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Modeling and Control of Inductive Power Transfer System with Misalignment and
Load Independence

LINHUA LAI

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Inductive Power Transfer (IPT) presents a promising solution for electric vehicles
(EVs), yet challenges persist in achieving high tolerance against coupling and load
variations. To address this issue, new model and control scheme for IPT system are
required. This thesis is dedicated to the modeling and control of an IPT system
with a focus on misalignment and load tolerance.

To understand the properties and performance of the IPT system, this thesis begins
with an investigation into the conventional model of an IPT system with a series-
series resonant tank. Using the Finite Element Method (FEM), the electromagnetic
field around the magnetic coupler is studied, providing insights into the relationship
between misalignment and mutual inductance. Subsequently, an equivalent circuit
is constructed for the IPT system. It becomes evident that under the conventional
control scheme, the system’s output power and efficiency are vulnerable to misalign-
ment variations, posing a significant obstacle in power flow management.

To address this challenge, a novel digital control strategy is proposed. By synchro-
nizing the inverter output voltage with the transmitter current, constant output
power can be achieved in high coupling conditions. The control circuit is simple,
as it only captures the zero crossing of the current in the transmitting coil. How-
ever, inherent propagation delays in the measurement and control circuit can lead
to frequency drift and high switching losses, thereby compromising system efficiency
and output power. In response, a digital control scheme with delay compensation is
introduced, and the boundary of soft switching operation is investigated. It is con-
cluded that soft switching operation can be achieved by applying the new control
strategy. Experimental results reveal that within a misalignment range of 0—160mm,
the system maintains nearly constant output power. A peak efficiency of 92% can
be attained when soft switching is realized in the inverter. This proposed control
scheme enhances the robustness of the IPT system against misalignment variations,
facilitating cost-effective hardware implementation and obviating the need for dual-
side communication. However, the variation of load during power transfer can still
cause change in output power.

Further analysis of power flow under various load conditions reveals the system’s
sensitivity to load variations. Leveraging the grid-connected rectifier, the DC-link
voltage, crucial for the IPT system’s output power, can be controlled to address
the issue. Thus, the voltage controller of a three-phase Vienna rectifier is designed.
Simulation results demonstrate that the rectifier has less than 1V output voltage
ripple under 800V DC-link output voltage and 50kW output power, with a total



harmonic distortion of input current of 2.67%. Notably, the stability of the IPT
system remains unaffected by variations in the DC-link voltage. Furthermore, the
proposed control strategy provides more flexibility to the charging system without
requiring additional DC-DC converters.

This thesis addresses the key challenges in IPT system design and control, offering
innovative solutions to achieve robust, efficient, and adaptable EV charging systems.
The proposed control schemes provide constant output power despite changes in
coupling and load conditions. Therefore, the works in this thesis pave the way for
the development of versatile, compact, and lightweight IPT systems.

Keywords: inductive power transfer, misalignment tolerance, digital control, power
flow control, dual active bridge, three-phases rectifier, electromagnetic field, soft
switching operation.
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1

Introduction to Inductive Power
Transfer Technology

1.1 Problem Background

Due to the unsustainable patterns of consumption and production, the global sur-
face temperature was 1.09 °C higher in 2011-2020 than that in 1850-1900. The
widespread and rapid climate changes have caused adverse impacts and damage to
nature and human. The climate change has become a pivotal issue in the twenty-
first century [1].

Research indicates that the surge in global greenhouse gas emission is one of the
main reason for the rapid climate change. Thus, reducing the greenhouse gas emis-
sions has become one of the global goals for a sustainable development. Around
14% of global greenhouse gas emissions originate from the transportation sector [2].
The majority of greenhouse gas emissions from transportation are carbon dioxide
COy emissions due to the usage of petroleum-based products in road, rail, air and
marine transportation [3].

With an growing concern of the threat of greenhouse effect, the transportation sector
is shifting from the internal combustion engine towards electric motor and the trend
seems positive. For example, the global electric car sales has exceeded 10 million
in 2022, which accounted for around 15% of global car market [4]. In Sweden, the
marine transport sector is committed to developing a sustainable transportation to
reduce the C'O; and other hazardous gases emissions from the waterborne trans-
port [5]. The electrification of ferries can largely ease the need of reducing the CO,
emission.

Despite this progress, the widespread adoption of battery-powered electric vehicles
(EVs) faces limitations, such as challenges related to the unsatisfying volume and
cost of battery, the inconvenient of charging strategy for tight time schedule scenario
such as ferry and bus. A solution that can provide a convenient, safe and reliable
high-power charging service for the tight time schedule EVs is the inductive power
transfer (IPT) technique. Compared with an conductive charing system, an IPT
system has several advantages that can be listed as follows:

o Longer lifetime and smaller size of battery
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Wireless charging introduces the possibilities to employ an opportunity charg-
ing strategy, which can be used flexibly to charge the bus fleets and ferries [6].
In situations where the stop time is short, traditional plug-in charging is im-
practical due to the time it takes to connect the cable. In such scenarios,
the IPT system can serve as an efficient alternative to replace plug-in charg-
ing. This approach helps keep the state of charge (SOC) window small during
each short charging period, contributing to an extended battery lifetime and
a reduction in battery size [7,8].

o Longer lifetime of the charging system
The lifetime of an IPT charging system is prolonged because there is no me-
chanical wearout on the conductive parts. Additionally, IPT systems are con-
sidered safer than conductive charging systems since there are no exposed
conductors, leading to less arcing and reduced safety risks [9].

« Reliable in harsh environment
An IPT system works better in the harsh environment such as the quarry and
mining industries, where driver-less vehicles are increasingly utilized due to
repetitive works and less complex working environments.

Nevertheless, compared with cable charging system, IPT systems are more complex
in terms of system structure and control strategy. The ancillary service, such as
wireless communication and position alignment [10], might be required to guarantee
an efficient and robust power transmission. In this thesis, the modelling and control
of IPT system is going to be investigated. The objective is to achieve an IPT system
with high robustness and efficiency. This thesis is mainly based on the research on
the design of IPT system at Chalmers University of Technology by Daniel Pehrman
and Yujing Liu [11].

1.2 State of Art in Inductive Power Transfer

1.2.1 Configuration of IPT System

As shown in Figure 1.1, a typical IPT system consists of a DC power source, inverter,
resonant network, magnetic coupler, rectifier, and battery. Due to the additional
requirement for controlling the inverter and rectifier, the IPT charging system has
a more complex structure than a conductive charging system has. The inverter can
be a single phase or multiple phases MOSFET inverter according to the application
requirement. The rectifier can be either active bridge or diode bridge. The use of
an active rectifier allows for tunable output power on the receiving end and bidirec-
tional power transfer. However, an extra controller on the receiving end increases
the cost and complexity of system.

Inductive power transfer is facilitated by a magnetic coupler, where an alternating
current (AC) in the transmitting coil generates a time-varying magnetic field in
space. This magnetic field induces a time-varying voltage on the receiving coil. To
minimize the size of the ferrite core in the coupler, the switching frequency of the
inverter is typically in the range of 10 ~ 10*> kHz to generate high frequency
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voltage and current. Resonant networks, consisting of capacitors and inductors,
can be added on the transmitting and receiving ends to increase the active power
received by the load and reduce reactive power.
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Figure 1.1: The configuration of IPT system

1.2.2 Category of IPT System Based on The Application

The IPT system can be categorized into two groups, each focusing on different ap-
plications:

e Dynamic IPT system
This type is designed for applications involving moving vehicles or systems,
such as electric buses, trams, or vehicles in motion. Dynamic IPT systems
require continuous power transfer while the vehicle is in motion, making them
suitable for scenarios like long trip electric transportation.

o Stationary IPT system
This type is designed for stationary or quasi-stationary applications, such as
EV charging stations or devices that remain in a fixed position during op-
eration. Stationary IPT systems are commonly used in scenarios where the
vehicle or device can pause for power transfer.

Different design considerations are employed for these applications to meet their
respective practical requirements.

In a dynamic IPT application, EVs are being changed during the driving as illus-
trated in Figure 1.2. The charging infrastructure can be integrated into the road.
This approach has the potential to offer virtually unlimited driving distance and
can lead to a substantial reduction in on-board battery capacity. Consequently, this
design results in lighter and smaller EV configurations [12]. Nevertheless, as the
EV moves along the road, the coupling between the transmitting and receiving coils
becomes time-variant, which may cause charging power variation and low efficiency
issues. To mitigate this problem, the transmitting end can be designed with mul-
tiple transmitting modules. Each module can include multiple transmitting coils.
By monitoring the position of the EV, the aligned transmitting modules can be
activated for charging, enhancing efficiency and stability [13]. When the EV moves
out of the specific charging range, the transmitting module is turned off and the
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next module is turned on. The total mutual inductance between transmitting and
receiving end is the sum of mutual inductance of all activated coils, which can be
described as follows [14]:

Mtotal - Z Mtir (]-]-)

i=1
where M, is the mutual inductance between ¢th transmitting coil and the receiving
coil. Besides, to avoid the interaction between different transmitting coils, the coils
in the transmitting modules shall be designed to reduce the mutual coupling My;;.

i, \ Receiving end
tltn . . .
L] moving direction

Receiving end

Transmitting end M,y

Figure 1.2: An illustration to a typical dynamic IPT system

A dynamic IPT infrastructure was installed and tested in Gotland island, Sweden in
2020 (see Figure 1.3) [15]. In this project, a 40-ton fully electric truck is charged on
1.65km of road. The truck drove at speeds reaching 80km/h and the dynamic IPT
infracture provided an average power of 100kW during the charging. The report
shows that the system has a high durability in extreme weather and the battery
size is much smaller than many proposed battery capacities for electric heavy good
vehicles.

ABOVE-GROUND MANAGEMENT UNIT

UNDER-ROAD COIL SEGMENTS

Figure 1.3: An example of dynamic IPT system in Gotland, Sweden

Different from a dynamic IPT system, in a stationary IPT scenario, stationary
charging occurs when the vehicle is parked. The coupling between the coils is time-
invariant once the vehicle stops. Charging can start and continue as long as the

4
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transmitting and receiving coils are fully or partially aligned. Thus, the design
of multiple modules is unnecessary in a stationary IPT system. As a result, the
charging system is simpler, and the structure is more cost-efficient compared with a
dynamic IPT system, as all the coils are used in charging, and there is no need to
switch among coil modules.

Transmitting ! Receiving
coil I _coil

Receiving end

M;>
Transmitting end

Figure 1.4: An illustration of a typical stationary IPT system

An electrical coastal car ferry "MF Folgefonn', operating with stationary IPT sys-
tem was built in Norway in 2015 by Wartsila [16]. As shown in Figure 1.5, the
transmitting end is built on the dock. The charging station is equipped with a ma-
chine arm that positions the transmitting pad to align with the receiving pad on
the ferry. According to the report, the shore and ferry are connected by Wi-Fi once
the ferry is approaching. This system can charge a ferry with a distance of up to
50 cm between transmitting and receiving pads. One standard wireless charger in
such system can deliver 2.5 MW with an efficiency of around 95— 97%. The system
is expect to work for at least 15 years.

Figure 1.5: The electrical ferry "MF Folgefonn" with stationary IPT system in
Norway

Two IPT charging prototypes, as shown in Figure 1.6, have been designed and built
at Chalmers University of Technology in previous works [17-20]. Figure 1.6a is a
500kW stationary IPT prototype for the application of fast charging of ferry. In this
prototype, three single-phase charging modules are connected in parallel to gain a
higher DC terminal output power. Figure 1.6b is a smaller 50kW stationary IPT
system for EVs application [11]. Several tests have been conducted in previous stud-
ies to evaluate the performance of these prototypes, including the design of coil, the
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stray field, and the thermal properties of the system [19].

(a) 500kW ferry charging system (b) 50EW vehicle charging
system [11]

Figure 1.6: The stationary IPT prototypes at Chalmers

In this thesis, the focus is on the development of stationary IPT systems, as the
principles and research methodology behind stationary IPT and dynamic IPT are
identical, and stationary IPT systems can be more easily implemented in practice.

1.3 Review of Previous Work on Stationary IPT

1.3.1 Research on Charging Pad Design

As depicted in Figure 1.7, the key components of an inductive charging pad include
a coil, a magnetic core, and a magnetic shield. The coil establishes a conductive
path for the high-frequency current, generating a high-frequency magnetic field in
the surrounding space. The magnetic core serves to concentrate the magnetic flux,
while the magnetic shield is employed to diminish the leakage flux around the pad.
The key components and their descriptions are listed as follows:

Coil~

Magnetic
core

Figure 1.7: The typical components of a magnetic pad used in stationary IPT

e Coil
The coil is constructed using litz wire, which comprises multiple thin and



1. Introduction to Inductive Power Transfer Technology

insulated copper strands. Each copper strand has a small cross-section to
minimize the skin effect. These strands are twisted together to decrease the
overall equivalent resistance. To mitigate the proximity effect, the thickness
of insulation layer of each strand is chosen [9]. The unique structure of the
litz wire contributes to a very low total AC resistance.

o Magnetic core
The alternating current generates a magnetic flux. The flux travels in the loop
formed by the transmitting and receiving coils. The magnetic core serves a dual
purpose: it guides the flux from the transmitting coil towards the receiving coil
and diminishes the overall magnetic reluctance in the loop, thereby amplifying
the flux density. As a result, the number of turns in the coil can be reduced,
leading to reduced size and copper losses. To mitigate core losses, the magnetic
core is typically crafted from soft ferrite with high permeability, low electrical
conductivity, and low coercivity.

e Magnetic shield
The charging pad must adhere to limitation regarding time-varying electro-
magnetic fields. To safeguard the electric vehicle’s chassis against electro-
magnetic interference (EMI) emanating from the pad, a magnetic shield is
commonly employed. Typically composed of copper or aluminum, this shield
serves as a protective barrier. Given the high-frequency electromagnetic fields
generated by the coils, eddy currents can be induced in the conductive plate of
the shield. These currents, in turn, generate a magnetic field that opposes the
original fields, leading to partial cancellation of the original field. This phe-
nomenon reshapes the magnetic flux path, thereby minimizing leakage flux.
Moreover, the shield offers robust mechanical protection for the pad [21,22].

There are various structures for magnetic pad designs. A well-designed pad should
take into account factors such as coupling condition when the coils are fully aligned,
misalignment tolerance, charging range, cost, and more [21]. Various pad designs
can be used according to the application to optimize the performance of coupler.
Circular pad, rectangular pad, and double-D (DD) pad are among the most com-
monly used designs, as illustrated in Figure 1.8 [21]. In addition to these typical
designs, numerous novel designs have been proposed in the literature.

Double D pad Rectangular pad Circular pad

Figure 1.8: Typical pad designs in literature

In [23], a 6.78MHz, 200W IPT system is built with an optimized coupler design. An
analytical model-based optimization method is applied to obtain a magnetic coupler
with high misalignment tolerance and efficiency. Additionally, Zhi Bie et al. [24]
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propose an asymmetric magnetic coupler design utilizing the horizontal magnetic
field of the transmitting coil for unmanned aerial vehicle applications. This structure
shows advantages of free-rotation and offset tolerance. The stray field around a
3.3kW IPT charger is analyzed in [25], and the result shows that the requirement on
leakage flux density can be fulfilled easily for a low-power IPT charger. However, it’s
worth noting that asymmetrically designed coils may become space and material-
consuming in high-power IPT charging scenarios.

1.3.2 Research on Resonant Network

Even when the coils are perfectly coupled, the equivalent input reactance of the sys-
tem is very large, leading to low input current and high reactive power consumption.
Resonant networks are applied to achieve impedance matching and reduce reactive
power consumption [26]. The resonant network can be categorized as series, parallel,
or LCC based on the different arrangements of capacitors and inductors. Tunable
resonant networks are also found in many literatures [27-30]. The selection of the
resonant network depends on the desired performance. For instance, the resonant
frequency of a series-series (SS) topology (series resonant tank on the transmitting
end and series resonant tank on the receiving end) is load and coupling independent,
and the efficiency of SS topology is high. However, there is a risk of over-current in
SS topology when the system has a low coupling factor.

Series resonant tank Parallel resonant tank LCC resonant tank

Variable inductor Variable capacitor

resonant tank resonant tank

Figure 1.9: Typical resonant networks in literature

The performance of different resonant networks has been studied in previous lit-
eratures. In [31], the performance of a topology with series-shunt mixed-resonant
coupling is evaluated. The result shows that the mixed-resonant coupling topology
performed better in the transfer distance and efficiency. Cody Liu, et al. proposed
an active impedance resonant network in [27]. The simulation results of a 7TkW
system show that by applying the active impedance resonant network, the system
achieves constant output power under misalignment variation and load variation.

8
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In [26], the authors provide a comprehensive review to the performance of different
resonant network and the primary frequency control scheme.

1.3.3 Research on Control Strategy

A charging control strategy, aiming for battery protection and longer life expectancy,
is crucial in EVs charging applications. The IPT system is required to deliver spe-
cific power in various working conditions. Many control methods based on different
IPT typologies have been studied in previous literature, and they can be categorized
into two aspects:

e Dual-Side Control
In this approach, both the transmitting and receiving ends are actively involved
in the control process, and they may communicate with each other.

e One-Side Control
In this approach, only one side, either the transmitting or receiving end, is
actively involved in the control process.

In a dual-side control system, the inverter and rectifier are controlled separately by
two digital signal processors (DSP). Chao Cui et al. investigate the ZVS operating
range of a dual-side controlled IPT system [32]. The results show that soft switch-
ing can be achieved by adjusting the bilateral load angle. A back-to-back connected
prototype is established in [33] with synchronous rectification on the receiver side.
This configuration achieves a transmission power of 45.9kW with a system efficiency
of 96.6%. However, the efficiency and output power of the system are highly im-
pacted by the coupling condition.

In one-side control methods, the charging process is regulated either on the trans-
mitting end or receiving end. Typically, power control involves adjusting the input
voltage, system frequency, and input power factor. Compared with the dual side
control system, a one-side control system is simpler and more cost effective. How-
ever, variations in load and misalignment can cause a drift in power. The controller
relies on information from the receiving end to calculate the coupling and load.
Wireless communication can be used to transmit variable values. In [34], the author
proposes an IPT system based on magnetic in-band communication. Here, infor-
mation is sent to the transmitting side via the low-frequency voltage component.
This approach offers the advantage of leveraging the main coil for communication
purposes, obviating the need for an additional communication coil. Alternatively,
in [35], an Infrared (IR) communication system is implemented to fulfill the low
communication delay criteria of dynamic charging setups. IR technology boasts
minimal power consumption, thereby exerting negligible influence on the efficiency
of high-power IPT systems. Nonetheless, IR signals are susceptible to obstruction
by solid objects, leading to diminished reliability and constrained transmission dis-
tances. These inherent limitations pose challenges for the widespread application of
IR communication in certain scenario. Additionally, systems with communication
requirements necessitate extra communication circuits, increasing the overall cost
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and potentially reducing reliability.

Compared with dual-side control, one-side control is less costly and more robust.
But the IPT system with one-side control shall be designed against the variation of
misalignment and load. According to [36], a multiple coils design can be used on
the transmitting side to build a high misalignment tolerance IPT system. In [13],
the authors found that the coupling of a two-transmitter system can be calculated
by using only the transmitting side parameters.

To achieve output power independence of coupling variations, an IPT system based
on a PT-symmetric circuit is proposed in [37]. In this approach, the power source
is treated as a negative resistor, enabling constant output power and efficiency in
strong coupling regions, irrespective of the coupling coefficient variation. Moreover,
this control scheme relies solely on the transmitting current, eliminating the need for
wireless communication. In [38], the stability and steady-state working frequency
of a PT-symmetric circuit are discussed. The control strategy fulfilling the negative
resistance source is further explored in [39], where a synchronization circuit is em-
ployed to control the phase angle between the inverter output voltage and current.
The proposed control scheme requires high-speed controllers and amplifiers to miti-
gate the influence of inherent propagation delay, which exists in the control circuit.
Consequently, this increases the complexity and cost of the control system. Besides,
the propagation delay causes a hard-switching problem, which reduces the efficiency
of the system. However, neither discussion on the effect of propagation delay nor
the compensation method has been analyzed.

1.3.4 Purpose of This Thesis

Based on the literature review, it can be concluded that numerous studies have
focused on the control strategy, resonant tank design, and coil design of IPT sys-
tems. However, a notable gap remains in the field concerning the development of
an IPT system capable of achieving high-power transmission with both efficiency
and robustness. The performance of existing systems is significantly impacted by
variations in load and coupling conditions, presenting challenges particularly in sce-
narios such as ferry and dynamic charging applications. Thus, further study on the
operation and control of the inductive charging system is needed to make it a com-
petitive solution for charging. The IPT system shall deliver power to the battery in
a robust, simple, controllable, and efficient way. An IPT system combining:

« High misalignment tolerance, such that the coupling variation does not affect
the output power

o Provide controllable output power regardless the variation of the load

e No need of communication to reduce the complexity, and increase the reliabil-
ity of the system

o Soft switching control scheme to achieve higher efficiency

is missing in the literature. Consequently, the objective of this thesis is to investigate
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the modelling of the SS-resonant IPT system and propose a corresponding control
scheme that satisfies the aforementioned requirements.

1.4 Thesis Outline

The remainder of this thesis is organized as follows:

In Chapter 2, first, the modelling of inductive coupler is introduced. Subsequently,
a schematic of the SS-resonant tank IPT system is depicted. Additionally, the power
electronic inverter and rectifier are linearized based on the current and voltage wave-
forms of the terminals, leading to the development of an equivalent circuit for the
IPT system. The performance of the system working in fixd-frequency mode is dis-
cussed. Simulation and experimental investigations on the inductive coupler and
IPT system operating in fixed-frequency mode are conducted, and the results are
compared with theoretical calculations.

Chapter 3 introduces the working principle of coupling independent IPT system.
The control scheme, which can achieve coupling independent operation, is proposed.
Some practical issues, which may affects the implementation of the control scheme,
are discussed. Experimental validation of the proposed control strategy is also pro-
vided and the result is compared with simulation.

In order to further build a load-independent IPT system, an output power control
strategy is proposed in Chapter 4. Various methods for controlling the output
power are explored with emphasis placed on the utilization of the DC link input
voltage for power regulation. Consequently, the rectifier connecting the power grid
and the IPT system can be used for power control. This chapter comprehensively
addresses the topology, modelling, and control of the rectifier, and simulation studies
are conducted to validate the proposed approach.

1.5 List of Publications

This thesis is based on the work contained in the following papers.

Paper 1 L. Lai, J. Huang, J. Tang, Z. Ouyang, Y. Liu, and M. A.E. An-
dersen - Digital Control Implementation for Coupling Independent
IPT Systems without Communication. Published in The Interna-
tional Power Electrnoic and Motion Control Conference (IPEMC
202/-ECCE Asia), May, 2024

11



1. Introduction to Inductive Power Transfer Technology

12



2

Working Principle of IPT System

2.1 Theorem of IPT system

2.1.1 Modelling of Magnetic Coupler

In an IPT system, power is delivered using magnetic coupler. A demonstration
to the working principle of magnetic coupler is shown in Figure 2.1. The induced
voltage on the coil terminals u; and uy can be described as follows (Faraday’s law
of induction):

Nld(P _ Nld(q511 + @12)
N d®, N d(@g; + (1522)
a7 dt

where ®; and ®, are the flux passing through the transmitting coil and receiving
coil, respectively. ®;; is the flux in coil ¢ generated by coil j. Then the following
equations are derived from the equivalent magnetic circuit:

Ny dF; Ny dF: N2 di Ny N5 di di di
wy = 1 1 1 2 _ 1£+ 122:[/ Z1+M12Z2
Ry, dt Ryop, dt Ry dt Ry, dt dt dt (2.2)
NQ dF1 N2 dF2 N1N2 le N2 dlg d dlg .
Up = + = - T 5 01— + Lo—+
Royy, dt Ry dt Ro1,, dt Ros dt dt dt

where N; and Ny are the number of turns of the coils. F} and F; are the magnetic
motive force of transmitting coil and receiving coil, respectively. L; = N2/R;; and
Ly = N / Ros are the self inductance of the coils. If we further assume that the flux
path is symmetric (i.e. @5, = @;2), then M = My = My = N1Ny/R,,, is the
mutual inductance, R,,,, = Ri2,m = Ro1,, is the mutual magnetic reluctance. The
magnetic reluctance terms are highly dependent on the geometry of coupler and can
be described as follows:

lcore lair
Ry = + 2.3
,UTNOAcore NOAair ( )

where ... is the effective length of ferrit core, A.,.. is the effective area of ferrit core,
lgap s the effective length of air gap, Ay, is the effective area of air gap, p, is the
relative permeability of the ferrit core, and pq is the magnetic permeability of free
space. It can be concluded that the mutual inductance M and self inductance Ly,
Ly depend on the effective length and cross-section area of the flux paths. When the
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2. Working Principle of IPT System

misalignment changes, the effective length and cross-section area of the flux paths
vary differently. The coupling factor of the coupler is defined as

s M VRuRy» (2.4)

V L1L2 B Rmm
which is the ratio of mutual inductance and self inductance. When the misalign-
ment between pad increases, the leakage flux increase, the coupling between pads is
weaker, and the coupling factor reduces.

Ferrit core

rad ~

i

(At

iy
Transmittin‘g
coil

" i

82

Receiving
coil

Figure 2.1: An example of magnetic coupler

2.1.2 Modelling of Power Source

Coils and S-S
resonant tank

inverter

rectifier load

Controller Controller

Figure 2.2: System configuration of series-series resonant (SS) IPT system

A schematic to the IPT system can be obtained in Figure 2.2. The system comprises
a DC voltage source, a full-bridge inverter, a controller, coupled transmitting and

14
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receiving coils, series-series(SS) resonant tanks, a rectifier, and a load. The inverter
transforms DC voltage V. to pulsating voltage v;,. i1 and i, are currents in the
transmitting and receiving coils, respectively. V, is the output voltage and Ry, is the
load.

To investigate the performance of the system, an linear equivalent circuit model
can be built. This involves replacing the inverter and rectifier with the equivalent
source and load, respectively. The switching scheme of the inverter is depicted in
Figure 2.3. By applying Fourier analysis on v;,, the fundamental component (with
switching angular frequency wg, = 27 fsw, fsw is the switching frequency of inverter)
Vip.1 18 obtained:

1/ fsw
Vin.1 = 2f8w/0 ’UinCOS<LU5wt)dt

SUip1 = \/§Vmsin(wswt)
Vi, = 2\/§Vdcsin(D17r)/7r

(2.5)

where Dy is the duty ratio, which indicates the ratio of the positive voltage time to
the switching period (see Figure 2.3), V;, is the root mean square (RMS) value of
the fundamental component. Since the fundamental component voltage component
plays a major role in power transmission, the fundamental harmonic approximation
is used and the effect of harmonic with other orders is ignored. Thus, in the equiv-
alent circuit, the inverter output terminal can be regarded as a sinusoidal voltage
source with angular frequency wsg,.

o od T OCN o CINGEG 0
S11 |I:Du SEI:DB b b
I Py 1.' ; -
» i&" in ’ | 2%
Va’c * Vin S — —
) S T ~—
(_ Sﬂ}: Diz/\ S14 I:DM | 1 12 -
@ D12’ 514 on @ D11: 513 on A . DlTsw i 0'5Tsw -
@51115140n @512,5130n S Si3 |

(3)S11,Dizon  (6) Sz, D14 0n

Figure 2.3: Inverter voltage and drive signals, v, 1 is the fundamental component
of v;, with switching angular frequency wg,

2.1.3 Modelling of Load

On the load side, the control scheme of rectifier is shown in Figure 2.4, and the
voltage and current waveform of the rectifier are illustrated in Figure 2.5.
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lo.
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Figure 2.4: Rectifier voltage and drive signal, vy ; is the fundamental component
of vy with angular frequency wy,,

Rectifier input voltage and current

0
/2 s 37/2 27 5772
- VL L _

Load side voltage and current
T T

Figure 2.5: Rectifier input and output waveform
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In Figure 2.5, v, is the rectifier input voltage, is is the receiving coil current, vy,
and i, are the load voltage and rectifier output current, respectively. According
to Fourier analysis, the fundamental component of rectifier input voltage can be
obtained as follows:

v9.1(t) = éVLsin(Dyr)sin(wt + ¢y2)
2\/§ (2.6)
Vo = ——Vpsin(Darr)

™

where V5 is the RMS value of vy ;. Taking v, as the reference, ¢,» is the phase
difference between vy 1 and v;, 1. In steady state, the load is treated as a voltage stiff
component. The energy consumption and voltage variation of capacitor are zero.
Thus, assuming that the rectifier is lossless, by energy conservation and combining
(2.6), the following equations can be obtained for the equivalent load:

Py =Voly = Vi1, = Py
V2rl,
4 sin(Dyr) (2.7)

Y _ éSln(D27T) Ry,

IQ 2

=1y =

:>RLeq(D2)

It can be found that the equivalent load becomes smaller when Dy decreases (Dy €
[0,0.5]). When the voltage duty cycle Dy = 0, the rectifier input terminal is short
circuited.

After modelling the source and the load, the equivalent circuit of IPT system in
frequency domain can be obtained as shown in Figure 2.6.

]/]CL)C/ ]COL[ ry I

e S
V69 RL@%

jz r2 JoL; 1joC,

Figure 2.6: The equivalent circuit of SS resonant tank IPT system based on the
fundamental component approximation analysis

17



2. Working Principle of IPT System

2.1.4 Fixed-frequency Working Model

According to the equivalent circuit, the following equations can be derived according
to Kirchhoff Voltage Laws (KVL):

. , 1 .. .
Vin =j(wly — — )11 + jwM I + 1
UJCl
. . ‘ (2.8)
0=j(wly — — )1y + jwMI + (ry + RLeq)IQ
(.UCQ
where L, and Ly are the self-inductance of the transmitting and receiving coils, re-
spectively. C; and Cy are resonant capacitances. 411 and i5; are the fundamental
component of currents. r; and ro are the equivalent series resistances. M = k+/L1Ls
is the mutual inductance and k is the coupling factor.

The matched resonant frequency wy = 1/4/L1C; = 1/4/LyC5 is an option as the
working frequency of the system. In this case, the transmitting pad and receiving
pad are resonant separately. Consequently, the following relationship holds:

; —jUJOMjl
Iy = ———
RLeq + 79
. M)? .
Vio = (M,
RLeq + 79 (2 9)
. . V2 (RL + 7’2) .
= Pzn = Re ‘/:m[* - = =
{ 1} (CUOM)2+T1(RLeq+T’2)
S (WOM)QRLqu2
P,: = Re{WVLl5} = =
+ = RO} = M i (Ruvy + 7P
and the efficiency can be calculated as
P, M)?
out _ (WO ) RLeq (21())

- -PZ (RLeq + TQ)[(('UOM)Q + TI(RLeq + T2>]

Equation (2.9) and (2.10) show that the output power and efficiency of the system
are susceptible to variations in the coupling condition. Figure 2.7 illustrates the
changes in output power and efficiency with respect to the coupling factor. The key
parameters utilized in the calculations are enumerated in Table 2.2(with rectifier
duty cycle Dy = 0.5). From the figure, it is evident that there is a risk of over-
powering in a no-load condition. The system has a high efficiency but low output
power in high coupling condition. The efficiency decreases when the coupling factor
decreases.

2.2 Experiment and Simulation of IPT System
Working in Fixed-frequency Condition
In this section, the IPT system developed at Chalmers University is introduced.

The objective is to gather essential parameters necessary for conducting circuit sim-
ulations. Initially, the self-inductance and coupling factor of the charging pads are
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Figure 2.7: The change of output power and efficiency with coupling(V;, = 400V,
Ry =109, w = wy)

measured. Subsequently, a simulation model in Ansys Maxwell is studied to inves-
tigate how misalignment affects the pad parameters.

2.2.1 Simulation and Experiment on Magnetic Coupler

2.2.1.1 Introduction to the setup

A Finite Element Method (FEM) simulation model is developed in Ansys Maxwell
to investigate the variation of coupling with changes in misalignment, as depicted
in Figure 2.8. This simulation model is based on the work conducted by Daniel
n [11]. Given the low electrical conductivity of the ferrite bars and the thinness of
the copper shield, the induced eddy currents in these materials can be neglected.
Consequently, the model is constructed using the magnetostatic solver in Maxwell,
where the magnetic field is generated by DC currents in the coils. The plastic cover
is neglected in this simulation, as it has no influence on the magnetic field. The
governing equations are the Gauss’s law and Ampere’s law for magnetic field, which
can be described as follows:

{V x H=J Gauss’s Law in static magnetic field (2.11)

V-B=0 Ampere’s Law in static magnetic field
where B is the magnetic flux density, H is the magnetic intensity, J is the current

density. For a system without permanent magnet, the following relationship holds

in the material
B = popH (2.12)

where pig = 4 -7 - 107"H/m is the permeability of vacuum, p, is the relative perme-
ability.

In this simulation, the misalignment between pads is changed and the result is com-
pared with measurement result. The dimensions of the inductive pads are listed in
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Figure 2.8: FEM model of charging pads

Table 2.1.
Description Name | Value Description Name | Value
Coil length coil; | 430mm Coil width coil,, | 400 mm
Coil thickness coily, | 8.34mm | Coil inner length coily | 259mm
Coil inner width coily, | 238mm Coil fillet coil, 4mm
Transmitting coil turns | N 9.5 Receiving coil turns N, 9.5
Ferrite bar length Fe; 630mm Ferrite bar width Fe, 28mm
Ferrite bar height Fey 20mm Bar distance dpe 44.5mm
Shield length {shieta | 350mm Shield width Wshiela | 150mm
Ferrite permeability Wrpto | 1200p0 | Ferrite permittivity €-€0 €0

Table 2.1: The parameters used in the FEM model

To verify the simulation result, an experiment is performed as shown in Figure
2.9. An impedance meter is used to measure the parameters that are necessary
to calculate the coupling factor. The connections are drawn in Figure 2.10. The
receiving side is short circuited and the short circuit inductance Lj is measured
from the primary side. Then, the mutual inductance and coupling factor can be

calculated as follows:
Vm = jUJLljl + jWMj2
0 = jwlols + jwMI,
. . M2 .
:>‘/zn = jwMIl — jw—]l
L,
2
=jwly = jwl; — jw—
Ly
=M =/LiLy — LyLy, = k\/L L

Therefore, the experiment process can be described as follows:
e Measure the short circuit inductance Ly;
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o Disconnect the receiving end, measure Ly;
o Disconnect the transmitting end, measure Lo;
o Change the misalignment of pads, redo the measurement.

From equation (2.13), we know that the coupling can be obtained through the value
of self inductance Ly, Lo, and Lj.

Figure 2.10: Coupling measurement circuit

2.2.1.2 Result and analysis

The flux distribution between the pads is illustrated in Figure 2.11. In Figure 2.11a,
it is evident that, at a current of 50A and a frequency of 85.5kHz, the flux predom-
inantly concentrates in the middle of the ferrite bar where overlaps with the coil.
Figure 2.11b provides a cross-sectional view of the flux distribution. The leakage
flux can be observed to circulate around the ferrite core and air, contributing to a
lower coupling factor between the pads.

The measurement and simulation result of coupling factor are shown and compared
in Figure 2.12a. It can be observed that the simulation result is lower than the
measurement. This difference may be explained by the fact that the magnetic
shield is ignored in the simulation, resulting in lager leakage magnetic flux and
lower coupling factor. In general, the simulation result shows good agreement with
the measurement. The result also shows that the coupling factor reduces when the
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Figure 2.11: The FEM simulation result of flux distribution between pads
misalignment increases. This result can be explained by the fact that there is more

leakage flux when the misalignment increases, and the flux coupled with the other
coil reduces, which results in the reduction of coupling factor. The variation of self
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Figure 2.12: Magnetic coupler measurement experiment results

inductance L; and Ly with misalignment are shown in Figure 2.12b. It can be found
that the self inductance will reduce when the misalignment increases. Besides, the
ratio of self inductance L /L is shown in the figure. The ratio is constant regardless
of the variation of misalignment. According to the relationship in (2.2), the ratio
between L, and L+ can be described as follows:

N? N2

Ly =———, Ly = -~
Rllm R22m (2 14)
Ly N{Rym '

= = ==
LQ N22R11m

Thus, when the geometry structure is symmetric with Ry1,, = Roam, the ratio Ly /Ly
will remain constant when the misalignment changes. From the experiment result,
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one can conclude that L; and L, vary by approximately 10% when the misalignment
change from 0 to 250mm. To simplify the analysis, the average value of measurement
results is used in the simulations for self inductance.

2.2.2 Simulation and Experiment on Fixed-frequency IPT
System

2.2.2.1 Introduction to the setup

power supply

|_
|

|

IV Y
|dc

|

|

|

-

Controller

Figure 2.13: Experimental set up

An IPT prototype with fixed switching frequency digital control is built to verify
the theoretical analysis. The experimental setup is illustrated in Figure 2.13. A
constant voltage source is connected to the input of the full bridge inverter, with
the gate voltage provided by the CGD12HBXMP gate driver(see Figure 3.15b). The
coils are designed as rectangular pads to fully utilize the available place (see Figure
2.14). A constant resistance load is connected to the full bridge rectifier. To simplify
the analysis, the rectifier is passive. Thus, the current will conduct through the body
diode of MOSFET and the rectifier duty cycle Dy = Dg 0 = 0.5 in (2.7). Further
analysis regarding dual active bridge control strategy is shown in Chapter3.

In the experiment, the working frequency is selected to be f,, = 85.5kHz. The

active bridge control of rectifier will be introduced in next chapter. The parameters
and the dimension of coil are detailed in Table 2.2.
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(a) Front view

(b) Top view

Figure 2.14: Coils for the experimental system

Description Symbol Value
Transmitting end self inductance Ly 77.21uH
Receiving end self inductance L, 74.86pH
Transmitting end capacitance Cy 45.80nF
Receiving end capacitance Cs 45.204nF
Transmitting end ESR r1 147.10m¢2
Receiving end ESR 9 133.62m¢)
Diode forward voltage drop Vi 1.6V
MOSFET turn on resistance R,, 4.67m{2
Coupling factor k [0.2,0.6]
Pad width w1 450mm
Pad length Wa 740mm
Horizontal misalignment d 0, 250]mm
Vertical distance z 150mm

Table 2.2: The parameters of the experiment setup and simulation
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2.2.2.2 Result and analysis
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Figure 2.15: System output power and DC-DC efficiency under fixed-frequency
working scheme (R = 99, V. = 100V, and D; = Dy = 0.5 )

The experiment and simulation result on the output power and efficiency of the sys-
tem for different misalignment conditions are compared in Figure 2.15. To compare
the results obtained from simulation and experiment, the misalignment d in exper-
iment is mapped into coupling factor k based on the result obtained from Figure
2.12a.
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Figure 2.16: Transmitting coil terminal voltage (v1) and current (i;) waveform
under fixed-frequency working scheme (Ry = 9§, V4. = 100V, and Dy = Dy = 0.5 )

It can be observed that the system has very low output power in high coupling
condition. The simulation and experiment power show a good agreement with the
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theoretical calculation result. However, in high coupling condition, the system effi-
ciency is much lower than the theoretical calculation. As Equation (2.10) considers
only the transmitting losses generated by the fundamental component. The wave-
form of line voltage v;, and current ¢; under different misalignment conditions are
shown in Figure 2.16. A unity power factor is not achieved in this experiment as
the system is not completely symmetric(i.e. Ly # Lo, C7 # C5). The resonant point
is varying with the change of misalignment, this may be attributed to the variation
of self inductance, leading to a drift in resonant frequency. Under a high coupling
condition, the transmitting current contains a large amount of harmonic, resulting
in higher losses and lower efficiency.
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Coupling Independent IPT System

3.1 Theorem of Coupling Independent IPT Sys-
tem

In Chapter 2, we highlight that the output power and efficiency of the IPT system
are influenced by the coupling condition. This can be attributed to the fixed work-
ing frequency, where w = wy = 1/ VLC (wp denotes the natural resonance angular
frequency of the system), and the mutual inductance is not included in the resonant
tank. To further elaborate, assuming that the self inductance of coils are indepen-
dent of misalignment, the equivalent input impedance can be derived from (2.8),
This yields the following expression for the system’s input impedance, denoted as
Zim = Vi1, = Ry + j Xu:

(WM)Q(RLeq +73)
(Rreq +72)% + (WL — 567)?
1 (WM)?*(wLy — %6,2)

X, =wl; — -
Wi WO (Rpeq +12)* + (why — %02)2

RTLZT1+

RL=IOQ

100

Impedance angle (deg)

100 s s . ‘ , ‘ ‘
50 60 70 80 90 100 110 120 130
Frequency (kHz)

Figure 3.1: Relationship between equivalent impedance angle and frequency
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3. Coupling Independent IPT System

From equation (3.1), it is evident that Z;, is related to the coupling condition M,
the switching angular frequency w and system parameters. In a scenario of static
charging, where the misalignment between coils remains fixed once the vehicle comes
to a stop, the circuit parameters remain constant throughout the charging process.
As a result, and Z;, depends solely on switching frequency.

An intuitive approach to determining the equivalent impedance is to achieve a unity
power factor(i.e. X, = 0), as this minimizes the reactive power. Figure 3.1 illus-
trates the relationship between the angular switching frequency w and the input
impedance angle ¢ = tan(X,/R,). The parameters utilized in the calculations are
listed in Table 3.1.

It can be observed that in weak coupling condition (k = 0.1 and k = 0.2), the system
has only one working frequency wq that can achieve the unity power factor. However,
in strong coupling condition (k > 0.2), the working frequency splits into three
solutions w;, wp, and wy. This phenomenon is commonly referred to as bifurcation
in previous literature [40,41].

Parameter | Value | Parameter Value
R Leq 8.1 R1 7OMQ
R 70082 Cy 47.14nF
Cs 47.14nF Ly 73mH
Lo 73mH fow [50, 130]kHz

Table 3.1: The parameters used in impedance angle calculation

The inverter output voltage is controlled by the driver circuit control scheme. Thus,
a unity power factor can be achieved by synchronizing the inverter output voltage
Vin1 With transmitting current i;(see Figure 2.6). In this case, the input power
source can be regarded as a negative resistance R, [39,42]. In other words, the input
reactance X,, = 0. Considering the case that the system has matched resonance
frequency (i.e., \/L1C1 = /LyCy = 1/wy), then the following relationship can be
deduced from (3.1):

L M)?
fad (W) - (3.2)
LQ (RLeq + T2)2 + (CULQ — TCQ)Q
By solving (3.2), the working frequency w can be obtained as follows:
- k< ke
vTEe B (3.3)
W = W0 k> kﬁc
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where
—(T% —2wd) + VA
CL) =
Lh 2(1 — k2)
A = —4w2T2 + T + 4kt (3.4)
Rpeq + 12 I'y I3
=21 2 fp =222 -2
2 Ly, e 2V Ty

Therefore, the working conditions can be separated into two regions based on the
coupling factor.

When k > k., the system works in strong coupling region. When the system is
operating with working frequency w; or wy, the output power can be calculated as
follows:

Pout = ’j2’2RLeq
(wM)?| 2

|1 =
V(Bieg +12)? + (wlo — 5)?

2 __ 2
=|L]" = E|Il| (3.5)
L. .
:>Pout - fl|jl|2RLeq
2
:>Pout = 7iRLeq

Substitute (3.1) into (3.5), the output power can be obtained as follows:
RLeq‘/in

P = 3.6
' %(RLCQ + 7’2)2 + 2"Al(RLeq + r?) + %T% ( )
The efficiency can be calculated as:
o Pout
K Pout + ‘j1‘27’1 + ’j2’27“2
(3.7)
RLeq
=n =

L
ﬁrl + T2 + RLeq

This system can be described with a parity-time-symmetric (PT-symmetric) model.
The strong coupling region is also known as PT-symmetric region. It has been
demonstrated that in the PT-symmetric region, the transfer efficiency and transfer
power are independent of the coupling factor (as it is described in (3.5)). The
working frequency converges to either wy, or w; when the negative resistance is
achieved [38].

In the case when k < k., which is known as broken PT-symmetric region, system
has the only working frequency w = wy. The output power and efficiency can be
calculated using (2.9) and (2.10). It indicates that in the broken PT-symmetric
region, the output power is subject to the coupling factor.
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3.2 Practical Issues in Implementation

In this section, the issues appearing in the implementation of coupling independent
IPT control strategy are discussed. It is desirable to reduce losses and electromag-
netic noise, increase the lifespan of power electronic component by applying soft
switching operation. In this section, the boundary for soft switching operation of
inverter and rectifier are proposed. The practical issues related to the synchroniza-
tion of inverter output voltage v;, 1 and transmitting current ¢, ; are discussed. It
can be shown that by applying a new gate signal generation strategy to control the
power factor angle, soft switching operation of coupling independent IPT system
can be achieved.

3.2.1 Compensation of Propagation Delay

The PT-symmetric mode introduced in Section 3.1 provide a unity input power fac-
tor and high misalignment tolerance. To achieve PT-symmetric mode with unity
input power factor, a phase synchronization method is necessary. Using a current
sensor and zero-crossing comparator, the controller can sample the transmitter cur-
rent and generate a gate signal that synchronizes with the current. However, the
propagation delay in components of the control circuit can result in a lagging in-
verter output voltage, leading to synchronization failure and increasing the switching
loss. This delay can significantly impact the performance of a digital control system.
Considering a control system with propagation delay At;, the phase difference be-
tween inverter output voltage Vi, and transmitter current I; is given by a = —Atyw.
The equivalent input reactance X, in Equation (3.1) becomes:

X, = Rytan(—Atyw) (3.8)

By submitting (3.8) into (3.1), the working frequency w and output power can be
obtained as:

{w = f(Atq, k) (3.9)

Paut - g(Atdu k)

This indicates that propagation delay leads to working frequency and output power
drift. Therefore, to keep a constant output power independence of coupling factor,
a compensation is necessary to achieve PT-symmetric conditions. Considering a
system with compensation At., the equivalent reactance becomes:

X, = Rytan(—Atw) (3.10)
where At = Aty — At..

Based on the phase difference between Vm and fl, there are three types of com-
pensation shown in Figure 3.2. In the fully-compensated case, where Aty = At,,
the voltage is synchronized with the current, resulting in the highest input power
factor. In the under-compensated case, Aty > At., the propagation delay is not
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Figure 3.2: Three types of compensation method

fully compensated, causing the voltage to lag behind the current. The power fac-
tor is lower than 1 and, as mentioned in Section 3.2.2, there exists a risk of hard
switching. To achieve soft switching, an over-compensate method can be applied
with Aty < At.. The voltage leads current by an over-compensated angle. However,
the over-compensated method reduces the input power factor.

Figure 3.3 illustrates the influence of under-compensation and over-compensation on
frequency drift. The circuit parameters selected for calculation are summarized in
Tabel 3.1. It can be found that when the voltage lags current for 300ns, the working
frequency is lower than that of the ideal PT-symmetric condition. Conversely, when
the voltage leads the current by 300ns, the working frequency is higher than that
of the ideal condition. This result indicates that propagation delay influences the
working frequency of the circuit, emphasizing the necessity for compensation to
achieve a PT-symmetric circuit.

Frequency
T T T
f [kHz] it
L At=0 el i
130 ___ At=-300ns f
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Figure 3.3: The working frequency drift due to delay and over-compensation
based on the theoretical calculation and experiment results
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Figure 3.4: Inverter switching off transient waveform

3.2.2 Soft Switching of the H-Bridge Inverter

3.2.2.1 Soft switching off

Considering the case when inverter changes from working interval @) to @) in Figure
2.3, the waveform of the current and voltage in the MOSFET of inverter are shown
in Figure 3.4. At the end of working interval ), 7; > 0 and Sy is turning off with
tswia > 0, the drain to source capacitor Cys4 is charged by 44,14 to increase the
voltage drop wg,14 on Siy. The current 4,14 will decrease to 0 within a current
fallen time of ¢;, which can be found in the data sheet. Therefore the voltage rising
Av within t € [ts,ts1] can be calculated as follows:

1 tr1
Av = / isw14(t> dt
Odsl4 tfo <311)

110t
S Ay~ HO°F
2 dsl4

and the turn off loss can be calculated as:

t1 ]
AEoff = / st14<t)vsw14<t) dt

tro
tr —1q Av
=AEsf %/ [t tp) - S (t — o)) dt (3.12)
tfo tf tf
il(o)A’U . Zl(o)t?c

=AFE;r ~ =
1 6 1 12Cuu

From (3.11), it can be observed that the voltage rise on the switch during turn off
depends on the current fallen speed, initial current and the D-S capacitance. For the
MOSFET module used in this thesis, it can be found in the data sheet that the fallen
time ¢y ~ 50ns and Cys14 =~ 5nF. Assuming that the switching off current 44,14 = 5A
and the working frequency fs, = 85kHz, the voltage rise can be calculated using
(3.11) as Av = 25V, and the turn off loss in inverter can be calculated using (3.12)
as AP,pp = 4AEqs¢ fow = 0.35W. It shows that the turn off loss in inverter is much
smaller than the rate power of the system. Thus, it has very insignificant influence
on the system efficiency.
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When the switch is turned off, the D-S capacitance of the switch prevents the rapid
voltage rising [43]. Thus, the switches of inverter are regarded as soft switching off
in this thesis.

3.2.2.2 Soft switching on

Soft switching on can be achieved using reactive current as the reverse current [44].
Let’s consider a scenario with inverter duty cycle Dy (with D; € (0,0.5)), Figure
3.5 shows the waveform of inverter output voltage, output current, gate signal. The
switching process happens during the blanking time (highlighted with red region) in
the figure. For the case shown in the figure, when Si5 turns off and S;; turns on in
@), the positive current can not discharge the D-S capacitor Cys1q. As a result, Si;
works in a hard switching on condition. Similar analysis can be applied in (4 when
S14 turns off and Sy turns on. The positive current ¢; can charge the capacitor Cgg4
and discharge Cys13. Therefore, S13 works in soft switching on condition provided
that Cys3 is fully discharged during the blanking time.

o ] A ® O @O © @

S11|t4D S13| 4 D;:

( ﬂ}_ 11 Q'_ 13 |
‘ — 11 " e I

Va + Vin f N
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(7) S12 S1z0n Si2Dig0n >

Figure 3.5: The gate signals, inverter output voltage and transmitting coil
current in inverter.

It can be concluded that in the hard operation case, Si; has turn-on loss because the
inverter output voltage lags the current. As the positive i; is not able to discharge
the D-S capacitor Dgs1. On the other hand, in soft switching case, S; works in
ZVS mode when turned on as the inverter output voltage leads the current. As the
reverse current helps to discharge the D-S capacitor Cyg1; during the blanking time.
Similar analyses can be applied to other switches. To achieve an operation with soft
switching on, the following conditions must be fulfilled:

2 5db 1
7w T2 TG

Y12 = T — (’}/11 +2D17T) >0

Y11 = (Atd — Atc)

—Dyr <0 (3.13)

Where 71; is the phase difference between the positive zero crossing of transmitting
current and the gate signal Si;. 72 is the phase difference between the negative

33



3. Coupling Independent IPT System

zero crossing of transmitting current and the gate signal Si3. The direction of the
phase difference is defined in Figure 3.6.
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Figure 3.6: Soft switching boundary of inverter

According to (3.13), the boundary of soft switching operation for the inverter can be
visualized as shown in Figure 3.6. Soft switching operation can be achieved easily
in over-compensated condition (At. > Atg). As the duty cycle D; decrease, a
larger compensation is required to maintain the soft switching condition. However,
this can result in a reduction in power factor, and the excessive reactive current will
increase the transmitting loss in the coil.

3.2.3 Soft Switching of the Rectifier

The waveform of receiving coil current i,, voltage vo, and the drive signal for rectifier
are shown in Figure 3.7. Once again, the blanking time @, @, ©), and ® are
investigated. From interval (D to @), i, can be used to charge Cyse and discharge
Cys21. After the D-S capacitor Cygoq is fully discharged, is will conduct through Do,
during the blanking time. Therefore, Sy; is in soft switching on condition. From
interval @) to @), the positive current i, can not discharge the capacitor Cggos, and
thus, at the end of the blanking time, Ss3 works in a hard switching condition.
Similar analysis can be applied to the other intervals. It can be concluded that soft
switching boundary depends on the compensation At.,, duty cycle D, and control
system propagation delay Aty of rectifier. To achieve soft switching operation, the
following conditions shall be satisfied:

1 T.n O
Vo1 = Atgy — Atea + (= — Do) )
2 2 2
5 5 (3.14)
7222721—%+2D27T+% >
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Figure 3.7: The gate signals, rectifier input voltage, and receiving end current

Where ~9; is the phase shift from positive zero crossing of current i, to the rising up
of line voltage vy, and 799 is the phase shift from negative zero crossing of i5 to the
falling down of line voltage vs. To achieve soft switching on, the shunt diode shall be
conducting during the blanking time before the MOSFET is turned on. S5; and Ss,
work in soft switching on condition when the switching signals lag the positive zero
crossing of i5. Sp3 and Soy can work in soft switching condition when the turn-on
signals lead the negative zero crossing of i,. Figure 3.8 shows the soft switching
boundary of the rectifier.
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Figure 3.8: Soft switching boundary of rectifier
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3.2.4 Digital Control Scheme Considering Compensation

In this thesis, compensation is achieved through the digital control method illus-
trated in Figure 3.9. The duty cycle of voltage (vq) is controlled by introducing
a phase shift § between gate signal vy (vs2) and ve(vs3). To produce a symmet-
ric three-level line voltage waveform with duty cycle D, the phase shift can be
calculated as: T
8=
The control process can be described as follows: First, the current is measured by
the Rogowski coil as iy,,. The CTR is reset to 0 when DSP receives the rising zero
crossing of i1,,. The current frequency can be calculated by measuring the time
between two rising zero crossings. According to the latest measured current fre-
quency, the switching frequency 1/T,, and the compare values CMPA (CMPC) and
CMPB (CMPD) are updated. As shown in Figure 3.9, vy is set when CTR reaches
CMPA (CMPC) and cleared when CTR reaches CMPB (CMPD). For an inverter
with duty cycle Dy, the comparable value CMPA (CMPC) and CMPB (CMPD) can
be determined as follows:

— DiTe)/2 (3.15)

When the phase shift 3 is less than the compensation «. (o, = 2wAt./Ty,), we have

TSIU ac /6
CMPA = 1— —+ —
Tclk( 2 + 271')
T.
CMPB = CMPA — 2;”
5 ]i’f (3.16)
CMPC = CMPB — — -
T T
CMPD = CMPC 4 2
B 2T,
when the phase shift j is larger than the compensation «., we have
Tsw /8 aC
MPA = — = —
C Tclk <27T 27'(')
CMPB — CMPA + 2
2Tclk (3 17)
BT '
CMPC = CMPB — — -
T Loy,
CMPD = CMPC 4 =
B 2T,

Similarly, the control scheme of rectifier can be obtained. The program flow chart
of inverter is shown in Figure 3.10. In this system, the working frequency is kept
at low working frequency f;(27 f; = w; in Equation (3.4)) to reduce switching losses.
The initial switching frequency f;,; = 60kHz. The maximum switching frequency is
set to be fwmaez = fo = 85kHz. As when the measured current frequency fs, > fo,
the system is working in the broken PT-symmetric region and the only solution
satisfying X,, = 0 is fq, = fo. According to the result in Figure 3.3, the working
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Figure 3.9: Drive signal generation method based on compensation (the current
i1 and iy, are regarded as pure sinusoidal wave in the analysis)

frequency is in the range of fy, € [65,85.5]kHz when the coupling factor changes
from 0.6 to 0.1. Therefore, the minimum frequency can be set as fsu.min = 60kHz
to avoid runaway.

Similar control scheme is applied to rectifier. It is worth noting that the propaga-
tion delay in rectifier does not cause hard switching issue, but it reduce the output
power factor. The control scheme flow chart for rectifier is shown in Figure 3.11.
The rectifier works in diode model during the start up of system. The rising zero
crossing of current is captured and counted. For any time interval, the switching
frequency fs is calculated as the average frequency of the latest five measurement
results. Once the number of captured zero crossing k > kgq, the driver signal is
active, and the rectifier works in DAB condition.

The compensation is accomplished through the digital control method, offering sev-
eral advantages. The delay in the sample and control circuit can be effectively
compensated through digital control to achieve a negative resistive source. This
eliminates the need for additional compensation circuits and provides tunable com-
pensation.
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3.3 Diode Rectifier Simulation and Experiment

3.3.1 Introduction to the setup

An IPT system with diode rectifier, as shown in Figure 2.13, is modeled and sim-
ulated in SIMULINK (see Figure 3.12). To simplify the problem, the receiving
end drive signal is inactive so the current will conduct through the body diode of
MOSFETs. In principal, if the rectifier is lossless, the equivalent rectifier duty cycle
Dy = 0.5. The parameters used in the simulation are the same as fixed-frequency
simulation set up in Table 2.2. The control scheme of inverter follows the description
in Figure 3.10.

PWMA2
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s24
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Figure 3.12: The simulation setup of diode IPT system, the receiving end bridge
is inactive with Dy = 0.5

The delay in control circuit can be modeled in SIMULINK by putting a transport
delay block in CTR counter. The configuration of CTR counter is shown in Figure
3.13. There are two situations to reset the CTR: (1). when CTR=PRD, (2). rising
zero crossing of current is detected. We can assume that the propagation delay in
control circuit affects only the second situation. Since the delay in capturing zero
crossing is much larger than the internal reset of CTR register.
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Figure 3.13: The configuration of the CTR counter, the propagation delay is
modeled with a transport delay block, and the delay time is measured from
experiment (At; = 1800ns)

An equivalent experiment is performed to validate the simulation result. The ex-
periment setup is illustrated in Figure 2.13 and 2.14. In this experiment, first, the
effect of compensation and delay on system working frequency and efficiency is in-
vestigated. Subsequently, the horizontal misalignment d between coils is changed to
study the performance of the PT-symmetric circuit in different compensation con-
ditions. A synchronization circuit (see Figure 3.14) is employed to synchronize the
inverter output voltage with the current. A Rogowski coil is applied to measure the
transmitter current. The rising zero crossing of current is captured by the amplifier
and comparator. The comparator and amplifier are selected to have a bandwidth
that can cover 100kHz. The rising time is small to provide fast respond and high
resolution. The zero crossing signal is then acquired by the DSP (see Figure 3.15a),
which generates signals (see Figure 3.9) to control the gate driver. The total propa-
gation delay in the synchronization circuit consists of current sensor delay, amplifier
delay, DSP delay, and driver delay, measuring a total of At; = 1800ns. This system
has high misalignment tolerance when it operates in the PT-symmetric phase. Be-
sides, soft switching can be achieved when the system works in the over-compensated
mode.

In this subsection, we compare the output power of coupling independent IPT sys-

tem and fixed-frequency IPT system under various coupling condition. The effect
of compensation on the waveform and efficiency of the system are discussed.
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Figure 3.15: The DSP launch pad and the MOSFET gate driver
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3.3.2 Result and analysis

Figure 3.16a compares the output power of the fixed-frequency and PT-symmetric
systems. Analytical results, calculated based on (3.5) and (2.9), show good agree-
ment with simulation results. According to (3.4), the critical coupling factor of
the PT-symmetric system is k..;; = 0.206. For k > k.., the PT-symmetric sys-
tem exhibits strong misalignment tolerance, maintaining a constant output power
of 0.91kW. In the fixed-frequency system, output power is sensitive to changes in the
coupling factor and the power decreases significantly when k& > k..;; and remaining
lower than that of the PT-symmetric system. When k < k..;;, the system operates
in the PT-broken phase, and the only working frequency to achieve unity power
factor is fs, = fo. Consequently, both systems exhibit the same output power, and
this output power increases as the coupling factor decreases.

Output power Efficiency
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™ B PT-symmetric mode (Diode Rectifier, Simulation) 98 | et il ESRNE Y A S IS S—
- -PT-symmetric mode (Analytical)
154 - - Fix frequency mode (Analytical) 96 -
~ = PT-symmetric mode (Diode Rectifier, Simulation)
ol ™ Fix frequency mode (Diode Rectifier, Simulation)
< - - PT-symmetric mode (Analytical)
104 . 92 1= - - Fix frequency mode (Analytical)
L L R M z [ ] [ ] . ] ] ] ] L] n
. 90 - ]
Y | ]
. 88 "
0.54 .. b =
e, [ ]
. e ce 86 .
Tce- .o n
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0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
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(a) A comparison of the output power of (b) A comparison of the efficiency of
fixed-frequency system and PT-symmetric fixed-frequency system and
system (R = 109,V = 100V). PT-symmetric system
(Rp = 109,V = 100V)

Figure 3.16: A comparison of the power and efficiency of fixed-frequency system
and PT-symmetric system

Figure 3.16b presents a comparison of the efficiency between the fixed frequency
and PT-symmetric systems. The simulation results show significantly lower effi-
ciency than the analytically calculated efficiency obtained from (3.7) and (2.10), as
the analytical method calculates only the AC-AC transmission losses of fundamental
component. In the fixed-frequency system, the DC-DC efficiency increases with a
reduction in coupling. As the coupling factor decreases, the output power of the
fixed-frequency system increases, leading to a rise in the load voltage for a constant
resistance load. Therefore, the weight of forward voltage drop in power electronic
devices reduces and the DC-DC efficiency increases.
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The losses in the power electronic circuit, and the losses generated by harmonic can
lead to a notable reduction in efficiency. The diode, with a forward voltage drop of
1.6V according to the datasheet, incurs substantial losses during conduction. These
losses generate heat in the power electronic circuit, increasing thermal stress on the
inverter and rectifier, potentially shortening the lifespan for power electronic devices.
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85 T T T T

80 - b

75 b

70 | I I I I |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

Time [s]

PWM time counter CTR
T T

1500 T T

1000

500

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Time [s]

Figure 3.17: The variation of working frequency fs, and counter register CTR in
simulation(diode rectifier).(Ry = 109, V4. = 100V, k = 0.4)

The simulation shows the variation of working frequency f,, and clock counter in
DSP (see Figure 3.17). It can be observed that after applying the synchronization
strategy, the working frequency converges to a specific value f; when the system
reaches steady state.

The compensation At, is varied to examine the effect of different compensations on
the system’s operation. The input DC voltage is set to Vy. = 200V, and the load
resistance is Ry = 16€2. The effect of compensation on frequency drift is shown in
Figure 3.18. It is clear that the working frequency increases with higher compensa-
tion when the system works around f;. The system operates in a PT-symmetric state
when the propagation delay is fully compensated (At; = At, = 1800ns) and the
working frequency in this PT-symmetric state is f ~ 71kHz, which agrees with the
theoretical analysis. Figure 3.19a shows the output power of the system. It can be
observed that the output power reduces when the system works in either an under-
compensated state or a highly over-compensated state. In the under-compensated
system, the propagation delay results in high switching loss (see Figure 3.20). A
significant presence of harmonic components is evident in the current waveform.
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Figure 3.18: Experimental result of the system working frequency under different
compensation conditions

As a result, in the highly under-compensated region, the efficiency of the system
is low (see Figure 3.19b). Soft switching can be achieved in the over-compensated
system, when the compensation further increases, the efficiency first increases and
then decreases (see Figure 3.19b). This result is attributed to the fact that over-
compensation increases the reactive current of the system, leading to increased con-
duction loss of the switch and transmission loss of the coils. The maximum efficiency
can be achieved when the system is slightly over-compensated.
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Figure 3.19: Effect of compensation on system efficiency and output power

(Ve = 200V, Ry, = 1692, k = 0.58)

The performance of the system under various misalignment conditions d is investi-
gated with a load resistance Ry = 102 and an input voltage of V;. = 100V. The
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Figure 3.20: Experiment waveform with different compensations

result is shown in Figure 3.21. It can be observed in Figure 3.21a that in the fully-
compensated condition (At, = 1800ns), the system achieves constant output power
in the PT-symmetric phase (with misalignment d € [0, 160]mm), which agrees with
the analysis. In the uncompensated case (At. = Ons), variations in output power are
observed due to the frequency-dependent characteristic of output power. In both
fully-compensated and uncompensated cases, the output power increases with the
rise in misalignment in the PT broken phase. As the working frequency is kept at
fo = 85.5kHz. The DC-DC efficiency is shown in Figure 3.21b. In the PT-symmetric
phase, the fully-compensated system has higher efficiency than the uncompensated
system. This is attributed to the fact that the uncompensated system has high
switching loss due to hard switching and high transmission loss due to reactive cur-
rent. Therefore, compensation is necessary to achieve high efficiency and constant
power output in the PT-symmetric phase.
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Figure 3.21: Power and efficiency under different misalignment conditions
(Vae = 100V, R, = 1092)
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3.4 Active Rectifier Simulation

3.4.1 Introduction to the setup

In this simulation, the rectifier is operating in active mode. The conducting losses in
the MOSFET are much less than the losses in the body diode. Thus, one can expect
a higher efficiency of the DAB topology. Furthermore, there exists the possibility
to control the output power using secondary duty cycle Dy, which increases the
flexibility of the system. The control flow chart of the active rectifier has been
shown in Figure 3.11 and the calculation of compare values is shown in (3.16) and
(3.17). The duty cycle of active rectifier varies from Dy = 0.5 to Dy = 0.2. The
propagation delay is Aty = 1800ns in rectifier controller. This delay is the same as
the delay in inverter controller, as the control circuit is the same. The compensation
in rectifier controller is At. = 1800ns to achieve a resistive load.

3.4.2 Result and analysis

Figure 3.22a shows a comparison of output power of diode and active rectifier sys-
tem. When k > k..;;, the active rectifier system has higher output power. In strong
coupling region, both of the systems have constant output power regardless the
change of coupling. The result also indicates that the implementation of active rec-
tifier has no influence on the performance of the PT-symmetric circuit.

ﬁ(‘&‘;“t power Efficiency
1.8
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v - O- Diode Rectifier, Simulation P X X X X BV
" X ~* X
1.6 4 - X- Active Rectifier, Simulation
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(a) A comparison of the output power of (b) A comparison of DC-DC efficiency of
diode rectifier and active rectifier the diode and active rectifier system
PT-symmetric system (R =108, Vg, = 100V)

Figure 3.22: Power and efficiency under different misalignment conditions
(Active rectifier with Dy = 0.5)

A comparison of the efficiency of the systems is illustrated in Figure 3.22b. The
active rectifier system has higher efficiency as the MOSFET has lower conducting
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and switching losses compared to the diodes in the rectifier. The efficiency in both
systems is not constant. This is because the parameters in Table 2.2, measured from
the experimental setup, are not exactly resonance matching (i.e., v/C1L; # /C3Ls).

Losses Percentage
10% +

2% - Switching loss (Inverter)
Transmitting loss

8% 1 Switching loss (Rectifier)

Total loss

6%

5%
4% 1%
-
3%
2%
29, 2% 2% -

Diode rectifier Active rectifier

Figure 3.23: Weight percentage of losses in diode rectifier and active rectifier
system(Ry = 1082, V. = 100V, k = 0.35)

The weight percentage of losses is shown in Figure 3.23. In both systems, the trans-
mitting losses in the coil only account for 2% of the total losses. The remaining
losses are distributed among power electronic components. In the diode bridge sys-
tem, rectifier losses account for 3% of the total losses. By employing active control
in the rectifier, the rectifier loss can be minimized. This is because the conduction
loss in the SiC MOSFET is much smaller than that of the diodes.

Simulation result of working frequency fs, and clock counter in DSP are shown in
Figure 3.24. It can be observed that with R, = 10, Dy = 0.5, and k = 0.4, the
working frequency converges to fs, = 73.2kHz when the system reaches steady state.

Figure 3.25 shows the output power of system under different duty cycle D, condi-
tions. The equivlanet load seen from the input terminal of rectifier changes when
the duty cycle Dy changes. With a smaller Rj.,, the PT-symmetric region be-
comes larger. When the duty cycle D, changes from 0.2 to 0.5, the output power in
PT-symmetric region increases. The output power in PT-broken region is lower.
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Figure 3.24: Simulation results of frequency f,, and counter register CTR
during the transient state and steady state(active
rectifier).(Ry = 1082, V. = 100V, k = 0.4)
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Figure 3.25: The output power of the system under different duty cycle D,
(R = 16.692, V. = 100V)
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4

Load Independent IPT System

4.1 Output Power Control Scheme of IPT System

By implementing the PT-symmetric control scheme, we have successfully developed
a high misalignment tolerance IPT system. However, it has been observed that
the output power and efficiency of the IPT system are notably sensitive to load
variations, as discussed in Chapter 3. To mitigate this issue, several methods for
controlling the output power of the IPT system are proposed in this chapter.

4.1.1 Active Rectifier Control Scheme

Substituting the equivalent load Ry, in (2.7) into (3.5), we obtain the relation-
ship between the rectifier duty cycle dy and the output power under PT symmetric
conditions as follows:

87% sin(dom)* R Vin
%(RLeq + 7"2)2 —+ 2r1(RL6q -+ ’]"2) + %7«%

Pout - (41)

Figure 4.1 illustrates the effect of duty cycle dy on the system’s output power and
efficiency. It can be observed that reducing d, increases the output power in the PT-
symmetric phase. Furthermore, as the equivalent load R, decreases, the critical
coupling factor k. of the PT-symmetric region also decreases, resulting in a larger
PT-symmetric region. This system exhibits higher reliability as power control is
managed from the receiving end, eliminating the need for communication. Addi-
tionally, the rectifier operates in a soft switching condition, as analyzed in Section
3.2.3. However, it is important to note that the system’s working frequency will
change with variations in the equivalent load, potentially affecting the stability of
the system.

4.1.2 Input Voltage Control Scheme

Substituting the input voltage from equation (2.5) into the output power in equa-
tion (3.5), the relationship between DC link voltage V;., we derive the relationship
between the DC link voltage Vj., the inverter duty cycle d;, and the output power
P, as follows:

QﬂRLqudcsin(dlﬂ')/ﬂ'
Li(Rpeq + 12)% + 201 (Rpeg + 72) + 2217

Pout - (42)
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Figure 4.1: The change of output power and transmission efficiency with rectifier
duty cycledy (R = 2092, V. = 400V)

Hence, in the PT-symmetric region, the output power can be controlled by adjust-
ing either the inverter duty cycle d; or V.. This control scheme is advantageous as
it does not affect the working frequency of the system since it does not alter the
equivalent load Rp., or the coupling factor k. However, as discussed previously,
achieving soft switching of the inverter requires that the rising edge of the input
voltage v, leads the transmitting coil current (see Figure 3.5). Therefore, severe
hard switching operation may occur when the inverter duty cycle d; is low. To avoid
severe hard switching operation, the inverter duty cycle is kept at D; = 0.5 in this
thesis. The power control strategy adjusting the DC link voltage V. is investigated.

Grid AC/DC IPT DC/DC Battery
A0 3E DAL &
I
Power

controller BMS

Figure 4.2: The configuration of the entire system

As shown in Figure 4.2, the rectifier connecting the grid and the IPT system can
be utilized to regulate the DC link voltage. With an increasing number of power
electronic systems connected to the grid, the harmonic pollution to the grid has be-
come intolerable. Hence, the grid-connected rectifier is required not only to perform
power factor control (PFC) but also to minimize harmonic current injection [45].
Various topologies and control methods have been proposed in the literature for the
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design and control of grid-connected rectifiers [46-48]. The Vienna-type rectifier is
commonly employed as the three-level boost rectifier in AC/DC transformation. In
this chapter, the working principle, modelling, and control of single-phase PFC and
three-phase Vienna rectifiers are proposed.

4.2 Modelling and Control of PFC

4.2.1 Modelling of Single Phase PFC

Mode 1. S on

iL I\Ii‘/ 1'0 iL ia 4+
I/I B .
ZE £+ L + i Ly Ri<
I ‘Ls‘ ¢ I/O
L

Vv, . = S
IVl ﬂ,‘: C— V()%RL ~ Mode 2 Soff
Iy

I,

Figure 4.3: Schematic of single phase PFC

The schematic of a single-phase PFC circuit is depicted in Figure 4.3. In this config-
uration, the switching frequency fs,, is significantly higher than the grid frequency
fg- Throughout each switching period, the input voltage V, and its absolute value
|V5| can be considered constant. The circuit operates in two distinct phases, deter-
mined by the state of the switch, which can be described as follows:

In the first phase (¢ € [0, dTs,], where d is the duty cycle of the switch), the switch
S is turned on, and the diode is turned off. The properties of the circuit during this
phase can be described by the following equations:

i
L8
dv, v, (4.3)
dt Ry

In the second phase (t € (dTsy, Tsw]), the circuit exhibits the following properties:

i
L% = |vs| — v,

o (4.4)
C0 =y — =2

d " R,

We are interested in the average value in a single switching period. Therefore, by
integrating equations (4.3) and (4.4) over a single switching period Ty,,, we obtain
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the following equations:

For the derivative of inductor current:

Tsw dZL dew Tsw
L—ﬂﬁ:/ S| dt / s| — Vo)dt
|k = [ e+ (TR

. (4.5)

dZL AZL

LE ~ LE = |U5| — (1 — d)UO

For the derivative of capacitor voltage:
Tew _du, dTsw . Tow .
Czﬂﬁz/ gt [ — 2 yar
0 dt 0 RL dTsw RL (4 6)
:Cdvo -~ OAUO o _& + (1 . d)’L .

dt ~ At Ry g

Rewrite the variables in (4.5) and (4.6) in the form of an operating point plus a
small signal variation. As described in [48], The variables are expressed as follows:

Vo = ‘/o + U,
d=D+d (4.7)
i =1, +ir
Here, V5, D, and Iy, represent the output voltage, the duty cycle, and the inductor
current at the operating point, respectively. The terms v,, d, and i; represent

the small signal variations. Furthermore, for the operating point quantities, the
following equations hold:

V2
I = o
ViR (4.8)
1
Vo = ﬁ"fs’

By substituting (4.7) and (4.8) into (4.5) and (4.6), and ignoring second-order in-
finitesimals, we obtain the following equations:

di .
Léﬁz—{L—Dﬁw+%d

i i (4.9)
W _ O q_py Yo

it Ry L (1-D)R;

By applying Laplace transform, the equations in frequency domain can be reached:

sLip = —(1 — D)o, + V,d

- 4.10
v, (110

U ~
sCv + ( )ir § )

"%

Based on (4.10), the controller can be built for the single-phase PFC.
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To better understand the idea of small signal analysis, here comes a further ex-
planation to the process above. To build the controller for the power electronic
circuit, one needs to first described the system with a linear process model, such
that £ = H(s), where z is the input, and y is the output, and H(s) is the process
model of the system. Here, by introducing zero-order Taylor expansion to the input
and output quantities (i.e. y =Y + ¢, and x = X + ), one can obtain:

y Y+y

— = :H

T X+ (S)
=Y + 7= H(s)|y=0X + H(s)Z

(4.11)

For the operating point quantities Y and X, we have Y = H(s)|,=0X. Therefore,
one can obtain the process model H(s) as

SRS

4.2.2 Control of Single Phase PFC

The block diagram of the controller of single phase PFC is shown in Figure 4.4. The
controller consists of two loops. The current loop controls the inductor current iy, to
follow the reference current iz,.r. The voltage loop controls the output voltage v, to
follow the reference output voltage V,,.r. The structure of PI controller in current

Controller i . Process
(Current Loop) ~ PWMdriver  (Current Loop)

Ol Fufs) U5 1V, D H(s) —T—>
iL

Current Loop G(s)

vy(?) w, sin(e?)|

Controller . Process
Voltage Loop v Current Loop _ (Voltage Loop

Vure

iL

F,5) = X ¥ G.(s) | Hy(s) —T—>

Voltage Loop G,(s)
Figure 4.4: Block diagrams of the control loops in a single phase PFC

and voltage loop (F.(s) and F,(s)) are shown in Figure 4.5. The value of duty cycle
is controlled within the range of d € [0,1]. Thus an anti-windup loop is applied to
let the controller return faster when saturation happens.

4.2.2.1 Current controller design

First, we start by describing the process block H.(s) in Figure 4.4. H.(s) describes
the relationship between duty cycle d and inductor current ;. From (4.10), we
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Figure 4.5: Block diagrams of the voltage and current controller (F,(s) and

Fe(s))
obtain the transfer gain H,.(s) as
EL V;(RLCS + 2)
H.(s)=—== 4.13
(s) d RpCLs?+sL+ Rp(1— D)2 (4.13)

It can be observed from (4.13) that the gain is related to duty cycle D and output
voltage. To simplify the model, we assume V,, = V,,..;. The bode plots of H,(s) under
different duty cycle conditions are shown in Figure 4.6. The circuit parameters used
in calculation are listed in Table 4.1. It can be found that the transfer functions
have similar gain |H.| when the frequency f > 1kHz. For the single-phase PFC,
the switching frequency is selected as fg, = 100kHz. Thus, the transfer gain can
be simplified as H.(s) ~ X—; as we focus on the rather high frequency band. The
simplified result is plot in Figure 4.6 as well. It can be found that in the high
frequency region, the simplified model shows a good agreement with the model
obtained from equation (4.13).

Parameter | Value | Parameter | Value | Parameter | Value
Rr, 64€) L 500pH C 500uF
D [0.2,0.5] Voref 800V fsw 100kHz
Vs, 230V V. 1 forid 50Hz

Table 4.1: The parameters of single-phase PFC

The PWM driver can be modeled as a gain 1/V,.. In this thesis, we assume that the
PWM driver can follow the reference instantly (i.e. V, = 1). Now we design the
current loop controller F.(s). A PI controller can be used to tune the bandwidth of
the system. Let’s set the bandwidth of the current loop as f. = 3kHz, then the gain
of PI controller at crossing frequency can be calculated as follows:

2010g10(|Ge(8)|r=y.) = 201logyo(| Fe(s)He(s)|f=5c) =0
=201og,o(|Fe(s)|j=rc) = —201ogo(|He(s)|p=y.) = —38.5

k2
(27Tf0)2

(4.14)

) =
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Bode Diagram
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Figure 4.6: Bode plot of the process H.(s) for the current loop of the single
phase PFC

As shown in Figure 4.6, the process of the current loop as a phase margin of 90°,
which gives certain freedom on the selection of phase margin of the PI controller. In
principal, the system shall have certain phase margin (ideally ¢, > 45°) at crossing
frequency

L(Ge(8)|f=sc) = L(Fe(s)He(8)|f=0) = —180° + b
=L(Fe(8)]p=sc) + £(He(8)p=c) = —180° + ¢,
=Z(Fe(8)]p=fc) = =90 + ¢, (4.15)
_kci
27 fokep

= = tan(—90° + ¢.,)
Select a phase margin of ¢, = 80° and solve equations (4.14) and (4.15), the pa-
rameters can be obtained as follows:

{kcp —0.012

(4.16)

The bode plot of current loop G.(s) is shown in Figure 4.7.

Finally, let’s design the gain K. in the anti-windup. The transfer gain from d,.jim

to d,e¢ can be obtained as
dref s+ kcikc
= 4.17
dref-lim Kcikc ( )
The anti-windup can be designed to have a high bandwidth, which provides a faster
response to let the saturation returns quicker. The bandwidth is selected as f. =
2fsw = 200kHz. According to (4.17), the gain k. can be calculated as k. = 27 f,/k.; =

32802.
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Bode Diagram
Gm = Inf, Pm =79.9 deg (at 2.98e+03 Hz)
100 - T T T T T

Hc(s)
Fc(s)
Ge(s)

1

(o]
o
T

Magnitude (dB)
o

-50 | A R A T | | |
R L

0 -
45 | 1
-90

Phase (deg)

-135 f 1

-180

10° 102 10* 10°
Frequency (Hz)

Figure 4.7: Bode plot of the current loop G.(s) of the single phase PFC

4.2.2.2 Voltage controller design

Similarly, one can determine the parameters of the PI controller for the voltage loop.
From (4.8), we obtain the transfer gain of process H,(s) as
¥, [Rp(1— D)?— Ls]

() = = T Dy Ros 7 2) (4.18)

According to (4.18), the bode plots of voltage process H,(s) under different duty
cycle conditions are shown in Figure 4.8. The duty cycle has insignificant influence
on the gain of voltage process. Thus, without loss of generality, the controller is
calculated using the case with D = 0.5.

It can be observed in Figure 4.8 that the open-loop bandwidth of voltage process
(H,(s)) is f. = 255Hz, which is 10 times smaller than that of current loop. Thus, to
simplify the analysis, the current loop is regarded as unity gain during the design of
voltage controller. Similar to the calculation in (4.14) and (4.15), let’s set the open-
loop bandwidth of the voltage loop (G,(s)) to be f. = 25Hz, and the PI parameters
for the voltage controller (F,(s)) can be obtained as follows:

2

kvi
20l (| By ()] y—1.) = 20logso(y| 2, + o) = 18
(2 ) (4.19)

_kU’i o o o
L(Fy(5)lp=1.) = 5 T tan(270° + ¢n,) = tan(270° 4 70°)
cvup

Then the parameters can be calculated as k,, = 0.1 and k,; = 8.56. Finally, the
open-loop bode diagram of the voltage control loop G,(s) is shown in Figure 4.9.
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Bode Diagram
Gm = 34.2 dB (at Inf Hz), Pm =90 deg (at 255 Hz)
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Figure 4.8: Bode plot of the process H,(s) for the voltage loop of the single
phase PFC
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Figure 4.9: Bode plot of the voltage loop G,(s) of the single phase PFC
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4.2.3 Simulation on Single Phase PFC

4.2.3.1 Introduction to the simulation setup

The parameters used in this simulation are listed in Table 4.1. The load is fixed as
R, = 64(2, and the output voltage reference V,,.s is changed from V,.; = 800V to
Vorep = 640V at time ¢ = 0.2s.

4.2.3.2 Result and analysis

The output voltage of the single phase PFC is shown in Figure 4.10. The output
voltage is a composition of DC voltage and a ripple voltage with frequency fyippe =
100Hz. The DC component follows the reference voltage. The exist of voltage ripple

Output Voltage

800

2

H

Output Voltage ¥, [V]

a
2

Time [s]

Input Voltage and Input Current

Figure 4.10: The simulation result of the input and output of the single-phase
PFC

can be explained by power conservation. If we assume the diode bridge in Figure
4.3 is lossless, then the following equation can be obtained in a grid period
Vsls = Voly
vs = (1 = d)v,
2Vs
=ig = (1= d)is = 31, sin(wt) (4.20)
Vil Vil

=g & AT cos(2wt)

Where V; and I, are the RMS values of source voltage and source current, w is the
grid angular frequency. It can be found in (4.20) that the average diode current
contains a DC component and a 100Hz current ripple, leading to a 100Hz ripple in
the output voltage.

Figure 4.11 shows the change of duty cycle in the simulation. To evaluate the
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Duty Cycle
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Figure 4.11: The simulation result of the duty cycle of the single-phase PFC

performace of PFC, FFT analysis is carried out on the source current. It can be
found in Figure 4.10 that the source current contains certain amount of high order
harmonics. The FFT result is shown in Figure 4.12. The total harmonic distortion
in the source current is THD = 5.24%, which is defined as

2
Zz?iQ Isi

THD =
Isl

(4.21)

Where I,; is the RMS value of the ith source current harmonic. The result in
Figure 4.12 shows that the total harmonic mainly consists of third order and fifth
order harmonic. A muti-phases PFC can be used to further reduce the harmonic
component, reduce the output voltage ripple, and boost the output power.
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Figure 4.12: The FFT analysis on the input current of the single-phase PFC
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4.2.4 Modelling of Vienna Rectifier

The working principle of a three-phase Vienna rectifier is similar to that of a single-
phase PFC. A schematic of the three-phase Vienna circuit is shown in Figure 4.13.
The active switches connect the neutral point N and the rectifier input ports =,
y, and z. Consequently, based on the switch state and the direction of the source
current, the circuit operates in four distinct modes for each phase. For clarity, let’s
examine the operating modes of phase A (see Figure 4.14).

>

. - . - . > +
1Da+ 1Dh+ IDc+ ict

Ve . L L L_ €

la - N A TI S, ITS(IZ —_ L 28

— L |
. A TI !Sbl IITSb’ 7:"6” N %RL I:;

i \ O
N V. Z TI !Scl I 5 !SCZ s 4
i0§ iD§ iD? I =

<

Figure 4.13: Schematic of three-phase Vienna PFC

Let’s first consider the scenario where the phase current ¢, > 0. When S,» works
in the on state (Mode 1), the point x is connected to the neutral. Diode D, and
D,_ are off and the current ¢, and ¢_ conduct through y or z. When S,; works in
off state (Mode 2), the positive current i, conducts through diode D,;. When the
phase current i, < 0, the switch S,; is controlled to connect the neutral with point
x. following similar principles for Mode 3 and Mode 4 when the source current is
negative. Based on the circuit and control strategy, we derive the following equation:

dia c
Vab,e = LT;;)’ + V(zy,2)N + UnO (4.22)

Where Va,b,c = [Um Up, Uc]Tu ia,b,c - [iaa ip, ic]T and V(zy,z)N = [v:vNy VyN UZN]T- Based
on the mode analysis in Figure 4.14, the following equation holds:

. V,
V(z,y,2)N = Slgn(za,b,c)?<1 - da,b,c) (423)
If we further define v(,y.\n + vNvo = %d&,b,m then we obtain:
Vo
U(z,y,2)N = ?d;,b,c — UNO (4 24)
_ E / d ’
=V(zy,)N = 9 ( a,b,c+ 0)

where %2dy £ —vyo. By substituting (4.24) into (4.22), we have

dia c ‘/o
df + e (4.25)

Va,b,c = L

62



4. Load Independent IPT System

Mode 17,0, S,, on, C; discharging, C, charging Mode 2 i,-0, S, off, C; charging, (', charging
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Figure 4.14: The working modes of three-phase Vienna circuit (take phase A as
an example)

We hope to control the quantities in a DC frame, so a dq transformation matrix
Taq0 can be applied to equation (4.25), from which we have

digpe V. ,

quova,b,c = LquO d%7 + Eonqumb’c
d T_l(Td Oia b c) ‘/o
:>qu0 = LquO [ dq0 dtq — ] ? ilqo (426)
o di dT L v,
:>qu0 = Lquonqé% + LquO %quo + ? :qu
Then we have the equations in the dg-frame
di 5
va=Lo% — Ly + ~2d,
dt 2 (4.27)
dig , V,
Uq = % + (A)L’Ld + ?dq

in the following section, we are going to design current loop in dg-frame based on
(4.27). Consider the voltage on capacitors C; and Cy, one can obtain

Vel . V;)
Oyt =g, — o
dt a2 (4.28)
ey Y
“dt T Ry
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If we assume C = Cy = C, further we have

dv, . Vo
Odt :@++2_—RL (@29)
CdAU P '
7 =iy —i_
where Av = v — Ve, Vo = Vo1 + Vo2, t4 = ipay + ipps + ipes, and i_ = ip,_ +

t1pp— + ipe—. Thus, we need further information about ¢, and i_ to describe the
output voltage. Take phase A as an example, in a single switching period, based
on energy conservation of diode rectifier, v,ni, = %z Dpat- By substituting it into
equation (4.24), the average current of ip,; in a switching period can be obtained
as follows:

20,
iDas = ”VN = (d. + do)ia (4.30)
Then the diode current can be described as follows:
) (d, +do)ia (iq > 0)
at — 4.31
s { IR (131)
0 (i > 0)
Do = 4.32
= {(d; 4 do)ia (ia < 0) (4:32)
Substitute (4.31) and (4.32) into i; and i_, we have
i+ i = (d, +do)ia + (dy + do)iy + (d. + do)ie (4.33)

—ineu = (dy + do)lia] + (dy + do)iv| + (d; + do)lic|

Take equation (4.33) into (4.29), applying the fact that the power in abc-frame
equals to that in dq-frame (df} jdap.c = difidg). We have

7;+_7;_:

dv, . V V.
C Y = d:lTb clabe — d/ q()@qu 2
dAv T (4:34)
C dt = dizbc|la,b,<:| + d0(|ia’ + |Zb| + |ZC|>

A proof of (4.34) can be stated as follows. Due to the power conservation in abc-
frame and dg-frame, we yield

Ugpelabe = ugqoidqo (4.35)
Substitute (4.25) into (4.35), we have
. diabc
ugqoquo = L( dt )Tlabc dabc abe
T T - o dlabc
:uabchqudqo - L( dt ) Zabc dabc abe
diabc V . dzabc . V y
gy el Taplaao = LAG) e+ 5 e (4.36)
digbe , . , digpe V,
=L( dtb ) Tagoiaqo + gdﬁzj;o@dqo = L( dtb ) iabe + dfz;clabc
V V.
dququo dabczabc
:ddqoldqo = dachabC
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In the following section, we are going to design the voltage controller of three-phase
Vienna rectifier based on (4.34).

4.2.5 Control of Three-Phase Vienna Circuit

The current control loop of the three-phase PFC can be obtained as shown in Figure
4.15. Feed-forward blocks are incorporated to compensate for the cross-coupling
turns observed in (4.27). Since the parameters in the process of d and q axis are
identical, same controller can be used to control d and q axis. The three-phase
PFC circuit parameters are shown in Table 4.2. To compare the performance of
single-phase and three-phase PFC, the inductor and capacitor values are identical.
Three-phase PFC has a higher load Ry but a lower switching frequency, which can
lead to higher THD and output voltage ripple.

d{qu/" dref-lim
ch -
[ 2V/Vo |
|
. . chd > 1/s | |
Lgrer=ia 3 ﬂ | daropiim
|
> chd | |
| 20Li,/WVo |
|
(Feed forvard (@)
dqrnf “Uyreflim
K.,
|
|
. Kciq B
lgref-ly |
|
> chq |
|
|

| 2wLi,/Vo
(Feed forward (@)

Figure 4.15: The block diagrams of current control loop in Three-phase PFC

Parameter | Value | Parameter | Value | Parameter | Value
Rr 1392 L 500uH C 500uF
D [0.2,0.5] Vores 800V fsw 50kHz
Vi 230V V, 1 foria 50Hz

Table 4.2: The parameters of three-phase PFC

4.2.5.1 Current controller design

The bode diagram of the process of the current controller is shown in Figure 4.16.
To make the current loop faster, the open-loop bandwidth of current loop is se-
lected as f. = 5kHz, which is still 1/10 of switching frequency. Apply (4.14) and
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Bode Diagram
Gm = Inf, Pm =90 deg (at 2.55e+05 Hz)
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Figure 4.16: Bode plot of the process H.(s) for the current loop of the
three-phase PFC

(4.15) again and one can yield kg = kicq = —541.6 and kpeq = kpeg = —0.03. The
gain in the anti-windup can be calculated using (4.17), with the anti-windup band-
width set to twice the switching frequency f. = 2f5, = 100kHz. Then we have
ke = keqg = —1160.

Finally, the bode diagram of the current loop of dq controller is shown in Figure
4.17. The current loop exhibits a bandwidth of f. = 4.51kHz with a phase margin
Om = 07.4°.

4.2.5.2 Voltage controller design

The voltage controller is required not only to track the output voltage reference
Voref, but also to minimize the voltage unbalance between capacitor voltage vcq and
veo. In this thesis, a PI controller is designed to let the output voltage follow the
reference. The zero sequence duty cycle is utilized to reduce the voltage unbalance.
According to (4.18), the bode plots of voltage process H,(s) under different duty
cycle conditions can be obtained. The parameters used in three-phase PFC are iden-
tical to that of single-phase PFC, the bode diagrams for the voltage process H,(s)
are the same, as shown in Figure 4.8.

The PI parameters are calculated based on (4.19). The bandwidth is selected as
fe = 25Hz with a phase margin ¢,, = 70o. Then the proportion and integration
gain can be obtained as k,, = 0.1 and k,; = 8.56. The voltage loop gain G,(s) is
shown in Figure 4.18.
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Bode Diagram
Gm = Inf, Pm = 57.4 deg (at 4.51e+03 Hz)
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Figure 4.17: Bode plot of the current loop G.(s) of the three-phase PFC
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Figure 4.18: Bode plot of the voltage loop G, (s) of the three-phase PFC
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To reduce the voltage unbalance on the output capacitor, an extra unbalance voltage
controller is designed as shown in Figure 4.19. It can be found from equation (4.34)
that the unbalance voltage Awv is related to the zero-sequence duty cycle dy. Further
define dy = Do + Ady, where

0 = d,|ta| + dy|is| + d,)ic| + Do(lia| + 3| + |ic|)
d.|ia| + djliy| + d.]i.|

=Dy = — : : :
’ PEE (4.37)

dAv

c
N

= Ady([ia| + [i] + lic])
with source current i,, 75, and i,

= V21, cos(wt)

2

iy = V21, cos(wt — %) (4.38)
2

ie = V21, cos(wt + %)

dA
dt’

On the one hand, take the average value on C'

dA 13
O = Adyzy [[7 (il + lin] + lil)
I . \/_ (4.39)
:>C Y - Ado
dt
Thus, the transfer gain Hy(s) can be obtained as
Av 621,

On the other hand, the zero-sequence component Dy in (4.37) can be rearranged as

cos(wt)| cos(wt)| + cos(wt — 2F)| cos(wt — &)| 4 cos(wt + Z)| cos(wt + 3F)|

Dy=K
0 | cos(wt)| + | cos(wt — Z)| + | cos(wt + )]

K
= Dy~ —Zcos(Swt) (4.41)

where K = ‘[VS. The unbalance voltage controller can be obtained as shown in
Figure 4.19. The proportional gain ky, = 0.8.

D,
’ AV,

A Vllrc{f Ado dy
Kp0 H, O(S) -
AVy

Figure 4.19: Block diagram for the unbalance voltage controller
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4.2.6 Simulation on Three Phasse Vienna Rectifier

4.2.6.1 Introduction to the simulation setup

To sum up, the controller setup of three-phase PFC is shown in Figure 4.20. The
voltage reference V,,.r is changed from 800V to 640V at time ¢ = 0.7s.
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PWM Genera tion
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Figure 4.20: The controller setup of three-phase PFC simulation

4.2.6.2 Result and analysis

The output voltage V, and the reference voltage V,,.s are shown in Figure 4.21. It’s
evident that the output voltage quickly drops at ¢ = 0.7s due to the proportion gain
set for the voltage controller k,,. The system reaches steady state with V, = V.5
at t = 1.2s due to the integral gain set for the voltage controller k,;. Compared
with the output voltage of single-phase PFC in Figure 4.10, it’s notable that the
three-phase PFC exhibits much lower output voltage ripple.

The capacitor voltage and the unbalance voltage are illustrated in Figure 4.22. Due
to the working mode of three-phase PFC shown in Figure 4.14, there is a small un-
balance voltage ripple between the output capacitors. Upon closer inspection, it can
be found that the unbalance voltage ripple has a frequency of approximately 200Hz.
Additionally, the magnitude of unbalance voltage is related to the output voltage.
As the output voltage decrease from V, = 800V to V, = 640V, the unbalance voltage
magnitude decreases from AV,eqr = 1V to AV,eqr = 0.6V.

The input source voltage and source current are depicted in Figure 4.23. The duty
cycle dg, dp, d. and dy are shown in Figure 4.24 (Note that d) =1 —d,). The FFT
analysis result on i, is shwon in Figure 4.25. The three-phase PFC not only has
a lower total harmonic THD = 2.47%, but also demonstrates lower third and fifth
order harmonic components, which are the major concerns in the requirements.

69



4. Load Independent IPT System

i . , , Output Vo!tage Y

—_—V
800

Voref

780

760

o

740

720

700 0.71  0.72 1

Output Voltage V [V]

680

660

640

620 1 1 1 1 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Time [s]

Figure 4.21: The output voltage and reference output voltage of the three-phase
PFC
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Conclusion

Inductive power transfer (IPT) emerges as a promising solution for Electric Vehicle
(EV) charging. This thesis is dedicated to the meticulous modelling and control of
an IPT system, aiming to achieve a solution with robustness, high efficiency, and
adaptability for EV and ferry charging applications. The system integrates a dy-
namically adjustable working frequency mode alongside a DC-link voltage tuning
strategy. Employing SiC MOSFETs in the power inverter and rectifier facilitates
the pursuit of heightened efficiency. Consequently, the system shows the ability to
output specific power with high efficiency, irrespective of variations in coupling fac-
tor and load characteristics.

An initial focus on understanding the electromagnetic field surrounding the mag-
netic coupler reveals the significant influence of the inductive charging pad’s ge-
ometry on IPT system parameters such as self inductance and mutual inductance.
Subsequently, this thesis proceeds with the modelling of IPT system. First, the
conventional fixed-frequency operational mode of the IPT system is investigated.
Theoretical formulations for the system’s output power and efficiency are derived.
The simulation and experiment result are compared for this working mode. No-
tably, under fixed-frequency conditions with an 85.5kHz switching frequency, the
system’s output power is observed to fluctuate with alterations in coupling factor.
Specifically, as the coupling factor ascends from 0.2 to 0.6, the output power of sys-
tem decreases significantly. To obtain a high output power, low coupling condition is
preferred. However, the transmission efficiency of fundamental component is getting
lower as the coupling decreases. Moreover, the investigation reveals the lurking risk
of overload under low coupling conditions. Thus, prioritizing a control strategy that
ensures consistent output power and efficiency amidst varying coupling conditions
emerges as imperative.

Upon further investigation into the system, it becomes evident that synchronizing
the inverter output voltage with the transmission current yields constant output
power under varying coupling factor conditions. This assertion is substantiated by
simulation and experimental results, wherein, within a misalignment range of 0-160
mm, the system exhibits nearly constant output power with a 10€2 load, while the
working frequency varies from 68.5kHz to 74kHz. However, the control scheme faces
challenges due to the inherent propagation delays in the control circuit, leading to
frequency drift and heightened switching losses. Consequently, system efficiency
and output power suffer. To address this issue, a digital compensation scheme for
the IPT system is proposed. Experimental findings demonstrate that this scheme
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effectively compensates for delays without necessitating additional compensation
circuits. Notably, constant output power is achieved upon full delay compensa-
tion. Furthermore, employing over-compensation enables soft switching, thereby
enhancing DC-DC efficiency. The proposed control scheme stands to enhance the
robustness and efficiency of wireless charging systems. Its implementation in hard-
ware experiments is straightforward, requiring no high-precision processors.

Additionally, methods are proposed to exert control over the output power of the
charging system. One approach involves activating the receiving-end rectifier to ad-
just the equivalent load of the IPT system. However, this control scheme introduces
instability in the working frequency. Nonetheless, it represents a competitive solu-
tion for power control, as it necessitates no communication and holds the potential
to expand the coupling-independent range. Apart from that, one can also control
the output power by tunning the DC-link voltage, which requires the control of grid
connected rectifier.

The trend toward reduced active switching devices, high input power factor, and low
device voltage stress has significantly influenced the design of grid-connected rec-
tifiers. This thesis delves into the modelling and control aspects of grid-connected
rectifiers. Initially, controller design is elucidated for a single-phase rectifier and
then extended to a three-phase Vienna rectifier. The simulation result shows that
the input current THD of a three-phase Vienna rectifier is 2.67%, with the output
voltage ripple remaining below 2V under conditions of 800V output voltage, 50kW
output power, and a switching frequency of 50kHz. Furthermore, the unbalance
voltage between two output power capacitors is controlled to within 1V.

Further study concerning the modeling of the transient state of PT-symmetric IPT
systems will aid in determining the stability of such systems. The implementation
of the receiving-end rectifier control scheme, as introduced in this thesis, remains
incomplete. A more thorough analysis of this scheme is imperative to foster the
development of a simpler, more efficient, and reliable IPT structure. Additionally,
the implementation of an active rectifier at the receiving end enables bi-directional
power flow, thereby significantly enhancing the flexibility of power delivery.
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