 160 180 200
Detection speed (ms)

Figure 6.12: Detection area versus detection speed calculated based on the experi-
mental test results on the case study IPT system.

As it can be seen in Fig. 6.11, a beverage can is detected 10 times faster than a coin

with much larger detection area.

Fig. 6.12 shows the detection area (in percentage of the pad area) as function

of detection speed (in ms) for different objects, which is calculated based on ex-
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perimental results presented in Fig. 6.11. This figure shows that with the same

detection area, larger objects can be detected at much higher speeds.

6.2 Sensorless Electric Vehicle Detection in Inductive Charg-
ing Stations Using Self-Tuning Controllers

In this section, a sensorless electric vehicle (EV) detection mechanism for inductive
charging stations is proposed. The proposed method is based on the detection of
small resonance frequency deviations from the nominal resonance frequency which
are due to the presence of the vehicle. Self-tuning controllers are utilized for fast and
accurate resonance frequency tracking in inductive charging systems. The proposed
method uses the transmitter magnetic structure of inductive charging systems at
very low power for vehicle detection and thereby, eliminates the need for sensor-
based detection mechanisms. The proposed method is simulated using 2D and 3D
finite element analysis (FEA) and the results are presented. The results show that
in a typical inductive charging station, vehicles can be detected within 1.5 meters
from the transmitter pad.

Since EVs and specifically their chassis and the wireless power receiver magnetic
structure mounted under the EV are composed of various structural metal compo-
nents, they can have an impact on the magnetic fields generated by the transmitter
coils. As a result, the magnetic characteristics of an inductive charging system are
changed due to the proximity of EVs. The proposed vehicle proximity detection
method is based on the detection of small resonance frequency deviations from the
nominal resonance frequency, which are due to the presence of the vehicle in the
charging area. Self-tuning controllers are utilized for fast and accurate resonance

frequency tracking. The proposed method uses the primary magnetic structure in
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inductive charging systems for proximity detection and thereby eliminates the need
for sensor-based detection methods. The proposed method is simulated using 2D

and 3D finite element analysis (FEA) and the results are presented.

6.2.1 Proposed Vehicle Detection Method

The operating resonance frequency is one of the key parameters of any IPT system.
SAE TIR J2954 standard requires inductive charging systems for light-duty EVs to
have an operating frequency within 81.38 kHz to 90 kHz range [90]. The resonance
frequency of an IPT system depends on the compensation topology and the self-
inductance of the transmitter and receiver pads. Since compensation topology in
an [PT system is fixed, any change in the resonance frequency would be due to a
change in the self-inductance of the system.

Since EVs and specifically their chassis and the wireless power receiver magnetic
structure mounted under the EV are composed of various structural metal compo-
nents, they can have an impact on the magnetic fields generated by the transmitter
coil. As a result, the self-inductance of the transmitter changes due to the proxim-

ity of EVs. Thereby, the resonance frequency of the IPT system deviates from its
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Figure 6.13: A typical inductive charging system with a self-tuning controller in the

primary side.
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Figure 6.14: The proposed proximity detection system based for inductive electric
vehicle charging systems.

nominal value. The proposed vehicle proximity detection method is based on the
capturing the small resonance frequency deviations which caused by the presence
of the EV. Self-tuning controllers are utilized for fast and accurate resonance fre-
quency tracking. The proposed method uses the same inductive charging system
for proximity detection and thereby eliminates the need for sensor-based detection
methods.

In Fig. 6.14, an inductive charging system with the proposed vehicle proximity
detection system is presented. As it is shown, the DC-link of the primary converter
can be connected either to the main three-phase rectifier or the low-power low-
voltage rectifier. The DC-link of the converter is by default connected to the low-
voltage rectifier for vehicle proximity detection. Once the vehicle is perfectly aligned
with the transmitter, the DC-link of the converter is switched to the main rectifier

and thereby the inductive charging can be initiated.
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Figure 6.15: Magnetic flux lines and field intensity of the wireless charging system

at different transmitter and receiver pad center-to-center distances: (a) 3 meters,
(b) 2 meters, (c¢) 1 meter, (d) 0 meter.

6.2.2 Simulation Analysis

In order to evaluate and verify the proposed detection method, a physics-based
model is required to analyze the effect of an EV on the magnetic characteristics of

inductive charging systems. Physics-based models based on 3D finite element anal-
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Table 6.2: Specifications of the case study inductive charging system.

Parameter Description
shielding plate diameter 700 mm
internal diameter of the coil 350 mm
width of the coil 150 mm
number of turns 15

internal diameter of the ferrite ends 100 mm
ferrite bar length 270 mm
ferrite bar width 28 mm
ferrite bar thickness 16 mm

no. of ferrite bars 8

ysis (FEA) can be developed to calculate the quasi-static magnetic field quantities.
The FEA model includes the magnetic structures of the IPT system as well as the
EV. An inductive charging system comprising of two circular power pads as the
transmitter and receiver magnetic structures is investigated as a case study. The
specifications of the case study IPT system is presented in TABLE 6.2. In Fig. 6.15,
the magnetic flux lines and field intensity at different transmitter and receiver pad
center-to-center distances are presented. The vehicle is modeled as a chassis that
the receiver pad is mounted under it. It can be seen, as the vehicle gets closer to
the transmitter pad, its effect on the magnetic flux lines increases. However, as it
continues to completely get aligned with the transmitter, the distortion in the flux
lines will be reduced.

In Fig. 6.16, the self-inductance of the primary which is calculated using 3D FEA
model and the corresponding resonance frequency of the IPT system as functions of
vehicle alignment (perfect alignment at vehicle alignment=0) respect to the primary
power pad are presented. This figure shows that the presence of the vehicle within 1.5
meters of the perfect alignment causes the self-inductance to decrease and thereby;,
the resonance frequency increases. Once the vehicle is perfectly aligned, the self-
inductance of the system as well as the resonance frequency reach to their initial

values. Based on Fig. 6.16 it can be implied that the proximity of the vehicle can
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Figure 6.16: Self-inductance of the primary and corresponding resonance frequency
of the IPT system as function of vehicle alignment respect to the primary power
pad.

be easily detected by tracking the resonance frequency and detecting its deviations
from the nominal operating frequency. As the vehicle aligns with the primary power
pad, the resonance frequency returns to its initial value, which indicates that the

inductive charging can be initiated.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

Inductive Power Transfer (IPT) systems based on the resonant magnetic induction
constitute a new technology which enables power transmission between two systems
without physical contacts. Owing to its superior robustness, reliability and safety
in comparison with the existing methods, they are applied widely as bio-medical
implants, material handling, transportation systems. Over the recent years, the
[PT-based charging systems for contactless Electric Vehicles (EVs) has been on the
rise, broadly categorized as static, and dynamic or in-motion charging modes.

Presenting themselves as a formidable alternative to the traditional wired charg-
ing in EV charging stations, static EV charging systems provide more safety and
convenience to the users of EVs. At the same time, a growing interest has emerged
in the dynamic EV charging systems, and it is now regarded as one of the tech-
nological cornerstones that can revolutionize the world of transportation systems.
The contactless EV charging systems are equipped with bidirectional power flow ca-
pabilities to enable Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G) connections.
Improving the resiliency of the future infrastructure of smart grid is touted to be
one of the major benefits of V2G connections, since they can afford to support the
grid under extreme conditions, or through peak shaving.

In Chapter 2, a generalized multi-objective optimization method which provides
a holistic solution for obtaining the magnetic design parameters of inductive EV
charging systems has been introduced. Using the proposed method, the magnetic
structures can be effectively designed by prioritizing the objectives. The design ob-
jectives include power transfer efficiency, misalignment tolerance, power density and
cost efficiency. The proposed method employs a multi-physics model that incorpo-

rates both electromagnetic and thermal models of the inductive charging system
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for precise calculation of power losses, stray field and hot-spot temperature. The
experimental results on a 3.7kW conform to the theoretical calculations. Although
the proposed method is computationally intensive, using parallel processing the
optimization time can be significantly reduced. The application of the proposed
physics-based design methodology in other inductive charging topologies will be
investigated as future works.

In Chapter 3, design and development of self-tuning soft-switching controllers for
power transfer regulation of IPT systems has been presented. The self-tuning capa-
bility of the proposed controller allows synchronization of the switching operations
with the resonance current of the IPT system and enables soft-switching operations
to achieve a high efficiency. A simplified design for the proposed controller is intro-
duced which eliminates the need for high-priced DSP/FPGA solutions and enables
higher operating frequencies. The simulation results and experimental studies on a
case study IPT system show that the proposed controller effectively regulates the
resonant current around a desired value, synchronizes the switching operations with
the resonant current and enables soft-switching operations. Although the proposed
controller is designed for two-stage AC/DC/AC converter topologies, using the same
design methodology it can be designed for any type of converter topology.

In Chapter 4, direct single-phase ac-ac matrix converters with self-tuning capa-
bility and soft-switching operations for bidirectional inductive power transfer (IPT)
systems are introduced. The proposed direct single-phase AC-AC converters along
with the proposed power transfer controller can be used as an alternative to conven-
tional two-stage converters for bidirectional IPT systems. Due to the elimination
of AC-DC conversion stage and bulky DC-link capacitors, the converter is more
compact and reliable compared to conventional two-stage converters. The power

transfer controller which is designed based on the energy injection/regeneration
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principle and is implemented based on simplified logic design, effectively enables
bidirectional power transfer at 10 different power levels. The resonance frequency
tracking capability ensures that the converter operates exactly at the damped res-
onance frequency of the IPT system and therefore, power transfer efficiency with
high efficiency can be achieved. Also, the converter benefits from soft-switching
operations that further enhances the efficiency of the converter. Finally, the struc-
ture of the single-phase matrix converter along with the simplified controller makes
it suitable for residential inductive charging systems with bidirectional power flow
capability. The resonance frequency tracking capability of the converter makes it
suitable for inductive EV charging systems, in which the system may have varia-
tions. The bidirectional power transfer capability can be used to make single-phase
G2V and V2G connections through IPT systems at multiple power levels including
those defined by SAE J2954 standard.

In Chapter 5, direct three-phase single-stage ac-ac converters for inductive power
transfer (IPT) systems are introduced. The proposed converters have different con-
trol modes, which can be used to regulate the resonant current, resonant voltage
and output power around user-defined reference values. The energy injection and
free oscillation control strategy provides a simple and effective method, which makes
it suitable for the control of IPT systems. Key benefits of the proposed converter
are the minimized number of switches, soft-switching operation, and elimination of
short-life electrolytic capacitors. These features will lead to high-efficiency convert-
ers with high reliability and extended lifetime. Specifically, with the use of reverse
blocking switches, a direct AC-AC matrix converter is developed and built only
with seven switches. The simulation results and experimental studies show that the
proposed converters can maintain the resonant current or the output power around

the user-defined reference values. This feature makes the converters suitable for dy-

179



namic IPT systems, where the system has inherent variations. The simulation and
experimental results on the proposed converters with power controller show that the
converters can effectively establish a bidirectional power transfer connection between
the IPT system and the power grid at a desired power level making it suitable for
forming contactless G2V and V2G connections. The converter achieves zero-current
switching (soft-switching) and can track the resonance frequency in dynamically
varying IPT systems which both together ensure the high efficiency operation of
the system. The soft-switching operations significantly reduce the complexity of the
controller design by eliminating the need for multi-stage commutation processes for
bidirectional switches. Moreover, the controller is designed based on a simplified
switching logic which can be easily implemented on FPGA boards without the need
for DSP platforms.

In Chapter 6, further applications of the self-tuning controllers for inductive
EV charging systems are introduced. These applications include conductive foreign
object detection (FOD) and vehicle detection in inductive EV charging systems.
The proposed FOD method based on the resonance frequency deviation provides
a fast and effective technique for detection of conductive foreign objects in IPT
systems. By the use of self-tuning controllers, the need for detection sensors is
eliminated, which as a result simplifies the implementation of the method. The
proposed technique can be implemented for initial (standby) detection at low-power
and online detection at full-power. Experimental results on a case study IPT system
show that the proposed method is effective in detecting conductive objects and in
initial detection mode, it can detect a 5-cent coin in the power transfer area in
about 200 ms. However, comparisons between the effect of vehicle variations and
conductive foreign objects on the resonance frequency deviation show that online

detection mode would not be effective for detection of such small objects. The
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detection of larger objects is achieved in both initial detection and online detection
modes with much higher speed and larger detection area. Furthermore, it is shown
that by reducing the detection speed, the detection area is significantly increased
and much smaller conductive objects can be detected. The resonance frequency
deviations are proportional to the size and shape of the objects and in fact can be
used as a measure for the size of the object.

The proposed vehicle detection method provides a simple and effective mecha-
nism which can be used in inductive charging stations to enable automated inductive
charging process. Since the transmitter magnetic structure is used as the detection
coil, the proposed method can be implemented in any inductive charging system
and requires minor system modifications. The resonance frequency of the induc-
tive charging system is used as a measure for vehicle detection. The resonance
frequency tracking capability is enabled using self-tuning controllers for IPT sys-
tems which have relatively a simple design. The simulations results based on 2D
and 3D FEA showed that the vehicle can be detected in about 1.5 meters from the
perfect alignment and once the resonance frequency recovers to its original value
indicates that the vehicle is perfectly aligned and therefore the charging process can

be initiated.

7.1 Future Works

The following topics are suggested for future works:

1. Enhancing the Speed of Physics-Based Multi-Objective Optimiza-

tion Using Parallel Processing

The developed physics-based multi-objective optimization of magnetic struc-

tures is highly effective for obtaining optimal structures. The only drawback of
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this method is the optimization time. However, using parallel processing the
optimization can be performed in a much shorter time. This can be achieved

by performing the 2D or 3D FEAs for individuals at the same time.

. Development of a Universal Power Controller for Resonant Power

Converters

In this dissertation, different power controller methods for various types of
power converters have been introduced. Each controller is converter specific
and is not compatible with other types of converters. It is possible, however,
to design a universal controller that is compatible with different types of power
converters. The controller can be designed to cover wide range of converters
including AC-DC-AC full-bridge, half-bridge, single-phase and three-phase di-

rect and indirect AC-AC matrix converters.

. Development of a Universal Power Converter for Inductive Power

Transfer Systems

The development of a universal power converter for inductive power trans-
fer systems is proposed. The universal converter should be able to directly
convert DC, single-phase and three-phase AC input into high-frequency AC.
The input can have a wide-range range of frequency. The converter can benefit
from resonance nature of IPT systems to achieve soft-switching operations and
bidirectional power transfer. A converter topology comprised of 6 bidirectional

switches forming three input arms similar to Fig. 5.12 is suggested.

. Development of Direct Current-fed AC-AC Converters Topologies

With Built-in Power Factor Correction

The AC-AC converter which are developed in this thesis require the use of

power filters to current and voltage harmonic mitigation and power factor

182



improvement. The development of direct AC-AC Converters topologies with
built-in power factor correction are suggested as a future work. This can be
achieved developing current-fed matrix converter topologies. The current-fed
matrix converters can be developed by adding input inductors to the topology
and modifying the developed switching mechanism to cope with new inductive
elements. These types of converters are expected inherently have low current

harmonics to be more compact.

. Applications of Wide-Bandgap Power Electronics Devices for Effi-

ciency Improvement of Power Converters in IPT Systems

Recent advances in wide-bandgap power electronics devices has led to more
efficient high-frequency power electronics converters with improved power den-
sity. This emerging technology can be applied to IPT systems to further reduce

the size of power electronics converters and improve efficiency.

. Living Object Detection Methods in IPT Systems by Detection of

the Capacitance Between the Transmitter Structure and Ground

This method is based on the estimation of equivalent capacitance between
transmitter and receiver magnetic structures. This method can be used to
detect living and conductive objects in the charging area. Due to high amounts
of water inside the living bodies, the presence of such objects in the power
transfer area will affect the electric field distribution. As a result the equivalent

capacitance between primary and ground will change.

In the proposed method the capacitance between the primary and ground is
considered as a measure for detection of foreign objects in IPT systems. The
equivalent capacitor is used as a part of a circuit to generate a high frequency

pulse wave. The frequency of the pulse wave corresponds to the equivalent
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capacitance of the primary pad respect to ground. Therefore, the presence
of a foreign object which causes a change in the equivalent capacitance will
change the frequency of the pulse wave signal. The presence of a foreign object
can be identified by detecting changes in the frequency of the pulse wave signal

with respect to its nominal value.

. Online Parameter Estimation Techniques Along With Foreign Ob-

ject Detection

One major challenge in IPT systems is to maintain the maximum power trans-
fer efficiency in any operating conditions. The maximum power transfer op-
erating point of an inductive charging system is determined by the primary
power electronics controller based on several key parameters including mag-
netic coupling between transmitter and receiver, airgap and traction battery
voltage, and charging requirements. Online parameter estimation in IPT sys-
tems can be employed to continuously adapt the IPT system to the target
system variations and track the maximum power transfer efficiency. There-
fore, online parameter estimation is essential and can significantly contribute
to the performance enhancement of IPT systems. Also, parameter estimation
methods that do not require information from the receiver side are of more
interest as the need for communication between the transmitter and receiver

is eliminated.

. Use of Machine Learning Algorithms for Vehicle Proximity Detec-

tion and Foreign Object Detection

Intrusion of foreign objects into charging area or the proximity of vehicle each
will affect the in a specific pattern. For example, the resonance frequency

pattern when vehicle is approaching the charging area is shown in Fig. 6.16.
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Machine learning algorithms can be trained with such patterns for different
inductive charging configurations and can be utilized to perform the detection

by recognizing the patterns of foreign objects intrusion or vehicle proximity.
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