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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, closed-loop control is introduced. This control con-
sists of an inner current loop and an outer voltage loop which are both implemented using a
Pl 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 on-road 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 fuel-powered 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 two-stage converter with distinct AC-DC and DC-AC conversion stages [1]. Another option
could be the use of Matrix Converter, which carries out the AC-AC conversion in a single-stage

[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 AC-AC matrix converter for a 3.5 kW
wireless charger for the application of EV. In specific, this research focuses on the feasibility
of single-phase and three-phase matrix converters for the proposed application.



2 1. Introduction

Cost Efficient

Number of

Semiconductor Efficient Power

Modules Electronic Design
J
Power Handling \j
Capacity
Standardization of
the Design

High Speed
Communication
Module

Efficient Power
Supply

Foreign Object

Detection and
Optimization of
EMI Exposure

Efficient Design of

Compensation
Network

Figure 1.1: Feasible research scope in WPT-based 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 single-phase grid connection?

3. Can the single-phase implementation be extended to a three-phase 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.






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 AC-AC
matrix converters.

2.1. Principles of wireless power transfer
WPT can be realized through three physical principles: microwave-based power transfer,
Electric field-based power transfer and magnetic field-based power transfer.

» Microwave-based 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,
microwave-based power transfer focuses on long-distance 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 field-based 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 cost-effective but poses quite a lot of issues like high-frequency 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 field-based 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
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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 time-varying 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 high-frequency current
through the primary coil follows Ampere’s law. On the other hand, according to Faraday’s law,
the time-varying 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 high-power
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 AC-grid 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
high-frequency AC voltage. To compensate for the reactive power of the magnetic coils, a com-
pensation network comprising of passive elements is used before feeding the high-frequency
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.

Coupling between transmitter
and receiver with an optimum
air gap

A
A Inverter
B ) (DC-AC) . . . . . . N

3 Phase Supply = Rectifier — — Compensation —— Transmitter Coil Receiver Coil [—— Compensation — Rectifier
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To Battery
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— Road Side (Off board) > < (Onboard) >

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 grid-connection
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 in-motion 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 three-stages. In a single-stage power
conversion shown in Figure 2.3(a), the AC grid voltage is fed to an AC-AC converter to ob-
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Figure 2.2: Grid side power supply architecture in a WPT system for EV charging [4].

(c) High frequency segmented power supply scheme
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Table 2.1: Summary of the power supply architectures used in IPT for EV charging.

Architecture

Constructional features

Advantages

Disdvantages

Centralised power
supply scheme
Figure 2.2(a)

The whole system is activated
once the primary source

is connected to the grid.

All the system must be rated
to withstand the full-power.

Simple in construction, low
maintenance and installation
cost. Less load pulsations as the
system utilizes local energy
storage. [4]

High-power rated
components. Less
efficient, and sensitive
to parameter changes.

Segmented rail
power supply scheme

Centralized power supply with
switch boxes for activating

Smaller size and fewer inverter
modules needed for the total
number of pads. This reduces

High maintenance

and construction cost.
Control is complicated,
as it requires a detector

segmented power
supply scheme
Figure 2.2(c)

with an intermediate coupler to
produce the high frequency

output.

current amplitude is lower than the
pad’'s one. The PE converter is

distributed, so less lossy.

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

High frequency
module produces

high power loss.

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

converter.
. _ C N
3 Phase Matr|r>t( Cor’r:p ens OZ:E;”S Rectifier Batt
Grid Supply converter ation (AC-DC) attery
(AC-AC) Network Network
(a) Single-stage
- | - Compens-
3 Phase Rectifier Inverter 002:5) t:]ns ati?)n Rectifier Battery
Grid Supply (AC-DC) (DC-AC) Network Network (AC-DC)
(b) Two-stages
B —— - C -
3 Phase Rectifier DC-DC Inverter Cor;:i[:) ins o;r:ir:;ns Rectifier Battery
Grid Supply (AC-DC) Converter (DC-AC) Network Network (AC-DC)

(c) Three-stages

Figure 2.3: Grid-side power conversion stages for EV WPT-based charging systems.

At the output side, a rectifier is used to convert the high-frequency voltage picked up from
the secondary coil. The resulting DC voltage is fed to the battery either directly or by using an
additional DC-DC 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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2.3. IPT Systems for EV charging

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 current-source 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 series-series (S-S) 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 series-parallel (S-P) 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
parallel-series (P-S) compensation as shown in Figure 2.4(c), is the converse of the S-P com-
pensation where the primary capacitor is parallely connected while the secondary capacitor is
placed in series. Finally, the parallel-parallel (P-P) compensation as shown in Figure 2.4(d),
is the converse of the S-S design where both the primary and secondary compensation ca-
pacitors are connected in parallel to the coupled coils.

R i S i

a) S S compensatlon (b S P compensahon
(5 C1 §§ % (#) IC1 §§ CZI % ac
c) P-S compensation ) P-P 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 primary-side RLC circuit is in series with the parallel
combination of the mutual inductance and the secondary RLC network. The equivalent input
impedance Z;, seen from the primary voltage source is

] 1 M?w?
Zin =Ry +jwly + - + (2.1)

. 1
JwCi R, + jwL, + g, T Rac

where R; is the primary equivalent series resistance, L, is the self inductance of the primary
coil, €, is the primary compensation capacitance, M is mutual inductance between the primary
and secondary coils, R, is the equivalent series secondary resistance, L, is the self inductance
of the secondary coil, C, is the secondary compensation capacitance, w = 2rf is the angular
frequency, and R, is equivalent load resistance.

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

M?(wy)?
7. =R _ 2.2
i ! * RZ + Rac ( )
Additionally, from the Kirchhoff’s voltage law, the equations of the S-S compensation can be
written as:

. 1 .
Vap = (Ry +jwly + Tcl)ll + jwMl,
0 = (RZ +](1)L2 + ]_ + RaC)IZ +](J)M11

wCy

(2.3)

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

Ry + Ry,
=— 1 24
==k (2.4)
Therefore, I, can be written as
JjwoM JjwoM Vap
L=——— == — (2.5)
R, + R, R, + R, Z4
Since the load is resistive, the output power is given by
I
Pt =(—=)% R
out (\/E) ac
Ree Tw (26)
2 R1(R2+Rqc)
(l)oM + woM

(2.6) shows that the output power P,,,; depends on the mutual inductance M and the load re-
sistance R,.. The mutual inductance M = k./L,L, depends on the coils’ self inductance under
consideration and the coupling factor k 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 R,. or M 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

_ IZZRac
" I3Rgc + 2R, + I2R, (2.7)

n

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

1
Substituting (2.4) in (2.8) results in
1
Tt (Ffacy2 R | Fe (2.9)

woM Rac Rac

(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
Litz-wire 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 single-ended, also called non-polarized, or double-ended, also called
polarized. In case of non-polarised, 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 caill,
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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Table 2.3: Summary of the coupling pad architectures used in IPT for EV charging [4].

Effect of the
Pad Equivalent Magnetic shielding on the
structure number of coils | flux coupling coefficient
Circular/Rectangular Pad | One Non-Polarized | Low
Figure 2.5(a)
Flux pipe One Polarized High
Figure 2.5(b)
DD cail One Polarized High
Figure 2.5(c)
DDQ coil Two Polarized High
Figure 2.5(d)
Bipolar pad Two Polarized High
Figure 2.5(e)
Tripolar pad Three Non-Polarized | Low
Figure 2.5(f)

plane from the backside of the ferrite) is parallel to the field of the pad. Single-ended model
is more efficient, as well the flux pattern helps in reducing the leakage flux. Hence, circular
coils and its variants like rectangular are highly efficient and easy to design. Although, circular
pads have a low value of k and as well the tolerance towards misalignment is very poor, these
pads are chosen widely due its single-ended flux distribution attribute and as well the simplic-
ity in its design. Tripolar pads are three-coil couplers where all the three coils are mutually
decoupled and, this geometry allows high misalignment tolerance. The mutual decoupling
paves for high coupling factor. Although it has many advantages as mentioned in the Table
2.3, the need for three inverters to operate the three decoupled coils makes the system com-
plex and costly. To conclude, the circular pad and tripolar pads stand out to be a better choice.

2.3.6. Control of IPT systems

Control becomes a prominent part of any IPT system. Essential control is implemented to
ensure an efficient power transfer to the load at the required power level. Moreover, a safe
IPT must be ensured. This is realized though a foreign object detection (FOD) system, and
a control that limits the human exposure to harmful fields. To achieve so, the communication
between the coupled pads might be needed. On the whole, the control of a WPT can be
divided into five parts namely power control, maximum efficiency tracking, FOD and vehicle
detection, misalignment detection, and communication [3].

1) Power control:

Power control focuses on delivering the required output power level to the load. Based on its
placement, the power control is divided into three categories, namely, primary-side control,
secondary-side control, and dual control. In the primary-side control, the data related to the
battery voltage, current and state of charge are fed to the primary via a wireless communica-
tion network. Based on the data received, the closed-loop control in the primary side tunes
the input voltage source. In the secondary-side control, synchronous rectification is used in
secondary side to control constant current and is usually used in applications where multiple
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pick-up coils are used as in the case of dynamic charging. In the dual-sided control, the pri-
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Figure 2.5: Coupling pads for WPT based charging system for EVs [4].

mary side and secondary side are simultaneously controlled so as to control the power flow.
Additional dc-dc converters can be added in both the primary and secondary side to regulate
the voltage to the required level [3].

2) Efficiency tracking:

Despite the variation in load or coupling coefficient, this control ensures that maximum effi-
ciency is maintained throughout the operation. This control can be labelled into three groups.
The first group deals with the impedance matching technique during the load variation, where
the impedance matching system converts the load impedance to optimal impedance during
load and magnetic coupling variations. The second group focuses on attaining maximum effi-
ciency during load variation by integrating the output control and the load variation. The third
group focuses on reducing the input reactive power by controlling the input to attain maximum
efficiency [3].
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3) FOD and vehicle detection:

Interference of foreign objects with the magnetic coils of the WPT system leads to the pro-
duction of unnecessary fields if the source is a magnet, while it leads to heat production if the
source is a metal. These fields and excessive heat may cause turmoil to the whole system
and as well it can have effects on living bodies. To eradicate the adverse condition caused to
the system, FOD is a requirement for any WPT system. The primary pads of the WPT must
be activated only while the vehicle is approaching to obtain high efficiency of the system and
as well to reduce the field radiations. To ensure that the primary pads are activated only when
a vehicle is approaching, a vehicle detection sensor is required. This sensor guarantees that
the power is supplied to the primary pad only when the secondary pad is present [3].

4) Misalignment

The coupling coefficient is affected directly when the primary pads and secondary pads are
not in alignment. As said earlier, the coupling coefficient directs the amount of power that gets
transferred, which thereby affects the system efficiency. Hence any misalignment would cause
a reduction in the system’s efficiency and the amount of magnetic field that the secondary pad
receives. The WPT system must include a misalignment detection system to ensure maxi-
mum power transfer and system efficiency for the specific magnetic coupling condition [3].

5) Communication

Communication plays a pivotal role in connecting the primary side and the vehicle. To ensure
the reliable and secure operation of the WPT system, timely data exchange between primary
and secondary is a must. Hereby, the primary criteria is that a communication system must
posses low latency, and at the least, medium-range coverage [3].

2.3.7. Standardization of IPT systems for EV charging

The design of WPT must follow recommended standards that are approved by the scientific
committees across the field. Static WPT charging has a complete framework of standardisa-
tion while the dynamic WPT is still under construction. Static WPT follows the guideline of SAE
J2954 for the design of magnetic couplers, compensation circuits, electrical constraints of the
vehicle under consideration, while the ICNIRP 2010 is considered for the human exposure to
electromagnetic fields (EMF). The latter provides the EMF limits for the considered operating
frequency. These considerations are unavoidable during the design of a WPT system, and as
well the human safety. Apart from SAE J2954, also IEC 61980 focuses on the IPT charging
of light-duty vehicle.

In the original draft of SAE J2954, various design requirements and principles are elucidated,
which encompasses the optimum frequency range, distance classes, power level classes and
so forth [3]. In general, the WPT systems can be classified into four types based on their
input power levels, namely WPT1 (3.7 kVA), WPT2 (7.7 kVA), WPT3 (11.1 kVA) and WPT4
(22 kVA). The recommended frequency of operation for efficient operation ranges from 79
kHz to 90 kHz, where 85 kHz is selected as nominal operating frequency. At relatively high
frequency, the usage of Litz wire reduces the AC losses of the coupled coils. The allowed dis-
tance between the ground and surface of the secondary coil is categorized into three classes,
namely Z1 for the distance of (100-150) mm, Z2 for the distance of (140-210) mm, and Z3 for
the distance of (170-250) mm [3].






AC-AC Matrix Converters

This chapter intends to be an overview of the matrix converter. This chapter discusses pri-
marily the circuit model and the working principle of the matrix converter. After that, the char-
acteristics and possible implementations of four-quadrant switches are summarized. Finally,
an overview of the commutation strategies is given.

3.1. Matrix Converter - Evolution, Circuit and its Working principle

The conversion and control of energy are perhaps the main features of electrical engineer-
ing applications. As of late, these applications are characterized by the utilization of active
semiconductors devices and energy-storing components like capacitors and inductors. A few
converter families have been created such as rectifiers, inverters, choppers, cyclo converters,
and so on. Every one of these families has its benefits and constraints. The primary benefit
of power converters is the high efficiency that can be accomplished. Among these topologies,
this research focuses on the AC-to-AC converters that are commonly called matrix convert-
ers. A matrix converter is an array of four-quadrant switches, which are the fundamental power
components. It interconnects straightforwardly an AC single-phase or three-phase power sup-
ply to another AC single phase or three-phase load with different operating frequency, without
utilizing any DC connection or large energy storage components and, in this manner, it is
known as the all-silicon solution [18]. The main qualities of the matrix converter are:

1. arelatively simple and minimal power circuit;

2. the generation of a load voltage with arbitrary amplitude and frequency.

These profoundly appealing characteristics are the reason of the large interest in this topol-
ogy. The implementation of this converter begins with the early work of Venturini and Alesina
[2]. They introduced the power circuit of the converter as a matrix of four-quadrant power
switches and they presented the term 'matrix converter’.

Generally, a matrix converter is a single-stage converter with m x n four-quadrant power
switches which intends to interface an m-phase voltage source to an n-phase load. In other
words, the matrix converter is an AC-AC converter which can convert power from desired m
phases to desired n phases. Hereby, the 3 x 3 matrix converter model is taken as an example
to explain the various components present in the circuit schematic of a matrix converter.

The 3 x 3 matrix converter, shown in 3.1, is the basic converter module encompassing the
filter circuits at the input side, the RL load at the output, 9 pairs of switches sets connecting

19
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the source and the load. Each switch shown is a four quadrant power switches. The matrix
converter has a voltage source as an input, and therefore, the input terminals must not be
short-circuited. Additionally, since generally the load has an inductive nature, the load stage
should never be opened. The filter at the input side is composed of an inductor connected
in series to a resistor and a capacitor. The main purpose of this filter is to filter out the high
frequency components of the input current thereby ensuring an almost sinusoidal-like current
and, as well, to avoid the overvoltage due to the fast commutation of the currents. Due to
presence of a filter capacitance at the input side, only one switch at the time can be closed in
the same vertical leg of the matrix converter of Figure 3.1. Moreover, since an inductor is also
present, to maintain a continuous flow of current, at least one switch must be closed in each

leg.
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Figure 3.1: Three Phase Matrix Converter.
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3.2. Four-quadrant Switch

As said earlier, a 3 x 3 matrix converter has 18 switches and 9 cells. So each cell has two
switches connected in anti-parallel. This phenomenon leads to a concept of four-quadrant
operational switch, which is capable of blocking voltage and conducting current in both the
directions [19]. In order to achieve the blocking and the conduction of voltage and current
in both directions, the discrete available switches must be connected in such a manner so
as to accomplish the four-quadrant configuration. In practice, there are three possible four-
quadrant switch configurations as shown in Figure 3.2: diode bridge four-quadrant switch cell,
common-source anti-parallel MOSFETs, common-drain anti-parallel MOSFETSs.
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Figure 3.2: Possible configurations of a four-quadrant switch.

The diode bridge four-quadrant switch cell consists of a central MOSFET surrounded by
four diodes as shown in 3.2(a). The device losses are relatively high as the MOSFET and two
diodes conduct simultaneously. Since both the current directions are carried by the central
MOSFET, the gate driver required is just one per switch cell.

The common-source four-quadrant switch consists of two MOSFETs and two diodes con-
nected in anti-parallel as shown in 3.2(b). This ensures independent control of the current
direction. The two MOSFETSs require an isolated gate drive circuit However, in the case of
a common-source module, both devices are driven with regards to same voltage, that is the
common-source point.

The common-drain four-quadrant switch is similar to the previous one with the exception
that the common voltage point is drain port as shown in 3.2(c). However, this is not feasible
in reality largely due to the presence of stray inductances in between the commutation cells
leading to stability issues.

So to conclude, the common-source module is the best practical choice. Anyhow, any
switching module possessing reverse voltage blocking capability can be used to build a four-
quadrant switch by placing them in anti-parallel.

3.3. Commutation

The commutation is a process of turning off the switch and, as a result, removing the switching
current completely. In case of a matrix converter, it is cumbersome to achieve commutation
between switches since there are no freewheeling path. According to [20], in order to control
the switching, two basic requirements must always be fulfilled. First, two switches must not
be turned on at the same time in the same leg as shown in 4.8(a), as it would lead to short
circuit of the capacitor voltage and this would lead to extreme current rise and, eventually,
to the destruction of the converter. Secondly, the two switches of the same leg must not be
turned off at the same time as shown in 4.8(b), as it would lead to open circuit at the load side
causing over-voltage due to the absence of path for the inductive load current.
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Figure 3.3: Commutation strategies requirements.

The switching strategy can be controlled to achieve high efficiency. In the case of hard
switching during turn-on and turn-off, both the voltage and the current across the switch have
large amplitude for a relatively short time, causing noise and thereby losses. On the contrary,
soft switching uses a specific operation to attain zero voltage or zero current switching. As
the turn-on and turn-off occur at either zero or close to zero voltage and current, the switching
noise and losses reduces drastically.

The switching strategy to attain soft switching is explained in detail in Chapter 4 and 5.

3.4. Input filters
Filters at the input side are mandatory during the design of matrix converters to reduce the
input current harmonics. The requirements for the input filter module are as follows [21]:

* To have cut-off frequency higher than the grid frequency and as well lower than the
switching frequency of the converter.

» To ensure minimum voltage drop across the filter inductance so that the voltage transfer
ratio between input and output are maintained.

» To ensure the size and the weight of the capacitor and inductors are minimum.

3.5. Matrix converters in WPT applications

Matrix converters can convert the grid side AC voltage to a high frequency AC voltage. Using
matrix converters for wireless power transfer systems are advantageous as the conversion
stage in the grid side is just one instead of the conventional two stages as shown in Chapter
4 and 5. Moreover, the DC link capacitor size is appreciably reduced.

In literature, there are few papers which focuses on matrix converter based wireless power
transfer system for electric vehicle application.

[17] describes a single phase matrix converter which acts as an ignition for the wireless
power transfer system. The paper provides a steady state mathematical modelling and ex-
plains the effect of variation in phase angle between the primary side converter and the sec-
ondary side converter for the bi-directional flow of power. When the phase angle is leading
between the primary side converter and secondary side converter, the system transfers power
from the vehicle pick up to the grid and when the phase angle is lagging, power is transferred
from the grid to the vehicle. Finally the simulation verification was provided to support the
analytical equations derived.

[16] briefs about the design of the three phase matrix converter for the wireless power
transfer of power for an electric vehicle applications. The three phase grid power supply pro-
vides in the necessary high frequency active element which drives the primary pick up coil that
resonates with the secondary coil and powers up the battery load. The simulation verification
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is provided to support the mathematical expression and as well the effect on changing the
phase angle and width of the notch on magnitude of power.

[22] lists various possible architecture for three phase matrix converter based power trans-
fer model. Detailed analysis of isolated matrix type star rectifier where the matrix converters
are connected in star and the output of the converter is fed to three transformer models whose
secondary is connected in series. The control strategy to regulate the balance in the grid side
system and the load power are described and simulation verification is provided.

[23] describes the three phase modular isolated matrix type star or delta rectifier. This
paper provides the working principle of the converter and as well gives a detailed design of
various necessary parameters. This paper provides a better design of matrix converter in the
form of a rectifier followed by a H-bridge converter.

[24] describes the three phase modular isolated indirect type matrix converter. The detailed
operation principle with control strategies is given. The modulation techniques and the effects
of symmetric and asymmetric modulation techniques are proposed alongside providing the
prototype design.

The system specified in [17] and [16] are both operated at a frequency of 20 kHz. The
system analysed in this thesis is designed at center operating frequency of 85 kHz. Addition-
ally, control strategy is introduced to balance the input current and the output power in case
of three phase system.






Single Phase to Single Phase Matrix
Converter

This chapter deals with the analysis of single-phase to single-phase matrix converters for WPT
applications. A description of the single-phase to single-phase matrix converter implementa-
tion, followed by the creation of the gating pulses as to attain soft switching. The converter is
evaluated with a mathematical modelling for different design constraints and considering the
battery cycle. Finally, evaluating the grid side current harmonics with the available standard.

4.1. Implementation

The AC grid voltage at the frequency of 50 Hz can be converted to a desired high frequency
AC load through a matrix converter. The single-phase matrix converter module possess 8
switches in total, with 4 switches in each leg. The grid voltage can be connected to different
configurations of the converter to attain high frequency AC voltage at the output side. Hereby,
two different configurations were analysed:

1. four-quadrant switches-based model;

2. rectifier followed by a H-bridge-based model.

4.1.1. Four-quadrant switches-based model

The 8 switches are split into 4 switching cells, where two of them are part of each leg. Hence,
the configuration looks similar to an inverter bridge with two legs in which each switching cell is
composed of a four-quadrant switch. This topology is represented in Figure 4.1. The positive
polarity of the AC voltage from the grid is fed to the drain of the upper leg MOSFETs as shown
in Figure 4.1 while the negative polarity is connected to the drain of the lower leg MOSFETs
which is grounded as shown in Figure 4.1. The source of one switch is connected to the
source of the other switch to attain four-quadrant operation. The output is taken from the
drain to drain connections (A1 and B1) of two legs as shown in Figure 4.1. As seen in Figure
4.1, the MOSFET and diode are connected in anti-parallel. Only four switches are conducting
while the other four switches commutate at the switching frequency during each half cycle of
the input voltage pulse. Hence, the switching pulses have to be developed separately for the
positive and negative half-wave of input voltage. During the positive pulse of the input voltage,
S1, S3, S5 and S7 conduct while the others conduct during the negative cycle of the voltage
source.

25
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Figure 4.1: Four quadrant operation switch configuration of Matrix Converter

The comparison of carrier signals with reference signals with optimum limits fetches proper
gate pulses for each switch. The reference is the sinusoidal voltage with its amplitude taken
to be 0.8 and the carrier signals are triangular voltages with amplitude 1. There are four
carrier signals used as shown in Figure 4.2, two for each cycle of reference voltage. The
conditional operators are used so that the four non-operating switches during each cycle are
turned on throughout. For instance, the switch S2, S4, S6 and S8 are kept conducting during
the positive cycle of reference signal as shown in Figure 4.3(a). The gating pulse condition for
each switches is as shown in Figure 4.2 and the pulses for all the eight switches obtained as
shown in Figure 4.3(b). The frequency of the carrier wave is set at the resonant tank frequency
of 85 KHz while the reference signal frequency is 50 Hz.

Reference Signal

mmmmmmmmmmmmmmm

v ¢& gF &&

(b) Gating pulse. X-axis depicts the time in seconds
(a) Model. (sec) and Y-axis depicts the voltage in volt (V).

Figure 4.2: Gating pulses for single-phase four-quadrant switch configuration of the matrix
converter.

As said before, the gating pulse obtained in Figure 4.3(a) confirms the fact that only 4
switches operate at the 85 kHz switching frequency during each half cycle of the 50 Hz input
voltage while other four stays constantly on.



4.1. Implementation 27

]
I R e e e e e e e R e e Tt
]
| Iy I B B W O N
| F ]
(a) Overview. (b) Zoom.

Figure 4.3: Gating pulses for single-phase four-quadrant switch configuration of the matrix
converter. X-axis depicts the time in seconds (sec) and Y-axis depicts the voltage in volt (V).

The output voltage of the converter obtained for the applied gating pulses is shown in Figure
4.4. It can be seen that the obtained voltage is a 50 Hz cycle with each cycle constituting of
1700 cycles at the frequency of 85 kHz. It can be concluded from this waveform that the
configuration and the gating pulse generation are feasible.

Figure 4.4. Converter output voltage (measured at terminal AB as show in Figure 4.1) for
single-phase four-quadrant switch configuration of the matrix converter. X-axis depicts the
time in seconds (sec) and Y-axis depicts the voltage in volt (V).

4.1.2. Rectifier and H-bridge-based model

The rectifier and H-bridge-based model modifies the configuration of the switching cells com-
pared to the four-quadrant switch-based model. The eight switches are split into two bridges
with four switches. One bridge is used as a rectifier to obtain just the positive half-wave of
the sinusoidal grid voltage. The remaining four switches acts as a H-bridge converter which
converts the half-wave rectified voltage to the high frequency AC wave. As seen in Figure 4.5,
the 50 Hz grid voltage is fed to the rectifier, the rectified output pulse is fed to the the H-bridge
converter module which produces a high-frequency, switching frequency, AC pulse. The con-
figuration specified in Figure 4.5 is relatively easier to construct and to control when compared
to the one specified in Figure 4.1. Four-quadrant switches-based model is quite complex to
construct, the design of gate drive circuit is tedious, and lastly, the model wasn’t able to attain
soft switching at the operating condition. The gate drivers were designed on a conditional
basis for positive and negative cycle of the source pulse. The converter module was not able
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to attain soft switching under normal operating conditions, even with the introduction of delay
time and dead time. All the eight were not able to operate in ZVS condition at any instant in
time. Hence, in the forthcoming sections of this chapter, Figure 4.5 is used for this analysis.

Vs® A 1B

Figure 4.5: Rectifier followed by a H-bridge configuration as matrix converter.

The gating pulses for rectifier and H-bridge converter are designed as shown in Figure 4.6.
The gating pulses, instead of carrier waveform based generation, operating each leg of the
bridge at 50% duty cycle or (50-time delay)% generates the same result as seen in carrier-
based generation. In the case of the rectifier, conditional operator based generation of pulses
is opted while in case of H-bridge, duty cycle based generation of pulses is preferred. Diode
bridge rectifier can be used and or preferred instead of MOSFET-based rectifier bridge model
for the easier controllability. The pulses for H-bridge as seen in Figure 4.6 are defined for a
switching frequency of about 85 kHz, and a delay time of 100 ns is specified.

Gating Pulses
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Figure 4.6: Gating pulses for single phase rectifier with H-bridge switch configuration of the
matrix converter.

The pulses for rectifier bridge is obtained as shown in Figure 4.7. During the positive pulse
of the input sine voltage, M1 and M4 conduct, while M2 and M3 are kept off. The positive pulse
at the input thus stays positive with the same amplitude at the output side. During the nega-
tive pulse of input voltage, M2 and M3 conduct, while M1 and M4 are turned off. The negative
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pulse traverses through switch M3 and M2 via load and produces a positive pulses at the load.
Thus the voltage obtained at the H-bridge stays positive unlike four quadrant switch configura-
tion. Hence, the switching logic can be designed for only the positive pulse of the input voltage.

The gating pulses for the H-bridge are designed in such a way as to obtain a desired fre-
quency sinusoidal waveform. So the pulses are going to have a period of 1/(f). As shown in
Figure 4.6, the ON-time for G1 and G4 are provided to be 5.78 us instead of 5.88 us in order
to introduce a short dead time between the switches.

Figure 4.7: Gating pulse: delay and dead time. X-axis depicts the time in seconds (sec) and
Y-axis depicts the voltage in volt (V).

As seen in Figure 4.8(b), the gate pulses G2 and G3 are shifted 180 degrees apart with
regards to gate pulses G1 and G4. The resultant waveform at the output of the rectifier followed
by H-bridge matrix converter is as shown in Figure 4.9 and it is similar to Figure 4.4.

AR TARNID

(a) Overview. (b) Zoom.

Figure 4.8: Gating pulse signals for single-phase rectifier with H-bridge matrix converter. X-
axis depicts the time in seconds (sec) and Y-axis depicts the voltage in volt (V).
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Figure 4.9: Output voltage of the single-phase rectifier with H-bridge matrix converter. X-axis
depicts the time in seconds (sec) and Y-axis depicts the voltage in volt (V).

4.2. Single phase matrix converter for WPT in EV charging

The Indirect Matrix Converter (Rectifier followed by H-bridge Converter) is preferred for the
further analysis as the control of switching signals and the converter control is simple. The
converter output port is connected to the primary resonant tank which is then mutually coupled
with the secondary resonant tank. The output from secondary resonant tank is fed to the
converter to convert the high frequency AC current to a direct current as shown in Figure 4.10.
The resonant shown in Figure 4.10, is designed for the centre operating frequency of 85 KHz
as suggested from the standard SAE J2954 [25].
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Figure 4.10: Single-phase matrix converter with the resonant tank and battery load.

The parameters of the coil are chosen as the one available in the lab. The coil available in
the lab is a DD coil with L1 being 202.5 uH and L2 being 204.4 uH and the coupling coefficient
between the two mutually coupled coils is 0.11. The resistance R1 and R2 are 0.258 Q and
0.288 Q, respectively. The input voltage is the grid voltage and is set with an amplitude of 325
V. The battery profile used for analysis has a battery voltage varying from 290 to 400 V, with a
maximum battery current of 8.5 A. The compensation network chosen here is a series-series
compensation network and the mathematical modelling for the complete network is as follows.

The DC load resistance, R; can be expressed as an AC equivalent resistance as

R _7T2 R
L= g Tac (4.1)
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According to [26], the output current in terms of input voltage as

Vag

joM (4.2)

Loyt =

SERY

The output power is the product of output voltage and output current:

Pout = Vour * lout

2 . VasVout (4.3)

T wk+/L1L,

where V,; is the peak of the fundamental component of the voltage obtained at the H-bridge
converter output port.

From the output point of view, an EV battery charging profile has two phases of operation.
The first is called constant current (CC) mode wherein the battery voltage increase gradually
and so does the state of charge of battery. The second phase is called constant voltage (CV)
mode, where once the peak voltage of the battery is attained, thereby peak power. At this
point, the battery has reached most of the charge, and the current is gradually reduced while
keeping the voltage constant.

During the CC phase, the output current stays constant. Thus, from (4.2), considering
the mutual coupling coefficient is kept constant, we can infer that the input voltage remains
constant throughout the operation even though the output voltage is varied from its minimum
to maximum level. The input voltage is supplied by the grid and hence the amplitude of grid
current is fixed at 230v2 V at an operating frequency of 50 Hz. The battery voltage varies from
290V 10400V and it's expected peak power is 3.5 kW. The output power can be obtained from
the product of output voltage and current as both the parameters are known, and its worthy
to note that the current stays constant at 8.5 A (its peak amplitude) during the CC mode while
the voltage is kept varying from its minimum to the maximum level.

Figure 4.9 shows that the output voltage of the matrix converter actually is a 50 Hz wave-
form with each of its half pulse possessing a waveform varying in terms of the 85 kHz switching
frequency. So for a half period of 10 ms, it can be seen from Figure 4.9, the curve operates
at the set switching cycle. So the output voltage of the matrix converter can be expressed as
the time integral of its amplitude and sinusoidal variation with respect to its angular frequency:

2nft
. f Vpsinwt dwt
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4
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Incorporating (4.4) in (4.3) provides the delivered output power to the battery load which, for
the same coupling factor, it depends on the output voltage. From (4.3), it is clear that the
output voltage could be regulated to control the amount of transferred power to the output.
This could be done with a DC/DC converter.

4.3. Simulation of WPT model using DD coil

The system shown in Figure 4.10 has been simulated by using LTSpice as a circuit simulator.
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Table 4.1: DD coil parameters

Parameter Value

Primary inductance 202.5 uH
Secondary inductance | 204.4 uH

Coupling coefficient | 0.11

Primary resistance 0.258 O

Secondary resistance |0.288 Q

4.3.1. Analysis
The DD caoil (that's available in the lab) parameters are summarized in Table 4.1.

The battery parameters used for the analysis are summarized in Table 4.2.

Table 4.2: Battery parameters

Parameter Value

Minimum battery voltage | 290 V
Maximum battery voltage | 400 V

Maximum output current |8.5 A

Maximum output power |3500 W
Input grid power 3700 W

The capacitance of the series-series compensation network can be calculated using C =
L;Z, therefore C; = 17.313nF and C, = 17.152nF. Since the grid voltage is constant, the

‘Wres

output voltage could be controlled through a DC/DC converter in accordance to target output
power according to (4.3). As a result, the output voltage is obtained to be 175.53 V for the
enlisted parameters.
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4.3.2. Results
//\\ /A\ /A\ = Recuﬂ/Ed V°"age\ //_\\ /. ,.\\
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V(C,D) _ Secondary Voltage

Figure 4.11: Simulation result of single-phase matrix converter voltages. X-axis depicts the
time in seconds (sec) and Y-axis depicts the voltage in volt (V).

Figure 4.11 shows the voltages at the rectifier, output of H-bridge converter and in the sec-
ondary compensation network. The input grid voltage at 50 Hz is rectified as expected, that
is, only the positive pulses are obtained after the rectifier and this rectified voltage is fed to an
H-bridge converter operating at 85 kHz. The voltage seen at the output port of the H-bridge is
seen to be a 50 Hz sinusoidal curve comprising square waves operating at 85 kHz. In this way,
the grid side AC voltage operating at 50 Hz is converted to an AC voltage operating at 85 kHz.
The output voltage of the H-bridge converter is fed to the primary compensation network which
operates as a resonant tank at the switching frequency of the converter. The high-frequency
voltage received at the secondary side is then converted to a DC voltage through the rectifier
bridge.

I(v2)  Output Current

Figure 4.12: Simulation result of single-phase matrix converter currents. X-axis depicts the
time in seconds (sec) and Y-axis depicts the current in ampere (A).
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The grid current must have a sinusoidal profile and should have its harmonic components
within the permissible range given by the IEC 61000-3 standard. In order to mitigate the
distortion of the grid current and make it within the permissible range, input filters must be
used. Input filters are tuned such that the filter frequency is at least ten times more than the
grid frequency and less than one third of the switching frequency. Moreover, the RMS input
current must be less than 16 A according to SAE J2954.

Figure 4.12 shows the grid current and the output current. The RMS grid current is well
within the permissible range of 16 A, but the waveform has considerable harmonic compo-
nents.

I(R1) Primary resonant tank Current

AN AN AN w4

(VARERAV/ \V/

Figure 4.13: Simulation result of Single phase matrix converter - ZVS analysis. X-axis depicts
the time in seconds (sec), left Y-axis depicts the voltage (sky blue) in volt (V) and right Y-axis
depicts the current (dark blue) in ampere (A).

Figure 4.13 shows that the current across the primary resonant tank is in phase with the
resonant tank voltage. The system is operating in zero current switching mode, in case of
ZCS, the discharge of internal capacitance of MOSFET during transistion is not prominent
and hence it is desired to operate the switch in ZVS mode. It is necessary that current lags
voltage, for attaining soft switching, which helps reducing the switching losses drastically In
order to make the system more inductive, either the resonant tank frequency can be reduced
by increasing the passive component or by varying the switching frequency.

4.4. Zero Voltage Switching (ZVS)

4.4.1. Operating Principle

As seen in Figure 4.13, the inverted voltage from the inverter in Figure 4.10 is a square wave
whereas the current resembles a sinusoidal wave. If the inverted voltage crosses the zero
when the current is still positive during the transition from the positive to the negative pulse, the
conducting switches M5 and M8 turn off and, at this time, the switches M6 and M7, which were
blocking the input voltage, would have their internal capacitance charged to the DC supply
voltage. In the case that the current is lagging behind voltage, i.e. current is still positive when
the inverter switches, the anti-parallel diode across both M5 and M8 would conduct providing
the path for capacitor voltage discharge and a path for the positive current to flow. Meanwhile,
the switches M6 and M7 are turned on such that once the current reaches zero and becomes
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more negative, they naturally start conducting and, hence, the system attains zero voltage
switching (ZVS) turn-on, which minimized the inverter’s switching losses.

4.4.2. Resonant Tank Tuning

The resonant tank frequency is reduced from 85 kHz in order to attain ZVS turn-on operation of
the inverter. In this way, by switching at 85 kHz, the WPT system would operate in the induc-
tive region of the resonant tank which means that the inverter current lags the inverted voltage.
Reducing the resonant frequency would increase the value of the compensation capacitance,
provided the coil parameters are maintained as suggested in Table 4.1. The capacitance value
is increased to 18.5 nF in the primary tank making it misaligned and as well the frequency is
stepped down from the center frequency. The system at the resonant frequency must be re-
sistive and at zero phase but in WPT module, since there are two resonant tanks and there
could be possibility that there are more than one zero phase condition and this leads to bifur-
cation. Increasing or going beyond the center frequency, makes the system capacitive and
going further far might make the system inductive, rather it is preferred to reduce the resonant
frequency and hence the capacitance is made to mismatch.

4.4.3. Bifurcation in WPT systems

Bifurcation is a phenomenon where the phase angle of the transmitter current have multiple
zero crossing points, depending on the output load and the magnetic interaction of the coils.
Operation above the resonant frequency causes the system to become more capacitive, due
to which the switches transition from positive to negative amplitude in hard-switching rather
than in soft-switching. In order to ensure soft switching, the system must be more inductive
and as well be bifurcation-free. To attain bifurcation-free state for SS compensation, the load
resistance be defined well above the limit specified in (5.1).

The stability criterion [27] that must be satisfied by the system to be bifurcation-free for SS
compensation network is given by,

Rac,bifurcation > wresonanceLZ\/Z(l Y 1- kz) (4-5)

The bifurcation in WPT systems is explained in Chapter 5.

4.4.4. Results

Figure 4.14 shows the behaviour of current and voltage when the resonant tank frequency is
reduced by increasing the capacitance. It shows that the current lags the voltage well enough
and ensures the fact that the converter is in soft switching mode.
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I(L2) Primary resonant t tank curren t
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Figure 4.14: Simulation result of Single phase matrix converter - ZVS achieved. X-axis depicts
the time in seconds (sec), left Y-axis depicts the voltage (sky blue) in volt (V) and right Y-axis
depicts the current (dark blue) in ampere (A).

Table 4.3 shows the maximum permissible RMS current for different harmonic order. Ta-
ble 4.4 shows the observed Fourier components (Peak current) of the grid current obtained
in Figure 4.15. It can be seen that the current value of the seventh harmonic content is not
within the standard limit. Filter components must be introduced such that the current ampli-
tude seen in the lower frequency range are well attenuated and at the same time, the higher
order harmonics are eliminated completely.

1(V4) Grid Current

Figure 4.15: Grid current of Single phase matrix converter - ZVS achieved. X-axis depicts the
time in seconds (sec) and Y-axis depicts the current in ampere (A).
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Table 4.3: Harmonic limits for Class A equipment, as prescribed IEC 61000-3-2.

. Maximum Permissible
Harmonic order
current (A)

Odd harmonics

3 2.30
5 1.14
7 0.77
9 0.40
11 0.33
13 0.21

15<h<39 0.15 (15/n)
Even harmonics

2 1.08
4 0.43
6 0.30
8 <h < 40 0.23 (/1)
4.5. Input LC Filter
LF J’JM1J’JM3J’JM5J’JM6 /Np, /N\D;
S, 81 S, A—”—“WP; {M—”—C
Vs D _--Ivbarr
J:j.leJ:j.le:J:j.I%J:LIMB /N, /NDs

Figure 4.16: Single-phase matrix converter with the resonant tank and battery load with input
LC filter.

Figure 4.16 shows an input LC filter connected to the primary converter model just after the
grid supply voltage. The input LC filter mitigates the higher order harmonics and reduces the
amplitude of lower order harmonics. The cut-off frequency of an ideal LC filter is given by

1
Lg - Cy

(A)fc = (46)

Generally, it is designed to have a cut-off frequency higher than 20 times the grid frequency
and three times lower than the switching frequency [28]. One of the passive components (in-
ductor or capacitor) is assumed and the other component is designed based on the chosen
cut-off frequency. In this design, the chosen cut-off frequency is 14 kHz and assumed induc-
tance is 40 uH, Based on these parameters, the filter capacitance is calculated to be 3uF.

The input LC filter circuit used for the reduction of switching noise is shown in Figure 4.17.
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Table 4.4: Peak currents obtained for different harmonic order

Harmonic | Frequency | Fourier
Number |[Hz] Component
1 50 2.08
2 100 3.6e-3
3 150 1.78
4 200 1.3e-2
5 250 1.00
6 300 2.7e-2
7 350 1.39
8 400 1.0e-2
9 450 1.08
s I
+ +
Vs — Vi
N o

Figure 4.17: Input LC Filter

In the above figure, V; is the grid supply voltage, I; is the grid current drawn, I; is the
converter input current, V; is the converter input voltage, L is the filter inductance and Cy is
the filter capacitance. Based on the voltage and current equations derived Figure 4.17, the
transfer function can be written as:

Is(s) = Hy (s)Vs(s) + H;(s)1i(s)

sC
_ r
W) =Gl e 1 (4.7)
e
1(8) = S2LeCr+ 1

where Hy (s) is the transfer function related to the grid supply voltage and H,(s) is the
transfer function related to the converter input current [29].

For the selected design parameters, the frequency response for H;(s) of the input LC filter
is shown in Figure 4.18.
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Figure 4.18: Bode Plot LC filter

From Figure 4.18, it can be observed that the gain at the cut-off frequency (around 90,000
rad/s) is high. There is also a rapid phase-change at this point. To avoid such a sharp response
in the system, damping resistor is used.

4.5.1. Damped LC Filter

A resistor is added in parallel to the filter inductor of the input LC filter to damp its response.
This is implemented as shown in Figure 4.19.

Ry
I Ly I;
p——Pp—O
+
Vs —__Cf Vi

Figure 4.19: Input LC Filter

The resulting transfer function for the damped LC filter can be expressed as:
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Is(s) = Hya(s)Vs(s) + Hyq(s)Ii (s)
sC¢ (Rq + sLy)
S2R4LsCy + SLy + Ry (4.8)
Ry + sLy
S2R4L¢Cs + sLy + Ry

Hya(s) =

Hia(s) =

For the damped LC filter, the cut-off frequency remains the same as (4.6) [28]. The use of
the resistor gives rise to a damping factor which is given by:

1 [

T I

(4.9)

Various damping value for the resistor can be considered to optimise the frequency re-
sponse of the filter as shown in Table 4.5.

Table 4.5: Peak currents obtained for different harmonic order

Serial |Damping Damping
Number | Resistance (Q) | Ratio (¢)
1 0.001 1825.74
2 1 1.83

3 3 0.61

4 10 0.18

5 100 0.02

Based on this variation, the frequency response is plotted in Figure 4.20. Based on the
figure, it can be observed that for low damping ratios, the gain increases exponentially. For
higher damping, the gain reduces, thus leading to a more stable system. The high damping
however can lead to increased power losses in the damping resistor and thus, its design must
be optimised considering the response and the power losses. Based on this consideration, a
damping resistance of 3 Q1 is chosen for this design.
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Figure 4.20: Bode Plot LC filter with damping
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4.6. Effect of input filter on inductor current
4.6.1. Ideal LC filter

eeeeeeeeee

Figure 4.21: Effect of LC filter on grid current. X-axis depicts the time in seconds (sec) and
Y-axis depicts the current in ampere (A).

4.6.2. Damped LC filter
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Figure 4.22: Effect of Damped LC filter on grid current. X-axis depicts the time in seconds
(sec) and Y-axis depicts the current in ampere (A).

Figure 4.21 shows the effect of ideal LC filter on the grid current. In comparison with Figure
4.15, the ideal LC filter has attenuated the high frequency components, making it more sinu-
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soidal. Table A.1 shows the FFT for the first 40 harmonics. The fourier components are well
within the prescribed limits.

Figure 4.22 shows the effect of damped LC filter on the grid current. In comparison with Figure
4.21, the damped LC filter has much less pulsations and Table A.2 shows the improvement in
the fourier components.






Three Phase Matrix Converter

This chapter deals with the analysis of three-phase matrix converter for WPT applications. This
chapter starts with a description of the structure of the three-phase matrix converter, followed
by the formulation of gating pulses as to attain soft switching. The converter losses were
determined for the complete system and the approximate system efficiency was calculated.
The effect of load variation on the system was examined. Finally, the input current control was
implemented to reduce the higher order harmonics.

5.1. Implementation

The three-phase matrix converter is an extension of single-phase matrix converter. The three-
phase topology analyzed in this research is shown in Figure 5.1. This system is a three-wire
system with a common neutral point. The three negative potentials are star-connected, where
the common point acts as the neutral, and the positive polarity is fed to the input filter [24].
Each single-phase module possesses a rectifier bridge which converts the grid AC voltage
operating at 50 Hz to a repetitive positive half-wave. This positive half-wave is fed to the H-
bridge switching at a frequency of 85 kHz. The output voltage from each H-bridge is fed to a
highly coupled transformer, whose secondary windings are connected in series as shown in
Figure 5.1. Since the turns ratio is 1:1, the voltage seen at the primary is ideally transferred
to the secondary. The voltage from the three terminals gets simply added up. Each phase
voltage of the three-phase grid is shifted by a phase angle of 120 degrees, and hence, the
output voltage of the series connected transformer would be a step voltage added up based
on the phase difference. The step voltage can be symmetrical or asymmetrical based on the
gating pulse generated. The generated voltage is the fed to the primary resonant tank which
is mutually coupled to the secondary resonant tank and the battery load.

45



46 5. Three Phase Matrix Converter

Ko, 7o, e o
Vi Lg =—C,, NLY”Y’\
e o i
1 %o %o e "
.
. Ko, o, e W

-
$
|
1]
O
Y
FM

Ve o Lgs
_@m ZS Dy ZS Dy JE M, JE M, %Lss

J_C F3
L
T =—C;; PUNAN
%—B

ZSDw Z§D12 J'E_‘Mw J'E.‘Mﬂ i

Figure 5.1: Proposed three-phase matrix converter implementation.

5.2. Three-phase matrix converter for WPT application

The three-phase matrix converter is a primary converter used to convert the grid AC voltage to
a high frequency AC voltage. The high frequency current in the primary side coil, transmitting
coil, induces an AC voltage at the secondary side which is then rectified to obtain a DC voltage.
The three-phase matrix converter is initially analysed with DD coils-based resonant tank and
its effects on the system is listed. Effect of changing the coil (from DD coil to rectangular coil,
in order to increase the mutual inductance) is analysed and explained.

5.2.1. DD coil based resonant tank

The series-series resonant tank is added to the three phase matrix converter model shown in
Figure 5.1. A and B terminals of the secondary transformer is connected to the series-series
resonant tank terminals. The secondary side of the resonant tank is connected to the rec-
tifier which is then connected to the battery load. The resonant tanks is parameterised as
discussed in the previous chapter. The coupling factor is retained to be at 0.11. In order to
maintain the soft switching of the converter, the resonant tank frequency is slightly reduced,
reducing the resonant tank frequency increases the capacitor value considering the coil to be
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fixed. The H-bridge MOSFETSs are controlled through asymmetric pulse disposition as shown
in Figure 5.2(e) in order to achieve ZVS in all the three phases. The reference wave is com-
pared with sawtooth waveform phase shifted at 180 °. The rectifier bridge output is sinusoidal
waveform voltage due to the presence of small capacitance. The phase shift between the
sawtooth waveform, ensures the effect of two sinusoids cancel out each other. When using
the symmetric pulse modulation, ZVS is not seen in two phases of the three phases making
it ineffective. The carrier wave is offset at its mid range of 500 milli of the maximum ampli-
tude and the triangular pulse is made to have a delay of 1 and it can be noted that instead of
usual upper ramp and lower ramp, this generates just the positive ramp and drops directly to
zero from the maximum amplitude. The two carrier signals are shifted by 180 degrees. The
sinusoidal signal is set at an amplitude of 0.499 and is shifted by 120 degrees for each of the
phase. This ensures the asymmetrical generation of pulse and the pulse generated by two
adjacent switches are complementary to one another.

Figure 5.3 shows the primary voltage and current, all the three phases validates the fact
that system is in ZVS operation. The current lags the voltage, making the system inductive,
the current still stays positive even when the voltage transitions from zero to negative. This
ensures the accomplishment of soft switching. Figure 5.4 shows the effect of using the highly-
coupled transformers. The primary voltage is an unsymmetrical voltage which gets effected
in the secondary voltage, the addition of three of the primary voltage effects in the secondary
voltage. Figure 5.5 shows that the system is operating at an output power of 17.8 kW, but the
EV application we are addressing to is around 3.5 kW. Therefore, for the target power level,
(4.3) shows that this topology is suitable for coupled coils with higher mutual inductance M.
For this reason, instead of DD coils, a pair of rectangular coils with higher magnetic coupling
is used in order to ensure lower output power.

5.2.2. Rectangle coil based resonant tank
The rectangular coil parameters are as follows: The capacitance of the series-series compen-

Table 5.1: Rectangular coil parameters

Parameter Value

Primary inductance 340 uH

Secondary inductance | 224.7 uH

Coupling coefficient | 0.325

Primary resistance 0.695 Q

Secondary resistance |0.497 Q

sation network can be calculated by using C = L;Z therefore €;=10.31 nF and (€,=15.60

‘Wres

nF. In order to attain soft switching, the primary resonant tank is slightly increased from 10.31
nF to 11.6 nF, ensuring the operation in the inductive region of the resonant tank.

The system must be free form bifurcation process. Substituting (4.1) in (4.5) gives the load
resistance to be,

wresonanceLZ\/z(l - V1—k?) - m? (5.1)

R, >
L 8




48 5. Three Phase Matrix Converter

Reference Signal

”a ! sg.0
400e-3 -
300e-3 -

200e-3
100e-3
12 Carrier Signal 1
’ sg.1
12 Carrier Signal 2
! sg.2
64e-3 72e-3 80e-3 88e-3 96e-3
(a) Overview
477.6970-3 Reference Signal ‘ Gate pulse M1 o
352.1saea5 :;;?:gz
618e-3— 45397463 ‘ ‘ ‘ J
f:;:;A ;;;:i;‘w“ (1 \‘ “H“ W‘H“MH ‘\ ‘ \‘ (]
95.539&’!5 12 Gate pulse M2 .
124 o Camers;gnan ) » j::’:
Aaw:u‘ “ “ “ A ‘ il “ J “ I | (| ‘ | \ [ 124 Gate pulse M3
24093“‘“‘ | [ “H‘ “\“‘ w“ “‘J s60e-3] |
] \‘HH“ M (i \‘ 72063 ‘ ’ |
480e-3
1. Carrer Signal 2 s92 24003 ] \ i‘ ‘ ‘ 1 1 [ | ' |
0] DA EEE )
4 12 Gate pulse M4
72003 96063 o
480e-3 720e-3
s e
79.824e-3 ‘ 79.9‘286-3 80.031e-3 80.135e-3 ‘ 80.238e-3 79.801e-3 ‘ 79.911e-3 80.021e-3 80.131e-3 ‘ 80.24e-3
(b) Carrier signal during the transition of refer- (c) Gating signal during the transition of refer-
ence wave. ence wave.
Reference Signal 106 S— Gl ulse M1 ___ —
wo0teredd - B : “8'3'5'3:’\ ‘ | ‘M P A HHEA ‘\ I | H "\ " H\ ‘\‘
1 63623334 ||| \‘ (AR et
330.125e-3— 424.155e-3
22008363 z1zu7as3m‘\““‘ ‘ “‘ I \‘ H“‘ \‘\ “H“
110.0429-75 Gate pulse M2
g e
%DM:“ ‘ il ‘1 480e-3 ;
m;“‘“ i ‘ i H Il ‘m f“i -
A ‘HH UAAHCAR AR B fyers
ABDe-Sj ‘ ‘ ‘ it | ‘\ ‘ ‘ ‘ ‘ ‘ I “‘ 12 e pul .
ui ‘“I w ul . . I
960e-3. | Gate pulse M4
720e-3; o603
240e-3
° 74.713e-3 74.893e-3 75.073e-3 75.254e-3 75.434e-3 74.705e-3 74.883e-3 75.06e-3 75.238e-3 75.415e-3
(d) Carrier signal at the peak of reference wave. (e) Gating signal at the peak of reference wave.

Figure 5.2: Gating pulses for three-phase configuration of the matrix converter. X-axis depicts
the time in seconds (sec) and Y-axis depicts the voltage in volt (V).
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Figure 5.3: Primary transformer voltage and current - DD Coil. X-axis depicts the time in
seconds (sec), left Y-axis depicts the voltage (sky blue) in volt (V) and right Y-axis depicts the
current (dark blue) in ampere (A).
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Figure 5.4: Primary and secondary transformer voltage - DD Coil. X-axis depicts the time in
seconds (sec) and Y-axis depicts the voltage in volt (V).
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Figure 5.5: Output power of three phase matrix converter - DD Coil. X-axis depicts the time
in seconds (sec) and Y-axis depicts the voltage in volt (V) in subplot 1, current in ampere (A)
in subplot 2 and power in watts (W) in subplot 3.

Substituting the values of L, = 224.7uH, k = 0.325 and resonant frequency to be 85 kHz in
(5.1), we obtain R, > 48.7832Q. Hence the load resistance is set at 50 Q. Figure 5.6 shows
the behaviour of primary voltage and current. Varying the capacitance in the resonant tank,
reducing the resonant tank frequency, ensures that the primary current lags behind the pri-
mary voltage. The lagging property of current with voltage ensures the zero voltage transition
of switching and thereby soft switching operation. This ensures the reduction in switching
losses.

Figure 5.7 shows the output voltage and current and as well confirms the fact that the output
power has reduced drastically in case of rectangular coil in par to the DD coil. The output
power is obtained around the desired value of 3.4 kW.

To confirm if the harmonics of the grid side current in Figure 5.7 are well within the limits set by
the IEC 61000-3-2 standard, the FFT was performed. Table A.3 shows the fourier constants
obtained for the grid currents which are well within the prescribed limit.

5.3. Evaluation of converter losses and system efficiency

5.3.1. Choice of the switching device
Silicon Carbide (SiC) MOSFETs are preferred over IGBTs and Silicon (Si) MOSFETs.

MOSFETSs are preferred over IGBTs as
* |IGBT has longer tailing current, and thereby longer switching off time [30].

» On the whole, MOSFETs have lower switching losses, thus can be operated at high
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Figure 5.6: Three-phase matrix converter primary transformer voltage and current - rectangu-
lar coils. X-axis depicts the time in second (sec), left Y-axis depicts the voltage (square like
wave) in volt (V) and right Y-axis depicts the current (sine wave) in ampere (A).

frequencies and they can perform fast switching with low turn-off losses. IGBTs, on the
other hand, is a good choice for low frequency operation and losses are relatively high
at high frequency operations [30].

» |GBTs are optimum for low frequency, high current operation but not for high frequency
and high voltage applications [30].

In terms of MOSFETSs, either Si based semiconductors or a silicon carbide (SiC) can be chosen.
SiC MOSFETs are chosen [31] as

» The switching losses that is the transition from blocking to conducting mode or vice versa,
is lower in case of SiC than Si material.

* When the circuit operates at a higher switching frequency, the passive component vol-
ume reduces to achieve the same performance.

» Operates at higher temperature and hence simplified cooling mechanisms.

» SiC MOSFETs can operate at higher voltage rating, while Si-based MOSFETs are pre-
ferred for lower voltage rating applications.

Hence, for what concerns the matrix converter, the rectifier bridge and the H-bridge converter
are designed using SiC MOSFETSs, while the secondary side diode bridge rectifier is designed
using SiC Schottky diodes. Though in simulation, diodes were used for rectifier bridge, but in
reality, MOSFETs would be used for synchronous rectification. C3M0120090J SiC MOSFET
is the switch used for designing the matrix converter. As listed in the datasheet [32] , this
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MOSFET has high blocking voltage with low on-resistance which determines the conduction
loss, high switching speeds, and fast intrinsic diode with low reverse recovery. C5D50065D
SiC Schottky diode is the chosen diode for the diode bridge rectifier at the receiver side. The
features of this diode as listed in the datasheet [33] , zero reverse-recovery current and zero
forward recovery voltage ensuring zero switching loss, high frequency operation, extremely
fast switching and higher efficiency.

5.3.2. Semiconductor losses

Semiconductor losses comprises of conduction losses and switching losses. Conduction
losses occur during the high state of the switch, that is during the on-time of the switch. In the
case of a MOSFET, the conduction losses depend on the on-resistance and the drain current.
On the other hand, in the case of a diode, the conduction losses depend on the forward volt-
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Figure 5.7: Three-phase matrix converter output power and input grid current - rectangular
coils. X-axis depicts the time in seconds (sec) and Y-axis depicts the current in ampere (A)
in subplot 1, voltage in volt (V) in subplot 2, power in watts (W) in subplot 3 and current in
ampere (A) in subplot 4.

age, the current and on the equivalent resistance. Switching losses are the power loss that
is consumed during the transition from either blocking mode to conducting mode (turn-on) or
from conducting to blocking mode (turn-off). Switching losses depends on the energy loss and
the frequency at which the switch operates.
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The conduction loss of a MOSFET is given by

— 2
PConduction = RDS.ON ' ID,RMS (5-2)

Considering that the H-bridge is operating in ZVS turn-on, the switching loss of a MOSFET is
given by

PSwitching = Eoff 'fswitching (5.3)
The conduction loss of a diode is given by
Peonauction = Vr - IF,av +Rp - II%,RMS (5-4)

» Matrix converter - Rectifier bridge

The RMS drain current, Ip rys of switch pair D1 and D4 is 4.19 A (extracted from simu-
lation) and that of switch pair D2 and D3 is 4.19 A. The drain source on-resistance is de-
duced from the datasheet. The graph depicts junction temperature versus on-resistance
in per unit as shown in Figure A.1. At 125 ° C, the on resistance is approximately 144
mil.

Using (5.2), Pronduction for switch D1 and D4 is given as 144-1073-4.19-4.19 =2.53 W,
and that of switch D2 and D3 is 144-1073-4.19-4.19 = 2.53 W. The calculated loss is for
one switch and as well one phase. So, total conduction loss in one phase summation of
twice the calculated losses, whichis 2 - 2.53 + 2 - 2.53 = 10.12 W. Total conduction loss
is3-10.12 =30.36 W.

The synchronous rectifier operates at 50% duty cycle in phase with the grid supply volt-
age. This ensures ZVS turn and turn off. Thus, the switching losses of the rectifier bridge
is0W.

* Matrix converter - H-bridge

The RMS drain current, Ip gy s Of switch pair M1 and M3 is 4.42 A (extracted from simu-
lation) and that of switch pair M2 and M4 is 6.42 A.

Using (5.2), Peonduction TOr switch M1 and M3 is given as 144-1073-4.42-4.42 =281 W,
and that of switch M2 and M4 is 144 - 1073 - 6.42 - 6.42 = 5.94 W. The calculated loss is
for one switch and as well one phase. So, total conduction loss in one phase summation
of twice the calculated losses, which is 2 -2.81 + 2 - 5.94 = 17.5 W. Total conduction loss
is3-17.5=52.5W.

The off-state switching energy is deduced from the datasheet. The junction temperature
versus switching loss graph provides in accurate value of off state energy at the junction
temperature of 125 ° C as shown in Figure A.2. The off-state energy deduced from graph
was approximately around 8 uJ.

Since the dc-link voltage is a rectified sinusoidal wave. This effects in a low frequency
(100 Hz) voltage and current in the MOSFET. The average turn off current was calculated
for a period 10 ms and sampled at 20 uniform points over the period. The average turn
off current resulted to be 6.2025 A and average voltage resulted to be 127.2149 V.

For a current of 6.2025, off state energy was found to be 7.5 uJ at 400 V as seen in Figure
A.3. The turn off energy was scaled down for the average voltage across MOSFET and
this resulted at 2.3852 uJ. For the worst operating temperature of 125 ° C, the obtained
energy was multiplied with a factor of 1.2307 (scaling from 25 ° C to 125 ° C) results to be
2.9354 u J. Using (5.3), the switching loss for a single switch in the H-bridge operating at
85000 Hz is 2.9354-107°J - 85000 Hz= 0.25W. The switching loss of all the four switches
in the single phase of the H-bridge is 4 - 0.25 = 1 W and that for all three phases is triple
the amount: 3 W.
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* WPT receiver - diode rectifier
The RMS forward current, I, s of switch pair D13 and D16 as shown in A.4 is 6.55 A
(extracted from simulation) and that of switch pair D14 and D15 is 6.55 A. The average
forward current, I, 4,, of switch pair 13 and 16 is 4.15 A and that of switch pair 14 and 15
is4.15 A.
At a junction temperature of 125 ° C, for a RMS current of 50 A and forward voltage of
1.7 Vin the linear scale of the graph in datasheet as shown in Figure A.5, the drain resis-
tance can be calculated as 0.03 Q0. So, at a RMS current of 6.55 A and drain resistance
of 0.03 Q, the forward voltage is 0.22 V.
Using (5.2), Pronduction fOr switch D13 and D16 is given as 0.22-4.15+0.03-6.55% = 2.20
W:; and that of switch D14 and D15 is 0.22 - 4.15 + 0.03 - 6.55%2 = 2.20 W. The calculated
loss is for one switch per leg. So, total conduction loss in one phase is summation of
twice the calculated losses, which is 2 - 2.20 4+ 2 - 2.20 = 8.80 W.The switching losses
in the diode is zero as it has zero reverse-recovery current and zero forward recovery
voltage.

» Total semiconductor losses
The total semiconductor loss is addition of all the losses calculated above, highlighted
in bold. The total semiconductor loss is 52.5+3+30.36+8.80 = 94.66 W.

» Efficiency
The input power is found to be 3.53 kW from the simulation and the output power is 3.42
kW. Subtracting the semiconductor losses from the output power, we get the power to
3.32 kW and an efficiency of 94.05%. This is an approximate deduction of efficiency
because the simulation considers ideal highly coupled transformers and it does not con-
sider the losses of the input filter.

5.4. Effect on load variation

In the previous analysis, the load was set at 50 Q for the chosen coupling coefficient of 0.325.
For a battery voltage range of 290-400 V and an expected output power of 3500 W, the load
resistance ranges from 24.03 to 45.71 Q. Both the extremes are below the bifurcation value
of 48.7832 Q found in Section 5.2.2. This means that the bifurcation phenomenon would be
present during the whole battery charging profile. To achieve the bifurcation-free phenomenon
for the whole charging profile, the switching frequency must be set slightly below resonant tank
frequency to achieve soft switching.

Lowering the switching frequency to around 83000 Hz ensures zero voltage switching for the
load resistance set as it would make the system operate in more inductive region. This en-
sures zero voltage switching for all the voltage range possible for the battery used.

The equivalent resistive load is lowered to the corresponding minimum voltage rating of the
battery profile, and Figure 5.8(a) shows that the system is in inductive mode of operation and
hence can very well operate in soft switching and thereby decrease the switching losses of the
converter. Likewise, the system is in inductive mode for the equivalent resistance obtained for
maximum voltage rating as shown in 5.8(c).

5.5. Converter Control
The whole system acts essentially as a rectifier from input grid supply to the load. For a grid-
connected rectifier, we can control two variables:
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* The input supply current drawn from the grid. This can be controlled by the converter to
ensure it resembles a sinusoidal waveform by mitigation of harmonics. This controller
directly controls the grid current based on the set reference point.

» The DC-link voltage at the output. This is to ensure, a constant stable voltage at the
output regardless of load variation. This controller generates a current reference for the
current controller to act upon and forms the outer control loop.
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Figure 5.8: Three phase matrix converter transformer primary voltage and current - Load
variation. X-axis depicts the time in seconds (sec), left Y-axis depicts the voltage (square like
wave) in volt (V) and right Y-axis depicts the current (sine wave) in ampere (A).
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Figure 5.9: Control Scheme

The overall control scheme is presented in Figure 5.9 and is explained in detail below:

* Input Transformations: In this stage, the input phase currents in the abc stationary ref-
erence frame are transformed into the rotating synchronous reference frame (dq frame).
The speed of rotation of this reference frame is determined by the Phase Locked Loop
(PLL), which generates an angle reference 6 from the grid supply voltage. This will help
mitigate the effect of unbalanced grid voltage on the current control.

» Current Control: The transformed input currents in the dg frame behave like DC quan-
tities and can thus, be controlled through a Proportional Intergral (P1) controller.

» Voltage Control: The DC-link voltage is controlled directly through a PI controller, which
generates a current reference to be supplied to the current controller.

+ Reference Quantities: The reference quantities for the current controller are direct set-
points in the control of the user. However, the output of the DC-link voltage controller
needs to be added to the g-axis current controller to ensure active power trasnfer to
maintain the DC-link voltage.

+ Output Transformations: In this stage, the converter output voltage from the current
controllers in the dq reference frame are converter to the abc reference frame by the use
of the PLL-generated reference angle. This voltage is modulated to create the switching
pulses for the gate drivers.

5.5.1. Transfer function of converter with LC Filter

The transfer function of a PWM converter is the delay between reference signal input and
switching output. For asymmetric sampling, this delay is 0.75 times the switching time-period
[34]. This delay can be represented as follows:

Vep

= ¢~ 0.75Tss (5'5)
VCD,ref

Gysc(s) =

where T; is the switching time-period, V., is the H-bridge output voltage.

The filter transfer function with damping resistor included is given in (4.8). From this equa-
tion, we only consider the influence of converter input current and not the grid supply voltage.
The input of the matrix converter can be considered as a current source and as a voltage
source at the output. Thus, the transfer function with respect to converter input current can
directly be used as follows:
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_L(s) Ry + sLg
GLC(S) B IL'(S) B SZRdeCf + SLf + Rd (56)
Thus, the overall open-loop transfer G, (s) of this system is given by:
GoL(s) = Gysc(s) - Ge(s) (5.7)

Based on this, the frequency response of G, (s) is plotted in the form of a Bode plot as
shown in Figure 5.10.
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Figure 5.10: Open Loop Frequency Response

According to Figure 5.10, it can be seen that the system is damped well and there is no sud-
den change in either the magnitude or the phase based on the frequency of operation. It can
also be seen that a simple Pl controller can help in increasing the gain of the DC component
while suppressing the higher order harmonics.

5.6. Pl Current Controller

As discussed before, the current controller is designed to control the input current drawn from
the grid. This is implemented as a PI Controller in the dg synchronous reference frame as
shown in Figure 5.11. Considering this reference frame, the fundamental frequency compo-
nents of currents to be controlled appear to be DC in the dq frame. Thus, these quantities can
be compensated with a PI controller, since these controllers have a high gain at 0 Hz.
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Figure 5.11: PI control Schematic

The transfer function of a Pl controller is given by,

K;
Gpy(5) = Kp (1 + ?> (5.8)

where Kp is the proportional gain and K; is the integral gain. For this converter, these
parameters were found using MATLAB PID Tuner app, since it’s a third-order system. From
the PID Tuner, for a quick, but steady response, the values of Pl were chosen to be : Kp =
0.0001 and K; = 56,693.

The overall closed-loop transfer function G, (s) of the system is:

GerL(s) = Gpi(S) - Gysc(s) - Gre(s) (5.9)

Based on the PI controller designed, the frequency response of G, (s) is presented as a
Bode plot as shown in Figure 5.12.

From Figure 5.12, it can be seen that there is a high gain close to 0 Hz, corresponding
to the gain due to the proportional controller. This gain is heavily attenuated with increase in
frequency.

The stability of the system can be defined in terms of the margins. For this frequency
response, the phase margin is found to be 90° at the crossover frequency of 5.67 rad/s. The
gain margin is not present in this frequency range, since there is no -180° crossover within this
response. Thus, the system is stable, and this PI controller is implemented in the simulation
to verify its response.

5.6.1. Results
Figure 5.13 shows the effect of closed loop control on the grid current and Table A.4 shows
the fast fourier components of the first 40 harmonics.

Closed loop control significantly attenuates the higher order harmonics in comparison with
the open loop system. The lower order harmonics in a closed loop system are higher than in
open loop due to a positive gain in this frequency range.
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Figure 5.13: Effect of closed loop response on Three phase inductor current. X-axis depicts
the time in seconds (sec) and Y-axis depicts the current in ampere (A).






Conclusion

The idea of charging electric vehicles through wireless power transfer is a continuously devel-
oping concept. This thesis dealt with the modelling and analysis of matrix converter for this
application. In this thesis, the following research was conducted and workflow is highlighted
below.

L]

Chapter 1 introduced the concept of WPT for EV charging, the use of matrix converter for
the application and defined the motivation, problem statement and research questions
for this thesis.

Chapter 2 dealt 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 were tabulated.

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

Chapter 4 dealt with the design of single phase matrix converter for the chosen WPT
system. The feasibility of the designed converter was checked through simulations.The
injection of harmonics into grid current due to the WPT system, was studied by comparing
the results with the standards.

Chapter 5 dealt with the design of three phase matrix converter. The feasibility of the
power electronic module was verified. The system efficiency, effect of bifurcation and
its mitigation was studied. Finally, control of the converter was established to ensure
balanced sinusoidal grid current and constant output power.

This thesis answers the following research questions as discussed below:

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?

The possible configurations of power converters are single-stage, two-stage and three-
stage. The chosen configuration for this application is a single-stage power converter,
the matrix converter.

How is the chosen configuration implemented for a single-phase grid connection?

The configuration chosen to implement a single-phase grid connection was an Indirect
Matrix Converter module. This converter configuration was modelled and analysed using
LTSpice.
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6. Conclusion

3. Can the single-phase implementation be extended to a three-phase system? If

yes, how?

Yes, the single-phase implementation can be extended to a three-phase system. This
can be realised by connecting three single-phase modules in star and the Indirect Matrix
Converter to the primary of the transformer while the secondary of the transformer is
connected in series to the resonant tank model.

6.1. Discussion
Establishing the research work done above, few inferences were made and are listed below.

» The literature review of WPT systems paved way in understanding the theory behind

it. Use of conventional two stage converter leads to additional losses and components.
Use of single stage converter would effectively transfer the desired power while ensuring
reduced system losses.

The configuration of power converter chosen: Rectifier + H-bridge based matrix con-
verter, eased the design of gate drives which would have been arduous in case of 4-
quadrant switches.

The three phase system was made to operate in ZVS for all possible operating points
of the load resistance. This was achieved by reducing the switching frequency of the
converter to ensure the system operates in inductive region.

6.2. Future scope of work

This thesis provides a basic introduction to the implementation of matrix converter for WPT
applications. However, further improvements can be made and few of the possible areas are
recommended below.

 This thesis was validated only with the simulation results. Hardware implementation of

the design helps in validating the system’s feasibility.

In the closed-loop control, the use of resonant controllers can be explored to attenuate
harmonics other than the fundamental frequency to improve the grid-current waveforms.

* The effect of other compensation networks (Series-Parallel) on the matrix converter

based WPT system can be explored.
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A.1. Fast Fourier Transform
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A. Appendix

Table A.1: Amplitude of currents obtained for different harmonic order with ideal LC filter for

the inductor current from 4.21

Harmonic | Frequency | Fourier
Number |[Hz] Component
1 50 12.1355

2 100 118.2859%e-6
3 150 221.214e-3
4 200 129.4977e-6
5 250 256.5662e-3
6 300 27.0773e-6
7 350 231.9237e-3
8 400 66.1097e-6
9 450 211.8493e-3
10 500 29.8345e-6
11 550 182.2667e-3
12 600 133.7091e-6
13 650 150.3316e-3
14 700 67.4014e-6
15 750 116.0064e-3
16 800 51.4534e-6
17 850 84.5176e-3
18 900 179.1968e-6
19 950 59.424e-3
20 1000 88.3877e-6
21 1050 42.4612e-3
22 1100 7.8051e-6
23 1150 35.6544e-3
24 1200 196.582e-6
25 1250 31.4903e-3
26 1300 120.425e-6
27 1350 29.0986e-3
28 1400 128.182e-6
29 1450 25.6103e-3
30 1500 302.7167e-6
31 1550 21.724e-3
32 1600 204.5064e-6
33 1650 20.2141e-3
34 1700 59.3969e-6
35 1750 17.5975e-3
36 1800 142.7361e-6
37 1850 15.8392e-3
38 1900 175.7712e-6
39 1950 15.0116e-3
40 2000 104.1465e-6
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Table A.2: Amplitude of currents obtained for different harmonic order with damped LC filter

for the inductor current from 4.22

Harmonic | Frequency | Fourier
Number |[Hz] Component
1 50 12.1351

2 100 102.8366e-6
3 150 221.1188e-3
4 200 98.2557e-6
5 250 256.5844e-3
6 300 56.4129¢e-6
7 350 231.9152e-3
8 400 104.0912e-6
9 450 211.7746e-3
10 500 22.524e-6

1" 550 182.1317e-3
12 600 92.5585e-6
13 650 150.1412e-3
14 700 57.0485e-6
15 750 115.7962e-3
16 800 102.3748e-6
17 850 84.309e-3
18 900 121.1495e-6
19 950 59.2409e-3
20 1000 135.4844e-6
21 1050 42.2922e-3
22 1100 54.0988e-6
23 1150 35.4736e-3
24 1200 143.2106e-6
25 1250 31.2701e-3
26 1300 99.1736e-6
27 1350 28.8539¢e-3
28 1400 78.7361e-6
29 1450 25.3598e-3
30 1500 248.4158e-6
31 1550 21.5071e-3
32 1600 237.5217e-6
33 1650 20.0146e-3
34 1700 110.419e-6
35 1750 17.4367e-3
36 1800 95.5078e-6
37 1850 15.6797e-3
38 1900 145.244e-6
39 1950 14.836e-3
40 2000 119.9826e-6
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Table A.3: Peak currents obtained for different harmonic component for the inductor current

from 5.7

Harmonic | Frequency | Fourier
Number |[Hz] Component
1 50 5.6022

2 100 8.0836e-3

3 150 154.7445e-3
4 200 2.4105e-3

5 250 400.7943e-3
6 300 408.1764e-6
7 350 191.6944e-3
8 400 98.3053e-6
9 450 120.094e-3
10 500 42.9697e-6
11 550 37.7085e-3
12 600 56.1834e-6
13 650 21.4882e-3
14 700 35.7302e-6
15 750 19.5112e-3
16 800 24.2141e-6
17 850 12.512e-3
18 900 15.3573e-6
19 950 7.4153e-3
20 1000 7.7566e-6
21 1050 3.7797e-3
22 1100 19.3485e-6
23 1150 1.9303e-3
24 1200 30.7211e-6
25 1250 928.5161e-6
26 1300 26.3638e-6
27 1350 1.8907e-3
28 1400 22.8817e-6
29 1450 3.4131e-3
30 1500 25.5848e-6
31 1550 2.4719e-3
32 1600 34.6266e-6
33 1650 3.7095e-3
34 1700 10.5865e-6
35 1750 5.3613e-3
36 1800 21.4891e-6
37 1850 3.5706e-3
38 1900 23.4519e-6
39 1950 3.8629e-3
40 2000 41.7953e-6
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Table A.4: Peak currents obtained for different harmonic order for the inductor current from

5.13

Harmonic | Frequency | Fourier
Number |[Hz] Component
1 50 6.3288

2 100 807.7579¢e-6
3 150 351.1814e-3
4 200 400.0237e-6
5 250 410.594e-3
6 300 80.82e-6

7 350 143.4727e-3
8 400 125.2396e-6
9 450 89.892e-3
10 500 114.1006e-6
1" 550 37.1099e-3
12 600 202.0654e-6
13 650 5.3859%e-3
14 700 58.7253e-6
15 750 8.9702e-3
16 800 41.0699e-6
17 850 8.2692e-3
18 900 88.2596e-6
19 950 8.2615e-3
20 1000 189.4741e-6
21 1050 5.4009e-3
22 1100 238.5783e-6
23 1150 2.5183e-3
24 1200 179.4374e-6
25 1250 2.0632e-3
26 1300 218.2211e-6
27 1350 2.7252e-3
28 1400 36.2752e-6
29 1450 2.867e-3

30 1500 213.1818e-6
31 1550 546.5895e-6
32 1600 103.7366e-6
33 1650 918.675e-6
34 1700 51.0905e-6
35 1750 608.0108e-6
36 1800 227.0112e-6
37 1850 996.6962e-6
38 1900 42.1396e-6
39 1950 971.2428e-6
40 2000 63.9208e-6
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A.2. Semiconductor Behaviour
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Figure A.4: Three-phase matrix converter DD coil-based WPT system.
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