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Abstract

The need for efficient power transfer at lower cost is a common requisite for any power con­
verter system. When considering the application of wireless power transfer for Electric Vehicle
(EV) charging, higher efficiency and lower cost can be achieved by reducing the number of
stages of the system at the grid side. This thesis explores the feasibility of an AC/AC matrix
converter for wireless power transfer application.
To begin with, different existing topologies of the converter module are discussed and qualita­
tively compared to the matrix converter. Subsequently, the plausibility of single stage matrix
converter is verified through simulation. Due to the converter’s high switching frequency, this
configuration results in injection of higher than permitted harmonic content into the grid. Fur­
thermore, the feasibility of three phase matrix converter and its advantages are studied. The
converter working is verified through simulation.
To make the grid current less distorted, closed­loop control is introduced. This control con­
sists of an inner current loop and an outer voltage loop which are both implemented using a
PI controller.
To conclude, three phase matrix converter acts as a plausible solution for the desired applica­
tion. Furthermore, the control ensures balanced grid current and desired output power.
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/
Introduction

Power electronics has seen a rapid growth in the field of consumer and industrial electronics.
The recent developments have led to the proliferation of Wireless Power Transfer (WPT) for
Electric Vehicle (EV) charging. Wireless charging offers significant benefits over wired charg­
ing such as on­road charging, possible reduction in battery size and charging stations. It also
eliminates risk factors such as the human interaction and entanglement of cables.

With the world moving towards sustainability, one of the most significant changes is the
transition from fuel­powered cars to EVs. This transition gave rise to the development of
charging infrastructure. The steep increase in usage of charging infrastructure necessitates
research in alternative solutions to power the EVs.

In the current scenario, wired charging is the norm. This is realised in two forms : home/office
with slow charging and commercial charging stations which offer fast charging. However, they
require physical connection for the vehicle to be charged.

A plausible alternative solution is wireless transfer of power to charge the vehicle. This
can be realised through inductive/capacitive coupling. Typically, WPT is implemented using
a two­stage converter with distinct AC­DC and DC­AC conversion stages [1]. Another option
could be the use of Matrix Converter, which carries out the AC­AC conversion in a single­stage
[2].

1.1. Motivation
There is great space for development in the field of WPT, as mapped in Figure 1.1. The
communication with reduced or no latency during data transfer is of prime importance for the
control of WPT module. The power electronics and the passive modules constitute the overall
loss in the system deteriorating the amount of power transferred and the system efficiency.
The efficient design of power electronic modules and passive elements would eradicate the
issues of misalignment to a certain extent, and it would as well boost the system efficiency. For
any design of IPT systems, regulations and standards are of utmost importance. As suggested
earlier, there is a vast range of open issues in the field of WPT which makes this research a
popular topic.

1.2. Problem Statement
The objective of this thesis is to design an efficient AC­AC matrix converter for a 3.5 kW
wireless charger for the application of EV. In specific, this research focuses on the feasibility
of single­phase and three­phase matrix converters for the proposed application.
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Figure 1.1: Feasible research scope in WPT­based charging system for EVs.

1.3. Research Questions
To verify the feasibility of the use of matrix converter in a WPT application for EV charging, the
following research questions are set:

1. What are the possible configurations of power converters for the implementation of WPT
in EV charging? What is the chosen configuration for this application?

2. How is the chosen configuration implemented for a single­phase grid connection?

3. Can the single­phase implementation be extended to a three­phase system? If yes,
how?

1.4. Thesis Structure
The thesis is structured as follows:

• Chapter 1 introduces the concept of WPT for EV charging, the use of matrix converter for
the application and defines the motivation, problem statement and the research ques­
tions for this thesis.

• Chapter 2 deals with the understanding of wireless power transfer mechanism and the
detailed background on the complete module for EV applications. A comparison on
different available power supply topologies is tabulated.

• Chapter 3 gives an introduction to matrix converter. It also explains different switching
configurations, commutation and the need for input filters.

• Chapter 4 deals with the design of single phase matrix converter for the chosen WPT
system. The feasibility of the designed converter is checked through simulations.The
injection of harmonics into grid current due to the WPT system, is studied by comparing
the results with the standards.
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• Chapter 5 deals with the design of three phase matrix converter. The feasibility of the
power electronic module is verified. The system efficiency, effect of bifurcation and its
mitigation is studied. Finally, control of the converter is established to ensure balanced
sinusoidal grid current and constant output power.





0
Wireless Power Transfer System

This chapter intends to be an overview of the wireless power transfer (WPT) technology focus­
ing on the application of electric vehicles (EVs) charging. This chapter discusses primarily the
physical principles of WPT. Inductive power transfer (IPT) with magnetic resonance for charg­
ing EVs is analysed with its main features such as compensation networks, power electronics,
power supply, coupling pads, and control. After that, the commonly converters employed for
the grid connection of EV wireless charging are summarized with a particular focus on AC­AC
matrix converters.

2.1. Principles of wireless power transfer
WPT can be realized through three physical principles: microwave­based power transfer,
Electric field­based power transfer and magnetic field­based power transfer.

• Microwave­based power transfer consists of radio field energy and it is transmitted via
an antenna array which gets processed by a rectenna array or the receiver antenna.
Primarily, the DC voltage input is converted to an RF signal which is fed to the trans­
mitter antenna. The microwave beam is sent via the antenna to the rectenna. The
rectenna is oriented to receive the output beam. The received beam is rectified back
in the form of DC power such that it can be used by the power equipment. Generally,
microwave­based power transfer focuses on long­distance transmission [3]. Microwave­
based power transfer poses lots of challenges. The orientation of the transmitting and
the receiving end must be properly aligned to reduce the emission of stray radiations.
The losses that occur during this power transfer are phenomenally high.

• Electric field­based power transfer utilizes the concept of two coupled metallic plates to
form a capacitor for transferring power. It is often referred to as capacitive power transfer
[3]. This type of model is more advantageous during misalignment as the field between
the plates bends, making it tolerant to variations of the plates’ position. It is lightweight
and cost­effective but poses quite a lot of issues like high­frequency requirement during
operation. As the capacitance made out of parallel plates is small, the amount of power
that can be transferred is limited, and hence high operating frequency is required to
transfer the power efficiently.

• Magnetic field­based power transfer, also called inductive power transfer (IPT), com­
prises of two mutually coupled coils separated by an air gap. The coupling coefficient is
typically small due to the presence of a large air gap and, in the application of EV wireless
charging, the magnetic coupling is not fixed since the receiver coil can assume different

5



6 2. Wireless Power Transfer System

position with respect to the transmitter coil. Due to the relatively low and variable cou­
pling coefficient, ensuring an efficient and constant power transfer is challenging. High
efficient power transfer is maintained by optimizing the coils’ quality factor and the op­
erating frequency. By using polyphase or multimodular systems, a wide range of power
level can be achieved [3]. The coils’ quality factor and operating frequency are the key
parameters in determining the distance between the transfer coils and the efficiency of
the transfer.

Considering the efficiency, cost and operating frequency, the magnetic field coupling is the
most viable solution to transfer power wirelessly for EV wireless charging. Moreover, the
minimum required operating frequency is in kHz range for a considerable air gap.

2.2. Inductive power transfer (IPT)
The physical principles under which IPT works are Ampere’s Law and Faraday’s Law.

• Ampere’s Law: When an electric current flows through a conductor in free space, it gen­
erates a magnetic field which is proportional to the amount of current, the permeability
of free space, and the number of turns of the conductor [4].

• Faraday’s Law: When a time­varying magnetic flux is coupled to a conductor, it induces
a voltage in the conductor whose value is proportional to the rate of change in magnetic
flux and the number of turns in that conductor [4].

According to the two laws, the magnetic field generated by the flow of a high­frequency current
through the primary coil follows Ampere’s law. On the other hand, according to Faraday’s law,
the time­varying magnetic field induces a voltage to the secondary coil.
As seen from the aforementioned laws, the primary and secondary coils act as a loosely cou­
pled transformer due to the presence of a large air gap between them. Thereby, only a small
portion of primary generated magnetic flux gets linked to the secondary coils. This leads to
high leakage and low magnetizing inductance, thereby introducing a large amount of reac­
tive power into the system. An increase in reactive power causes a substantial increase in
the electrical stress on the switching devices and it can cause a thermal issue for high­power
transmission. A passive network is normally connected to each coil to prevent the circulation
of reactive power from the source [3]. These passive networks are called compensation net­
works, and more details can be found in Section 2.3.3.

2.3. IPT Systems for EV charging
A typical IPT system for EV wireless charging comprises of power electronics converters at
both the transmitting and the receiving side, compensation networks, and the magnetic coils,
also called pads, with a definite air gap separation between them. As shown in Figure 2.1, the
IPT system can be fed from 50 Hz AC­grid supply. As a result, the IPT system requires a rec­
tification stage at the input from AC power to DC power, including the power factor correction
stage. The resulting DC voltage source is connected to an inverter and it gets converted into a
high­frequency AC voltage. To compensate for the reactive power of themagnetic coils, a com­
pensation network comprising of passive elements is used before feeding the high­frequency
AC power to the magnetic coils. Likewise, in the receiving side, the receiver coil connected
to the compensation network receives the transferred AC power. The compensation network
at both the transmitting and the receiving side is tuned to eliminate the leakage inductance of
the circuits at the inverter’s operating frequency. As a result, the power transfer efficiency is
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maximized [3]. The resulting output voltage from the compensation network is rectified and
controlled through an appropriate power electronics regulator to charge the load battery.

Rectifier
(AC-DC)

3 Phase Supply

Inverter 
(DC-AC) 

High frequency 
output

Compensation
Network

Transmitter Coil Receiver Coil Compensation
Network

Rectifier
(AC-DC)

To Battery

Coupling between transmitter
and receiver with an optimum 

air gap

Road Side (Off board)
Vehicular side 
(On board)

Figure 2.1: Traditional block schematic of a IPT system used in EV wireless charging.

2.3.1. Power supply architecture
Since the IPT system is generally powered by the (50 or 60) Hz grid, the grid­connection
converter plays a vital role in accessing the IPT system. It also influences the IPT system’s
reliability and overall efficiency. The selection of a suitable power supply architecture is more
challenging in the case of dynamic charging, also called in­motion charging [4], rather than
in stationary charging which is motionless. In the case of motionless charging, at least one
transmitter coil and one receiver coil are required to transmit power wirelessly and charge the
EV’s battery. But in the case of dynamic charging, the number of transmitter coils required
depends on the design requirements. The traditional centralized supply structure shown in
Figure 2.2(a) that powers all the transmitter pads can cause a potential decline in system
reliability under severe conditions. Besides the centralized architecture, various power sup­
ply schemes can be implemented such as the segmented rail in Figure 2.2(b), and the high
frequency segmented scheme in Figure 2.2(c).

The supply architectures used for the dynamic charging of electric vehicles are summarized
in Table 2.1 [4]. The high frequency segmented power supply schemes and the segmented rail
power supply schemes ensure relatively less power loss in the system. On the other hand, the
segmented rail power supply scheme is less sensitive towards parameter change. Centralised
power supply schemes posses a rectifier that converts the grid voltage to DC voltage which
is then fed to the individual inverter and primary coil module. The system has high reliability
due to the presence of individual inverter module for each of the transmitting pads. The sys­
tem is cheap when compared to the segmented rail power supply as the latter needs litz wire
between the inverter and the ground pad. In case copper wire is used, the AC resistance is
high due to the presence of high frequency components and thus, the efficiency of the system
is reduced.

2.3.2. Power electronics converters for the grid connection
Power electronics converters play a pivotal role in regulating the power flow through the WPT
system. The converters at the input side control the AC power that feeds the IPT system. The
converters at the output side rectify and regulate the received AC voltage for powering the
battery.

At the input side, the desired power conversion can be realized with different PE converter
structures that differ according to their number of stages. These structures can have a power
conversion with either a single stage, two stages, or three­stages. In a single­stage power
conversion shown in Figure 2.3(a), the AC grid voltage is fed to an AC­AC converter to ob­
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PFC + Rectifier3 Phase Supply

Inverter

Ground Pad

Inverter

Ground Pad

(a) Centralised power supply scheme

PFC + Rectifier3 Phase Supply Inverter

Switch box

Ground Pad

Switch box

Ground Pad

(b) Segmented rail power supply scheme

PFC + Rectifier3 Phase Supply Inverter

Intermediate  
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Ground Pad
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(c) High frequency segmented power supply scheme

Figure 2.2: Grid side power supply architecture in a WPT system for EV charging [4].
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Table 2.1: Summary of the power supply architectures used in IPT for EV charging.

Architecture Constructional features Advantages Disdvantages
The whole system is activated Simple in construction, low
once the primary source maintenance and installation High­power rated

Centralised power is connected to the grid. cost. Less load pulsations as the components. Less
supply scheme All the system must be rated system utilizes local energy efficient, and sensitive
Figure 2.2(a) to withstand the full­power. storage. [4] to parameter changes.

High maintenance
Smaller size and fewer inverter and construction cost.

Segmented rail Centralized power supply with modules needed for the total Control is complicated,
power supply scheme switch boxes for activating number of pads. This reduces as it requires a detector
Figure 2.2(b) each pad. the power losses. Less sensitive. for selecting each pad.

Primary pad and power supply
are isolated easing the system’s

High frequency The power supply is connected maintenance. The inverter’s
segmented power with an intermediate coupler to current amplitude is lower than the High frequency
supply scheme produce the high frequency pad’s one. The PE converter is module produces
Figure 2.2(c) output. distributed, so less lossy. high power loss.

tain the high­frequency resonant current. In the case of a two­stage power conversion shown
in Figure 2.3(b), the grid voltage is fed to a rectifier with power factor correction that realize
the AC­DC conversion. Then, an inverter outputs a high­frequency current to the compensa­
tion circuit from the previously rectified DC voltage. In the case of a three­stage conversion
shown in Figure 2.3(c), the grid connection structure is similar to the two­stage conversion
with an additional intermediate stage which regulates the DC voltage level by using a DC­DC
converter.

Matrix
converter
(AC-AC)

Compens-
ation

Network
BatteryRectifier

(AC-DC)

Compens-
ation

Network

3 Phase
 Grid Supply

(a) Single­stage

Rectifier
(AC-DC)

Inverter
(DC-AC) BatteryRectifier

(AC-DC)

Compens-
ation

Network

3 Phase
 Grid Supply

Compens-
ation

Network

(b) Two­stages

Rectifier
(AC-DC)

DC-DC
Converter BatteryRectifier

(AC-DC)

Compens-
ation

Network

3 Phase
 Grid Supply

Inverter
(DC-AC)

Compens-
ation

Network

(c) Three­stages

Figure 2.3: Grid­side power conversion stages for EV WPT­based charging systems.

At the output side, a rectifier is used to convert the high­frequency voltage picked up from
the secondary coil. The resulting DC voltage is fed to the battery either directly or by using an
additional DC­DC converter.
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As a summary of Section 2.3.1 and Section 2.3.2, Table 2.2 shows the summary of various
power electronics architecture used in IPT. The table highlights the number of stages and
its architecture, the direction of flow of the power, semiconductor devices required, and the
efficiency observed for different configurations. As it can be observed the number of semicon­
ductor devices reduces with number of stages.
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Table 2.2: Summary of the power electronics architectures used in IPT for EV charging.
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2.3.3. Compensation Networks
In any power electronic module, passive networks play a significant role in tuning the circuit.
Likewise, in WPT, the need for compensation networks made of passive elements to regulate
power transfer and tuning the primary circuit to the secondary is necessary. Due to the ex­
istence of high magnetizing and leakage inductances in the primary and secondary coils, the
WPT system would require a high VA rating from source to transfer active power to the load
[4]. The higher VA rating from input source would bring down the efficiency and lifetime of
power electronic circuit. To avoid this circulation of reactive current, compensation networks
are connected in either series or parallel to compensate for the leakage inductance. Apart from
compensating for the reactive power, the compensation networks also have either a voltage­
source or a current­source behavior that is independent of the load.

According to [4], the main properties that a compensation network must comply with are:

• maximize the power transfer and the power supplied to the secondary converter;

• minimize the power supply VA rating and improve the efficiency of the complete system;

• have high misalignment tolerance;

• tolerate or avoid the bifurcation phenomenon;

• provide a constant voltage or current to the output depending on the system require­
ments.

The basic compensation networks are generally classified into four types depending on the
placement of the passive elements. The series­series (S­S) compensation is shown in Figure
2.4(a), where one compensation capacitor is connected in series with the main coil at both
primary and secondary side. In the series­parallel (S­P) compensation as shown in Figure
2.4(b), the primary compensation capacitor is connected in series with the primary coil, but
the secondary compensation capacitor is connected in parallel with the secondary coil. The
parallel­series (P­S) compensation as shown in Figure 2.4(c), is the converse of the S­P com­
pensation where the primary capacitor is parallely connected while the secondary capacitor is
placed in series. Finally, the parallel­parallel (P­P) compensation as shown in Figure 2.4(d),
is the converse of the S­S design where both the primary and secondary compensation ca­
pacitors are connected in parallel to the coupled coils.

C1

VAB

R1

L1 L2 Rac

C2R2M

(a) S­S compensation

C1

VAB

R1

L1 L2 RacC2

R2M

(b) S­P compensation

C1 IAB

R1

L1 L2 Rac

C2R2M

(c) P­S compensation

C1 IAB

R1

L1

M

L2 RacC2

R2

(d) P­P compensation

Figure 2.4: Equivalent circuit of an IPT system with magnetic resonant coupling
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2.3.4. Mathematical analysis of the S-S compensation network
From the equivalent circuit shown in Figure 2.4(a), the maximum deliverable output power and
the power transfer efficiency can be deduced from the circuit equations as explained in [15].
1) Load power analysis:
As seen in the equivalent circuit, the primary­side RLC circuit is in series with the parallel
combination of the mutual inductance and the secondary RLC network. The equivalent input
impedance seen from the primary voltage source is

= + + 1 +
+ + + (2.1)

where is the primary equivalent series resistance, is the self inductance of the primary
coil, is the primary compensation capacitance, is mutual inductance between the primary
and secondary coils, is the equivalent series secondary resistance, is the self inductance
of the secondary coil, is the secondary compensation capacitance, = 2 is the angular
frequency, and is equivalent load resistance.

At the resonant angular frequency = , the reactance given by the capacitance and
the inductance must cancel each other out. Therefore, the resulting equivalent observed
in the system is purely resistive and can be expressed as

= + ( )
+ (2.2)

Additionally, from the Kirchhoff’s voltage law, the equations of the S­S compensation can be
written as:

= ( + + ) +
0 = ( + + + ) + (2.3)

where is the primary side source voltage, is the primary side current, and is the
secondary side current. The relationship between and at the resonance can be found
from (2.3), which is

= +
(2.4)

Therefore, can be written as

= + = + (2.5)

Since the load is resistive, the output power is given by

= (
ⱨ2

)

= 2 (
+ ( ) )

(2.6)

(2.6) shows that the output power depends on the mutual inductance and the load re­
sistance . The mutual inductance = depends on the coils’ self inductance under
consideration and the coupling factor which varies with the distance between the windings.
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Hence the coupling coefficient and the coils’ quality factor that is function of the inductance
(Q= ) determines the amount of power transferred to the secondary circuit. Differentiating
the load power with respect to or gives the load resistance and mutual inductance at
which the maximum power is transferred, respectively.

2) Efficiency analysis:
The ratio between the output power and the input power is defined as efficiency. According to
(2.6), the output power or load power depends on the secondary current and load resistance.
The input power depends on the output power and the resistive losses in both the primary and
the secondary circuits at resonant angular frequency. Therefore, the efficiency of the circuit
depicted in Fig 1.1 is given by

= + + (2.7)

Dividing both the numerator and the denominator by the numerator term in (2.7):

= 1
1 + + (2.8)

Substituting (2.4) in (2.8) results in

= 1
1 + ( ) + (2.9)

(2.9) shows that the efficiency depends on mutual inductance and as well the load resistance.
Higher mutual inductance corresponds to a reduced distance between the two coils, which
leads to a higher efficiency. As well, the optimal tuning of the load resistance leads to higher
efficiency. This optimum load resistance can be found by differentiating the efficiency with
respect to the load resistance.

2.3.5. Coupled Pads
Coupled magnetic pads form the basis of an IPT system. These coupling pads enable the
transfer of power from the source to the load without any electrical connection. Coupling pads
consists of coupled inductors with a considerable air gap in between them. The coupling factor
between the two inductors indicates the strength of the mutual magnetic field that is linked to
both inductors. This concept is known as mutual coupling. The magnetic pad is composed of a
Litz­wire winding placed over a ferromagnetic material that has a certain amount of aluminium
shielding at the opposite side. As summarized in Table 2.3, there are mainly six different types
of coupling pads used in EV wireless charging .

The magnetic flux determines the amplitude of the voltage that gets induced in a conduc­
tor located in the proximity. Depending on the pad geometry, the magnetic flux that comes
out of pad can be either single­ended, also called non­polarized, or double­ended, also called
polarized. In case of non­polarised, for instance the circular coil, there is only one equiva­
lent magnetic pole. The field goes out from the center and comes in through the sides of
the ferrites. The field distribution is more vertical. In case of polarised, for instance DD coil,
there are two poles, and hence the field goes out from the center of one pole and comes in
through the center of the other pole. Here, the direction of field is more horizontal. Effect of
the shielding on coupling coefficient is high for polarized as the field from the shield (which is
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