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ABSTRACT

Matrix converter is a direct ac-ac converter topology which does not contain a dc-
link passive component, unlike conventional ac-ac frequency converters. Electrolytic
capacitors which are used as the energy storage component have a limited lifetime.
They are also bulky and unreliable at very high temperatures. Matrix converter
is able to generate controllable sinusoidal ac outputs regarding magnitude and fre-
quency directly from an ac power supply. The other significant advantages offered
by matrix converters are the capability of regeneration and adjustable input power
factor.

The main objective of this thesis is design, implementation and the stability
analysis of the matrix converter for power flow control applications in the context of
the microgrids. In this regard, different applications with bidirectional or unidirec-
tional power flow capabilities are considered as the case study. These include using
the matrix converter as an interface link between a microgrid and the utility grid,
between a variable frequency source such as wind turbine and the microgrid ac bus,
and between a variable frequency load such as induction machine and microgrid ac
bus.

As bidirectional power flow control between the utility grid and the microgrid
is significantly affected by the stability issue, the stability analysis has become an
essential part of this research. Details of the input filter design are presented due to
the considerable effect of the filter components on the system stability. The effects

of the system parameters on the matrix converter stability are investigated using the

il



ABSTRACT

small-signal model of the converter. Two methods of stability improvement using
the damping resistor and the digital filter are studied in detail. In order to increase
the efficiency of the converter, an optimum solution based on the combination of
the damping resistor and the digital filter is suggested, and the performance of the
proposed method is analyzed. The operation of the matrix converter as an interface
between the utility and a microgrid for bidirectional active and reactive power flow
control is studied in detail. To control the active and reactive bidirectional power
flows, a vector-oriented control method is used.

Two main modulation strategies, the Venturini and space vector modulation,
are analyzed and the simulation and experimental results are compared. Due to the
better performance of the space vector modulation, this technique is selected for
modulation of the designed matrix converter. Different current commutation meth-
ods are studied in detail and the simulation and experimental results of four-step
semisoft current commutation are presented as the selected commutation method in
this work.

Furthermore, a comprehensive simulation study is carried out to investigate the
operation of the proposed strategies for modulation, protection, stabilisation and
bidirectional power flow control of the matrix converter. To validate the proposed
stability analysis and numerical simulations, a prototype direct matrix converter has
been developed. The simulation results related to each of the research sections are

confirmed through the experimental tests.
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Chapter 1

INTRODUCTION

1.1 Power Electronic Converters

Power electronic converters are utilised wherever electric power needs to be con-
verted from alternative current (ac) to direct current (dc) or vice versa. They are
also used for converting any level of dc to another level, and for converting fre-
quency or amplitude of ac supplies. The primary task of power electronic converters
including rectifiers (ac-dc), inverters (dc-ac), cycloconverters and MCs (ac-ac) and
choppers (de-dc), is supplying voltages and currents in a form that suit for user
loads. Modern power electronic converters are involved in a wide range of appli-
cations like renewable energy conversion systems, vehicular technology and motor
drives. Power converters include two fundamental modules which are the power
stage, and the control stage [12]. The electronic circuit of the power stage is formed
with high power handling semiconductor devices plus passive devices. Moreover, a
digital electronic circuit controls the switching devices according to a specific strat-
egy to obtain desirable quantities like voltages and currents at the input or output.
Applications of the converters increased quickly since the first commercial power
semiconductors were developed in the 1950s. This thesis is mainly focused on the
MC as an ac-ac converter, so in the following text ac-ac converters are introduced.
ac-ac converter topologies can be classified into two main categories, indirect and

direct power converters. Next sections provide a brief review on the some of indirect
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Figure 1.1: ac-ac indirect power converter, with the intermediate dc — link stage a) With diode
bridge on the supply side (DB-VSI) b) back-to-back voltage source converter (BBVSC)

and direct ac-ac converter topologies.

1.1.1 Indirect ac-ac power converter

The most common ac-ac converters are the indirect ac-ac power converters which
consist of a rectifier at the supply side following by an inverter at the load side as
shown in Figure 1.1. At first, the rectifier circuit converts the ac power of the input
supply to dc power, and then, the dc voltage is converted back to an ac voltage

by the inverter circuit. An intermediate dc-link interfaces the rectifier stage to
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the inverter stage. These converters are able to generate controllable sinusoidal ac

outputs regarding magnitude and frequency from an ac supply [13].

The scheme shown in Figure 1.1a represents the diode-bridge voltage source
inverter (DB-VSI) topology that is suitable for ac drive applications, especially in
the low- and medium-power range. This scheme is simple to implement and is a low-
cost solution. Although, the input ac currents drawn by the rectifier side contain
a large number of low-order harmonics that produces distortion in the input line
voltages. This problem causes additional harmonic losses on the utility system and
also has a negative impact on the other equipment connected to the input source.
In addition, as the current direction of a diode rectifier cannot be reversed, the
converter cannot be used in applications requiring a regenerative operation. Instead
of the diode bridge, an IGBT bridge is used as the rectifier stage, and the converter is
known as the back-to-back voltage source converter (BBVSC) that was introduced in
1978 [14] and is illustrated in Figure 1.1b. The PWM rectifier improves input current
waveforms, and bidirectional power flow is possible as well [15]. Compared to the
diode bridge, the PWM rectifier improves the input power factor, although it is more
complicated and expensive. For reducing the voltage stresses of the semiconductors,
a three-level voltage source converter (3LVSC) introduced by increasing the number
of voltage levels as shown in Figure 1.2 [16]. The drawback of the 3LVSC is the
number of active switches which is twice the DB-VSI.The complexity of the system
increases more by replacing the diode bridge with a two level rectifier, however, the
output voltages are smoother, and the voltage stress of the switches decrease by this

method [16].

The above-mentioned ac-ac converters need a large energy storage element in the
dc-link. Electrolytic capacitors which are used as the energy storage component have
a limited lifetime. They are also bulky and unreliable at very high temperatures. In
some applications like aerospace applications, these converters do not suit because
of their size, weight and reliability. In order to eliminate the need for a bulky dc-link

energy storage element, the direct ac—ac power conversion technology was introduced
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Figure 1.2: ac-ac indirect power converter, with the dc — link stage and 3LVSI on the output
side

as will be reviewed in the next section. In [17-21] comparisons between MC and

back-to-back converter have been made.

1.1.2 Direct ac-ac power converter

As illustrated in the previous section, indirect ac-ac converters consisting of dc
link elements, are heavy, large and subject to ageing. In the direct conversion
schemes, ac-ac power conversion is carried out directly without the need of energy
storage elements. The first semiconductor-based direct frequency converters were
the cycloconverters which developed using the thyristors. In naturally commutated
cycloconverter (NCC) the switches are naturally turned off by the voltages of the
ac power supply. In this case, the input currents and output voltages are very
distorted, the output frequency is lower than half of the input source frequency,
input power factor is quite poor, and the voltage transfer ratio is less than unity [22].

Although, compared to the indirect ac-ac converters, NCC is more compact and

4
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Figure 1.3: ac-ac direct power converters a) DMC b) IMC

allows bidirectional power flow. The NCCs are still used for high power levels which
semiconductor devices like IGBTs are no longer applicable.

The forced commutated cycloconverter (FCC) or matrix converter (MC) devel-
oped by fully controlled power semiconductor devices. MCs provide the ability of
transformation of amplitude and frequency of ac supplies, without an intermediate
dc-link [23], although they still require passive components for the input filter and
protection circuit. MCs are also able to generate sinusoidal supply currents and
adjustable input power factor irrespective of the load [24]. Using high switching
frequencies allow the output frequency to be higher than the input frequency. Fully
controlled bi-directional switches enable the MCs to connect the input side and the
output side directly without the energy storage element, and as a result, they have
a more compact design and more lifetime [25-33].

The MC topologies can be classified as direct matrix converter(DMC) and indi-
rect matrix converter (IMC) as presented in Figure 1.3 [34]. In case of the DMC,
it includes nine bidirectional switches and each switch includes two IGBT switches
connected in common-collector or common-emitter configurations. On the other
hand, IMC includes six bidirectional switches in the rectifier stage and six IGBTs in
the inverter stage as presented in Figure 1.4. The conventional converters for both

schemes include 18 semiconductor switches and 18 diodes which the diodes can be
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Figure 1.4: Schematic of the Indirect Matrix Converter (IMC)

included in the switches. The number of the switches can be reduced in IMC and
denoted as Sparse Matrix Converter (SMC). There are different topologies of the
SMCs including, Sparse, Inverting Link, Ultra Sparse,Very Sparse and as shown in
Figures 1.5 to 1.8. For example, the three-phase SMC employs only 15 IGBTs, and
this is reduced to 9 IGBTs in Ultra Sparse Matrix Converter (USMC) [35].

The basic configuration and control of three-phase DMC were introduced by
Venturini [36-38] and consists of nine bidirectional switches as shown in Figure
1.3a. There are different modulation and control strategies for MCs including, pulse
width modulation, direct torque control, predictive control, scalar techniques and

some other methods [39].
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Figure 1.6: Schematic of the very sparse matrix converter (VSMC)

7



Chapter 1. INTRODUCTION

-> |

il IR

N

—<

Figure 1.7: Schematic of the ultra sparse matrix converter (USMC)

j_ﬁk << : 4 Ak

: 1343 -
AARIAE

Figure 1.8: Schematic of the inverting link matrix converter(ILMC)

8



Chapter 1. INTRODUCTION

1.2 A Review on the Matrix Converter Applica-

tions in Microgrids

Matrix converters can be used in the microgrids in different applications. Some of

the main applications recently proposed in the literature can be listed as follows.

1.2.1 Matrix converter as an interface link between the

microgrid and the utility grid

A microgrid includes different distributed generations (DGs), storage units and the
loads which are connected to a common dc or ac bus [40]. The energy consumers of
the microgrid are usually residential, commercial and industrial users. Furthermore,
the DG systems such as solar systems and wind turbine generators supply the loads,
and batteries and flywheels are examples of the energy storage devices. The micro-
grid utilizes the different DGs and storage devices to provide a secure and reliable
supply for the loads. However, it still needs to be connected to the utility grid to
improve the energy supply reliability due to the intermittent nature of the most
of the DG resources [40]. In addition, there is a possibility of bidirectional power
flow between the microgrid and the main grid. This lets the utility grid to supply a
portion of the microgrid energy demand in the case that the power generation is less
than the load demand in the microgrid. Also, the surplus energy of the microgrid
can be supplied to the utility grid when the power generation is more than the load

demand in the microgrid.

The electrical connection point of the microgrid to the utility grid is known as
the point of common coupling (PCC) [41]. In most of the cases, a converter is
required at the PCC to control the power flow between the microgrid and the utility
grid and also to adapt their features such as voltage level and frequency range. A
proper topology of the converter in the PCC depends on the characteristics of the

microgrid and the utility grid such as nominal voltage and frequency range. In the
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Figure 1.9: a) Using a transformer as an interface link between the microgrid and the utility grid
at the PCC, b) Using a matrix converter as an interface link at the PCC

simplest case, it can be a simple low-frequency transformer with adjustable center
taps. However, to control the power flows between the two grids, more complex

systems such as solid-state-transformers (SSTs) or power electronics transformers

(PETSs) are feasible solutions [41-43].

To connect the microgrid to the utility grid, their parameters should be matched
by using a proper interface link. The complexity of the link depends on the difference
between the parameters of the grids such as voltage and frequency, and the required
control features. In the simplest form a three-phase transformer with additional
center tap voltage control can be used as the interface link as presented in Figure
1.9a. In this case, the transformer is used to match the voltage of the microgrid ac
bus to the utility ac line. The microgrid frequency should be the same as that of
the utility grid, and there is no power flow control between the grids. Furthermore,
the microgrid ac bus needs to be synchronized to the grid when it is going to change

from off-grid to the grid-connected operation mode.

In the case that the nominal voltage of the microgrid is slightly less than the
utility grid, and there is a difference between the frequencies, a MC can be used as

a feasible interface link as presented in Figure 1.9b. In this case, the power flow

10
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Figure 1.10: Application of the MC as a link between two microgrids

from the main grid to the microgrid can be controlled according to the microgrid
requirements. On the other hand, the power flow from the microgrid to the utility
grid can also be controlled. Furthermore, there is no need for synchronizing the grids
at the transient time from the off-grid to the grid-connected condition. However,
in the case of direct linked MC, the voltage level of the microgrid should be less
than the utility grid due to the limited gain of the MC (less than 0.87). Although,
the frequency of the microgrid and the utility grid can be the same or different.
An example of such a microgrid is the airport microgrid where the DGs, storage
devices and the loads are connected to a 400Hz common ac bus. The reason is that
increasing the frequency reduces the size of the power electronic systems, electrical
motors, and results in an increase in the cargo capacity. The standard voltage of the
microgrid ac bus should be in the range of 115-200 V(rms). Therefore, a MC can be

used in this application without any concern regarding the voltage gain limit [44].

Another example is using the MC as a link between two microgrids with different
voltage levels and operating frequencies. Figure 1.10 shows two microgrids that are
linked together at PCC using a MC. A bidirectional power flow between the micro-

grids is possible, however, it should be noted that the power can not be controlled

11
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Figure 1.11: Application of the MC as a link between the utility grid and a microgrid, a) Using
a MC with a low-frequency transformer, b) Using two MCs with a medium-frequency transformer

simultaneously at the both sides of the converter due to the lack of energy storage

device in the MC topology.

Despite the mentioned advantages, the limitation in the MC voltage gain limits
the application of this topology. Therefore, as a solution a low-frequency transformer
can be used in series to the converter to change the voltage level according to the
requirements and the converter is used to match the frequencies and control the

power flow as presented in Figure 1.11a.

To reduce the system size, two MCs with a medium-frequency transformer can
be used as presented in Figure 1.11b. In this case, the transformer size is reduced
significantly due to the higher operating frequency. However, an extra converter is
required which may increase the system cost. Such a structure is known as solid

state transformer (SST) or power electronics transformer (PET).

The main advantage of using a PET at the PCC is bidirectional power flow
control between the main grid and the microgrid. On the other hand, the ac bus
frequency of the microgrid can be different from the utility grid. Furthermore, the
transition from islanded mode to the grid-connected mode can be achieved with-
out requiring a grid-frequency synchronization process. As a result, a faster and
smoother transition is possible. Also, connection to the utility grid provides a degree

of freedom to the microgrid to maintain a better power quality for the consumers in

12
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terms of the frequency and voltage stability. Furthermore, more flexible marketing
strategy and energy supply services are possible. On the other hand, the utility grid
also can benefit from bidirectional power flow to the microgrid. The microgrid can
actively assist the main grid to improve the power quality. For example, in the case
of a frequency drop in the microgrid, the utility grid can assist the main grid by
supplying the active power to the utility network. However, a power balance control
between both networks is required to avoid the undesirable instabilities [45,46]. For
example, the active power flow from the utility grid to the microgrid in the peak de-
mand hours may result in undesirable frequency change in the main grid and should

be limited by the PET.

The main advantages of using a PET at the PCC over a low-frequency trans-

former can be listed as:

1. PET provides a controlled bidirectional power flow while in the case of the low-

frequency transformer a bidirectional power flow without control is possible.

2. The voltage regulation and frequency control are achievable only by reactive
and active power control in the grids. In the case of using a PET, the voltage
and frequency regulations are maintained by controlling the active and reactive

power transferred between the networks.

3. In the case of using a simple transformer, a grid synchronization is required
when the microgrid is changing the status from islanded to grid-connected
mode. However, in the case of using PET a smooth transition without using

synchronization is possible.

4. The microgrid and the utility grid can have different frequencies in the case
of using a PET, while in the case of the simple transformer, they should have

the same frequency.

13
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Figure 1.12: Application of the MC as an interface between a variable-frequency wind turbine
generator or a high-frequency generator and the microgrid ac bus

1.2.2 Other applications of the matrix converters in the mi-

crogrids

MCs also can be used in other applications related to the microgrids as will be
discussed in the next sections. These applications are generally in smaller scale
compared to the application in PCC and are related to the connection of DGs with

an ac output or ac loads to the common ac bus of the microgrid.

Applications of the matrix converter as a frequency regulator

MCs can be used as an interface between a variable-frequency wind turbine generator
or a high-frequency generator and the microgrid ac bus as presented in Figure 1.12
[47,48]. The conventional converters for this application, include an ac to dc stage
such as diode or thyristor rectifier at the generator side followed by a grid-tied
voltage source inverter. This structure imposes a large capacitor at the dc link
which increases the size and weight of the converter and reduces the reliability.
Furthermore, the current at the generator and grid sides are normally distorted and
poor quality. Therefore, using the MCs is a feasible solution for this application. The
main application of the MC, in this case, is to convert the wind energy at varying
wind velocities and consequently the output frequency to the electric power with a
constant frequency equal to the microgrid frequency. Compared to the conventional

conversion systems, MC has a smaller size, provides high-quality currents at the
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Figure 1.13: Application of the MC in doubly fed induction generators (DFIG) for variable speed
generation systems

generator and grid sides, and does not need dc-link capacitors which increases the

system reliability.

Application as a power electronic interface in wind power doubly fed

induction generators

Another application of the MCs is in doubly fed induction generators (DFIG) for
variable speed generation systems as presented in Figure 1.13 [49,50]. As can be
seen, the MC is used as an interface link between the microgrid ac bus and the
rotor of DFIG. In this case, bidirectional power flow is achieved between the ac bus
and the rotor which is used to adjust the current at the rotor and ac grid sides.
Therefore, the active and reactive power supplied to the ac bus can be controlled
independently of the generator speed. Based on this, the MC in this application is
used to control the bidirectional power flow between the microgrid ac bus and the

DFIG rotor.
Application as an interface link between microgrid ac bus and variable
frequency load

In this case, MC is used as an interface between the microgrid ac bus and the ac load

with variable frequency. The most common example of such an application is in ac
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Figure 1.14: Application of the MC as an interface between the microgrid ac bus and the ac load
with variable frequency

drive of induction machines as presented in Figure 1.14 [51-53]. In this application
the MC is used to control both voltage and frequency of supplied voltage to the
motor. Different control techniques such as mode-based predictive control (MPC),

direct torque control (DTC) and so on can be used to control motor speed.

1.3 Motivation and Objectives of the Project

During the last four decades, the use of power electronics has been growing rapidly
in the industry for various applications. Among the power electronic frequency
converters, MCs, due to their advantages including bidirectional power flow, com-
pactness and reliability are expected to have an increasing influence on the industry.
MCs can be utilised for many applications like wind turbine, aerospace environments
and electric vehicles [54]. As MCs offer a bidirectional power flow control with con-
trollable input power factor and sinusoidal input and output currents, they can be
used as a grid-connected converter to control the flow of power and convert it into
a suitable AC form as required. They are particularly attractive for variable fre-
quency wind and marine turbine generators and high-speed turbine generators in
the context of microgrids [48,55, 56].

The general motivation for this thesis is to determine the stability conditions
of the MC as an interface between the utility grid and a microgrid for power flow

control based on a detailed system stability analysis. The analysis mainly focused on
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the two common active and passive stabilization methods proposed in the literature
for bidirectional power flow control, considering the main effective parameters of
the system including input and output filter elements, load and line impedances,
and input and output frequencies. Furthermore, a combination of the digital low-
pass filter as an active stabilization method, and the damping resistor as a passive
stabilization method is suggested taking into account the efficiency performance
and the THD standard limits. A detailed stability analysis of the MC for the
proposed techniques is provided and their performance in terms of their efficiency;,
dynamic response and resultant overshoot in transients, and the quality of the input
source current are compared. To do the stability analysis, the small signal model
of the converter is derived for each method. The effect of the system parameters
on the stability region and converter gain is briefly discussed. Some of the solutions
for increasing the output power limit with a stable MC are investigated, and the
obtained results are analyzed in aspects of the THDs of the input and output currents
and power loss. On the other hand, along with the stability discussions, a solution is
presented for increasing the efficiency of the converter, and the results are analyzed.

The proposed stabilization techniques are studied in the context of microgrid
application. To evaluate the capability of different modulation methods, two well-
known modulation methods of MCs, Venturini and SVM, are used, and the simu-
lation and experimental tests are performed. Also, different commutation methods
are studied in detail and a current direction based four-step semi-soft commutation
method is carried out for the prototype DMC, and the experimental results are
presented.

The theoretical analysis is validated by the simulations using PSIM, and is con-
firmed by experimental tests applying to the prototype DMC.

As a conclusion, the main objectives of this research can be listed as:

e Evaluation of the proposed solutions for stabilisation of the MC where its
output is connected to a load or another source, and proposing the best method

for increasing the input and output current quality and system efficiency.
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Controlling the active power exchange between the input source and load, or

bidirectional power flow between the two sources.

Designing a prototype DMC as an interface between the grid and a micro-grid.

Analysis of the protection circuits and commutation methods to select the most

reliable commutation strategy and protection for the prototype converter.

Investigating some modulation strategies for DMC and IMC.

1.4 Thesis Outline

The structure of the thesis is divided into seven chapters. The main objective of
each chapter is briefly discussed as follows:

Chapter 1 is an introduction to the thesis with a brief illustration of the ac-ac
power converters. This chapter also presents the research motivations and outlines

the main objectives of the research.

Chapter 2 gives a technology overview of the MC topologies with a general descrip-
tion of the MC fundamentals. The possible configurations of bidirectional switches
are shown, and their advantages and drawbacks are discussed to select a proper con-
figuration. The design of the input filter and the protection issues are also briefly
investigated. The chapter also presents an overview of the current commutation

techniques based on either the output currents or input voltages measurement.

Chapter 3 provides a detail study on the concept of the direct and indirect ma-
trix converter topologies. This chapter presents two main modulation methods of
the DMCs including Venturini and space vector modulation (SVM) that is followed
by the simulation and experimental results, to show the effectiveness of the modula-
tion strategies in controlling the converter. SVM method for IMC is also illustrated

in detail, and the simulation results confirm similarities of the DMC and IMC.
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Chapter 4 focuses on the hardware design of the prototype DMC designed for this
project to validate the theoretical and simulation results. The overall structure of
the prototype including power and control circuits, measurement and protection cir-

cuits and the other parts, are illustrated in detail.

Chapter 5 discusses the stability issues of the MCs. The importance of the in-
put voltage measurement, input filter components and the other system parameters
on the stabilisation of the MC system are reviewed in detail. The general solutions
proposed for stability analysis of the DMC using the small signal modelling are
studied in detail.

Chapter 6 investigates the unidirectional and bidirectional active and reactive power
flow control in MCs using voltage-oriented control method. The impact of each pro-
posed stabilisation method is analyzed, and their advantages and disadvantages are
discussed. Then the best choice for reducing the power loss and also to obtain the

maximum power for a stable MC system is introduced.

Chapter 7 summarises the research work and presents some suggestions for the

future work.
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Chapter 2

MATRIX CONVERTER
FUNDAMENTALS AND
PROTECTION TECHNIQUES

2.1 Introduction

The matrix converter is one of the semiconductor-based converters which has several
attractive features. Basically, MCs have several advantages over traditional ac-ac
converters including, sinusoidal waveforms in the input and output, bi-directional
power-flow capability, fully controlled input power factor with the ability of unity
power factor at the interface with the grid, without bulky and lifetime-limited dc-
link capacitors. Although, they have some disadvantages which the most important
one is limited output to input voltage transfer ratio that is less than unity (¢ < 0.87).
On the other hand, in the absence of energy storage capacitors, MC is sensitive to

the disturbances of the input voltage system.

In this chapter, a general description of the basic features of a three-phase to
three-phase DMC including the basic MC technology and its protection issues are
presented. First, the basic bidirectional switch configurations are introduced, and
some integrated switch modules that have been designed for the power stage of the

MC are presented. After that, some technical issues related to the input filter and

20



Chapter 2. MATRIX CONVERTER FUNDAMENTALS AND PROTECTION TECHNIQUES
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(a) (b)

Figure 2.1: Back-to-back bidirectional switches configurations a) Common-collector b) Common-

emitter

L 1

2 T

(a) (b) (c)

Figure 2.2: Other possible bidirectional switch arrangements a) Switch-diode bridge b) Antipar-
allel reverse blocking IGBTs (RBIGBTS) c¢) Switch and diode in series configuration

clamp circuit are investigated. Also, a notable part of the chapter is dedicated to

the commutation techniques of the MC.

Figure 2.3: Package and the circuit configuration of Dynex IGBT bidirectional switch module [1,2]
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Figure 2.5: EconoMAC three-phase bidirectional switch module [4]

2.2 Bidirectional Switches

There are different bidirectional switch configurations as illustrated in Figures 2.1
and 2.2 using fully controllable semiconductors like IGBTs and RB-IGBTs. Back to
back configurations shown in Figure 2.1 are the most popular bidirectional switches
that are in common-collector or common-emitter arrangements and consist of two
IGBTs with built-in fast recovery diodes. In these two configurations, the current
can be controlled in both directions independently. The other switches presented in
Figure 2.2 are not as popular as the previous ones because:

- The switch in Figure 2.2a is not applicable with some commutation methods
as it contains only one active switch, and so its current cannot be controlled. Also,
it has more components in the current path and conduction losses are increased.

- Although for the configuration presented in Figure 2.2b there is only one com-

ponent conducting in the current path, the RBIGBTs characteristics are not as
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known as IGBTs for MCs.

- The switch in Figure 2.2c consists four separated components against the ones
with only two IGBTs with built-in diodes.

Also, some integrated switch modules have been designed for the power stage.
Dynex Bi-Directional Switch modules [1,2] (DIM400PBM17-A000) and (DIM200MB
S12-A000) are two bidirectional IGBT modules which are suitable for MC power
stage. DIM400PBM17-A000 module designed for higher power (400A, 1.7 kV) and
DIM200 MBS12-A000 module designed for lower power applications (200A, 1.3 kV).
Each module contains one IGBT bidirectional switch as shown in Figure 2.3. SEME-
LAB SML150MAT12 bidirectional module [3] which is illustrated in Figure 2.4, con-
tains three bidirectional switches which can be used for one of the output phases
of the matrix converter. Another matrix converter module shown in Figure 2.5
is EconoMAC three-phase module build up by Siemens A&D in co-operation with
Eupec as a laboratory prototype of a matrix converter [4]. It contains all nine bidi-

rectional switches and can be used as the power stage of a 7.5kW matrix converter.

2.3 Input Filter

In general low-pass filters are needed at the input side and sometimes at the output
terminals of the MCs to filter out the high-frequency harmonics generated by the
switching process. The input filter is designed to prevent any switching frequency
harmonics of the input currents from reaching the power supply and causing more
distortions. Figure 2.6 shows an overall structure of the DMC with a low-pass input
filter. The output filter may not be necessary for three-phase motor or RL loads.
Many literature addressed the input filter design of the switching power con-
verters including MCs [57-64]. Different configurations of the input filter have been
introduced, although the most practically used input filter considering the cost,
weight and design simplicity is the low-pass LC filter. The schematic of the DMC

including the LC input filter and a damping resistor in parallel with the inductor is
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Figure 2.6: Basic power circuit of the DMC with the input filter and RL load

presented in Figure 2.6. To achieve higher attenuation at the switching frequency,
two-level LC filter [65,66] and more complicated filters such as the filter proposed
in [60] can be used.

For convenient analysis of the three-phase second-order LC filter, a single-phase
model of the filter can be considered when the three-phase input source and load are
balanced as illustrated in Figure 2.7. The input filter interacts with the converter
and, sometimes it causes degradation in the performance of the MC. On the other
hand, because the harmonics of the input currents are near the switching frequency,
so the filter parameters have to be selected such that to minimise these unwanted
effects.

The cut-off frequency of the designed input filter must be sufficiently lower than
the switching frequency. In order to have the highest voltage gain, the voltage
drop on the filter inductance should be minimised. Also, by taking into account the

minimum output power, the displacement power factor cos(y;) should be maximised
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Figure 2.7: Second order LC filter, three-phase and single-phase

accordingly. One of the most important parameters of the MC is the input filter
volume and weight as the matrix converter is considered as an all-silicon solution to
the power conversion and does not need large passive components to save energy.
Therefore, the input filter design should minimize the filter weight and volume [65]
[27,67,68].

2.3.1 Design of the input filter

Considering Kirchhoft’s voltage law for the simple LC low-pass filter presented in
Figure 2.7, the MC input voltage is as follows [69]:
a (i(t) + Cr2fd

& u(s) = Usi(8) — (Lys + Ry)ii(s)
! Lfo82+RfoS+1

Lony (1404250

(2.1)

where Ly, Cy and Ry are the inductance, capacitance and the internal resistance
of the inductor respectively. Also, vy, v;,7; are the input source voltage, and MC

input voltage and current respectively. The input source current can be defined as:
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isi(s) = 1:(s) + sCpuv;(s) (2.2)
1 SCf

isi<8)

si(s)

- LfoSZ + RfoS —+ 1“(8) + Lfo82 + RfoS + 1U

By considering (2.1), and proper selection of the input filter parameters, matrix
converter input voltages will be very similar to the source voltages. Also, from (2.2),
it is clear that the input source current includes two parts, a filtered version of the
MC input current and a filtered version of the input supply voltage. As mentioned
above, the filter design should be such that the voltage drop on the inductor Ly is
minimized and so v;(t) & vg(t).

The cut-off frequency we,¢r and the damping factor ¢ of the input filter, consid-
ering the single phase model of the filter presented in Figure 2.7 are defined as:

1

_ By G
=T 24)

As unity input power factor (p; = 0) is favorite for gaining the maximum voltage

(2.3)

transfer ratio, the maximum input displacement angle (y;,,) is obtained for the
minimum output power P, ;. The rated input power at unity input power factor
and full load is defined by:

P,y = 3U,I, (2.5)

where U,, and I, are the rated input phase voltage and current of the MC. The

maximum input filter capacitance then is defined as [70]:

Po,min tan(%m)

(2.6)

In the case of the 7.5kW prototype matrix converter, for obtaining minimum

input power factor PF;, = 0.9 at 10% rated power, considering the nominal input
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Figure 2.8: Second order LC filter with damping resistors a) In series with the inductors b) In
parallel with the inductors ¢) Single-phase diagram for parallel damping resistor

phase voltage as 240V /50Hz, the maximum input filter capacitance is 6.7uF. For the
designed prototype, the selected capacitance is 6.6 F (3 x 2.2 F film capacitor) [71].
For gaining the voltage transfer ratio, the voltage drop across the input filter

inductance at the rated input current should be minimized [27] [70]:

AUZH —1- \/1 — (wiLg)” ((I]—Z)Q (2.7)

where AU, is the voltage-drop on the filter inductance. Considering the apparent

power of the capacitor (S.) and the inductor (S.) of the input filter as:

SC = wiC’ fUz
(2.8)
Sy =w; LI
It is possible to minimise the input filter weight and volume for the rated power

as following:

Sp_ Liln _ ( Lin )2 (2.9)
Sc  CyU? 3weofUCY
By calculating the C'; using (2.6) and choosing the cut-off frequency we, s such
that the input filter is able to attenuate the switching frequency, it is possible to
find the filter inductance L; using (2.3) or (2.9).
Since normally the resistance Ry of the inductor is less than 1€ (less than 1% in

pu scale), so the damping factor £ is very small. The common LC filter as an input
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Figure 2.9: Per-phase equivalent scheme of direct matrix converter

filter, can be excited by the harmonics of the input current of the MC which is a
PWM waveform, and cause instability not only in the power-up process but also, in
the steady-state operation [64]. With the filter parameters (Cy = 6.6uF, Ly = 3mH
and Ry = 0.1€2), the resonant frequency is about 1131 Hz, and the damping factor
is 11 x 1073 which is very small. To increase the damping factor, it is possible to add
damping resistors in series or in parallel with the filter inductance as illustrated in
Figure 2.8. However, adding a damping resistance in series with the L-C input filter
decreases the efficiency of the converter. It is better to add the damping resistance
in parallel with L to increase the efficiency [22, 72|, however the high-frequency
harmonics of the input current can flow through the damping resistor to the input

source current.

The matrix converter can be considered as a current sink in the input side and
a voltage source in the output side as shown in Figure 2.9. By putting the damping
resistors Ry in parallel with the input filter inductors, the input source current in

(2.2) can be rewritten as:

isi(s) =1;(s) + sCru;(s)
. o Rd+Rf+SLf .
282(8) N RdeCf82 + (RdeCf + Lf)s + Ry + RfZZ(SH— (2'10)
CfoS2 + Cf(Rd + Rf)s
RdeCf82 + (RdeCf + Lf)s + Rqg+ Ry

Vi ()
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Moreover, the forward gain of the damped input filter is defined as follows:

vi(s)  isi(s) Lys+ Rq+ Ry

va(s) ~ ii(s)  RaLyCys® + (RaRyCy+ Ly)s+ Ra+ Ry (o)

(2.11)
Consequently, the cut-off frequency and damping factor can be obtained as:

R, + Rf
=\ 7~ 2.12
Weoff,d RdeCf ( )

B Lf+RdeCf
2\/RdeOf(Rd + Rf)

Cd (2.13)

As the resistor Ry compare to the Ry is very small, the cut-off frequency and also

the damping factor for the input filter illustrated in Figure 2.8 can be approximately
defined by [64]:

Ry < Ry = Weoff,d = Weoff =

2.14
L (2.14)

Cd:Z_Rd C_f

In order to reduce the power loss caused by the damping resistors, if the converter
remains stable in normal operation, they can be bypassed by using the bypass relays
after power-up as illustrated in Figure 2.10 [27]. To design the parallel and series
damping resistances the following conditions should be taken into account [27] [70].

For damping resistor in parallel with the filter inductance:
Rd S wcoff.Lf (2.15)

which means the damping resistor has to be smaller than the reactance of the input
filter inductor at the cut-off frequency. For example for the designed prototype
DMC, R; < 21.32. As R, is smaller compare to the reactance of the input filter
inductor in higher frequencies, the high-frequency harmonics of the current mostly

flows through the damping resistor instead of the inductor, and this improves the
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Figure 2.10: Second order LC filter with bypass relays for preventing of more power loss, and
damping resistors a) in parallel b) in series with the inductors

input current waveforms during power-up.

In the case of series connected damping resistor the condition can be presented
as:
Ly

Rg>2y = 2.16
vz (216)

Figure 2.11 shows a comparison among bode diagrams of the damped input
filter transfer function, with damping resistors in parallel with the filter inductors
for different values of Ry. It can be seen that the cut-off frequency for Ry = 20

occurs at about 1100Hz that is close to the resonant frequency.

2.4 Clamp Circuit

Matrix converter is known as an all-silicon power converter and the dc-link capacitors
which are bulky and reduce the converter lifetime are eliminated. However, MC still
has some passive components in the input filter and the clamp circuit. On the other

hand, elimination of the dc-link energy storage capacitor, causes the MC to be more
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Figure 2.11: Comparison of the bode plots of the damped LC filter transfer function for different
values of the damping resistor

sensitive and susceptible to disturbances.

A clamp circuit is a simple protection circuit which provides a freewheeling path
to protect the converter against over-voltages caused by the forced shutdown of the
converter or any other unpredictable disturbances. The circuit diagram of a simple
clamp circuit connected to the input and output of the MC is shown in Figure 2.12
which includes two fast recovery diode bridges, a clamp capacitor C, and a resistor
R, for discharging the capacitor. If any sudden shutdown happens to the converter
for any reason or one of the switches fails or switches not being switched properly
for commutation problem, the current will be able to flow through the clamp circuit
and the clamp capacitor. By this way, any voltage spike that occurs due to the
inductances can be stopped by the clamp capacitor that has been fully charged
to the amplitude of the line voltage of the supply in normal operating conditions.

Figure 2.13 illustrates the voltage across the clamp capacitor when the converter is
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Figure 2.12: Circuit diagram of the voltage clamp used for converter protection against overvolt-
age spikes

shut down at 0.05s.

The total stored energy in a three-phase inductor that transfers to the clamp

capacitor in the fault condition can be calculated by [73] :

1 3
QL - §Ll (Z%(,rms + Z?/,rms + Z.2Z,rms> - ZLl]gm (217)

which 7 s (j7=X,Y,Z) is the output currant (rms), L; is the load inductance, and
I, is the amplitude of the output current. As the initial value of the stored energy in
the clamp capacitor is determined by the maximum input line voltage (Voo = Vi)
so the maximum voltage across the clamp capacitor (Ve ma.) after discharging the

stored energy of the load can be defined by [73]:

v \/ LCVE + Qs \/ SO+ 303, 21
Ceymazr — = .
2Ce 3Ce

where C. is the clamp capacitor and is calculated by:

SLI2,
VE e — V2

c,max im,ll

C, = (2.19)
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Figure 2.13: Voltage across clamp capacitor when a) C. = 3.2uF b) C, = 10uF
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Table 2.1: Matrix converter simulation parameters

Input voltage | Input filter | output load | clamp circuit

Vsipeak = 300V | Cp = 6.6puF | R = 1082 C.=32uF
fi=50Hz Ly=3mH | Ly =6mH R. = 50kQ

fo=50Hz

In the case of using an induction motor, the load inductance is L; = Lgss + L,
(the total motor leakage inductance) and I,,,,, = I, that I is the maximum amplitude
of the stator current. Therefore, to design the clamp capacitor by considering the
switches characteristics, the maximum acceptable voltage and current should be
taken into account.

As can be seen in Figure 2.13, in normal conditions the clamp capacitor charges
to the maximum input line voltage and at the shutdown time the voltage across the
capacitor steps up. It can be observed that the voltage surge for smaller capacitance
is more than the larger capacitance. The system parameters are presented in Table
2.1.

Figures 2.14b and 2.14d show the output phase voltage and common-mode volt-
age which include a big voltage spike at the time of the forced shutdown when there
is no clamp circuit. On the other hand, Figures 2.14a and 2.14c illustrate the reduc-
tion of the over-voltage by utilising a clamp circuit. The results for the input and
output currents are shown in Figure 2.15. As can be seen, there is no important

difference between the waveforms with and without clamp circuit.

2.5 Safe Commutation Techniques For DMCs

All the existing switching devices have a non-ideal characteristic, and there is a
delay in switching during turn-on and off. Normally the delay during turn-off is
more than the delay of the turn-on, and when two switches are changing their states
these delays cause them to be ‘on’ at the same time, and a short circuit happens. To
ensure the safe switching and to prevent the large current flows through the switches

during the short circuits, a commutation strategy is required.
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Figure 2.14: a) Output voltage v, (t) with clamp circuit, b) Output voltage v,.(t) without clamp
circuit, ¢) Common-mode voltage with clamp circuit, and d) Common-mode voltage without clamp
circuit

For all of the modulation methods of the DMC, two basic rules must be consid-
ered [69]:

1) For avoiding the input short circuit, there must not be more than one input
phase connected to one output phase.

2) For avoiding the output open circuit, all the switches connected to any output
phase cannot be left open at the same time.

To illustrate the current commutation problem in MCs, Figure 2.16 shows a
simple matrix converter with two-phase input source and a single-phase load. When
the input source voltage vga(t) > vsp(t), switch S11 is 'on” and S12 is ’off’, and

the current direction is as indicated in Figure 2.16, otherwise, when vga() is less
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Figure 2.16: Matrix converter with two-phase input source and single-phase load

than vgp(t), S11 is 'off’; S12 is 'on’ and the current direction is the opposite of the
previous direction. As the bidirectional switches are IGBT transistors which include
antiparallel diodes, due to the direction of the transistors and diodes when both of
the switches are ’on’, current can flow in both directions. However, when both of
the switches are 'off” at the same time, no current will flow through the bidirectional

switches.

The common-collector and common-emitter back-to-back arrangements in Figure
2.1 are commonly used in matrix converters and are the most popular switching
configurations. The one-step [74], two-step and four-step commutations are the
commutation methods which are applied to these bidirectional switch configurations.
They can operate based on the output current direction or the input voltage polarity
[75-77]. Also, there is another method based on both output current direction and
the input voltage polarity. These commutation methods were suggested for direct
matrix converter in the late 1980s [78,79] however, they can be applied to IMCs as
well. The commutation process is performed by a programmable logic device like
FPGA which consists of programmable logic components and interconnections that

can operate in parallel [80].
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Figure 2.17: Simulation results of the output current direction

In the case of the indirect matrix converter (IMC), as it includes two separate
stages, rectifier and inverter, with different circuit configurations, each stage needs a
different commutation strategy. In rectification stage which includes six bidirectional
switches, as there is no natural freewheeling path, different methods of commutation
like two-step or four-step commutations can be applied. However, for the inversion
stage which does not include bidirectional switches, the diodes that are connected
in anti-parallel with the switches act as freewheeling paths. So the energy stored
in the load can always be discharged even when none of the switching devices are
gated. As a result, it is possible to apply the dead time commutation strategy in
the inverter stage by introducing a time gap between the incoming and the outgoing
switches [65] [81,82]. During the time gap both of the mentioned switches are ‘off’
and so there is no short-circuit in the imaginary dc-link. Although the dead-time
commutation can be applied to the rectification as well, it needs protection circuits

like clamp circuits and snubbers.

2.5.1 Output current direction based four-step semi-soft com-

mutation method

The four-step commutation is one of the first commutation methods proposed based

on the knowledge of the output current direction. Figure 2.17 shows the simulation
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Figure 2.18: Experimental result of the output current 7, and its direction
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Figure 2.19: State diagram of the soft-switching four-step commutation strategy for both switch
cell arrangements
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results of the output current direction and Figure 2.18 presents the experimental
result. As illustrated in Figure 2.19 both of the IGBTSs in the bidirectional switches
are ‘on’ during the steady state and in four individual steps the current transfers
to the other bidirectional switch. Figure 2.20 illustrates the common-collector ar-
rangement when S11 is ‘on’ and S12 is ‘off” and, the current flow is in the direction
ix > 0. When commutation is needed from S11 to S12, the current sign is used to
determine the non-conducting device in the outgoing bidirectional switch which in
this case is S11,4. Thus, S11,4 is turned ‘off” in the first step. As there is no current

flow through S114, the output current is not interrupted.

Then the second step is turning ‘on’ the device that will be conducting (512,)
in the incoming switch S12. In this step depending on the magnitudes of vg4 and
vsp(t) the current can flow through S12x. If vga(t) > vgp(t) the load current will

flow in S11 otherwise it will flow through S12 and, there is no short circuit.

The third step is to turn ‘off” the originally conducting switch S11x that it
forces the current to flow through the incoming switch if it did not happen in the
second step because S11 is ‘off” entirely. Finally, the fourth step is turning on the
other device S11p in the incoming switch which by this way the current can flow
in both directions. Each step occurs after a short time (short enough) to complete
the process of turning ‘on’ or ‘off’ the needed switch. Figure 2.21 shows the timing
diagram of the commutation for both current directions iy > 0 and ix < 0 when the
switching arrangement is common-collector. As can be observed the experimental
result presented in Figure 2.22 confirms the above-mentioned timing diagram. Also,
for common-emitter arrangement, this process is illustrated in Figure2.20. The
state diagram of the illustrated steps is shown in Figure 2.19 for both switch cell
arrangements of common-collector and common-emitter and both directions under
the assumption that initially S11 is ‘on’ and S12 is ‘off’. When the current direction
is opposite (ix < 0) these steps are different as demonstrated in Figure 2.23. Four-
step commutation process for one output phase is shown in Figure 2.24 for the

common-collector arrangement.
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(a) (b)

Figure 2.21: Timing diagram of the four-step commutation strategy for common-collector switch
cell arrangement, where a) i,, > 0, and b) i, <0
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Figure 2.22: Experimental result of the four-step semi-soft commutation

42



Chapter 2. MATRIX CONVERTER FUNDAMENTALS AND PROTECTION TECHNIQUES

<Z:i:¢0mmon collector < ()

Q
VSA (t) VSB(t) Sl;i“Sl;X’%%,guX

T T o T T w0
@ @ S11,,811,,812,,812, Xi @ @ 11, 811,812,812, )1

Ve, () Tves(®) 1010 Ve, () Tves(®) 0010

B turned-off

turned-on but not carrying
the load current

turned-on and carrying the
T T v, (1) ]

load current
S11,,811,,812,,512
VSA(t) VSB(t) 6 OX 1 ! 1 i i

Figure 2.23: Four-step semi-soft commutation of the bidirectional switches for a two-phase to
single-phase DMC when the current direction is from the load (common-collector)

The current commutation can occur in the second step if vgp(t) > vga(t) and as
a result turning ‘off” the switch S11 is soft because both of its devices are turned ‘off’
when carrying no current. In this case, turning on the S12x is hard as it is turned
on when carries the current. But if in the second step vgp(t) > vga(t), bidirectional
switch S11 will turn ‘off” completely in the third step while S11x carries the current
and current commutation happens at the third step. In this case, S11x has a hard
turn ‘off” but turning on the S12x is soft as there is no current flow through it.
That is why the current based 4-step commutation is a semi-soft commutation [65].

As the chance of reverse bias is 50%, so there will be 50% reduction in the average
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Figure 2.24: State diagram of the semisoft-switching four-step commutation strategy for a three-
phase to single-phase DMC

switching losses by using the semi-soft commutation.

The illustrated commutation technique relies on the output current direction
which flows through the conducted bidirectional switch, and this knowledge is im-
portant as it defines which IGBT carries the current and which one is idle. The

current direction defines the switching order. Current sensing using the existing
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sensors like Hall effect ones is difficult at very low current levels or when the current
crossing the zero level while is distorted. In these situations the result of the current
direction detection is inaccurate, and it causes an open circuit in the output path.
The over-voltage caused by the output open circuit can be handled using a clamp
circuit and snubbers as it happens at very low currents. Also, there are some other
techniques proposed to solve this problem. Some of them have different solution
for detecting the current direction like the method presented in [83] that uses the
voltage sign across the bidirectional switches to determine the current direction and
allows the current direction detection at very low current levels. In this method,
it needs the measurement of the voltage drop across the IGBTs of the conducting
bidirectional switch. When any of the IGBTs carries the current, the voltage po-
larity and value is different compare to the nonconducting IGBT. By comparing
the voltage drop across the two IGBTs in the conducting bidirectional switch, the
current direction can be found more accurately. Also, for very low current levels, it
is possible to switch to the dead-time commutation.

If current direction changes during the commutation steps, it can result in the
wrong switching order. To overcome this issue, the current sign information can
be latched during the commutation process. Latching the information about the
output current direction can cause a short interruption in the current but, as the
current is close to zero, it does not cause any problem using the clamp circuit. Figure
2.25 illustrates a simple implementation of the soft-switching four-step commutation

strategy for one output phase(X) [5].

2.5.2 Two-step semi-soft commutation method

The illustrated current-based four-step commutation strategy allows the output cur-
rent to flow in both directions automatically as the method turns on both of the
IGBTs of the conducting bidirectional switch. By considering the current direc-
tion, at any current commutation of two bidirectional switches, there are two non-

conductive IGBTs which do not carry the current, and the turn-on and turn-off
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Figure 2.26: State diagram of the current-direction based two-step commutation strategy for two
bidirectional switches

operations of them are almost useless. Two steps of the four-step commutation for
turning ‘on’ and ‘off” the non-conductive switches slow down the switching process
and by reducing the number of steps the commutation process will be faster.

In the threshold two-step commutation as illustrated in [83], just the conducting
IGBT is switched ‘on’” and the other one which does not carry the current stays
‘off” until the current direction changes. Figure 2.26 shows the state diagram of the
two-step commutation strategy. In the steady state, as can be seen in Figure 2.26,
only one IGBT of four IGBTs in Figure 2.16 is 'on’ and when a current commutation
is needed from S11 to S12, first the conducting IGBT of the incoming bidirectional
switch turns on and at the second step the conducting IGBT of the outgoing bidi-
rectional switch turns off. Thus, after the two steps, there is only one conducting
IGBT among the four IGBTs.

In step one if vgp(t) > vga(t) the current commutation happens in the first step
and turning on the IGBT in the incoming switch is hard and consequently turning
off the IGBT in the outgoing switch is soft. If in the first step vga(t) > vsp(t), the
opposite happens and in both of the cases there is one hard switching and one soft,

and so this commutation is a semi-soft commutation.
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Figure 2.27: Timing diagram of the current direction based two-step commutation when the
commutation is needed within the threshold levels

In order to have bidirectional current flow, knowing the accurate current direction
is necessary. However, because of the ripples caused by PWM, the detection process
of output current zero-crossing is difficult. So two threshold levels near zero are
considered (TL+ and TL-), and when the output current crosses one of the threshold
levels, the other IGBT in the conducting switch is turned on as well, and so within
the two threshold levels both of the IGBTSs of the conducting bidirectional switch are
‘on’. When the output current crosses the other threshold level, the non-conducting

IGBT is switched off as explained by the timing diagram in Figure 2.28.

However, as presented in the timing diagram in Figure 2.28, there is no current
commutation between the bidirectional switches within the threshold levels (T'L— <
iy < TL+). The current direction is unknown within these levels because of the

ripples, and so defining the incoming and outgoing IGBTs is impossible, and as a
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(b)

Figure 2.28: Timing diagram of two-step commutation for common-collector switch cell arrange-
ment a) i, > 0b) i, <0
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result, current commutation cannot carry out correctly within the threshold levels.
It is possible to perform the commutation within the threshold levels using a dead
time when the current commutation is required as illustrated in Figure 2.27. So,

having the clamping circuit and snubbers across the switches are necessary.

2.5.3 Overlap current commutation method

This simple commutation strategy has two steps as is illustrated by the timing
diagram in Figure 2.29a [83]. When a current commutation is needed, first the
IGBTs of the incoming bidirectional switch are switched 'on’ at the same time and
at the second step the IGBTs of the outgoing bidirectional switch are turned ’off’.
Figure 2.29b shows the state diagram of the commutation.

Although in this method the output phases are always connected, and so allows
bidirectional current flow, two of the input supply phases are shorted together for
a moment. This problem can be solved by increasing the supply inductance to
limit the input current during the short circuit, but as the inductors are heavy and

expensive, the solution causes extra cost and weight in the converter [83].

2.5.4 Dead-time current commutation method

In this commutation similar to the overlap method, the current commutation hap-
pens in two steps, but when a current commutation is needed, first both of the
IGBTs of the outgoing switch are switched off, and in the second step the IGBTs of
the incoming switch are turned on simultaneously [83] as shown in the state diagram
of Figure 2.30b. There is a dead-time between the two steps as illustrated by the
timing diagram in Figure 2.30a.

Now the problem is the dead time that within that moment the output phases
are open circuited. To solve the problem the switches need snubbers to overcome the
generated over-voltage spikes. The energy loss and increasing the converter volume

are the disadvantages of this strategy.
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Figure 2.29: Overlap current commutation, where a) Timing diagram, and b) state diagram

2.5.5 Input voltage polarity based commutation method

Similar to the output current sign based four-step commutation, this strategy is a
semi-soft four-step commutation technique, but it relies on the knowledge of the
polarity of the input source voltages for a safe current commutation [78]. Accord-
ing to this strategy, the conducting and nonconducting IGBTSs of the bidirectional
switches are determined using the input voltage polarity. Referring to Figure 2.16
for the presented current direction, when the current commutation is needed, at first
the input voltages polarity must be determined.

Based on the state diagram illustrated in Figure 2.31, for current commutation
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Figure 2.30: Dead-time current commutation, where a) Timing diagram, and b) state diagram

from S11 to S12, when vga(t) > vgp(t), at the first step the conducting IGBT in the
incoming switch (512x) is turned on. Because of the voltage polarity, the current
commutation does not happen at this step and so turning on S12x is soft. At the
second step, the conducting IGBT (S11x) of the outgoing bidirectional switch (S11)
is switched off, and it forces the current to flow in the incoming switch (S12), so that
the current commutation occurs at this time. At this step due to the current flow in
S11x, it is a hard turn-off. The nonconducting IGBT (S125) in the incoming switch
is turned on at the third step to allow the bidirectional current flow and finally at

the last step (S114) which is the nonconducting device in the outgoing switch can

o2



Chapter 2. MATRIX CONVERTER FUNDAMENTALS AND PROTECTION TECHNIQUES

S11,,811,,812,, 812,

@1100@

Vou<Vep Vs~ Vsp
1110 1101

o . J®

0 1 1 0 I/Common \l 1 0 0 1

off "« e

0111 1011

@0011@

S11,,811,,812,,512,

[ Steady states
[__] transient states

Figure 2.31: State diagram of the voltage-polarity based four-step commutation strategy for two
bidirectional switches

be turned off to complete the process. Turning on S125 and turning off S114 both
are soft as none of them carries the current at that time. In the similar way, the
current commutation when vga(t) < vgp(t) can be analyzed as demonstrated by
the state diagram presented in Figure 2.31. Figure 2.32 shows the timing diagram
of the commutation for both vg4(t) > vsp(t) and vga(t) < vsp(t) when the current
commutes from S11 to S12.

Input voltage polarity based four-step commutation is a safe method for cur-
rent commutation between two bidirectional switches if the polarity of the input
voltages is measured correctly. Otherwise due to the wrong selection of the IG-
BTs a short circuit is formed because it causes two bidirectional switches to be
turned on simultaneously. Therefore like the current direction-based commutation
strategy which needs a reliable measurement of the output current, the voltage sign-

based method requires accurate measurement of the input voltage. Although, in the
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Figure 2.32: Timing diagram of the voltage-polarity based four-step commutation strategy for
common-collector switch cell arrangement, where a) vga > vsp, and b) vga < vsp
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voltage polarity-based commutation method the bidirectional current path always
exists, the precise detection of voltage polarity is difficult near zero crossing, and as
a result, the short-circuiting of the input and discharging the filter capacitors are
destructive for the semiconductors. Unlike the current-sign based techniques which
overvoltage caused by the output open circuit occurred at the very low currents
near zero, and could be handled using clamp circuits, the input short circuit and
the generated over current are still harmful to the converter.

If voltage polarity changes during the commutation steps, unlike the current
direction based commutation, the information about the voltage polarity cannot be
latched during the commutation steps as it causes a short circuit in the input and
overcurrent happens. The input voltage polarity information must be changed when
the polarity changes, and if an open circuit happens, the resultant overvoltage can
be handled by using the clamp circuit. An input voltage polarity based two-step
commutation method has been proposed in [84] by eliminating two steps of the

illustrated commutation strategy.

2.6 Conclusion

The basic parts of the MC technology such as the input filter, protection circuits and
bidirectional switches have been presented in this chapter. Some bidirectional switch
modules designed and manufactured by some companies have been introduced as a
solution for the commercial MC. Also, the problem of the input filter design for the
MC has been explained using passive elements, although an optimised design of the
MC input filter is a quite difficult task. In order to maintain the high input power
factor, the filter capacitance has to be minimised. On the other hand, to meet
the required attenuation specifications, the filter inductance has to be increased,
but the impedance interaction between the input filter and the converter should be

controlled to achieve the system stability.

In order to design a stable and reliable power converter some protection schemes
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for protecting the MC against the overvoltage and the overcurrent that might be
destructive for the semiconductor devices are presented. The commutation methods
are studied in detail. By using these techniques the commutations is performed in
steps, avoiding short-circuit and open-circuit situations as the bidirectional switch
configurations do not provide safe operation automatically. These strategies are
based on either the relative magnitude of the commutating voltages or the direction
of the output current. Some details on the implementation of the four-step com-
mutation strategy on a programmable logic device have been given by a schematic
diagram using the flip-flops and logic gates.

Although commutation strategies prevent overvoltage spikes in the bidirectional
switches in normal conditions, freewheeling path is still needed to safely commutate
the output current, when the output is disconnected due to an emergency shut-
down of the converter. Thus, a clamp circuit made up of a capacitor connected to
all input and output lines through two diodes bridges is proposed that can protect

the bidirectional switches from the surges coming from the input and output sides.
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Chapter 3

MODULATION METHODS, SIMULAT-
IONS AND EXPERIMENTAL RESULTS

3.1 Introduction

Modulation is one of the main issues of the converters including MCs. Open-loop
control strategies of MCs are the modulation methods which control the converter
to generate the desired reference waveform. On the other hand, Closed-loop control
strategies include a combination of both, modulation and control of the output (or
input) parameters like current, voltage or power. Different modulation methods
for direct and indirect matrix converters have been introduced in the literature
[36-39, 67, 69, 85-95]. The modulation methods determine how the bidirectional
switches which arranged to connect the input phases to the output legs can be
switched. Every modulation method should generate sinusoidal input currents and
be able to control the input power factor. Also, it should control the magnitude and
frequency of the output voltages. This chapter will investigate some of the common
modulation methods of MCs. The performance of each method will be analyzed by
using the simulation models. Also, some experimental tests have been carried out
on a prototype direct matrix converter which has been designed for this purpose,
and the numerical results have been verified by the experimental tests. At first,

the basics of Alesina-Venturini method are introduced, followed by the simulation
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and experimental results. After that, the Alesina-Venturini optimum method is
reviewed in brief. Then, space vector modulation (SVM) for DMCs is presented in
detail based on direct space vector modulation (DSVM) and indirect space vector

modulation (ISVM) strategies.

For all modulation methods a set of sinusoidal input voltages and an assumed

set of output currents are considered as following:

va(t) Vim cos(wjt)
Vilt) = | vp(t) | = | Vimcos(wit — %) (3.1)
ve(t) Vi cos(wit — &)
ix(t) Tom cos(wot — ©,)
L(t) = | iy (t) | = | Lomcos(wot — @, — &) (3.2)
iz(t) Lom cos(wot — o — 4F)

where V;,,, and w; are the input voltage amplitude and angular frequency, w, and ¢,
are the output angular frequency and displacement angle. The modulation problem

is finding a modulation matrix such that the input currents and output voltages are:

ialt) Li cos(wit — ;)
Li(t) = | ip(t) | = | Limcos(wit —p; — %) (3.3)
ic(t) Li, cos(wit — p; — %’T)
vx (t) Vom cos(w,t)
Volt) = | wy(t) | = | Vom cos(wot — %) (34)
vy (t) Vom cos(wot — )

where ¢; is the input displacement angle. If ¢ is the voltage gain, the output voltage
amplitude is:

‘/om - q‘/zm (35)
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Therefore, the output line voltages are:

VXY (t) ‘/om COS(th + %)
orz(t) | = | Vomcos(wot + F — %) (3.6)
vyx(t) Vom cos(Wot + § — 4{)

3.2 Alesina-Venturini Modulation Method

This high-frequency switching strategy which was proposed by Alesina and Venturini
in 1980 [38] [36], controls the MC using a direct transfer function method. They
presented this AC/AC converter as a matrix of bidirectional switches and named it as
"Matrix Converter’. In this modulation approach, the output voltages are calculated
directly by multiplication of the modulation matrix with the input voltages. The
method was further modified to increase the voltage transfer ratio from 0.5 to 0.866.

The output voltage waveforms are composed of samples of the input voltages with
a sampling rate much higher than input and output frequencies. The instantaneous

relationships between input and output quantities are:

vx(t) Sxa Sxp Sxc| | va(t)
vy(t) | = [Sva Sye Sve vp(t) (3.7)
vz(t) | |Sza Szp Szo| | velt)
ia(t) Sxa Sva Szal| | ix(t)
iB(t) = |Sxs Sys Szs iy(t) (38)
ic(t) | |Sxc Sve Szc| | iz(t)

The switching function of a single switch is defined as [67]:

1 switch Syj on
Sk = (3.9)
0 switch Spjof f
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Y Syt)=1 k={XY.Z} (3.10)
j=A,B,C

It means that only one switch per columns must be closed at any instant to pre-
vent input terminals from short-circuiting. On the other hand, because of inductive
nature of the load, the output current should not be interrupted suddenly, so at least
one switch of each column must be closed [67] [69]. Figure 3.1 shows the switching
pattern of the kth output phase in Venturini method. The duty cycle of the switch

Sk, represented as my;(t) can be defined as:
tr;

my;(t) = T

j={A,B,C}, k={X,Y,Z}, 0<my(t) <1 (3.11)

Ts = tga + e + tic (3.12)

where ¢, is the conduction time of switch S;(¢) during the switching period 7. The
design aim is to define my;(f) such that the resultant three output phase voltages
in (3.4) match closely the desired three-phase reference voltages. The low-frequency

transfer matrix is defined by:

mxa Mxp Mxc

M(t>: myas Myp Myc (3-13)

mza Mzp Mzc

The operation of the system can be modeled by an average model when the
swtching frequency is significantly higher than the input and output frequencies. In
this manner, the average value of each switching function equals with its duty cycle.
The low-frequency component (mean value calculated over one sampling interval)

of the kth output phase voltage and output voltage vector are respectively as the

following:
UA(t)
- [ ha e fe ] (D) (3.14)
ve(t)
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0 0.0001 0.0002
Time (s)

Figure 3.1: Switching pattern of the kth output phase in Venturini method
V, = M(t).Vi(t) (3.15)

And the low-frequency input current vector using the transpose of the matrix
M (t) is:
I = MT.I,(t) (3.16)

There are two modulation matrixes M (t), the first one results the same phase
displacement angle at the input and output (p; = ¢,), but the second one gives
reversed phase displacement (p; = —¢,) [36,38,67]:

1 + 2q cos(wp,t) 1 + 2q cos(wp,t — %’T) 1 + 2q cos(wp,t — %’r)

1
M, = 31+ 2q cos(wpt — ) 1 + 2q cos(wp,t) 1+ 2¢ cos(wpt — 3F)
1+ 2g cos(wmt — 3F) 14 2¢cos(wyt — 3F) 1 + 2q cos(wpt)
Wi = (We — wy) (3.17)

. 1 + 2q cos(wmt) 1+ 2gcos(wmt — ) 1+ 2qcos(wpt — 2F)
My = 3 1 + 2q cos(wy,t — %’r) 1 + 2q cos(wy,t — %r) 1 + 2q cos(wmt)

1+ 2gcos(wmt — ) 1+2qcos(wnt) 14 2¢cos(wyt — )
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Figure 3.2: Sinusoidal output voltages (U5 ), fitting into input three-phase voltages

W = —(wo + wy) (3.18)

For input displacement factor control these two solutions should be combined.
In case of practical implementation, duty cycles can be defined directly in terms of
the input voltages and the reference output voltages with unity displacement factor

as the following:

t
i (1) = 1 =

1 _
M= o[ 142800 | = (A B,CY k= {X,Y, 2} (3.19)

Vimn

The desired output reference voltages should ensure that the maximum voltage
transfer ratio is obtained. To achieve this, the reference output voltage waveform
must remain within an envelope formed by the three-phase input voltages at any
time, as shown in Figure 3.2. Thus, the maximum achievable output-to-input voltage

ratio is restricted to 0.5.

3.2.1 Alesina-Venturini optimised method

As the voltage gain (q) of the converter using the Venturini method cannot exceed
from 0.5, for increasing the voltage gain to ¢ = \/§/ 2 = 0.866, Venturini proposed
adding a proportion of the third harmonic components of the output and input

frequencies, resulting in the following expression [39]:
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vx(t) cos(wot) — £ cos(3w,t) + ﬁg cos(3w;t)
Vo) = | vy (t) | = Vom | cos(wot — F7) — § cos(3wot) + 50 Vim cos(3wit) | (3.20)
vz(t) cos(wot — ) — & cos(3w,t) + ﬁgvgm cos(3w;t)

The optimised Venturini algorithm, including displacement factor control, in
Venturini’s paper [37] is rather complex and appears unsuited for real-time imple-
mentation [25,96,97|. By assuming that having a unity input power factor, solving
for the modulation matrix M(t) then gives the following form which is applicable

for real-time implementation [67]:

e 1 . . .

my;(t) = Tiz =3 [ 1+ 2% + ;qusm(wit + B;)sin(3w;t) (321)
‘ 2m 4w '
j=(AB.CYE=(xv.2} =0T

For controlling the input displacement factor a phase shift can be added to v;(t)
in (3.21) after input measurement, but power factor not equal to unity, reduces the

voltage gain [67].

3.2.2 Simulation results of Alesina-Venturini and its opti-

mised method

Figure 3.3 shows the results of Alesina-Venturini modulation method for the sys-
tem characteristics mentioned in Table 3.4 and output reference voltage v, ,c; =
195V (line — line), which means voltage gain is about 0.48. As can be seen the
THDs of the input source and output currents (3.28% and 2.33% respectively) are
under 5% and input power factor is very close to unity (PF; = 0.967). Also, output
phase voltage v,, and common mode voltage have been presented to be compared
with other modulation methods.
Figure 3.4 illustrates the results of Alesina-Venturini optimum modulation method.

The simulation results are for output reference voltages v,,.;y = 200V (line-line)

(¢ = 0.5) and v,,ef = 300V (line-line) (¢ ~ 0.75). With regard to the input cur-
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Input source current (isA) Source phase voltage (VsA/100) Output current (ix)
THD=3.28% THD=2.33%
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VYV VYV Y

-10 =20
0.02 0.04 0.06 0.08 0.1 0. 0.04 0.06 0.08 0.1
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(a) (b)
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Time (s) Time (s)
(c) (d)

Figure 3.3: Simulation results of Alesina-Venturini method for output reference voltage vo ref =
195V (line — line), where a) Input source current and voltage of phase (A), b) Output current i,
¢) Output phase voltage v, and d) Common mode voltage

rents, it can be noted that for the optimised strategy the waveforms are in sinusoidal
form but, even for voltage gain about 0.5 (Figure 3.4a) THD is relatively high. It
is also worth noting that in the case of v,,.y = 300V, THDs of both input source
current and output current are too high, although the input power factor is close
to unity. So, although Alesina-Venturini optimised modulation method raised the
maximum input-output voltage transfer ratio to 0.867 the currents have significant

distortion.

3.3 Space Vector Modulation Method

There are different modulation strategies to synthesise the output reference voltages
from the input voltages and the input currents from output currents. One of the
most preferred modulations for MCs is the Space Vector Modulation (SVM) because

of the better harmonic performance using different switching strategies. There are
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Input source current (isA) Source phase voltage (VsA/100) Output current (ix)
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Figure 3.4: Simulation results of Alesina-Venturini optimised method, where a and ¢) Input source
current and voltage of phase (A) when output reference voltage is Vo,ref = 200V and vg e = 300V
(line-line), and b and d) Output current i, when output reference voltage v, .,y = 200V and
Vo,ref = 300V (line-line), respectively

two versions of SVM known as, direct SVM (DSVM) and indirect SVM (ISVM).
The ISVM for controlling of the MC was first proposed by Huber and Borojevic in
1989 [85]. This method is based on the instantaneous space vectors of the input
currents and output voltages. It utilises the rectifier-inverter concept and considers
the MC as a two-stage converter. later in 1993, Casadei, Tani et al. proposed DSVM
strategy which unlike ISVM, does not make use of any imaginary dc-link and the

output voltages are directly generated from the input voltages [86].

This section focuses on matrix converter modulation strategies based on SVM.
By means of a simulated model, the performance of these methods has been analyzed
under the balanced and sinusoidal voltage source. Also, the numerical results have

been verified by experimental tests using the matrix converter prototype.
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3.3.1 Direct space vector approach

Direct space vector modulation provides independent control of the magnitude and
frequency of the output voltages and generates sinusoidal input currents with full
control of the displacement angle. As the inductive loads have the low-pass filtering
behaviour, the output currents are sinusoidal too. The SVM modulation method is
based on space vectors to present three-phase time-variant quantities such as voltage

and current in a complex plane [87] [88] [98].

When the three phase of input source are purely sinusoidal and symmetric, and
they have a constant angular frequency, the time-varying values of the input currents
and the output voltages of the MC, shown in Figure 2.6, can be transformed into

the space vectors in a two-axis coordinate as following:

- 2 j2m j4n ;

I = Sliat) +in(t)e’s +ic(t)e’s"] = e %) (3.22)
L2 j2r jaw j(wot)

Vo= lux(t) +ovt)e’s +uAt)e s ] = Vome'™ (3.23)

where I_; and 170 are the input current and the output voltage space vectors as shown

in Figure 3.5.

A DMC with nine bidirectional switches involves 2 =512 switching states, but
Considering the rules of avoiding input short circuit and output open circuit, to
avoid over-voltage spikes, there are only 27 safe switching combinations for a DMC
as presented in Table 3.1. Among the 27 switching states, in the first 18 states,
three output phases are connected to only two input phases at any duty cycle. For
example, considering state(-5), the output voltage space vector can be obtained as

the following:

vx(t) 010 va(t)
vy(t) | = [0 0 1| X | vp(t) (3.24)
vz(t) 010 ve(t)
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Table 3.1: Safe switching configurations of DMC and the output voltage and the input current
vectors associated with them

states | XYZ | ON switches |, | a, |44] Bi
+1 | ABB | S11,522,832 | 2/3 vag(t) 0 QN3ix | —7f6
-1 | BAA | S12,821,831 | —2/3 v45(t) 0 —2A/3ix | —nf6
+2 | BCC | S12,523,833 | 2/3 us(t) 0 2N3ix | mR
2 | CBB | 513,522,932 | —2/3 upc(t) 0 —2M/3ix | TR
+3 | CAA | S13,521,831 | 2/3 wA(t) 0 2N3ix | Tnfo
-3 | ACC | S11,823,933 | —2/3 woA(t) 0 —2A3ix | Tnf6
+4 | BAB | 12,821,832 | 2/3 vag(t) 27/3 N34 | —7fb
-4 | ABA | S11,822,31 | —2/3 vap(t) o3 —2N\3 4 | —f6
+5 | CBC | S13,522,933 | 2/3 upAt) o3 QN3 | TP
5 | BCB | 812,923,932 | —2/3 upc(t) 23 —2N3i | TP
+6 | ACA | S11,523,931 | 2/3 w(t) omf3 QN34 | Tl
-6 | CAC | S13,921,933 | —2/3 wA(t) 2m/3 —2M 34 | T
+7 | BBA | S12,822,831 | 2/3 vap(t) Ar/3 IN3iy | —nf6
-7 | AAB | S11,921,832 | —2/3 vp(t) A/ —2A\/3iy | —7f6
+8 | CCB | S13,523,832 | 2/3 upc(t) A3 2N3iy | wR
-8 | BBC | S12,522,533 | —2/3 upc(t) A7/ —2N3iy | TP
+9 | AAC | S11,821,933 | 2/3 wet) A7/ 234y | Trf
-9 | CCA | S13,923,931 | —2/3 weA(t) 4r/3 —2M3 iy | Tnf
0, | AAA | S11,521,S31 0 — 0 —
0, | BBB | 512,522,532 0 — 0 —
0; | CCC | S13,523,533 0 — 0 —

synl | ABC | S11,522,533 Vim wit

syn2 | ACB | S11,523,532 Vim —w;t

syn3 | BAC | S12,521,533 Vim —wit +271/3

syn4 | BCA | S12,523,S31 Vim wit + 4m/3

synb | CAB | S13,521,532 Vi wit + 27 /3

syn6 | CBA | S13,522,S31 Vim —w;t + 47/3

o 2 i2m jam
V,[—5] :§[vx(t) +uy(t)e s +ugt)e’s |

2 j2m

= Slos(t) + velt)e' T + vp(t)e'T]
2[V (wit 27T)+V cos(w;t Je' s + Vi, cos(w;t Je's |

= 5 Vim coS(Wwit — — im Wit — )€ - im Wit — )€ s
3 YT 3 3

B _2\/§Vim sin(w;t)

2

= ——vpc(t)e’s

3

3 e

j2m

j2r

3

jam
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4 <<
4<<¢

()

Figure 3.5: Complex space vector for active configurations a) Input current switching vectors b)
Output voltage switching vectors

and the input current space vector can be found similarly as:

I-5] = —%z’y(t)ejg (3.26)

As can be seen the angles are constant, but the amplitudes depend on the in-
stantaneous values of the input line voltages and output currents and vary with the
time. This group of 18 states with fixed directions and variable amplitudes are called
"active vectors”. In the other three states that are ”zero vectors”, all output phases
are connected to the same input phase voltage and therefore, have zero amplitude

and angle. For example, considering the first zero vector as:

vx (t) 100 va(t)
oy(t) | =1 0 0 X | vp(?) (3.27)
vz(t) 100 ve(t)
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The output voltage space vector can be found as:

2 j2m Jam

V,[04] = g[vx(t) +uy(t)e s +uyt)e’s |
2 j2n FELS

= S[valt) +vat)es +uva(t)e ]

g | | (3.28)

= gmm cos(wit) + Vim, cos(wit)e% + Vim cos(w,-t)e%]

=0
Except for these 21 configurations, there are 6 synchronous configurations that

each output phase voltage connects to a different input voltage. For example, con-

sidering the following output phase voltage vector in the complex space vector plane:

vx (%) 1 00 va(t)
vy(t) | = [0 1 0 X | vp(t) (3.29)
vz(t) 0 0 1 ve(t)

The output voltage space vector can be obtained as:

—

Vi [synl] = 2[ox(t) + or(t)e’s +vAt)e™S]

3
= g[m(t) + UB(t)eﬂTW + vc(t)e%w]

2 2 j2m 4 jar
= g[‘/;m cos(w;t) + Vi, cos(w;it — ?ﬂ)e% + Vi cos(wit — %)e%]

= Vim|cos(w;t) + 7 sin(w;t]
=V, efwit
(3.30)
These 6 combinations represent rotating vectors with constant amplitudes but
variable directions. The results for all 27 switching configurations are summarised
in Table 3.1. According to this table, both the input current and the output voltage
active vectors can be expressed in six different directions, with the magnitudes
depending upon the output line currents and input line voltages respectively shown
in Figure 3.5.
The conventional DSVM method can be applied to the DMC using the active
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Table 3.2: Four ”active configurations” selected for any combinations of k;, k.,

Kv

Ki 1 2 3 4 5 6

1 +9 -7 3 4+1]-6 +4 +9 -7]|+3 -1 -6 +4]-9 +7 +3 -1 |46 -4 -9 +7]-3 +1 +6 -4
2 S 49 +2 3 |+5 6 8 49| -2 43 +5 6 |+8 -9 -2 43|-5 46 +8 -9 |+2 -3 -5 +6
3 +7 8 -1 42| -4 45 +7 8 |+1 -2 -4 45| -7 48 +1 -2 |44 -5 -7 +8|-1 +2 +4 -5
4 9 +7 43 -1 |46 -4 -9 +7| -3 +1 6 -4|+9 -7 -3 +1|-6 +4 +9 -7 |+3 -1 -6 +4
5 +8 -9 -2 43|-5 46 48 -9 |+2 -3 -5 46|-8 49 42 -3 |+5 -6 -8 49| -2 43 45 -6
6 -7 48 +1 -2 |+4 5 -7 48|-1 42 +4 5 |+7 8 -1 42| -4 45 +7 -8 | +1 -2 -4 45

I o 1m v 1 1mom 1m 1v 1 1o 1 v 1 1o 1 v 1 1o 1 v 1 I I 1V

and zero vectors of the input current and the output voltage [89]. Depending on the
input current sector k; and output voltage sector k,, there are 36 switching sequences
which have been mentioned in Table 3.2. The next step is selecting four suitable
active configurations for any combination of input current and output voltage sectors
according to the Table 3.2. For example, if both input current and output voltage
vectors are in sector 2, the active switching configurations are +5, -6, -8, +9. To
achieve the output reference voltage and complete the sampling period T, one or
more (up to three) zero configuration is applied. In the case of applying just one
zero configuration, five switching configurations generate the switching pattern for
each switching period 7. Selecting the zero configuration and the order of the
active configurations are very important to reduce the number of switchings in each
switching period [90].

For example, if k; = k, = 2, the switching configurations are +5, -6, -8 and
+9. It means that for a switching period T the outputs X,Y,Z are connected to the
inputs A,B and C in five steps: CBC, CAC, BBC, AAC, 0,, where n=1,2,3. Selecting
the zero configuration 0; and switching sequence as following for a switching period
T, minimises the number of switchings as the shift from one switching configuration

to the other one is performed by changing only one switch:

-8 +5 -6 +9 0y
BBC CBC CAC AAC AAA
II1 I I vV 0

Figure 3.6 shows the connected switches in the switching pattern using one zero

vector. Any switching pattern indicates the order of the switching configurations
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=8(dIll) +5(dl)—6(dIl) +9(dIV) 0,(d0)

Figure 3.6: Connected switches in case of using one zero configuration

and the number of the applied zero vectors. The switching sequence with three zero
configurations can be shown in seven steps as following and Figure 3.7 shows the

connected switches.

0, -8 45 03 6 +9 0
BBB BBC CBC CCC CAC AAC AAA
0/3 I 1 0/3 II IV 0/3

0,(40) —8(dIIT) +5(dl) 05(<2) — 6(dil) +9(dIV) 0,(4)

SN

Figure 3.7: Connected switches in case of using three zero configurations

Figure 3.8 illustrates the difference between THD of the input source current
and output current using the switching pattern with one or three zeros. The system
characteristics are presented in Table 3.4 and the time step of the simulation is 1us.
As can be seen in the diagram, there is no important difference between THDs of
the input source current although, the switching pattern with three zeros presented
less THD in the output current [95]. Also, Figure 3.9 shows that input power factor
varies similarly in both switching patterns and using one or three zero vectors does
not have any effect on the input power factor.

The order of the active switching combinations depends on the number of the
sectors k; and k,. If k; + k, is even then this order is III, I, II, IV, but if k; + k, is
odd, the order is I, III, IV, II.
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THD of output current (one zero) (three zeros)

THD of source current (one zero) (three zeros)

0.2 0.4 0.6 0.8
Voltage-gain(q)

Figure 3.8: THD of the input source current and the output current using the switching pattern
with one and three zeros

Considering Table 3.1, for any switching configurations, the output voltage has
a specific amplitude and angle. In order to generate the output reference voltage
with arbitrary amplitude and frequency, each output phase connects to the three
input phases for a specific time duration. It means that for a switching sequence
with switching period T}, each switching configuration has a specific time dura-
tion (to, t1,1ts,t3,t4). Figures 3.10 and 3.11 illustrate how symmetrically distributed
switching pulses are generated and the same results has been shown in Figure 3.12 for
the simulated model. The duty cycle of the switching configurations are calculated

as:

t 2 cos(a, — 3)cos(f; — 3)

o2 3.31

! T, \/§q oS p; ( )
to 2 cos(d@, — I)cos(f; + T)

drr= = = = 3 3 3.32

" T, \/§q oS p; ( )
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Input PF (one zero) (three zeros)
1
0.8
0.6
0.4
0.2 04 0.6 0.8

Voltage-gain(q)

Figure 3.9: Input power factor using the switching pattern with one and three zeros

t3 2 cos(@, + %) cos(B; — %)

dijr = — = — 3 3 3.33

e \/§q oS ¥; (3:33)
ty 2 cos(@, + %) cos(fBi + T)

dy = — = —_ 3 3 3.34

v T, \/§q COS (p; ( )

t
dy = TO =1—(d; 4+ dps + drpr + dy) (3.35)
Vom _ V3
— < Y= , ,
4=y < 5 cosy (3.36)

where f3; and d, are the phase angles of the input current and the output voltage
vectors respectively with referred to the bisecting line of the corresponding sector
as illustrated in Figure 3.5 (=% < &, < +%, =% < f; < +I) [89] and the output

voltage space vector can be defined accordingly as:
V, = diVi + dpVa + dini Vs + dpy Vi + do Vo (3.37)

For switching pattern with three zero vectors, the duty cycle dj is divided equally
among them. For example for output phase X and k; = k, = 2, the following

switches are connected for the specific times as presented in Table 3.3:
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‘;ﬁ+d1+d3+‘§£+d4+dz+§ 1

D+dl+d3+T +d4+d2
dao dao
Pt+di+d3+2
O ta1+as
04 41
3
do
3/ X
to1¢l! t3 102 ¢4 t2 03 t2 th  t02 ¢3 t1 0
(a) PWMI |
PWM2
PWM3
PWM4
PWMS
PWM6
- >
T
Drd3+dl+ D +d2+da+T 1
Drdz+d1+L+d2+d4
?+d3+d1+%+d2 k; + k,:even
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D+az+ar
do
5t d3 /b
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(b) t01 t3 | t1 w07 2 t4 103 t4 t2 ‘t02; t1 t3 10
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Figure 3.10: Generation of symmetrically distributed switching pulses, where a) When k; + k,
is odd, and b) When k; + k, is even
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Figure 3.11: Generation of symmetrically distributed switching pulses, time duration of each
switching configuration for a switching sequence with period Ty When k; + k,, is even

Table 3.3: Connected switches and their connecting time durations when k; = k, = 2

output phases XYZ XYZ XYZ XYZ XYZ XYZ XYZ
input phases BBB BBC CBC cCC CAC AAC AAA
ON switches | S12,522,S32 | 512,522,533 | 513,522,533 | S13,523,S33 | 513,521,533 | 511,521,533 | 511,521,531

time durations %0 t3 th %0 ty ty %0

According to the above mentioned details, following stages are required to im-

plement a SVM method for DMC:

e Computing the switching-times using (3.31) to (3.35).

1)
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Table 3.4: Matrix converter simulation parameters

Input source Input filter | Output load | Frequencies
Ve =400V (Il,rms) | Cp = 6.6pF | R = 10Q fi =50Hz
L, =04mH Li=3mH | Li=6mH | f,=T70Hz

R, = 0.50 Ry =50 fs =10kHz

e Converting the switching-times into PWM switching pulses.

e Distributing the switching pulses to the bidirectional switches according to the

switching patterns.

3.3.2 Simulation and experimental results of DSVM

The model of the DMC shown in Figure 2.6 with a three-phase Y-connected R-
L load, has been simulated using PSIM, based on the specifications presented in
Table 3.4. The parameters of IGBT switches are selected close to the real ones and
simulation time step is 2us. The simulation results using DSVM are presented in
the following figures. Figure 3.13 shows the three-phase output current and the
frequency spectrum of i, when the output reference voltage is v, .y = 330V (line —
line). Tt can be seen that harmonics are introduced at integer multiples of the
switching frequency f; = 10kHz and their sidebands. The output currents are
sinusoidal due to the inductive load, and its THD is about 1.14%.

The same results are obtained for input source current as illustrated in Figure
3.14. By using the low-pass RLC filter, the switching frequency harmonics are
filtered out, and a set of sinusoidal, balanced input currents is obtained at the
supply side. The THD of the input source current is about 2.51% that the low THD
of the input source and output currents are due to the high voltage gain ¢ = 0.83.
As the output current, the harmonics of the input source currents are around the
integer multiples of the switching frequency and their sidebands.

The relation of the voltage gain, input power factor and THD of the currents
have been studied through simulation. Figure 3.17 presents the source and output

currents with the input source phase voltage and output reference voltage respec-

76



Chapter 3. MODULATION METHODS, SIMULATIONS AND EXPERIMENTAL RESULTS
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Figure 3.12: Simulation results of time duration of each switching configuration for a switching
sequence with period Ty When k; + k, is: a) odd, and b) even
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Figure 3.13: Simulation results of DSVM when v, . = 330V (L —to— L), where a) Three-phase
output currents, and b) Frequency spectrum of 7,

tively for three different v, .., 330V, 200V, and 80V. As can be seen for voltage
gains around 0.83, 0.5 and 0.2, the THD of the input source current and the output
current increase to (2.51, 1.14), (4.11, 2.72) and (5.47, 6.21) respectively and input
power factor decreases from 0.999 to 0.972 and 0.48. The angle between the output
reference voltage and generated current remains constant and does not depend on
the voltage gain. The other results of the simulation are presented in Figures 3.15
and 3.16, including output phase voltage v,, and its spectrum, input phase voltage
of the converter v,4, output line voltage v,,, output phase voltage with respect to the
input neutral point vy, and common mode voltage v,n. Also, Figure 3.18 shows

the results for lower output frequency f, = 30H z.
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Figure 3.14: Simulation results of DSVM with v, e = 330V (L — L), where a) Three-phase input
source currents, and b) Frequency spectrum of ig4

The performance of the DSVM strategy in terms of the input and output cur-
rents quality have been verified through the experimental tests carried out on the
designed prototype direct matrix converter. The prototype DMC characteristics are
mentioned in the next chapter, and the passive load parameters are R; = 12€) and
L, = 6mH. The switching frequency is fs = 10kHz. A DSOX2004A KEYSIGHT
oscilloscope and a TCPA300 current probe from Tektronix have also been used for
measurements. Figure 3.19 shows the three-phase input source currents and the
frequency spectrum of i,5. AS can be seen, harmonics are introduced at integer
multiples of the switching frequency f; = 10kHz and the sidebands of all these

frequencies. Figure 3.20 shows the ability of the converter to generate output wave-
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Figure 3.15: Simulation results of DSVM with v, ey = 330V(L — L), where a) Output phase
voltage v, and b) Frequency spectrum of v,,,

forms with frequencies higher (70Hz) or less (50Hz) than the input source frequency
(50Hz) and in the other experimental figures f, = 60H z. Figure 3.21 illustrates the
effect of the voltage gain on the quality of the input and output currents and the
input power factor. As is presented, for the voltage gain about 0.5, the currents are
more distorted, and the percentage of the harmonic components in the currents de-
creases by increasing the converter gain. On the other hand, it can be seen in Figure
3.22a that the input power factor is almost equal to unity as the input displacement
angle measured by the oscilloscope is about 5°. The slight leading displacement of
the input current is due to the effect of the input LC filter. Figure 3.23a shows the

three-phase output currents which are sinusoidal due to the inductive load. With
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Figure 3.16: Simulation results of DSVM with v, ey = 330V (L — L), where a) Input phase
voltage v4, b) Output line voltage v,,, ¢) Output phase voltage with respect to the input neutral
point vy, and d) Common mode voltage
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Figure 3.17: Simulation results when output reference voltage (line-line) is: a) vy rer = 330V, b)
Voref = 200V, and c) v, rer = 80V
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Figure 3.18: Simulation results of DSVM with v, yer = 330V L — L and f, = 30H %

regard to Figure 3.23b, the harmonics of the output current are at integer multiples
of the switching frequency. Also, the output phase voltage v,y, line-to-line voltage
Uy and their frequency spectrum have been presented in Figure 3.24 that are in

good accordance with the simulation ones.

3.3.3 Indirect space vector approach

The indirect conversion method for the MC was firstly introduced by Huber and
Borojevic in 1989 [85]. The indirect matrix converter (IMC) divides the modulation
process of the matrix converter into the two stages of rectifier with six bidirectional
switches and inverter with six unidirectional switches, as shown in Figure 3.25.
Based on this technique, the three-phase input voltages are rectified to a virtual dc-
link voltage and then, using this imaginary dc voltage, the voltage source inverter
stage generates the desired output voltages. As mentioned before one of the most

preferred modulations for MCs is the Space Vector Modulation (SVM) because of
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Figure 3.19: Experimental results of DSVM when ¢ = 0.86, f; = 50Hz, f, = 60Hz, where a)
Three-phase input source currents, and b) Input source current i55 and its frequency spectrum
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Figure 3.20: Experimental results of DSVM, input source current i,p and output current 4,
when ¢ = 0.86 and f; = 50H z, where a) f, = 30Hz, and b) f, = 70Hz
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Figure 3.21: Experimental results of DSVM, input source current i,z and output current i,
when f; = 50Hz and f, = 60Hz, where a) ¢ = 0.86, and b) ¢ = 0.5
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Figure 3.22: Experimental results of DSVM, when ¢ = 0.86, f; = 50Hz and f, = 60H z, where
a) input source current and voltage is5 and vsp, and b) input source voltage vsp and its frequency
spectrum
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Figure 3.23: Experimental results of DSVM when ¢ = 0.86, f; = 50H zandf, = 60H z, where a)
Three-phase output currents, and b) Output current ¢, and its frequency spectrum
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Figure 3.24: Experimental results of DSVM when ¢ = 0.86, f; = 50H zandf, = 60H z, where
a) Output phase voltage v,n and its spectrum, and b) Output line-to-line voltage v, and its
spectrum
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the better harmonic performance using different switching strategies. The converter
control stage generates and applies indirect SVM (ISVM) control signals to the
power switches in order to obtain the desired input current and output voltage
waveforms. The number of switching commutations and consequently the switching
losses in each switching period depends on the number and position of the zero
configurations used in the switching pattern. It also has some effect on the ripples
of the input and output voltages and currents. Figure 3.26 shows a schematic
diagram of the conventional IMC. A second-order low-pass input filter is located
between the input three-phase voltage source and the rectifier stage to eliminate
the current harmonics injected into the source. The rectifier and the inverter stages
are synthesised independently, and then the results are combined to produce the
modulation for the entire matrix converter [91-93]. Compare to the DSVM, ISVM
is easier to understand and also it is possible to apply different well-established

algorithms of the inverter to IMCs.

Inverter

(E4E <

W, | W—

Yo—

Z 4

(EdEe

Figure 3.25: IMC with an RLC filter and a three-phase RL load
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Figure 3.26: The schematic diagram of ideal IMC

By splitting the transfer matrix of the MC into the product of the transfer
matrixes of a rectifier and an inverter, the control of the input current and output

voltage is decoupled as following:

Sxa Sya Sza Sxp Sxn
Sap Spp Scp
Sxs Sy Sze| = [Svyp Svwn =
San Sy Scn
Sxc Svc Szc Szp Szn
- (3.38)
Sxp.Sap + Sxn.San Sxp.Spp + Sxn.Sen  Sxp.Scp + Sxn.-Scn
Syp.Sap + Syn.San  Syp.Sep + Syn.Seny  Syp.Scp + Syn-Scwn
_SZP-SAP + Szn.San  Szp.Spp + Szn.Sen  Szp.Scp + Szn.Scn
The instantaneous output phase voltages can be determined as below:
UX(t) SXP SXN UA<t>
Sap Spp Scp
vy(t) | = [Syp Sywn vp(t) (3.39)
San Sey Scn
vz(t) Szp  SzN ve(t)

3.3.4 The rectifier stage

The rectifier stage is controlled to provide sinusoidal input currents with unity input
power factor [90]. By assuming the rectifier stage as a stand-alone current source
rectifier (CSR), the de-link voltage Ve can be derived by using the rectifier transfer

matrix multiplied by the input voltages. Also, the input currents can be represented
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Table 3.5: Valid switching combinations for the rectifier stage and its respective generated input

current vectors

mput current |?Z| Z?,;(ﬁi) connected switches
space vectors
2 s
?il EIDC ~% Sap, SBN
7, 2 f Sup, S
i2 73 DC G AP, OCN
7, 2 T Spp, S
i3 73 DC 2 BP, OCN
2 o
7¢4 ﬁIDC 5 San,Spp
2 5%
?iS %[DC 5 San,Scp
7, 2 I Spw. S
6 \/g DC 9 BN, PCP

by using the transposed transfer matrix of the rectifier and Ipe such as:

N
vp Sap Spp Scp
(I San Sy Scn
(%e;
A Sap San
, Ipcy
B = |Spp Spn
| Inc-
ic Scp Scen

where Ipe is the de-link current shown in Figures 3.25 and 3.26.

(3.40)

(3.41)

In purpose of avoiding short circuit at the input source, only nine switching

combinations are permitted in the rectifier stage and presented as non-zero vectors

shown in Table 3.5.

For example, in Figure 3.29 the closed switches in the rectifier stage are S,p and

Scn. The virtual de-link P-N is connected to the input phase voltages v4 and ve

at this instant and therefore the input current vector I;g is obtained by using the
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(b)

Figure 3.27: IMC space vectors of a) The output voltage b) The input current

space vector transformation:

Ly = Z[iat) + is(t)e’s +ic(t)e’]

j2m jam
(Ipc+ 0.3 —Ipc.es) (3.42)
2

= —e-]

V3

WM W| N

ol

According to the six vectors mentioned in Table 3.5 with fixed directions, Figure
3.27 illustrates the input current vectors formed by the valid switching combinations
of the rectifier stage. Any arbitrary input current vector within a sector of the
current hexagon can be synthesised by two adjacent input current switching vectors
(?iz, ?13) as shown in Figure 3.28b. The proportion between two adjacent vectors
determines the direction of the current reference vector. Therefore the reference

input current vector, for a switching period T is synthesised as:

I, =d, L +dsI;
R (3.43)
= d 1o + dsl;3

where d, and d; are resectively the duty cycles of the adjacent vectors f,y and I
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within the switching interval T,. Considering the triangle AABC' in Figure 3.28b,

the duty cycles d, and d;s are calculated as following:

sin(ZBAC)  sin(ZACB)  sin(ZABC)

ds; d,I; I;
dskal Jr” ol %‘ | (3.44)
sin(f;)  sin(§ —6;)  sin(F)
ds(5Ipc)  dy(Flpc) | Zi|
d =2~ psin(E — ) (3.45)
Y T /1'7S - c 3 7 .
ts :
ds = — = mesin(6;) (3.46)
T
dor =1 — (d, + ds) (3.47)
I
me = i (3.48)
Ipc

where ¢, and t5 are the time durations of the adjacent switching vectors. m, is the
modulation index of the rectifier (0 < m. < 1), and 6; indicates the angle of the
input current vector within the sector. As the input voltages are considered as the
input reference instead of the input currents, the input displacement angle ¢; as
shown in Figure 3.27 can be defined as:

i =0o; — (3.49)

Bi =i — i

As an example, in figure 3.27 which input reference current is located in sector
2, the adjacent vectors are fggandﬁg and connected switches are (Sap, Scn) and

(Sgp, Scn), so that the instantaneous input currents and the de-link voltage are as

following;:
N 10 0 0
. - - Ipcy
B = d,yfig + d(S[zd = (d"/ 0 O —|- d§ 1 0 ) (350)
_ Ipo—
o 0 1 0 1
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(a) (b)

Figure 3.28: Synthesising the output reference voltage and input current vectors by two adjacent
space vectors in a given sector

VA
Up 1 00 010
= (d,y + ds ) UB (3.51)
UN 0 0 1 0 0 1
(el

As MCs do not have any energy storage element, the input power and the dc
power are equal at any instant. In normal condition, the input voltages are balanced

sinusoidal voltages. Therefore,

Pin - PDC
; (3.52)
5‘/imlim cos(yi) = Vpelpe

As a result, the average dc-voltage generated by the rectifier stage is calculated
by:
3
Voo = 5meVim cos(¢:) (3.53)

The maximum dc-voltage level is %V;m, as m. and power factor cos(yp;) are as-

sumed unity to have the maximum gain for the converter.
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Table 3.6: Valid switching combinations for the inverter stage and its respective generated output
voltage vectors

output voltage \70\ 470(040) connected switches
space vectors
7 2
ol §VDC 0 Sxp,Syn,Szn
2 T
702 =Vbe = Sxp,Syp,Szn
3 3
2 2T
703 =Vbe — Sxn,Syp, Szn
3 3
7 2
o4 gVDo s Sxn,Syp,Szp
2 2
705 =Vbe il Sxn,Syn,Szp
3 3
2
706 =Vbe I Sxp,Syn,Szp
3 3
70 0 - SXP, SYP7 Szp or SXN, SYN, Szn

3.3.5 The inverter stage

In order to find the relationship between the output voltages and the dc-link, the
inverter stage is considered as a conventional two-level voltage inverter. So the con-
ventional SVM for VSI can be applied to the inverter stage. The inverter stage
should generate sinusoidal output voltages with controllable amplitude and fre-
quency. To avoid the open circuit at the load side, and short circuit in dc-link,
only eight switching combinations are permitted in the rectifier stage as listed in
Table 3.6. Therefore, in each leg of the inverter, one and only one switch must be

connected, or:
SjP+SjN:1 j GX,Y,Z (354)

Figure 3.27 illustrates the six non-zero output voltage vectors formed by the
valid switching combinations of the voltage source inverter.

The output phase voltages of the inverter can be determined using the transfer
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matrix of the inverter stage as following:

Ux Sxp Sxn
vp

Vy = Syp SYN (3.55)
UN

Uz Szp Sz

Similarly, the dc-link current Ipco is derived by the transpose of the inverter

transfer matrix:

(5
I S S S
pc+ | _ |Sxp Syp Szp . (3.56)
Ipo— Sxn Syn Szn ,
lz

As can be seen in Figure 3.28a the output reference voltage vector V, can be

synthesised by two adjacent space vectors in a given sector as:
V, = d, Vi, +dgVs (3.57)

where d, and dg are the duty cycles of the vectors V,, and ‘75 respectively, which

can be calculated in the same method of the rectifier:

t

do= 70 = e sin(g —0,) (3.58)
t ,

dg = T =M sin(6,) (3.59)

to

doy = 7= 1 — (do +dp) (3.60)
3Vom

= V3 (3.61)

Vbe

where m,, is the modulation index of the inverter stage (0 < m, < 1), 6, is the angle

of the vector V, within the sector and dgy is the duty cycle of the zero voltage vector
V..

97



Chapter 3. MODULATION METHODS, SIMULATIONS AND EXPERIMENTAL RESULTS

For example, in Figure 3.28a which output reference vector is in sector 2, the

dc-link current and output voltages are:

V, = do Vi + dsVs
ZdaVovadﬂVog
Uy 10 01 (3.62)
v
v | =(da |1 ol +ds |1 o))
UN
Vz 01 01
Ix
I 110 010
P — +dg iv (3.63)
I 00 1 10 1] |
lz

The output power equals the dec-link power at any instant as there is no energy

storage element in the converter:

PDC - Pout ( )
3.64

3
VDCIDC = 5‘/om[om COS(()OO)
Therefore, the average value of the virtual dc-link current Ip¢ is determined as:

3
Ipc = \/T_mvlom cos(,) (3.65)

where V,,,, and [, are the peak values of the output phase voltage and the output

current respectively, and ¢, is the output displacement angle.

3.3.6 Indirect space vector modulation for the entire matrix

converter

The correct modulation pattern combines the switching states of the rectifier and
inverter stages in such a way that the desired input and output waveforms can be

obtained. The displacement factor is controlled to zero to obtain the maximum
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Table 3.7: Valid switching combinations of the rectifier stage

Table 3.8: Valid switching combinations of the inverter stage

k; SW- SWs

1 SapSen SapScn
2 SapScn SepScn
3 SepScn SanSpp
4 SanSep SanScp
5 SANSCP SBNSCP
6 SenScp SapSeN

k., SWe swg

1 SxpSynSzN SxpSypSzn
2 SxpSypSzn SxnSypSzn
3 SxnSypSzn SxnSypSzp
4 SxnSypSzp SxnSynSzp
5 SxnSynSzp SxpSynSzp
6 SxpSynSzp SxpSynSzn

voltage transfer ratio and also for reducing the switching number and consequently
the switching loss, the zero vectors are produced only on the inverter stage. On the
other hand, the rectifier modulation index m, is often fixed to unity and to adjust
the overall voltage transfer gain of the IMC, the inverter modulation index m,, is
considered variable. Tables 3.7 and 3.8 illustrate the valid switching combinations
for the rectifier and inverter stages according to the sector of the input current
and output voltage vectors respectively. Combination of the switching states of the
rectifier and inverter stages depends on the sectors that input current and output
voltage vectors are in.

The double sided switching pattern using one zero state is illustrated in Table
3.9 when the summation of the input and output hexagon sectors is odd or even [69]

[90] [94,95]. The zero switching sequence and its duty cycle can be expressed as:

111
000

S’wo =

k; 'even/

k; 'odd’

do =1 — (dyds + dyd + dsdo + dsd)
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Table 3.9: The switching pattern of the IMC using one zero vector

duty cycles

k; + k, "odd’
Rectifier switching SW- SWs
Rectifier switching d(do+dy) | 1= d,(de+dy)

duty cycles

Inverter switching | swg | sw, | sw, | swg | swy
Inverter switching
duty cycles dydg | dydy | dsde | dsdg | do
k; + k, ’even’
Rectifier switching SW- SwWs
f ok
Rectifier switching d(do +ds) | 1= d(da+dy)

Inverter switching | sw, | swg

Swg | SWo | SWo

Inverter switching
duty cycles

dydy | dydy

dsdg | dsdy | do

The double sided switching pattern including three zero vectors is presented in

Table 3.10 when the sum of the input and output hexagon sectors is odd or even.

The zero switching sequences and their duty cycles are defined as:

111
Sw(m =

000

000
Sw()b =

111

doy =1 — (dy + dp)
dor = 1 — (d, + ds)

k; 'even/ 568
ki 'odd (369
k; 'even’ 560
ks 'odd e

(3.70)

Figure 3.29 illustrates the operating approach of the DMC deduced from IMC.

The modulation algorithm for DMC can be obtained from indirect modulation ap-

proach by substituting the virtual de-link voltages vp and vy in (3.55) by (3.40),
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Table 3.10: The switching pattern of the IMC using three zero vectors

ki + k, ‘odd’
Rectifier switching S, Sws SwWs
Rectifier switching
duty cycles dy ds dor
Inverter switching SWoq swg | SWq SWop Swe | sSwa SWoa | SWoq
Inverter switching | 1 1 1 1
duty cycles §d7d0v dydg | dydy §d7d0U §d5dov dsd, | dsdg §d5dm dor
k; + k, ’even’
Rectifier switching SW- Sws SwWs
Rectifier switching
duty cycles dy ds dor
Inverter switching | swy, | sw. | swg Swoy, SwWg | SWa | SWoq | SWoq
Inverter switching | 1 1 1 1
duty cycles §d7d0v dydy | dydg §d7d0v §d5d0v dsdg | dsd,, id(gdov dor

and the result is illustrated in (3.39). The duty cycles of the DSVM using the ISVM

with unity input power factor are calculated as:
dory = dod, = m, sin(% —46,) sin(g — ;)
dps = dods = m, sin(g —0,)sin(6;)
dgy, = dgd, = m,sin(6,) sin(g —0;) (3.71)
dgs = dpds = m,, sin(b,) sin(6;)
do =1—(dyds + dd, + dsd, + dsdp)

3.3.7 Simulation results of the indirect matrix converter

The model of the indirect matrix converter shown in Figure 3.26 has been simulated
using PSIM. Figure 3.31 shows the simulation results for an indirect matrix converter
when f; = 50, f, = 40, Vs 1rms = 400V, v,y cr = 320V and the load and input filter

parameters are the same as the DMC that mentioned before. Referring to Figure
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Figure 3.29: Graphical representation of the switch states of IMC and its equivalent circuit in
DMC
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Figure 3.30: Simulation results of IMC, where a) Common mode voltage, and b) Virtual dec-link
voltage Vpe

3.31h, the input current i4 has significant high-frequency harmonics which can be
eliminated by using an appropriate low-pass LC filter, so that a sinusoidal, balanced
input current is obtained at the supply side, as shown in Figure 3.31a. Therefore
IMC can generate sinusoidal input and output currents like DMC. The inductive
property of the load generates sinusoidal output currents from the output voltages
generated by the inverter stage. Also, the input filter has such a role for smoothing

the input current that returns to the input source.
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Figure 3.31: Simulation results of IMC, where a) Input source current and voltage is4 and vs4,
b) Output current i,, ¢) Frequency spectrum of is4, d) Frequency spectrum of i,, e) Output phase
voltage v, f) Output line-to-line voltage vy, g) Input current i4, and h) Frequency spectrum of
input current 74
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3.4 Conclusion

In this chapter, the basics of direct matrix converter and indirect matrix converter
technologies and their modulation schemes have been reviewed. Three modula-
tion strategies for controlling DMC including Alesina-Venturini modulation method,
Alesina-Venturini optimum method and direct space vector modulation have been
presented. All strategies operate in order to keep at any instant the input cur-
rent space vector in phase with the input voltage vector that means instantaneous
unity input power factor. The performance of these three modulation strategies has
been analyzed in detail and verified by numerical simulations. The quality of the
waveforms has been evaluated by the criteria of total harmonic distortion (THD).
Then some of the modulation strategies have been implemented on a direct ma-
trix converter prototype which has been designed for this project. The collected
experimental results confirmed the validity of analysis and show good agreement
with the numerical results. Also, ISVM has been performed on a simulated IMC,
and according to the simulation and experimental results, both direct and indirect
schemes are able to generate high-quality sinusoidal input and output currents. Al-
though there is no experimental results for IMC to compare the results with DMC
results, the simulation results show that there is no significant difference between
the two structures. Finally, it has been found from the results that, space vector
modulation is preferred to the other ones due to the higher voltage gain and lower
harmonic distortions. In the case of the Alesina-Venturini optimised method, al-
though it improves the voltage gain from 0.5 to 0.87, the THD of the input and

output currents are too high.
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Chapter 4

DESIGN AND IMPLEMENTATION OF
A DIRECT MATRIX CONVERTER
PROTOTYPE

4.1 Introduction

This chapter presents the basics of the prototype implementation of the DMC which
has been developed to validate the simulation results presented in the thesis. At
first, the overall structure of the prototype is described in brief, and then each part
is explained in more details. As shown in Figure 4.1, the DMC prototype consists of
four main parts: the power circuit with gate drivers, measurement and protection

circuits, control platform, clamp circuit and input filter.

'Clamp circuit Board‘<=

Power Igput Power Circuit Load
suply Filter ‘

v 1
=

Figure 4.1: Block diagram of the overall structure of the designed DMC
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‘ Clamp circuit Board ’

¢

DSP

--=> Interface Board
voltage sensor
board

Figure 4.2: Block diagram of the overall structure of the control plan

A

Power Board X Power Board Y Power Board Z

Figure 4.2 shows a simplified block diagram of the DMC prototype. The general

overview explains that the converter consists of the following main parts:

1. The power section includes the power modules, driver boards, input filter and

a clamp circuit.
2. Voltage and current sensor boards and protection circuits.
3. Control section consists of the FPGA, the DSP and a PC.

More details of each part will be explained in the following sections.

4.2 The Power Module

The schematic of the power module is shown in Figure 4.3. The main parts of
the power module of the DMC are the bidirectional switches which are based on
the common-collector configuration of the IGBTs as demonstrated in Figure 4.4b.
The power circuit consists of three separated PCB boards on the three heat-sinks,
each of which consists of six IGBTs (IRG7TPH42UD1-EP) containing an antiparal-
lel connected diode (rated current 30A and voltage 1200V at 100°C' temperature
as shown in Figure 4.4a), snubber circuit for each switch, three on-board drivers

(VLA567-01R) and three filter capacitors.
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Figure 4.3: The schematic of the power module with driver boards

n-channal

NS TX /N £
T

(a) (b)

Figure 4.4: IGBT switch, where a) TO-247ADIRG7PH42UD1-EP, and b) Schematic of a single
bidirectional-switch

As there should be three delta-connected capacitors in the input filter, for better
decoupling of the converter from the input side and minimising the effect of the par-
asitic inductances, each filter capacitor is split into three capacitors and connected
directly to the bidirectional switches on each board [71]. All of the nine bidirectional
switches have a filter capacitor in the input, and three input filter inductors with
damping resistors are located between the input three-phase AC supply and the

power boards.

As the traditional electrolytic capacitors have limited lifetime so, they replace
with film capacitors. It was possible to build the power module using a large multi-
layered printed circuit board but separating them into three PCB, each for one

output phase is more convenient for fixing possibly damaged components.
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4.3 Gate Drive Circuits

The driver board is designed to drive the IGBTs as the bidirectional switches on
the power boards. The drive signals are applied to the switches through a hybrid
integrated circuit (IC), VLA567-01R made by Powerx as shown in figure 4.5b. Each
IC can drive two IGBTs at the same time (one bidirectional switch) and because
it has a built-in isolated dc-dc converter required for the gate drive, so that it
can be used in both, the common-collector and common-emitter configurations for
bidirectional switches. The isolation voltage between each input and between input
and output is 2500 Vrms. Figure 4.5a shows the circuit diagram of the driver board
using VLAbS67-01R driver integrated circuit, and Figure 4.6 presents the outline
drawing and circuit diagram of the IC [6]. Although Figure 4.5a shows the switch
configuration for a leg of an inverter, it can drive a bidirectional switch too.

To protect the switches from failure under short circuit condition, the collector to
emitter voltage should be monitored continuously. The driver IC includes a built-in
short circuit protection that provides gate lockout to maintain a reverse bias for a
predetermined time (73,;,) after the short circuit detection. A controlled time (7%;,)
to detect the short circuit should be predetermined by a capacitor (Cy.p). When
the collector voltage is high, and the applied input voltage to the gait stays ON for
a time longer than (7}.,), the IC will recognise the condition as a short circuit and
consequently reduce the gate voltage. The flowchart of the short circuit detection
process is presented in Figure 4.7 [6].

To achieve the minimum distance between the switches and gate drive signals
each gate driver board is placed as close as possible to the power board. Figure 4.8

presents a photograph of the power boards with the driver boards.
4.4 Interface Board

The interface board is designed to link the FPGA to the protection circuits and
driver boards. The output voltage level of the DSP is compatible with the FPGA,
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Figure 4.5: Driver integrated circuit, where a) Schematic of the driver board using VLA567-01R
driver integrated circuit, and b) VLA567-01R driver integrated circuit [6]
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Figure 4.6: Outline drawing and circuit diagram of VLA567-01R [6]

and both are 3.3 V, so that the DSP output signals can be connected to the input

connector of the FPGA without converting the logic level. However, the level con-

version is necessary for connecting the outputs of the current and voltage protection

boards to the FPGA as their output voltages are 5V and from FPGA to the driver

boards.

The SN74LVC16T245 16-bit dual-supply bus transceiver with configurable volt-

age translation is used for the level shifting. It uses two separate configurable power
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Figure 4.7: Operation flowchart on detecting short circuit [6]

supply from 1.65 to 5.5 and allows for low-voltage bidirectional translation between
3.3 V and 5 V. The incoming protection signals (overvoltages, overcurrents, short
circuits and current directions) to the FPGA should be level shifted to 3.3V. On
the other hand, the FPGA output PWM signals should be stepped up to 5V before
connecting to the driver boards. It also buffers the PWM gate-drive signals using
the 74HCT2G04 dual inverter which provides two inverting buffers for each driver
board.

4.5 Input Filter

The input current THD should be limited to the standard level. A single-stage LC
filter with the incorporation of damping in the form of resistors in parallel with
the inductors is used to provide the required attenuation with the arrangement

demonstrated in Figure 4.9. As the damping ratio of the LC filter is not enough for
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Figure 4.8: Photograph of the power boards with the driver boards on them
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Figure 4.9: Schematic of the input filter circuit with damping resistors in parallel with the filter
inductances
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Figure 4.10: Second order LC filter with bypass relays for preventing of more power loss, and
damping resistors, where a) in parallel, and b) in series with the inductors

fast and safe power-up, and when a voltage step is applied to the MC, it causes a
transient over-voltage level and oscillation that can lead to instability. The inductors
should be damped using three parallel or series resistors with the filter inductance.
In order to reduce the power loss caused by the damping resistors, they can be
bypassed by using the bypass relays as illustrated in Figure 4.10 [70] [27]. The
damping resistors are used because input currents are possible at some operating
points, to contain a harmonic close to the cut-off frequency of the filter and cause
the converter to be unstable.

For the prototype converter, three star-connected 6.6 F capacitors (split into
three star-connected 2.2uF for each power board) are used which are connected in
series with a set of three inductances of approximately 3 mH each, to produce a cut-
off frequency of about 1.13kHz. This resonant frequency is well below the switching
frequency (10 kHz), and so this filter can effectively filter out the harmonics caused
by switching, while the phase shift caused by the filter is close to zero over the input
frequency range. The input displacement factor is still close to unity. The damping

resistor can be found according to the (2.15), which should be less than 21.32€.
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Figure 4.12: Photograph of the clamp circuit

4.6 Clamp Circuit

The clamp circuit includes two rectifier bridges using six fast recovery diodes, a
clamp capacitor and a parallel resistor and protects the MC against over currents or
over voltages on both input and output sides of the converter. Figure 4.11 shows the
schematic of a typical clamp circuit. In the case of an R-L load, the energy stored
in the inductances and in the case of an induction motor the energy stored in the
leakage inductances cause an over voltage during converter shutdown if there is no
discharge way. On the other hand, line perturbations can case over voltages on the
grid side [27]. As shown in Figure 4.12 the clamp circuit for this prototype is built
on a separate PCB and connected to the input and output sides of the MC to limit
the over-voltage level on both supply and load sides.

In normal conditions the clamp capacitor charges to the maximum input line
voltage. Under a fault condition which an error signal is generated by any protection

circuits and the FPGA sends turn off command to the drivers to shut down all the
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Figure 4.13: TMS320F28335 Experimenter Kit [7]

switches at the same time, the clamp circuit is the way for discharging the load
energy.

It can be seen from 2.19, for designing the clamp capacitor by considering the
switches characteristics, the maximum acceptable voltage and current should be
determined. In this prototype IRG7TPH42UD1-EP IGBT switches have Vog mes =
1200V and I,ominat = 30A. Assuming the converter current limit about 20 A and
maximum voltage of the clamp capacitor Vi, e = 1200V, L;=6 mH, V,,; =

V2 % 400V = 565V, C. becomes 3.2 uF.

4.7 Matrix Converter Control

The control unit comprises of a digital signal processor (DSP) board and a field
programmable gate array (FPGA) board. The modulation calculations and control
functions are performed by the DSP as the main processing unit. In this prototype,
the TMS320F28335 Experimenter Kit manufactured by Texas Instruments is used
as the central processor. A fast processor is required due to the relatively intensive
mathematics of every switching cycle of a MC with the short time scales for per-
forming the calculations. Operating at 150 MHz, the TMS320F28335 DSP offers
sufficient processing capability required for this application. The processor features

18 PWM channels with high-resolution capability, 512 KB integral flash, a 150 MIPS
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processing core with floating point support and 12-bit, 12.5 MSPS analogue to dig-
ital converter (ADC). The C2000 experimenter kit facilitates real-time in-system
programming and debugging using an isolated XDS100 JTAG emulator for connec-
tion to the PCB via USB port and header pins access to key micro-controller signals.
Also, the code composer studio (CCS) is the required software for programming and
debugging the DSP using a PC. Figure 4.13 shows the TMS320F28335 Experimenter
Kit.
The DSP handles the following tasks:

1. Creating the output voltage reference in the case of R-L load and open loop

control.

2. Converting three-phase input voltages, output current and reference voltages

to digital quantities by ADC.

3. Determining the instantaneous locations of the input and output voltage vec-
tors and generating the sector codes of K;andK, and also the angle of each

vector in the related sector.

4. Calculating the duty cycles dy, ..., d; according to the voltage gain and instan-

taneous angles.
5. Transferring the PWM signals to the FPGA.

The output signals of the DSP board are connected to the power circuit through
a Xilinx spartan6-LX150T development board (manufactured by AVNET) which
includes a Xilinx-spartan6 FPGA as presented in Figure 4.14. This kit has the
FPGA processor mounted on a PCB with the required memory and associated
peripherals that allow it to be connected to a PC through a JTAG cable and used
with ISE Design Suite 14.6. Figure 4.15 shows the main components of the FPGA
development board.

The Spartan-6 LX150T development board provides expansion capabilities for

customised user application daughter cards and interfaces over two low pin count
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Figure 4.15: XILINX Spartan-6 LX150T development board main components [8]

(LPC) FPGA Mezzanine Card (FMC) expansion connectors. The LPC connectors
on the development board have populated 160 of the 400 possible positions of HPC
(High Pin Count) version of the connector. The FMC defines the LPC interface
to be a 160-pin connector arranged in a 4 x 40 array. Figure 4.16 explains the
installation of the mezzanine card to FMC Connector [9].

The most important function of the FPGA is the commutation process and gen-
erating the gate control signals for bidirectional switches. The gate control signals
are applied to the gate drivers through the interface board. The concept of the 4-step

commutation method has been explained in previous sections. By using the VHDL
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Figure 4.16: Installation of Mezzanine Card to Board FMC Connector [9]

(very high speed integrated circuit hardware description language), logic gates and
state machines for 4-step commutation strategy can be programmed into the FPGA.
An FPGA consists of programmable logic components and interconnections. The
architecture of FPGA is parallel; it means that different parts of the implemented
control algorithm in an FPGA can be executed in parallel so that the execution time
is very short [80]. Therefore due to the fast computational capability of FPGAs, it
is reasonable to put a part of the modulation algorithm as well as the commutation
process in the FPGA to increase the performance of the control part and reduce
the DSP load. On the other hand, the commutation process needs to be performed
simultaneously and in parallel for the active switching devices. Figures 4.17b shows
the top-level block of the control algorithm in the FPGA.

According to the Figure 4.18 which illustrates the overall control structure of the

converter, the FPGA board handles the following tasks:

1. Receiving PWM signals, sector codes of the current and voltage space vectors

from DSP and creating nine switching pulses for bidirectional switches.

2. Performing the current commutation process using the switching pulses and

current-direction signals and generating 18 switching pulses for driver boards.
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commutation_part

(a) (b)

Figure 4.17: The control algorithm in the FPGA, where a) Top-level block, and b) Inside the
top-level block

3. Turning off all the switches if there is any fault condition considering the

over-voltage, over-current and short-circuit signals from protection circuits.

4.8 Measurement and Protection Circuits

The measurement circuits comprise of current transducers, voltage transducers, over-
voltage and over-current protection circuits and current direction detection circuits.
The voltage transducers and over-voltage protection circuits are mounted on one

PCB board, and the current direction measurement and protection circuits are
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Figure 4.18: Overall structure of the control platform

placed on another PCB board. The separated PCBs are due to the difference be-
tween voltage and current levels of the measuring signals, noise sensitivity of the
components and easier maintenance if any failure happens. The current transducers

also are assembled on a different PCB to reduce the distortions in the measured
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Figure 4.19: Overall structure of the interface board

currents. Each one of these circuits will be reviewed in more detail in following.

4.8.1 Input voltage measurement and protection circuits

According to the SVM strategy, the reference angle of the input current space vec-
tor is required to determine the duty cycles and switching sequences. On the other
hand, to reach the unity input power factor, the generated input currents are syn-
chronised with the input voltages, and the input phase voltages should be measured
to determine the angle and sector of the input current space vector. For this pur-
pose, the LEM voltage-transducer, LV 25-P, is used as shown in Figure 4.20 that is

suitable for measuring nominal voltages from 10 to 500V. For voltage measurement
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Figure 4.21: Schematic of the voltage measurement circuit

using this Hall effect transducer, a current proportional to the measured voltage
must be passed through an external resistor (R1) which is installed in series with
the primary circuit of the transducer as shown in the schematic diagram of Figure
4.20. The primary resistor R1 should be calculated to obtain the transducer’s opti-
mum accuracy. Therefore the nominal voltage should be measured corresponds to
a primary nominal current rms of 10 mA. To measure the input voltage 240V (rms),
R1 =240V/10mA = 24kQ, 2.4W (3 x 8k, 2WW has been utilized). As the secondary
nominal rms current is 25mA, considering the conversion ratio 2500:1000, the out-
put of the transducer is a voltage proportional to the current passing through the

resistor R, [10].

After measuring the voltage using the voltage transducers, the measured voltages
which are connected to the ADC of the DSP must be between 0V to 3.3V. As
shown in Figure 4.21, using amplifier OP4227, the output signals meet the required
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15V

HCPL-2400

| B
5 over-voltage

7 GND  signal
A I R

GND

p—
L ]

Figure 4.22: Schematic of the over-voltage protection circuit

level for DSP. Also by a window comparator using LT119A (dual comparator 1C)
the over-voltage (OV) fault signals are generated as well. For monitoring the fault
signals in the FPGA, three HCPL-2400 optocouplers are used to convert the voltage
level to +5V and then they are applied to the FPGA through interface board after
level shifting to 3.3V. The isolation between the analogue and digital circuits is
performed by using the optocouplers as presented in Figure 4.22. Zener diode with
cut off voltage 3.3V is used to clamp the voltage to the safe level for DSP. Figure
4.23 shows a picture of the voltage measurement circuit board that has been built

for the prototype.

4.8.2 Output current measurement

To measure the output currents, the inline current transducer LEM, LTSR 25-NP

is used as shown In Figure 4.25 [11]. The output of the transducer is a voltage
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Figure 4.24: Prototype current measurement board, where a) Current sensor board, and b)
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Figure 4.25: Current transducer LT'SR 25-N [11]

between 0.5 to +4.5V proportional to the measured current as illustrated in Figure
4.26, so the output voltage for zero input current is +2.5V [11]. This offset should
be cancelled out using a voltage reference generated by IC MAX6225 and amplifier
OP4227. The amplified output of the op-amp then is fed into a non-inverting com-
parator with hysteresis to determine the current direction (CD) at any instance, as
the 4-step commutation is used for this prototype. An optocoupler is used to reduce
the CD voltage level to 0-5V and to provide the electrical isolation between the mea-
surement circuit and the control platform. The schematic diagram of the output
current measurement and current direction detection circuit of this prototype are
illustrated in Figure 4.28.

On the other hand, to ensure protection against over-current, the output currents
should be continuously monitored by a circuit that generates over-current (OC) fault
signals. The schematic diagram of the over-current protection circuit is shown in
Figure 4.27. The OC signals are sent to the FPGA through the interface board.

Figure 4.24 shows a picture of the current sensor and current measurement boards.

4.9 Conclusion

The basics of the hardware design and implementation of power and control boards

of the DMC have been presented in this chapter. A 7.5 kW laboratory prototype

125



Chapter 4. DESIGN AND IMPLEMENTATION OF A DIRECT MATRIX CONVERTER PROTOTYPE

|P[At]

- | - | 0 | I

PM PN PN PM

Figure 4.26: Input-output characteristic of the current transducer LTSR 25-N [11]
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Figure 4.27: Schematic of the over-current protection circuit
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Figure 4.28: Current direction measurement circuit

has been designed and implemented in order to verify the operation of the mod-
ulation and control methods presented in the other chapters of the thesis. The
prototype has been designed as identically as possible to the structures illustrated
in the simulation models to assure a reliable comparison between the simulation
and experimental results, although the simulation results are more close to the ideal
results because of the non-ideal characteristics of the real components, circuits and
instruments. As presented in the other chapters the experimental results are in
agreement with the simulation results. The results verify that the designed DMC
operates as expected and it can generate high-quality input and output currents and

output voltage waveforms.

The design and construction of the DMC prototype used for micro-grid appli-
cations has been illustrated in detail. The power circuit is built up with eighteen

IGBTSs in common-collector configuration for bidirectional switches and also the in-

127



Chapter 4. DESIGN AND IMPLEMENTATION OF A DIRECT MATRIX CONVERTER PROTOTYPE

put filter capacitors are placed on the power boards. The current direction based
four-step commutation is applied for safe operation of the bidirectional switches in
FPGA, so 18 switching signals are generated by the VHDL programming in the
FPGA to perform the four-quadrant operation effectively. Also, the control panel
includes a DSP for performing the modulation and control calculations. The in-
put filter is a simple low-pass LC filter with the damping resistors in parallel with
the filter inductors that the procedure for designing an effective filter is illustrated
to obtain sinusoidal input currents at the supply side. The voltage and current
measurement and protection circuits and also the clamp circuit as an over-voltage

protection circuit are explained in detail.
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Chapter 5

STABILITY ANALYSIS OF THE
MATRIX CONVERTER

5.1 Introduction

The demand for environment-friendly sustainable energy resources has increased
significantly over the past decades due to the energy crisis and environmental pollu-
tion [99]. The major renewable energy sources, such as the solar and wind, however,
are intermittent, resulting in poor power quality. This problem can be effectively
solved by adopting the concept of smart microgrids, which integrate the renewable
power generation, energy storage, and consumption closely through intelligent com-
munication and control strategies. On the other hand, for the integration of multiple
renewable power sources such as wind turbines into the microgrid, the ac-dc-ac power
converters are commonly used [40,100]. These converters, though highly matured in
technology, are bulky and less reliable, especially at relatively high capacity. On the
other hand, matrix converters (MCs) can be used in the microgrids with common ac
bus as an interface between the ac components and the grid or between the micro-
grid and utility grid, in order to eliminate the energy storage element, to increase
the converter lifetime and to have a more compact converter [31,55].

MCs are known as a direct-type power converter as the output phases can be

connected to any input phase without energy storage elements. In all structures of
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the MCs, installing an input filter is necessary to mitigate the switching harmonics
and to improve the quality of the input currents [22,27,65]. In general, a simple
low-pass LC filter is used at the input of MCs, as shown in Fig. 5.1. However, as
stated in [59,66,101,102], one of the instability potentials of the MCs is the input
filter due to the negative input impedance of the converter at low frequencies. The
instability caused by the input filter depends on the different items such as closed-
loop control method, switching strategy and converter topology [72,103,104] as is

explained in the next sections.

Some research works have been conducted on the stability problem of the MC to
assure its normal stable operation for the maximum voltage gain [72,103,105-109].
One of the proposed approaches for increasing the output power limit is to add a
parallel damping resistor to the input filter inductance. In this regard, analytical
and numerical approaches have been used to determine the stability limit equations
by linearizing the system state equations [72,102]. The other popular method is to
use a digital low-pass filter, to filter out the measured input voltage [103, 106, 107].
The filtered input voltages are used for calculating the duty cycles of the switching
configurations required for the modulation process. The positive effect of filtering
of input voltage vector angle on the stability region of the MC is presented in [107]
and [108]. The stability analysis using a digital input PLL with magnitude filtering
of the input voltage vector that is, in fact, a combination of angle filter with an
infinite time constant and magnitude filter is studied in [108]. Another method to
improve the MC stability is based on the virtual harmonic damper algorithm by
constructing a correction term to increase the input impedance of the MC in motor

and generator modes [109].

In addition, there are some practical issues that influence the stability of the
converter. One of them is the digital implementation of the modulation strategy by
discrete time operation of processors due to the limited precision of their arithmetic
unit and the quantization of data and coeflicients [108]. Furthermore, the digital

implementation of the control algorithm by digital controllers introduces a switching

130



Chapter 5. STABILITY ANALYSIS OF THE MATRIX CONVERTER

period delay that can affect the stability of the system as explained in [106] and
[108]. In [106], the positive effects of the converter power losses on the system
stability is illustrated by using a simplified model of the converter taking into account
the converter power losses (switching and conduction losses). It is shown that the
conduction power loss can increase the voltage transfer ratio limit.

The stability issue also depends on the input voltage measurement technique. If
the voltage sensors are mounted before the input filter, across the three-phase input
voltage source, the measured voltage is different from the actual voltage fed into
the MC. This is because of the impedance of the filter inductor, especially in case
of high currents. As the modulation strategy and calculation of the duty cycles are
based on the voltage fed to the converter, it causes an error in the output results,
and affects the output performance. To measure the actual voltage across the input
of the MC, the voltage sensors should be installed after the input filter [103].

This chapter presents a detailed study of input filter interaction on performance
and stability of the DMC. At first, the stability problem of the system is analysed
by developing the mathematical model of the converter and the small-signal model.
Then stabilisation of the system is studied with utilising the parallel damping resistor
and also the digital input filter as two common solutions for the stability problem.

The effect of each system parameter on the stability is presented in detail using the

graphs plotted in MATLAB.

5.2 Stability Analysis of the MC

To investigate the stability of the converter, a DMC with a set of three-phase RL
load as shown in Figure 5.1 is used. The duty cycles of the switching configurations
are calculated by the instantaneous values of the voltages across the input filter
capacitors. Figure 5.2 shows a single-phase model of the input low-pass LC filter,
where Ry and Ly are the line resistance and inductance respectively. Ry is the

internal resistance of the input filter inductor which is ideally considered as zero
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Figure 5.1: Schematic of the DMC with LC input filter and RL load
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Figure 5.2: The single-phase model of the input low-pass LC filter

and Cy and Ly are the input filter capacitance and inductance respectively. The
mathematical modelling of the MC is on the basis of the state-space averaging
method which considers the average values of the voltages and currents as state
variables over a switching interval while the effects of the switching harmonics are

neglected.

5.2.1 Developing the mathematical model

Considering Figure 5.1, the input and output equations in the stationary reference

frame using the space vector notation are:

iy (t) R, - 1. 1.
= 00 () — T () + — Tyt 1
o LTZ() LTU()+LTU() (5.1)
dv(t) 1 - 1.
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diy(t) R~ L
e = —Elzo(t) + —0,(t) (5.3)

7

where Ly = Ly + Ly and Ry ~ 0 as shown in Figure 5.2. The variable, with a
over it, represents its corresponding space vector. There are two methods to find

the input-output relationships:

1) Utilizing the equations of the input-output relationships of the voltages and

currents of the matrix converter as illustrated in [110].

2) Considering the equality of the input and output powers by ignoring the

switching loss as presented in [72].

According to the first suggested method, the equations representing the input-

output relationships of the matrix converter are as following [110]:

where m4(t) and m;(t) are the duty-cycles space vectors defined by:

—

() = PO 5.6
3 o) o0
7 :M 5.7
0= S50 - o) o7

and the * sign shows the complex conjugate of the vector, and v,,(t) is the output
reference voltage vector. " (t) is the modulation vector when the input current vector
is modulated along the arbitrary space vector 1/7 (t) to have the desired angle between

the input current and voltage space vectors as following [72] [89]:

ii(t) - ju(t) = 0 (5.8)

Considering ¢; as the displacement angle between the input current and voltage
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space vectors then:

U(t) = T;(t)e 7% (5.9)

For unity input power factor, ¢; is considered equal to zero, which means the
input current is modulated along the input voltage space vector and so, mi4(t) and

m;(t) can be simplified as follows:

©; =0 = () = Ti(t) (5.10)
o Uor(t> _;(t)
mq(t) = TAON
[V (t) - (1))
) 7 (0 (0) (5.11)
- 3[5(@)T(E) + T (4)T(1))]
— o Uor(t)
1Mg(t) = 3 0) (5.12)
. 5, (1) Ui (1)
mi(t) = 300 -
[Vi(t) - Ui (t)]
B 7, (0)7(1) (5.13)
- 3[3(@)T(E) + T (4)T(1))]
Lo Ua(t)
1, (t) = 35 (0) (5.14)

The nonlinear equations for the input side in a synchronous reference frame

rotating at the supply angular frequency w; for the MC shown in Figure 5.1 are as

following: .
dig;(t) R, . - 1 1
=—(— i) si(1 i(t) + —Us(t 1
A0 (B nialt) = 0+ ) (5.15)
du;(t) 1= L 1-
W = Gt~ () = i (5.16)

Also, the nonlinear equation for the output side in a synchronous reference frame

rotating at the angular frequency w, is:

diy(t)
dt

= —(F 4 jwo)in(t) + —T,(t) (5.17)
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The resultant equations (5.12) and (5.14) - (5.17) are further used to drive the
small-signal model of the MC based on the method presented in [72,103] as illus-

trated in the next section.

5.2.2 Small-Signal Model

As the fundamental model of the system is normally nonlinear, a state-space model is
developed based on linearising the model around the steady-state operating point.
For this purpose, at first, the steady-state operating point should be defined. In
steady state conditions, when the three-phase input supply voltage and output ref-
erence voltage are balanced and sinusoidal, and the space vector of the input voltage
and output reference voltage are along the d-axis (o; = a, = 0), the space vectors

of these three-phase voltages are as follows:

1_};(75) — Viejwit — V'imejoéiejwit — imejwit
=0
o (5.18)
Upr(t) = V6ot =V, el% giwot = Vel
or or or or
ao=0

So in steady-state operating point, all the variables expressed in their synchronous
reference frames rotating at a specific angular speed can be assumed as constant

values as following:

i = Vim (5.19)

Vor = Viy (5.20)
Vor

- 5.21

1= (5.21)

I, = % (5.22)
- g

M =1 5.23

! (5.23)

7, — 4Vim (5.24)
Z
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To find the small-signal model of the system, the deviation variable Az which is the
perturbation of the variable x from its steady-state operating point is added. The
small-signal equations of the system linearised around the steady-state operating

point then can be defined as follows:

dA;sz(t) Rs . = 1 = _1 U,
T —(L—T + jw;) Aig(t) I AT (t) + I, Atig(t) (5.25)
dAT;(t) I .- A L=
dt Cy fsi(t) = Juidui(?) Cy () (5:20)
dAi,(t) R, > Lz
= (B )AL () + —AT, 2
g7 (Lz + jwe)Aiy(t) I AT, (t) (5.27)

Assuming the balanced and sinusoidal three-phase output reference voltage, At (t) =
0, (5.12), (5.14) and consequently (5.4) and (5.5) considering the small signal vari-

ations, can be written as follows:

LA ()V, — Var AT ()

Aty (t) 2
3 (Vim)? (5.28)
q
- — AT (¢
A 0)
LAT (H)VE — VEAT(t
Aml(t) — UOT‘( ) ZTTL* Z/OT‘ UZ( )
(Vi) (5.29)
q
- _ AT
A ()
A (1) = 5 [ATONE + AT (0N + Vit (1) + Vi A1)
= IAG(H) + LAT (1) — 2AG() — 2AT (1) (5.30)
2 2 2 2
=0

A7y(t) = g [Afo(t)]\zi + AT My + LAm (1) 4 L Arig(t)

_Ia7 IaF ) — LAty — LA
= 5 A(t) + AL (1) ) = AT (1) — - Avi (1) (5.31)

_ Ia7 TN (1) — T
= 2Azo(t) + 2A20(t) > AT (t)
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where Zl = R; + jw,L;. For modelling and control design it is very convenient to
transform three-phase variables into rotating d-q coordinates. Therefore the space
vectors of the input voltage v;(¢) and output reference voltage U,,(t) are decomposed

into d-q reference frame:

Ui(t) = [viay(t) + Juicg) (1))

gor (t) - [Uor(d) (t) + jvor(q) (t)]ejubt

(5.32)

Assuming the balanced and sinusoidal three-phase input supply voltage and output
reference voltage, At (t) = 0 and Ad,,.(t) = 0, (5.30) and (5.31) can be decomposed

into d-q components as:
Avo(d) (t)=0

(5.33)
Avg(g)(t) =0
. . q2Rl
Aii(a)(t) = qAo(a)(t) = —=— Avia) (t)
|1 Zi]
. q- iy
AZi t) = _,—AUZ' t
@ (1) 2 (@)

Moreover, the final state equations can be obtained by decomposing (5.25)-(5.27)
into d-q components, and considering (5.33) and (5.34) as following:

dA‘si t S . 1 !
M = —EAZSi(d) <t> + <«%‘Alsi(q) (t> - _Avi(d) (t>
dt Ly Lr (5.35)
dAZ'SZ-( )(t) . R, . 1 |
D — i (1) - 7, Asita) (1) = 7~ Avigg) (1)
dAvig)(t) 1 . i A
T g el) g A () T wb(t) = g Ao ()
5.36
B0 _ L i () — v () -~ vy 0 o
dt ;e Oz
dAZo d (t) Rl . ]
d(t) = _EAZO(d) (t) + WoAlo(q) (t)
| 5.37
dAZO(q) (t) R, ( )

= —wOAio(d)(t) — EAio(q) (t)
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Table 5.1: System Parameters for Numerical Analysis

Input parameters | Input filter parameters | output parameters
Virms = 240V Cy = 6uF R; = 1092
Ly =04mH Ly=0.6mH Ly =6mH
Ry = 0.502 fi=50Hz fo=T0Hz

Consequently, the state equations of the linearised system around the steady-state

operating point are obtained using (5.35)-(5.37) as:

where AX and A are defined

dAX

—— = AAX
dt

as:

T

AX = Aisi(d)(t) Aisi(q)(t) Avi(d)(t) Avi(q)(t) Aio(d)(t) Aio(q)(t)

Rs -1
“Ir Wi Tr 0 0
Rs —1
—W; Lr 0 E 0
1
A _ C_f O ]fl w; _Cif
0 CLf —Ww; —kl 0
R
0 0 0 0 —L—ll
0 0 0 0 —w,
R
1= - ==
Cylzif?

o o o O

(5.38)

(5.39)

(5.40)

In the following section using matrix A, a numerical approach is illustrated for

stability analysis of the system.

5.2.3 Numerical approach for stability analysis

The eigenvalues of matrix A are numerically analysed to find the stability limit of

the system. For this purpose, the dominant eigenvalue should be find which is the

closest eigenvalue to the imaginary axis. This evaluation is carried out for different
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amounts of voltage transfer ratio ¢, to find the limit value of ¢ which causes the
system remains stable. The positive real part of the dominant eigenvalue means that
the system is unstable. For the system parameters defined in Table 5.1, Figures 5.3
and 5.4 illustrate the effects of some parameters of the system on the stability limit.
According to the figures the stability limit depends on the different parameters of
the system and to show the effect of each parameter, it is changed in a particular
range while the other parameters are kept constant as illustrated in Table 5.1.
Figure 5.3a shows the positive effect of increasing the filter capacitance C'y while
Figure 5.3b illustrates the positive effect of decreasing the filter inductance. It means
that the system remains stable for larger voltage gains by increasing C'y or decreasing
L although the capacitance raise is more effective. As demonstrated in Figure 5.4a,
higher input frequency f; permits larger voltage gain ¢ in the stability region. The
output frequency f, has no noticeable effect on that. Also rising the line resistance
R, increases the stability limit as shown in Figure 5.4b, but obviously adding a
resistance in series with R, causes efficiency reduction and loss increment. So,
instead of increasing Ry, a parallel damping resistor is added to the filter inductance
that will be explained later. As explained in the input filter design section, filter
parameters should be selected in a way that cause minimum displacement angle
between voltage and current of the input source. It is not possible to change these
parameters in a wide range, and a suitable method should be carried out to increase

the stability limit.
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5.2.4 Stability analysis for maximum output power

Instead of voltage gain ¢, it is possible to evaluate the converter stability according
to the maximum output power [72]. As the matrix converter has no internal energy
storage, by ignoring the switching loss, the instantaneous input and output powers

are equal:

3 - 3 —». -

pit) = S0i(t) - u(t) = [0 ()(t) + G(2)i; (2)] = po(t) (5.41)

In order to have the desired angle ¢; between the input current and voltage, the
input current vector is modulated along the arbitrary space vector (t) = 7;(t)e 7%

so that [72] [89]:

(5.42)

Thus, the relationship between the input current and output power using (5.41)

and (5.42) is as following:

(5.43)

Therefore, (5.16) can be rewritten as:
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i) 1. 2po(t)e™"
(t) — Jwivis(t) — 3C U (t) cos(p;)

a - Cp

(5.44)

o - ~ dui(t) _ disi(t) _
In steady state conditions which explained before, as —~ = =~ = 0, by

substitution of the variable parameters with the constant values, the maximum
exchangeable power between the source and load in case of ¢; = 0 is obtained
as [72]:

312, [—Rs + /R —i—eql]

Psl7P32 - 4€q
1

(5.45)

where eq; = w? [Lr (1 — w?LrCy) — R?C’f]Q and P,y < P, < Ps. P, is the maxi-
mum power in the regenerative mode and P, is for the motor mode. To find the
maximum output power which keeps the system stable, the state equations of the
small-signal model of the system are needed. So, (5.15) and (5.44) are linearised
around the steady state operating point which mentioned before. The small-signal
equation ;(t) in (5.43) and as a result, the small-signal equation of (5.44) is as

following:

- 2p, (t)e 791 —ATH(t)
Aii(t) = : 5.46
M et VR 40

dAvi(t) 1 - s 2p,(t)e % —ATE(t)
= —Aig(t) — JwAvi(t) — ; 5.47
e e A Yo e R ) (547
The d-q decomposition of (5.47) is:
dAUi(d) (t) 1 ..
i = C—fAZSi(d) (t) + wiAvi(q) (t)
2p, (1) .

+ 5CV2 cos g (cos @ Avy(g)(t) — sin p;Avig (1)) o

dAv;g (1) Lo
% - @Azsi(q) () — wilvia(t)

2po(1)

30y,

Ex— (cos i Avig) () + sin p; Avyg) (1))

Using (5.35), (5.48) and (5.37) the state equation of the small-signal model of the
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system is as following:

dAX
— = AAX 5.49
= = 4y (5.49)
where AX and A; are defined as:
_ T
AX — _A’L'Si(d)(t) Aisi(q)(t) Avi(d)(t) Avi(q)(t) Aio(d)(t) Aig(q)(t) (55())
L —i 0 0 0
—w; —i 0 — i 0 0
4 - Cif -K, Kytan(y;) +w; 0 0
0 & Ktan(p)—w K, U (5.51)
0 0 0 0 B ow
0 0 0 0 —w, —
B 2p,
T30V,

By analysing the eigenvalues of matrix Ay, the stability condition is obtained as

following [72]:

3

RQ
pr = SVACH cos gily | 75+ 42

L (5.52)

—P1 <Po<D1

which p; is the maximum output power while the converter is still stable. For
example, with the system defined in Table 5.1, the maximum output power equals
to 832.53W that is in agreement with the results illustrated in Figure 5.5a with
Cy = 6pF" and Figure 5.5b with Ly = 1mH.

Equation (5.52) shows that the output power of the MC is a function of the
system parameters. In the same conditions, the maximum output power is obtained
at unity input power factor, and this is not dependent on the switching frequency.
To increase the output power limit, the filter capacitance should be increased while
the filter inductance should be decreased as far as it does not lead to a reduction

of the input power factor. The switching behaviour has not been considered in the
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state equations, so it is not possible to analyse the effect of the switching harmonics
on the stability behaviour of the system. Also, the bigger line resistance R, has a
positive effect on increasing the output power limit. The best method for increasing
the damping factor of the filter is adding a damping resistance in parallel with the
inductances of the input filter. A series damping resistance decreases the efficiency
of the converter, but a parallel damping resistance only allows the high-frequency
harmonics of the input current to pass through. Figures 5.5 and 5.6 show the effect
of the mentioned parameters on the maximum output power limit of a stable system.
As can be observed, larger capacitance and smaller inductance of the input filter
leads to a stable system with higher output power. Same results can be obtained
by increasing the input frequency f; or line resistance R according to Figure 5.6,

although these parameters are not always under control.
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Figure 5.5: Position of the dominant eigenvalue of the state matrix A in the complex plane as a
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Lt

146



Chapter 5. STABILITY ANALYSIS OF THE MATRIX CONVERTER

4
135 210
O .
Ti Stable region
Z 13f 1000
= L 0 2000 _
= 2 3000 £=50Hz
-% 500f 3000 =
= 125) . £=200
= 6000 £=400I1z
.é 1
g 12
=i
2
— B
= LIS
S
5
S 11k
>
—
<
g
5, 1.05 F
<
£
1 1 | 1 L |
-500 0 500 1000 1500 2000

Real part of the dominant eigenvalue

(a)
1.295
Stable region 1000
1000

1.29

1.285

1.28

1.275

1.27

1.265

Imaginary part of the dominant eigenvalue

1

1.25 : !
-1000 -500 0 500 1000 1500

Real part of the dominant eigenvalue
(b)
Figure 5.6: Position of the dominant eigenvalue of the state matrix A in the complex plane as a

function of the output power p,, where a) For different values of f;, and b) For different values of
R

147



Chapter 5. STABILITY ANALYSIS OF THE MATRIX CONVERTER

b Ry b i

._’_Nm_’\/\/\l—
0 T Lo
Rd

Figure 5.7: Schematic of the low-pass LC filter with the parallel damping resistor

5.3 Stability Analysis of the MC With Damping

Resistor

As explained before, one of the effective methods for increasing the output power
limit of a stable MC is adding the parallel damping resistors to the input filter
inductances as shown in Figure 5.7 [72] [102]. As the resistance of the filter inductor
is very small, it can be neglected (R; = 0). The stability analysis using the small-
signal model of the system for linearising the state equations around the steady-state

operating point is carried in the same way as without damping resistor method.

The nonlinear equations of the input of the MC with a parallel damping resistor

R4, in a synchronous reference frame rotating at the angular frequency w;, can be

written as:
dig(t) R+ Ry - 1 1 Ry~
T —( I + jw;)isi(t) + L—SvS,(t) — L—Svl(t) + I (1) (5.53)
d;Lf(t) R~ Ry ) -
— = 7 Will) — | 7 ; .54
dt szsz(t) Lf +]wz 2Lf(t) (5 5 )

The output equation is as mentioned in (5.17). As the system is nonlinear, in
order to study the stability of the converter, the small-signal model of the system
is derived for linearising the system model around the steady-state operating point.
All the variables in steady state operating point are defined as mentioned before in

(5.19)-(5.24). The small-signal equations of the input can be defined as:
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dAig(t)  Ry+Ry . .- 1 L Ry \ -
T ( I + jw;i) A (t) + L_SAUSZ(t) I:AUZ(t) + L—SAsz(t) (5.55)
dAZLf(t) B Ry - Ry . -
—a L—fA@sz(t) L_f + jwi | Aipy(t) (5.56)

After decomposing into d-q components, the equations in a synchronous reference

frame rotating at the supply angular frequency w; are as following:

a
1 Ri+ Ry . - 1 Ha 5
- Bt (1) = == At (8) + i (8) = 7-Buia () + 7 inia 1)
dAigiq)(t) _
dt
1 R;+ Ry, . : 1 Ra
L_Avsi(q) (t) . TAZSi(q) (t) — wiAZSi(d) (t) - L_A/Uz(q) (t) + L_AlLf(Q) (t)
(5.57)
dAi t)  Rq,. Ra . ]
L@t _ = Niiay (1) = 7 Aippia (1) + willipsq)(1)
dt Ly Ly (5.58)
dAZLf( )(lf) R, . . Ry, . ) .
dtq B L_fAZsi(Q) (t) - L_fAZLf(q) (t) — wilkisa)(t)

As Avy(t) = 0, the d-q components of the Av;(t) are as (5.48), and the state
equations for the output side are obtained as (5.37), so the state equation of the

small-signal model of the system is as following [72]:

AAX
¢ — AnAX, (5.59)
dt
. . . . . . T
Xa = igi@(t) dsiq)(t) vi(t) vig(t) drpa@(t) irpq)(t) o@y(t) dogq)(t)
(5.60)
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[ R.tR _ R .
Rty = 0 20 0 0
Rs+R — R
—w;  —ef 0 o 0o 7 0 0
o 0 -K, Kytang; +w; 0 0 0 0
Ay o 0 o Kptang —w; K, 0 o 0 0
R, R
v 0 0 2t w00
R R
0 L_j 0 0 —W; —L—? 0 0
0 0 0 0 o 0 &y,
1
0 0 0 0 0 0 -w, —2
L =
B 2po
r3CV,
(5.61)

Also, it is possible to do the stability analysis for maximum voltage gain ¢. For
this purpose instead of the (5.48), (5.36) should be considered. As a result, the state

equations are:

dAX

= ApAX 5.62
o w2 AXy (5.62)
B I
—w; —RSL;SRd 0 ;—j 0 fj—j 0 0
c% 0 K,  w 0 0 -& 0
Ay 0 c% —w; —K; 0 0 0 0
v 0 0 0 -7 w 0 0 (5.63)
R R
0 ™ 0 0 —w -7 0 0
0 0 0 0 0 0 —'%f We
0 0 0 0 0 0 —w, ’Li;
_ ¢’ R
1= =
CylZy|?

The resultant equations (5.59)-(5.63) can be further used for stability analysis

of the system in a numerical approach as will be discussed in the next section.
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5.3.1 Numerical approach for stability analysis of the MC

with the damping resistor

The stability of the system can be developed using a numerical approach. Again
the position of the real part of the dominant eigenvalues of matrix Ay and Ay are
considered as the criterion for stability. As far as the real part of the dominant
eigenvalue is negative the system is stable, and when it closes to the imaginary axis
the system starts to oscillate, and if it gets positive, the system will get unstable.
As shown in Figures 5.8-5.11, input filter parameters affect the position of the
dominant eigenvalue and as a result, affect the system stability. The system parame-
ters in this analysis, are the same parameters in Table 5.1. As illustrated in Figures
5.8 and 5.11 increasing the filter capacitance and inductance raises the limits of
output power and voltage gain while without damping resistor, L has the opposite
effect. Figures 5.9 and 5.10 illustrate the effect of damping resistor R; on the limit
of the output power and voltage gain. As can be seen, small values of R, result
in the higher output power and voltage gain limits although, there is a limitation
for reducing the damping resistor and an optimal value of R; can be found for each
case of system parameters. For the mentioned system parameters when R; = 4€) the
system with voltage gain 0.7 and output power 8 kW is stable but when R4 = 302
it is not stable anymore for these values. Furthermore, it should be considered that
smaller parallel damping resistance allows the high-frequency harmonics of the input
current to pass through more. The effects of the other system parameters like input
and output frequencies and line resistance are similar to the results mentioned in

the previous section.
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Figure 5.8: Position of the dominant eigenvalue of the state matrix Ag4; in the complex plane as
a function of the output power po with Ry = 101, where a) For different values of Cy, and b) For
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Figure 5.12: Block diagram of the single-phase input filter with a digital low-pass filter

5.4 Stability of the MC With Digital Low-Pass
Input Filter

There is another method for improving the output power limit by using a digital low-
pass filter that filters the amplitude of the measured input voltage [106] [103] [107].
The filtered input voltages are used for calculating the duty cycles of the switching
configurations required for modulation process as shown in Figure 5.12.

The equations for the input and output of the MC, are as mentioned before in
(5.15)-(5.17) and the relationship for the digital input low-pass filter referring to
Figure 5.12 is [103]:

dvg(t) 1., 1.

where ¥ (t) is the output voltage of the digital filter and 7 is the filter time constant.
The modulation vector is defined in such a way that the input current vector is in

phase with the filtered input voltage vector:

D(t) = Ty (t)e 7% = Tis(t) (5.65)

»i=0

Now mi4(t) and ni;(t) are defined as following to show the relationship between

the filtered input voltage and output reference voltage vectors [103]:
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Fia(t) = 32;’;;3) (5.66)
hi(t) = 3775;:;2) (5.67)

To do the stability analysis, the state equations of the system are linearised
around the steady-state operating point in a similar way to previously discussed
sections. All the variables in steady state operating point are defined as mentioned
before in (5.19)-(5.24). Also, as V; = Vi, considering (5.64), variable U;r(t) in steady
state operating point is \Z s = Vim and the above equations lead to the following small

signal equations:

1 AUGT (t)‘;?} - ‘_/:)TA{)?} (t) q
Ariig(t) = = . = Arig(t) = — o AT () (5.68
d( ) 3 (V[})z AT, (t)=0 d< ) 3Vim f< ) ( )
vOT:qvim
AT ()7 — VA
Ar(t) = = (OVij - 7(¢) o Al =L AT (559
(Vi) AT, (=0 Vi
Vor=4Vim

As a result, the small signal equations of the output voltage and input current space

vectors can be obtained as following:

AT,(t) = ; [A@(t)M; AT () My + Vi A (£) + wmAmd(t)]

’ ) ) , (5.70)
Adi(t) = g | A7 (6) M + ATy (6) Mg + LA (1) + I A (1)
2 2
_ Ia7 IaF@) — L Age) — L A
= S AG() + FAL(1) 27 AT;(t) QZ»;Asz(t) (5.71)
2
q .- q .= q Ry
==A “Ai(t) — =— AT}
2 Zo(t> + 2 Zo(t> |Zl|2 Ulf(t)
dATs(t) 1, L.
= ZAT(1) — ZAT: 72
e —AT() — — AT (1) (5.72)
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moreover, the resultant equations are transformed to the d-q reference frame as:

Avo(a)(t) = qAvia)(t) — qAvif@a)(1)

(5.73)
Avo(q) (t) =0
¢*R
Aij(a)(t) = qioa) () — WAUif(d) (t)
qul (5.74)
Nig)(t) = Zpiue ()
!

Finally, in steady state conditions, assuming At (t) = 0, the d-q components of

the small-signal equations of the linearised system around the steady state operating

point are:
dAvyg(t) 1 q .. R
% C AZsz(d ( ) + wiAvi(‘]) (t) - C_fAZO(d) (t) + o ’Zl|2AUif(d) (t)
dAvi(t) 1 2R o 1)
Vi(g) g
— Ay — w;Av; - = Aipg)(t
7 e isi(q)(t) — wiAvq)(t) AL Vig(q) (1)
d i) (t R
o (t) _ 4 Aviay(t) — T Nigay (t) + Wolig(g) (t) — —Avipa) (1)
dt L, L, (5.76)
dAiO(Q) (t) — —w.Ai (t) _ &Al (t)
—dt o lo(d) L, o(q)
jt(d)( ) _ —Avya)(t) — —Avipa)(t)
dAvijo(t) 1 | 70
gt(q) = —Avi(g)(t) — ZAvigg) (1)

and the state equations of the system using the digital input filter are defined as [103]:

dAX,
dt

— A;AX; (5.78)

T
AXy = [Miww) iy Avigy Avgy Dy Aiogy Avigaay Auvig]  (5:79)
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R —
= w oz 0 0 0 0 0
—w - 0 2 0 0 0 0
1
o 0 0 w —& 0 K 0
p 0 & -—w 0 0 0 0 -—K; 5 0
lo 0 o2 0 —m oy —1 g (>:50)
L; L; o Ly
o 0 0 0 -w -2 0 0
l
o o L 0o 0o o - o0
o o o X o o0 o0 -1
where:
2
R
;= L (5.81)
CrlZi[?

Similar to the previous sections, the resultant matrix Ay is utilised for numerical

stability analysis in the next section.

5.4.1 Numerical approach for stability analysis of the MC
with digital input filter

As before the position of the real part of the dominant eigenvalues of matrix A; is
considered as the criterion for stability. Figure 5.13a shows the effect of the digital
filter time constant 7 and output frequency f, on the stability of the system. For
the system parameters mentioned in Table 5.1 as expected, increasing the filter time
constant helps the system to stay stable for higher voltage gains. Also rising the
output frequency has a positive effect on the stability, so that for f, = 150H 2z with
7 = 0.2ms system stays stable for maximum voltage gain while for presented lower
frequencies it is unstable. According to the results illustrated in Figure 5.14 about
the input filter parameters, larger values of capacitance and smaller inductance cause

increment in the system stability limit.

158



Chapter 5. STABILITY ANALYSIS OF THE MATRIX CONVERTER

4
128 X10

02 023

0.1

—

(]

[=)]
T

1.24

1.22

[a—
2
1

0.87
7=0.25ms

—

—

co
T

Stable region

Imaginary part of the dominant eigenvalue

114 | 1 1 | 1 1 | L 1 |
-300 -250 -200 -150 -100 -50 0 50 100 150 200

Real part of the dominant eigenvalue

(a)

1.215

—f =30Hz
—1f =70Hz
—1f =100Hz
_f0=150Hz

1.21

1.205

1.2

1.195

Stable region
1.185 |

Imaginary part of the dominant eigenvalue

1. 18 1 1 1 | | L L 1 | ]
50 40 30 20 -0 0 10 20 30 40 50
Real part of the dominant eigenvalue

(b)

Figure 5.13: Position of the dominant eigenvalue of the state matrix A; in the complex plane as
a function of the voltage gain ¢, where a) For different values of 7, and b) For different values of
fo when 7 = 0.2ms

159



Chapter 5. STABILITY ANALYSIS OF THE MATRIX CONVERTER

13000 -
L
E 0.5 ” |
= 12000 - ' 0.8 C6uF
&
= 11000 - Stable region
=
z
.Z 10000
= 0.5
= % 0.6 o
_8 & 0.8 Cf=10uF
B e o

5 9000
=
i
13 8000 |-
S
S 7000
' [ 0.6
5 &z 08 086 C.=20uF
S £
ED 6000 -
z 06 0.7
k= = : g8 086 C=30uF

5000 1 1 1 1 1 1 |

-200 -150 -100 -50 0 50 100 150
Real part of the dominant eigenvalue
(a)
4
13 x10
0.5

0.86 L~0.6mH

0.4

Imaginary part of the dominant eigenvalue

1L 0.7 Lf=1mH
Stable region
0.9
0. 0.3
0.8 - & 0.4 0.5 szzmH
07 1 1 | | 1 1 1 1 |
-200 -150 -100 -50 0 50 100 150 200 250
Real part of the dominant eigenvalue
(b)

Figure 5.14: Position of the dominant eigenvalue of the state matrix A¢ in the complex plane as
a function of the voltage gain ¢ when 7 = 0.2ms, where a) For different values of Cy, and b) For
different values of Ly
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5.5 Conclusion

In this chapter, the stability of the DMC system including DMC, the input filter and
a star connected R-L load has been analysed. The basics of the mathematical model
of the system and its small-signal model have been presented to show the impacts of
the system parameters on the stability. A theoretical investigation was carried out
on the two solutions for improving the stability of the system, adding a damping
resistor or a digital filter. A numerical approach has been used by evaluating the
position of the real part of the dominant eigenvalue of the matrix that describes
the system. The dominant eigenvalue of the matrix can be defined as a function of
the voltage gain or the output power, it is possible to find the approximate range
of the maximum voltage gain or the maximum output power that keeps the system
stable. Although the effect of each system parameter on the stability has been
illustrated separately on a diagram to show their particular impact on the stability
problem, it is possible to adjust some of them like filter parameters, to increase the
stability limit. In both stabilisation methods, increasing the input filter capacitance
C'y causes an increment in the stability region. However, in case of the input filter
inductance Ly, it has a different effect. In the damping resistor adding strategy,
increasing the inductance helps to the system stabilisation while with the digital
filter method, reduction of the inductance has such a positive effect. It can be found
all the system parameters have more or less an effect on this problem, but some of

them are more effective and controllable.
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Chapter 6

BIDIRECTIONAL POWER FLOW
CONTROL

6.1 Introduction

As MCs offer a bidirectional power flow control with controllable input power fac-
tor and sinusoidal input and output currents, they can be used as a grid-connected
converter to control the flow of power and convert it into a suitable AC form as
required. MCs are particularly attractive for variable frequency wind and marine
turbine generators and high-speed turbine generators [48,55,56]. For MCs, on the
output side the voltage and current amplitude and frequency, and in the input side,
the power factor or current amplitude can be controlled. Although it is not possible
to control the input and output variables simultaneously because the converter can-
not store energy, and controlling any variable at one side is at the expense of some
effects on the other side.

When the output variables of the power electronic converters are tightly reg-
ulated, the converter behaves as a constant power load (CPL) which presents a
negative incremental input resistance. The negative incremental resistance of the
CPLs can destabilize the input LC filter and the system [111,112] depending on
the system parameters. Although, the instability related to the negative input re-

sistance depends on the system parameters and can be improved by changing the
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input filter parameters, however, this is often undesirable and not recommended.
The input filter is usually designed in order to satisfy the EMC requirements and
provide attenuation at the switching frequency. The current fed into the grid should
have high quality considering upper limits on the source current total harmonic
distortion (THD) levels. As the MC is known as an all-silicon converter and does
not require large energy storage components, the size of the input filter components
should be minimized, and the input displacement factor is set at unity. Therefore,
the instability needs to be eliminated by different logical methods.

A large amount of research work has been done on destabilizing effects of CPLs
in multi-converter power electronic systems, DC-DC and AC-DC converters and
different strategies have been proposed to overcome this problem [111-113]. How-
ever, in the case of MCs, stability analysis is not widely studied, and more research
work needs to be done in this field. There are different methods for stabilizing
the converters. Adding the damping resistor in parallel with the filter inductor is
the basic approach for MC stabilization [72,102]. As the inherent damping factor
of the LC filter is negligible, adding the damping resistors can reduce the input
current oscillation. However, the main drawback of this method is a large amount
of dissipation. Loss-free resistors are another solution using extra power electronic
elements like inductors and switches which are complicated and need extra compo-
nents [114,115]. Active techniques are another alternative for stabilization without
adding extra elements. The active methods are implemented by modifying the con-
troller, with adding a negative input resistance compensator or using additional
algorithms [103, 106-109, 113]. At this strategy, the input impedance of the con-
verter is modified by applying a correction term in the feedback loop. In [109], the
converter stability is achieved by constructing different correction terms for modify-
ing the input admittance of the MC, using additional algorithms in each direction
of power flow. Also, the measured input voltage can be filtered out using a digital
low-pass filter before applying to the modulation section and calculating the duty

cycles. The digital filter can be applied for filtering the amplitude of the input

163



Chapter 6. BIDIRECTIONAL POWER FLOW CONTROL

voltages [103,106,107] or the angle of the input voltage vector [107,108].

The analysis presented in this chapter is focused on the bidirectional power-
flow ability of the MC with a concentration on improving the stability issue for
a better efficiency, considering the EMC standards [65]. The proposed converter
is used as an interface between a microgrid and the utility grid. The renewable
sources, loads and storage devices are connected to a common ac bus through voltage
conversion blocks in the microgrid. The active and reactive power flows are going
to be controlled in both directions independently between the microgrid and utility
grid, while the system remains stable for the whole operating range. The modulation
strategy is the space vector modulation (SVM) technique with an output current
control loop based on the voltage oriented control (VOC) strategy. Compared to
the previous stabilization techniques, this paper suggests a combination of virtual
harmonic damper using a digital lowpass filter and passive damping using damping
resistors. The suggested technique includes the advantages of the both methods in
terms of the power loss and undesirable transient. In addition, it is shown that
the number of branch-switch-overs (BSOs) and commutation process can affect the
overall system stability. Further discussions are provided in order to show how the
clock frequency of the programable logic device for commutation process, and the
number of BSOs can affect the stability voltage gain limit. The proposed stability
technique is applied to a typical system presented in Fig. 5.1, and the theoretical
analysis based on a state variable average model is presented. The stability of the

system is evaluated by numerical simulations and experimental tests.

6.1.1 System stabilisation using the damping resistor

As explained before in the previous chapter, the eigenvalues of the state space matrix
can be used as stability criteria. The space matrix Az (5.63), which is a function
of the system parameters, has been analyzed, and when its dominant eigenvalue is

negative, the converter remains stable. The following figures explain the effects of
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Table 6.1: Matrix converter system parameters for stability analysis

Input source | Input filter | output load
Virms = 240V | Cy = 6pF R; = 1082
Ly=04mH | Ly =0.6mH | Ly =6mH
R, = 0.5Q) fi =50Hz fo=T0Hz
09r
08

Voltage gain q

10 .20, 40
Damping resistor Rd
(a)
09y
0.8
0.7
206
&
9051

204

0.3
021

0.1 I ! | |
0 10 .20 . 30 40
Damping resistor Rd

(c) (d)

Figure 6.1: Stability region of the DMC system, voltage gain 'q’ against damping resistor Ry,
where a) For three different filter-capacitance C'y when Ly = 0.6mH, b) 3D graph of the case (a),
c¢) For three different filter capacitance Cy when Ly = 3mH, and d) 3D graph of the case (c)

different parameters of the system on the stability issue. Figure 6.1 illustrates the
stability region of the system when the damping resistor R, is used as the solution for
system instability. The figure shows the maximum voltage gain against the damping
resistor Ry for different filter capacitances. The DMC system parameters referred

to Figure 2.6 are presented in Table 6.1, and the figure illustrates the results for
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Damping resistor R 4
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Figure 6.2: Stability region of the DMC system, voltage gain ’q’ against damping resistor Ry,
where a) For three different filter inductance Ly, and b) 3D graph of the case (a)
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Damping resistor R 4
(b)
Figure 6.3: Stability region of the DMC system, voltage gain ’q’ against damping resistor Ry,

where a) For different values of the load inductance L;, and b) For different values of the load
resistance R;
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Figure 6.4: Stability region of the DMC system, voltage gain ’'q’ against damping resistor Ry,
where a) For different values of the line resistor R, and b) For different values of the output

frequency f,
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two different filter inductances, 0.6mH and 3mH. The stability region is under the
curves, and above the curves the system becomes unstable. As can be observed, in
the same conditions, increasing the filter inductance, expands the stability region.
On the other hand, as shown in Figures 6.1d and 6.1c, for example when Cy = 64.F
and Ly = 3mH, to have the maximum voltage gain 0.86, R4 can be selected between
5€2 and 10€2 and as the smaller damping resistance can transfer the output distortions
to the input source, it is better to put the higher resistance in parallel with the filter
inductances. Also, for some filter capacitances, the voltage gain cannot reach to the
maximum value (0.86), and C} should be increased to improve the system stability.

On the other hand, increasing the inductance of the input filter also increases
the stability region of the converter as demonstrated in Figure 6.2. Therefore, it
is possible to have a stable system with the mentioned parameters in Table 6.1 by
increasing the filter inductance and proper value of the damping resistance. Based on
Figure 6.3, the load parameters have significant effects on the converter performance,
and larger resistance or inductance on the load side improves the stability. Input
source and line resistance (Ry) and output frequency (f,) are the other parameters
which have slight effects on this problem as shown in Figure 6.4. It can be seen
that the stability region slightly increases for higher output frequency and source
resistance. Obviously although changing some of the parameters like (Ry), (f,),
load variables and so on can change the stability performance, these are not the
parameters that can be controlled to stabilise the system. The filter parameters are

the only variables which can be designed to improve the system stability.

6.1.2 Improving the stability using the digital filter

Filtering the amplitude of the measured input voltage for modulation process is
another solution for MC stability problem [103] [107]. It can be carried out using
a digital low-pass filter in the digital signal processor which is utilised for modu-
lation and control process. The following figures have been obtained based on the

eigenvalues of matrix Ay in (5.80) which the dominant eigenvalue shows the stability
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margin. The area under the 3D-planes and the graphs are the stability areas. Here
again increasing the filter capacitance, Cy expands the stability region as illustrated
in Figure 6.5. As can be seen in Figure 6.5, again increasing the filter capacitance
has a noticeable effect on improvement of the stability. However, unlike the stabil-
isation using damping resistor, decreasing the filter inductance causes the system
remains stable for higher voltage gains as shown in Figure 6.6. For any value of
the filter parameters, there is a special digital filter time constant that permits the
maximum voltage gain. Also Figures 6.7 and 6.8 illustrate the effects of the load pa-
rameters, the input line resistance and the output frequency on the system stability.
Increasing the load inductance and resistance, output frequency and line resistance
increases the stability region and for having the maximum voltage gain, a smaller
time constant 7 is needed. As an example, Figure 6.7a shows that for L; = 6mH
the filter time constant 7 should be around 0.23ms to reach the maximum voltage

gain in the stable region, while for L, = 60mH it reduces to about 0.08ms.

6.2 System Stabilisation by Applying a Combina-
tion of the Damping Resistance and Digital
Input Filter

As discussed before, the parallel damping resistance method is the most common
strategy to make sure a MC stays stable for the whole range of the voltage gain.
On the other hand, the damping resistor allows the high-frequency harmonics of
the input current to pass through, and so the smaller damping resistance causes
the more THD of the source current even without a closed loop control. Also,
the power loss of the small damping resistances is the other issue which should be
considered. Adding a digital input filter for smoothing the measured input voltage
is another strategy which does not include any extra power loss. On the other hand,
as illustrated in [103] the high-frequency disturbances of the input voltage can be

reflected on the output side proportional to the filter time constant. It means that
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Figure 6.5: Stability region of the DMC system, voltage gain ’q’ against input digital filter time
constant 7, where a) For three different filter capacitance Cy, and b) 3D graph of the case (a)

171



Chapter 6. BIDIRECTIONAL POWER FLOW CONTROL

09r

0.8

0.7

Voltage gain q

o
'S

o
w

o
(]

1 L 1 |

01 1 L 1
0 0.5 1 1.5 2 25 3 3.5

Digital filter time constant 7 x107

(a)

0.8 -
0.6
0.4 -

0.2

4
%10 1 2

(b)

Figure 6.6: Stability region of the DMC system, voltage gain 'q’ against input digital filter time
constant 7, where a) For three different filter inductance Ly, and b) 3D graph of the case (a)
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Figure 6.7: Stability region of the DMC system, voltage gain 'q’ against input digital filter time
constant 7, where a) For different values of the load inductance L;, and b) For different values of

the load resistance R
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Figure 6.8: Stability region of the DMC system, voltage gain 'q’ against input digital filter time
constant 7, where a) For different values of the line resistance R,, and b) For different values of

the output frequency f,
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Figure 6.9: Block diagram of one of the input phases with a digital low-pass filter and the
damping resistor

by increasing 7 for attenuating the low-frequency harmonics of the input voltage,
the high-frequency harmonics of the input voltage transfers to the output side.

In the following, a strategy using a combination of the two solutions is presented
to take advantage of both and to reduce their disadvantages. In other words, by
increasing the damping resistance and decreasing the digital filter time constant, it
is possible to reduce the power loss while the system remains stable for the whole
range of the voltage gain.

Referring to Figure 6.9, the nonlinear equations for the input side in a syn-

chronous reference frame rotating at the supply angular frequency w; are:

dzzt(t) = —(RSZSRd + jwi)isi(t) + Lisﬁsi(t) - Lis i(t) + %ZLf(t) (6.1)
d%t) - Ciffsi(t) — jurdi(t) - Cifzi-(t) (6.2)

Zisll) Mt - (fif +M) (1) (63)

PO _ L)~ (1) (6.4)

and their small-signal equations can be defined based on the method presented

in [72,103] as follows:
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dAiy(t)  Ry+ Ry . . - [ L Ry \ -
dt - —( LS + jwz)A’Lsz(t) + L—SAUSI(t) - L—SAUZ(t) + L—SAZLf(t) (65)
dAT(t) 1 - o J
= —Aly(t) — juAT(t) — — AT, 6
G = o ) — AT — AT (6.6)
dA;Lf(t) Ry - R, . -
A — 2N () — [ =2 i | A 6.7
G i) — (e ) Ads() (6.7)
Av; 1 1
4800 _ X gy — L, ) (6.9)
dt T T

dt B
1 R,+R 1 :
L—SAUSi(d) (t) — I dAZsz(d)(t) + UJzAlsz(q) (t) — L_SAUi(d) (t) + L_:lAZLf(d) (t)

dt
1 Rs + Rd 1 Rd )
7 Avsi(q) (t) — LS Azsz(l]) (t) szzsi(d) <t> - L_SAUZ(‘I) (t> + L_SAZLf(q) <t>

(6.9)

dAipa)(t)  Ra , . Ra . '
% - L_fA’Lsud) (t) - L_fAZqu) (t) + wilNipp () (t)

| 6.10
dAirp(t)  Rg Rq o

p T, N (1) = i) (£) — wildin g (1)

The modulation vector is defined in such a way that the input current vector is in

phase with the filtered input voltage vector [72] [89]:
Y(t) = Tig(t)e 7* (6.11)

;i =0 = D(t) = Tig(t) (6.12)

Now mg(t) and m;(t) are defined as follows to show the relationship between the

filtered input voltage vector 7;¢(t) and output reference voltage vector o,.(¢) [103,
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106]:
alt) = %;8) (6.13)
a(t) = 3%(8) (6.14)

The small-signal equations can be linearised around the steady-state operating point

as follows:

_ 1AT (V] = Vo AT (1)

Aia(t) =
; (V;7)?
Aty (t) =0 and V,r = qV; (6.15)
- q .
Amd(t) - _3‘/”” Avif(t)
AT (OVE — VEAT(t
Avity(t) = L% (OVi} = Vo AT (1)
’ (Vi)
AT, () =0 and V) =qVin (6.16)
- q .
Ari(t) = =z At (1)

Now using (6.15) and (6.16) the small signal equations of the output voltage and

input current space vectors and their d-q components are obtained as follows:

_3
)

q .\ - q A\ — q . - q A —x
= ZAU(t) + AT () — = A7, — AV
5 U;(t) 5 U (t) 5 Uir(t) 5 ’Ulf(t)

AT () = 5 [ AT + AT ()M + Vi A1 () + Vi Aria(1)|

(6.17)

AT(t) = g [Afo(t)]\Z/i + A (8) My + I Am(E) + fgamd(t)]
2 2
_ IA7 IAF ) — L Age () — L Aw
— QAZO(t) + QAZO(t) QZI szf(t) 2Z_,l* szf(t) (618)
2
q .~ q .\~ q° Ry
== —Ai)(t) — =—AU;
ZAZo(t) + 92 Zo(t) |Zl|2 sz(t)

Avy(a)(t) = qAvia)(t) — qAv;a) (1)
Avo(q) (t) = 0

(6.19)
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2
. . R
Nii(ay(t) = qio(a)(t) — 2P ir(a)(t)
: (6.20)
Aty (1) @Av- (1)
i(q) |Zl|2 if(q)
Finally, the state equations can be obtained as:
dAUZ‘ d (t) 1 . q . Q2Rz
+ = FAzsi(d) () + wiAv,-(q) (t) — C—Alo(d) () + = QA if (d) (1)

' ! ! CirlZl (6.21)
dAvip(t) 1 @R '
AT NG () — wiAvg (1) — ——— Ay o (

7 c; (@(t) (@) (t) AL 1@ (t)
dAiyq)(t R . :
ﬂ = ﬁAvi(d) (t) — —ZAZO(d) (t) + woAzo(q) (t) — iAvif(d) (t)
dt L L L (6.22)
iy (1) . R . '
d—tq = —woAzo(d) (t) — EA’LO(q) (t)
dAUi d (t) 1 1
2 = A (1) = ~Aviga 1)
dA (1) ; I (6.23)
Yif(a)
— = vy () — ZAvig (1)

The state space equation of the small-signal model of the system is as following:

dAX,
dt

— AAX, (6.24)

where X, and A, are defined as:

T
Xe = |isita) Tsitg) Vitd) Vity ILf@ ILf@) Vi@ Vifta) lo(d) To(a) (6.25)
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R
koow —4 0 0 0 0 0 0
—wi k0 —£& 0 & 0 0 0 0
1
o 0 0 w0 0 ki 0 & 0
0 c% —w; 0 0 0 0 —k 0 0
fa o000 0 -2 9w, 0 0 0 0
Ac=| " o (6.26)
g . __ 24
0 74 0 0 wi —t 00 0 0
o o ! 0 0 0o -1 o0 0 0
0 0 0 1 0 0 0o -1 0 0
0 0 £ 0 0 0 —£ 0 & w
0 0 o 0 0 0 0 -w -
L =
where k and k; are as following:
R, + Ry
f=——2"_""1
Ls 6.27
1 — =
CrlZif?

By analyzing the eigenvalues of matrix A., the stability limit of the system can be
find like the previous chapter, and the results are illustrated in the following figures.
Figures 6.10 and 6.11 show the effects of the damping resistor and digital filter time
constant on the stability of the system. The parameters of the system are presented
in Table 6.3. Adding the damping resistors causes the required 7 to be small. For
each particular value of 7, there is a range of Ry which keeps the system stable for
any voltage gain. Therefore, it is possible to increase the damping resistance by
using a digital filter with smaller time constant 7. For example, when 7 = 0.22ms
the appropriate range of Ry is up to 552 while for 7 = 1us the damping resistor
can be selected between about 52 to 10£2. In the next sections, unidirectional and
bidirectional power-flow control is presented which for stabilisation of the system

the illustrated strategies is applied, and the results are compared.

179



Chapter 6. BIDIRECTIONAL POWER FLOW CONTROL

0.9

Voltage gain q

e
fod

o
-~

e
(o)}

e
(&)

o
~

0.3

1=0.2M

10 20 30 40 50 60 70

Damping resistor R 4

()

(b)

Figure 6.10: Stable region of the DMC system, voltage gain 'q’ against R4, where a) For different
values of 7, and b) 3D graph of the case (a)
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Figure 6.11: Stable region of the DMC system, voltage gain ’q’ against digital filter time constant
7 for different values of damping resistor Ry

6.3 Unidirectional Power Flow Control

When the three-phase input source and output load are symmetrical and balanced,

the instantaneous apparent power in the d-q coordinate system is:

S =VI* = (Va+ V) Iy — jI,) (6.28)

The active and reactive powers P and () which are the real and imaginary parts

of the apparent power can be obtained as follows:
P Vg V. I
— T x| (6.29)
Q ‘/q _Vd [q

As the source voltage is balanced and symmetrical, with considering its space

vector along the d axis, V, = 0, and therefore:
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Figure 6.12: Unidirectional output power control using the voltage oriented control
P =V, (6.30)

Q = -V, (6.31)

It means that in purpose of controlling the active and reactive power and power
flow direction, /; and I, should be controlled. Figure 6.12 illustrates the closed-loop
output current control that is investigated for controlling the output power delivered
to a star-connected three-phase RL load.

Digital implementation and discrete nature of PWM is accounted for in the
simulation by adding the Zero-Order-Hold (ZOH) blocks. Also, the additional delay
caused by the digital controller can be considered using a unit delay (z~') [108].
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Table 6.2: The results of the unidirectional power flow for different values of Ry (switching pattern
with one zero vector)

Ry = 5Q Ry = 80 Ry = 1092
i peak 17A | 24A | 17A | 24A | 17A | 24A

THD(i,)% | 238 | 1.13 | 233 | 1.2 | 234 | 1.2

THD(i )% | 325 | 2.05 | 3.02 | 238 | 3 | 2.62
PF, 0.986 | 0.999 | 0.986 | 0.999 | 0.986 | 0.999

6.3.1 Unidirectional power flow control with damping resis-

tor Ry

As illustrated before in Figure 6.2, for maximum voltage gain, R; should be ap-
proximately between 52 to 10£2. Table 6.2 illustrates the results of THDs of the
input and output currents, and the input power factor for three different values of
R4 and two output currents. As can be seen, in this range of resistance, for higher
current (24A) and as a result, for higher voltage gain, PFj, and THD of the input
and output currents are better than the results for 17A. Although the results for
all three selected resistances are very close, larger damping resistance improves the
THD of the input current for lower currents slightly, while for higher currents the
result is the opposite. So it is logical to select a resistance in the middle of the range
like 8€). The d-q components of the output current as the reference, are adjusted
on i(q) = 0 and 7,y steps up from 17A to 24A.

Figure 6.13 shows that without damping resistor Ry, system is unstable while in
Figure 6.14 with Ry = 5¢) it stays stable.

In the case of switching pattern with three zeros, as it can be seen in Figure
6.15, for example, using the damping resistor Ry = 8¢) results in instability in the
system, but anti-windup PI controller makes it stable again. Also, the results for
three zero switching pattern when R; = 52 with a normal PI controller is shown
in Figure 6.16. As a result, anti-windup PI controller does not have any effect on
the THD of the currents, but in some cases, it helps the system to remain stable, so

anti-windup PI controller is a better choice for stability problem.
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Input source current (isA)

Output current (ix)

0.04 0.08 0.12 0.16 0.2
Time (s)

Figure 6.13: Waveforms of the input source current and the output current for the unidirectional
power flow, without applying any stabilisation method

Table 6.3: Matrix converter system parameters for stability analysis

Input source Input filter | Output load | Frequencies
Ve =400V (U, rms) | C; =6.6pF | Ry =100 fi =50Hz
L, =04mH Li=3mH | Li=6mH | f,=70Hz

Ry = 0.582 fs = 10kHz

Comparison between Figures 6.14 and 6.16 shows that for lower voltage gains
the switching pattern with three zero vectors causes less THD for the output current

but the results for the input current is opposite.

6.3.2 Unidirectional power flow control with digital input

filter

According to Figure 6.6, for the system parameters mentioned in Table 6.3, digital
filter time constant 7 should be about 0.35 ms to system stays stable for maximum

voltage gain. However, as it can be seen in Figure 6.17a, the system is unstable
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Figure 6.14: The input and output waveforms for unidirectional power flow control with R; = 52
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Input source current (isA)
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Figure 6.15: Waveforms of the input source current and the output current for the unidirectional
power flow control, with R; = 80 and switching pattern using three zero vectors, where a) With
normal PI controller, and b) With anti-windup PT controller
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Figure 6.16: The input and output waveforms for unidirectional power flow control with Ry = 582,

switching pattern using three zero vectors and conventional PI controllers
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for lower voltage gain. On the other hand, Figure 6.17b shows that with the same
conditions for switching frequency f; = HkHz, the system stays stable although
THDs of the currents are high. Increasing the filter time constant to 0.5ms causes
better results as illustrated in Figure 6.17c, but the larger time constant does not
improve the results for the whole range of voltage gain. Also, high values of 7 cause

the input disturbances to transfer to the output side [103].

6.3.3 Unidirectional power flow control with a combination

of the damping resistor and digital input filter

Comparing the results of the two methods mentioned above shows that the damping
resistor solution provides better results in the case of THD of the input and output
currents and the transient oscillations. However, damping resistor causes power loss
while digital filter does not have this disadvantage, and when the damping resistor
is small, the power loss will increase because a portion of the input current flows
through the damping resistor. Figure 6.19a illustrates the waveform of the current
in one of the damping resistors, and the instantaneous and average power loss when
R4 = 5. In this case, the power loss for the three damping resistors is about 25.5
W and 116 W for output currents 17A and 24A respectively.

In order to reduce the power loss, damping resistors have to be increased and to
solve the stability problem, one solution is a combination of the damping resistor
and the digital filter. According to Figure 6.11, for the maximum voltage gain,
the time constant about 7 = 0.21ms is needed when R; = 50€). Although the
system stays stable for this time constant of the digital filter, by increasing the time
constant, THD of the input current is reduced. Figure 6.19b shows the damping
resistor current and the power loss caused by one R; = 502 when the digital filter
time constant is 7 = 0.5ms. The other results have been shown in Figure 6.18 in
order to compare the results when only the damping resistor is utilised or when
only the digital filter is used. The combination of the damping resistor and the

digital filter provides better results in the case of stability, power loss and transient
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Figure 6.17: Waveforms of the output and input source currents for unidirectional power flow
control with switching pattern using one zero vector and digital filter with time constant, where a)
7 = 0.35ms, switching frequency fs = 10kHz, b) 7 = 0.35ms and switching frequency f; = 5kHz,
and c¢) 7 = 0.5ms and switching frequency fs = 10kHz
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Figure 6.18: Waveforms of the output and input source currents for unidirectional power flow
control with switching pattern using one zero vector, damping resistor Ry = 500 and the digital
filter time constant 7 = 0.5ms

oscilations.

6.3.4 Experimental results for unidirectional active power

flow control

The power flow control and the stability improvement approaches are verified on a
7.5kW three-phase DMC, with a switching frequency 10 kHz. Figure 6.20 shows the
control results of the output current when the output reference current ..y steps
from 4A to TA and the damping resistor is Ry = 5. Also, Figure 6.21 presents
the same results for the damping resistor R; = 470 and a digital input filter with
the time constant 0.5ms. The load is a star connected R-L with R, = 120 and
L; = 6mH, and the input filter parameters are C'y = 6.6uf", Ly = 3mH. In order
to show the phase difference between the output current and the output reference
voltage, the input source is used as the output reference voltage as well. As can be
seen, when o) = 0 and i,,(q) steps from 4A to 7A, the output current and reference

voltage are in phase which means that the output power has been controlled to be
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Figure 6.19: Waveforms of the current and instantaneous power loss in a damping resistor for
the unidirectional active power-flow control, where a) Using only the damping resistor, R4y = 52,
and b) Using the damping resistor Ry = 5082 and digital filter 7 = 0.5ms
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Figure 6.20: Experimental results for unidirectional active power flow control with R; = 52,
tor(q) = 0 and ior(d) steps up from 4A to TA

completely active. Another oscilloscope Tektronix DP02024 is used for collecting
the data of the waveforms and the data is processed using PSIM. For both of the
damping resistors, the system is stable, and the THDs of the input and output
currents are very close. For the output reference current i,,q) = 7A, the measured
THD of the output current is around 2% for both of the damping resistors, and the
input current THD is about 6%. The experimental results confirm the simulation
results that increasing the damping resistor along with the input digital filter can

reduce the power loss while does not affect the THD.

6.4 Bidirectional Power Flow Control

Electricity generated by a micro-grid can have variable frequency and amplitude,
and for exchanging the power with the utility grid, a power conditioning converter
is needed to meet the required amplitude and frequency. As illustrated in Figure
6.22, DMC can be considered as an interface between the main grid and a micro-

grid. In this figure the three-phase sources V, and V, represents the main grid and
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Figure 6.21: Experimental results for unidirectional active and reactive power flow, with Ry =
47Q and T = 0.5ms, where a) ior(q) = 0 and ior(d) changes from 4A to 7A, and b) ior(d) = 0 and
ior(q) changes from 4A to 7TA

Table 6.4: System parameters for bidirectional power flow control

Input source voltage 400V, f; =50Hz2
Output source voltage 230V, f,=T70Hz
Input line impedance L, =0.4mH, Ry, = 0.50)
Input filter Ly =0.6mH,Cy = 12.6puF
Switching frequency fs =10kHz
output filter Ly =6mH
Simulation time step lus

microgrid respectively. In general, a PWM rectifier followed by a PWM inverter
including a dc-link or a back-to-back voltage source converter are utilised for this
purpose. In order to eliminate the use of an energy storage element as the dc-link
and increase the converter lifetime and to have a more compact converter, a MC
can be utilised instead of the conventional converters.

On the other hand, to have the needed output active and reactive power in both
directions, the stability problem must be considered especially for the maximum

output power. As the output of the MC is connected to a voltage source with
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Figure 6.22: Bidirectional active and reactive output power flow control using the VOC method

the almost zero impedance, stabilisation of the system is more difficult. The main
goals of the investigation are the stability of the system for maximum voltage gain,
power-up performance of the system, reduction of the THD of the input and output
currents, and input power factor close to unity. In this section, the three methods
for stabilisation of the MC and their performances are analyzed. In all the methods,
in the case of the bidirectional active power flow, the output current (i,,(4)) increases
from 16A to 51A from input to the output side, and 16A to 80A from output to the
input side. For the reactive power control, (io(q)) increases from 16A to 32A from
the input to the output and from 16A to 48A from the output to the input. The

system parameters are presented in Table 6.4.
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Input source current (1A/div) Input source phase voltage (20V/div)
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Figure 6.23: Waveforms of the input source current and output current for bidirectional active
power-flow with Ry = 312
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Figure 6.24: d-q components of the output current and voltage gain for bidirectional active
power-flow, with Ry = 3Q0
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6.4.1 Bidirectional power flow control with damping resis-

tor Rd

In damping resistor method, for the system parameters presented in Table 6.4, the
damping resistors should be decreased to Ry = 32 for lower THD of the input
current. The simulation results of the input source current and the output current
shown in Figure 6.23 illustrates the system performance when the active power flows
in both directions. During the time 0-0.2s the active power flows from the input to
the output side and during the interval 0.2-0.4s it flows in the opposite direction from
the output to the input. In fact for controlling the active power, the d component of
the output reference current (io(g)) is controlled. As can be seen in Figure 6.24, io,(q)
is set to be 16 A before t = 0.1s and during the interval 0.1-0.2s is changed to 51 A to
control the active power from the input to the output. Then i,.(q) is set to be -16A
and steps up to -80A during the times 0.2-0.3s and 0.3-0.4s respectively to control
the active power from the output to the input side. These currents are selected to
show the MC behaviour in different voltage gains as presented in Figure 6.24. It
can be seen that the input and output currents follow the references quickly, and
THD of the input and output currents are in the acceptable range. The applied PI
controllers are anti-windup PI controllers and the limiters help the system to remain
stable and also by selecting the appropriate upper and lower limits, it reduces the
overshoot at the step change time.

In the simulation circuit, the parameters of the IGBT switches match the pa-
rameters of the physical devices. Figure 6.26 presents the sent and received active
power from the two sources. It is obvious that the absorbed power is less than
the generated power by each of the voltage sources because of the resistances and
switching loss. Figure 6.27 shows the current and the instantaneous and average
power in one of the damping resistors.

For controlling the reactive output power, i) is adjusted to step from 16A to

32A at t = 0.1s for reactive power flow control from input to the output, and then
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Figure 6.25: Waveforms of the input voltage and output reference voltage for bidirectional active
power-flow, with Ry = 3Q2
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Figure 6.26: The input and output sources active and reactive powers for bidirectional active
power-flow control, with Ry = 39
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Figure 6.27: Waveform of the current and instantaneous power loss in a damping resistor (Ry =
302) for the bidirectional active power-flow control.

it steps to -16A and -48A at t = 0.2s and t = 0.3s respectively for controlling the
reactive power flow from the output to the input side as shown in Figure 6.28. As
can be seen, the references are tracked quickly, and as presented in Figure 6.29 the
output current lags the output source voltage by about 90° from 0-0.2s, and then it
leads the voltage by 90° from 0.2-0.4s. Figure 6.30 illustrates the active and reactive
powers of both input and output sources. As can be observed, the active power
of the output source is almost zero, and the active power of the input source is
very small that is related to the power loss of the circuit, and that is why the input
source current shown in Figure 6.29 is very low. Also, Figure 6.31 presents the input
voltage of the MC and the output reference phase voltage generated by the control
circuit. It should be noted that the simulation time-step represents one clock cycle
in the FPGA in the experimental tests [116]. Considering the turn-off and turn-
on times of the IGBTs, the FPGA clock frequency is selected 25MHz for a proper

commutation. The time-step of the simulation should be adjusted to 4us until the
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Figure 6.28: The voltage gain and d-q components of the output current for bidirectional reactive
power-flow, with Ry = 32

simulation results be comparable with the experimental results. Compared to the
Figure 6.23, the results shown in Figure 6.32 illustrates the impact of increasing the
time-step on THD of the input and output currents for bidirectional active power

flow.
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Figure 6.29: The input source current and output current for bidirectional reactive power-flow,
with Rd =30

Input source reactive power (VAR) Output source reactive power

I5K
10K
SK
0K
-5K
-10K

Input source active power (W) Output source active power (W)
4K

) S — R e
. G S i L ————

S p———

*; v ~
-1K '

0 0.1 0.2 0.3 0.4
Time (s)

Figure 6.30: The input and output sources reactive and active powers for bidirectional reactive
power-flow, with Ry = 3Q2
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Figure 6.31: The input voltage of the MC and output reference phase voltage for bidirectional
reactive power-flow, with Ry = 3Q
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Figure 6.32: The input source current and output current for bidirectional active power-flow,
with Ry = 3Q and simulation time-step 4us
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6.4.2 Bidirectional power flow control with

digital input filter

In this section, the simulation results related to the digital filter method are pre-
sented. Figure 6.33 shows the input source and output currents. In contrast to the
damping resistor method, the power-up problem has increased whenever a voltage
step is applied. This problem is reduced by increasing the damping factor of the
input filter [27]. In the case of the THDs of the input and output currents, there
is no considerable difference between the two methods. The d-q components of the
output current and the voltage gain illustrated in Figure 6.34 show that the refer-
ences are tracked quickly. The input phase voltage of the MC and the generated
output reference voltage are presented in Figure 6.35. The results are very close to
the damping resistor method except for the step change times. The bidirectional
reactive power test has been carried out, and the results are illustrated in Figures
6.36 to 6.38. As mentioned before, the FPGA clock frequency is adjusted on 25MHz
which means that to compare the experimental results with the simulation, the time-
step should be 4us. As can be seen in Figure 6.39, the system is unstable for the
time interval 0.3-0.4s and for the other steps THDs of the currents are much higher
than that of the damping resistor with the same conditions, specially for the input
source current. As a result, in the experimental tests in order to keep the system

stable, using the damping resistor strategy is preferred to the digital filter method.
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Figure 6.33: Input source current and output current for bidirectional active power-flow, with
digital input filter 7 = 0.8ms
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Figure 6.34: d-q components of the output current and voltage gain ’q’ for bidirectional active
power-flow, with digital input filter 7 = 0.8ms
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Figure 6.35: Input voltage and output reference voltage for bidirectional active power-flow, with
digital input filter 7 = 0.8ms
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Figure 6.36: d-q components of the output current and voltage gain ’q’ for bidirectional reactive
power-flow, with digital input filter 7 = 0.8ms
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Figure 6.37: The input source current and output current for bidirectional reactive power-flow,
with digital input filter 7 = 0.8ms
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Figure 6.38: The input and output sources active and reactive powers for bidirectional reactive
power-flow, with digital input filter 7 = 0.8ms
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Figure 6.39: The input source current and output current for bidirectional active power-flow,
with digital input filter 7 = 0.8ms and time-step 4pus

6.4.3 Bidirectional power flow control using a combination
of the damping resistor and the digital input filter

stabilisation methods

As illustrated in the unidirectional section, it is possible to decrease the power loss of
the damping resistors by increasing the damping resistance. As the larger damping
resistance cause the instability, the digital filter with a small time constant is utilised.
Figures 6.40 and 6.41 show the results of this method for Ry = 102 and 7 = 0.2ms
with time-step 1us and 4us respectively. In the case of the THD and input PF, this
strategy has similar results to the damping resistor method. Compare to Ry = 3(1,
the damping resistor current is about half, and the power loss is around one third as
shown in Figure 6.42. Furthermore, the power-up at the step times is much better
than applying only the digital filter. Also, despite increasing the damping resistance,

the converter remains stable for the whole range of the voltage gain.
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Figure 6.40: The input source current and output current for bidirectional active power-flow,
with the combination of the damping resistor Ry = 10Q2 and the digital input filter 7 = 0.2ms
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Figure 6.41: The input source current and output current for bidirectional active power-flow,
with the combination of the damping resistor Ry = 102 and the digital input filter 7 = 0.2ms
when time-step is 4us
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Figure 6.42: Waveform of the current and instantaneous power loss in a damping resistor for

the bidirectional active power-flow control. Stabilisation method is a combination of the damping
resistor Ry = 1092 and the digital input filter 7 = 0.2ms, when time-step is 4us
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Figure 6.43: Schematic of the designed system for the experimental test of the MC bidirectional
power flow using utility grid

6.4.4 Experimental results of bidirectional power flow con-

trol

In order to experimentally test the bidirectional power flow control, the utility grid

is used for both input and output sources using one isolation transformer and two
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variable transformers as illustrated in Fig. 6.43. By this plan, it is possible to
adjust the input and output voltage amplitudes separately, although the frequencies
are the same (f; = f, = 50Hz). The input filter parameters are: Cy = 6.6 and
Ly = 3mH, and an inductance L; = 6mH is used as the output filter. The input
source phase voltage is adjusted to 72 V-rms, the output source voltage to 43 V-rms
and the switching frequency (fs) to 10kHz.

Fig. 6.44a shows the transition from stable to unstable operation when 7,
jumps from 44 to 8A without applying any stabilization strategy. In Fig. 6.44b
the system shows stable behavior for i,.q) = 8A when the large damping resistor
Ry = 47%) is used to make the system stable, but as can be seen, the input current is
distorted. The experimental results in the case of using a combination of the digital
filter and damping resistor are presented in Fig. 6.45. The test is carried out with
Ry = 47) and digital filter time constant 7 = 0.2ms. Fig. 6.45a presents the input
and output currents for bidirectional active power control. The d-component of the
output reference current 4,4 is adjusted to change from 84 to —8A. As can be
seen, at first, the input and output currents and voltages are in phase, and then
the phase between them is changed to 180° when output reference current changes
to —8A. In Fig. 6.45b, the same results are presented for bidirectional reactive
power control by changing i) from 8A to —8A. The output voltage at first leads
the current by about 90° and then lags it by 90°. The frequency spectrums of the
input and output currents for bidirectional active power flow control is presented
in Fig. 6.46. It can be seen that harmonics are introduced at the integer multiples
of the switching frequency f; = 10kHz and at the side bands of these frequencies.
Fig. 6.47 shows the active and reactive bidirectional power flow when only the input
digital filter with 7 = 0.5ms is applied. The transient oscillation can be seen when
ior(d) jumps from 44 to 8A, although, as the current step is not large, it is negligible.
The results in the case of using only a small damping resistor R; = 3(2 is presented
in Fig. 6.48. When the current is controlled from the output to the input side,

the combination method presents less distortion for the input source current. As
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Figure 6.44: Experimental results for bidirectional active power control, input and output cur-
rents and voltages a) Without applying any stabilization method b) By adding only the large
damping resistor Ry = 472
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Figure 6.45: Experimental results for bidirectional power-flow control, input and output currents

and voltages, using the combination method, with R; = 472 and 7 = 0.2ms a) Active power co

b) Reactive power control
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Figure 6.46: FFT of the input and output currents, for bidirectional active power flow control,
a) From the input to the output side b) From the output to the input side

explained before, in experimental tests because of the clock frequency effect of the
FPGA, the anti-windup PI controllers are used to help the stability of the system
in high voltage gains.
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Figure 6.47: Experimental results for bidirectional power-flow control, input and output currents
and voltages, using the digital filter method, with 7 = 0.5ms a) Active power control b) Reactive
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Figure 6.48: Experimental results for bidirectional power-flow control, input and output currents

and voltages, using the damping resistor method, with R; = 32 a) Active power control b) Reactive
power control
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X Pl Y
controller

Figure 6.49: Analogue PI controller

6.5 PI Controller

The PI controller as shown in Fig.6.49 is used to make the actual signal match the
predefined reference signal. In the proposed VOC method, the PI controller is used
to generate the output reference voltage. The controller transfer function can be

described by:

ki
Yl) s (6.32)
The equation can be rearranged as:
1
Y(s) = kyB(s) + BE(s) = Yyls) + i(s) (6.33)

where k), is the proportional gain and £; is the integral gain. The proportional part
gives a rapid control response and causes a possible steady state error. Increasing
k, reduces the rise time and steady-state error, although, it may generate overshoot
after a certain limit. On the other hand, the integral control can eliminate the
steady state error and by increasing k;, the rise time can be reduced a little, but
this increases the overshoot after a certain limit. If there is the derivative part, in-
creasing k, decreases the settling time and reduces the overshoot. The PI controller
can eliminate the steady-state error, but it has a negative impact on the overall sta-
bility of the system. It cannot eliminate the oscillations, and generates undesirable
overshoots with increasing integral gains.

To become applicable to the digital equipment, the analogue PI control algorithm
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has to be discretised using different methods because the control strategies as digi-
tal algorithms are implemented in programmable devices such as DSPs, PLCs and
microprocessor-based equipment. In order to discretise the continuous time PI con-
troller in Figure 6.49, the integral operator (%) can be represented in discrete form
by three different methods: (Trapezoidal) Tustin’s method, forward and backward
Euler. To do the transformation, the frequency element s in the continuous time
domain should be substitute with its equivalent in the discrete time domain, pre-

sented as Z. The function T'(Z) for the three transformation methods is presented

as follows:
T, 7 +1
Tustin’ thod: TZ)=—5—— 6.34
ustin’s metho (Z) 57 1 (6.34)
T
Forward Euler: T(Z) = 7 1 (6.35)
T.Z
Backward Euler: T(Z) = — 7 (6.36)

where the T is the sampling period. By applying backwards Euler method and
Z-transform properties in (6.37) and (6.38), the continuous-time transfer function

of the PI controller presented in (6.32) turns to the discrete form in Figure 6.50:

X[Z] = Z{z(k)} =Y x(k)Z7* (6.37)
k=0
Z{x(k —n)} = Z"X|Z] (6.38)
vilz] z 1
E[Z] WLy = kT
Yi[Z)(1 - Z) = KT.E[Z] (6.39)

y[<k’) = y](]f — 1) + k?sze(l{Z)
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Figure 6.50: Block diagram of the discrete PI controller

Using Tustin’s method, the discrete version of the PI algorithm is calculated as:

Yi[Z] _kTsZ+1_kT51+Z_1

Elz] Moz-1 21—z
WA - 27 = kg BN+ 27 (6.40)
y[(k’) = yl(k _ 1) + k‘ﬂ;dk) + ;(/{ — 1)

6.6 Anti-windup PI Controller

Comparing the frequency response of the discretised PI controller, some distortion
can be observed. To reduce the generated distortion, sampling frequency f, has to
be much higher than the frequency of interest f.

When a large transient occurs at the input of the PI controller which causes a
large error, the integrator accumulates a non-zero error during the transients called
integrator windup. If the accumulated error is unwound, an overshoot happens.
Also, process saturation can cause a constant error as the output of the process is
limited to the maximum or minimum of its scale, and the controller’s output cannot
affect the controlled variable anymore. To prevent integral windup, the controller
output should be limited to the pre-determined bounds and be fed back to the
integral part using a closed loop. The integrator continually sums controller error as
long as controller error exists. When a large transient occurs at the input of the PI
controller which causes a large error, or the error persist for a long time, the integral
term grows very large and causes the control element to saturate because the output

of the process is limited to the maximum or minimum of its scale. This problem
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referred to as integral windup or integral saturation, and the controller loses the
ability to regulate the process and has no longer impact on it. Using a limiter to
clip the output of the controller to the premium value cannot stop the growth of the

integral sum of the error.

6.7 Conclusion

The output impedance of the input filter has an important effect on the system
stability. In general, the filter output impedance should be as low as possible when
compared to the converter input impedance. Increasing the filter capacitance (Cy)
is one of the methods for reducing the filter output impedance as far as it does
not decrease the input power factor. Another strategy for achieving low output
impedance in the filter for all frequencies is proper filter pole damping. For this
purpose, the impacts of some strategies reviewed in brief, using the graphs. Adding
a damping resistor and using a digital low-pass filter are the most common methods
for stabilisation. Moreover, a combination of these two strategies is proposed, and
the stability area, THDs of the input and output currents, and power-up problem
were discussed.

Also, the function of the MC analyzed as an interface between the utility and a
microgrid using the simulation and experimental tests. For this purpose, the output
current was controlled using a VOC method to control the output active and reactive
power flow. Two different tests have been done to show the ability of the MC for
controlling the bidirectional power flow. The first test is for the unidirectional power
flow when the output is connected to the RL load, and the results for unidirectional
active and reactive power flow presented. The test has been performed for the
suggested stabilisation strategies. As expected from the simulation results, it was
possible to increase the damping resistance with adding the digital low-pass filter to
decrease the power loss without increasing the THD of the currents.

In the second test, the ability of the MC for the bidirectional active and reac-
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tive power flow control was studied. As two power sources were required for this
test at the input and output of the converter, two variable transformers and one
isolated transformer are used to make two isolated voltage sources. The impacts
of the stabilisation methods were analyzed using the simulation tests, and the best
method that was a combination of the damping resistor and digital input filter was
validated experimentally. The FPGA clock frequency has a significant effect on the
experimental results in aspects of the THD of the input and output power, and the
stability of the converter. In order to show the effects, the simulation tests have
been repeated for a different time-step that represents the FPGA clock. The exper-
imental results confirm the simulation results with the time-step which is consistent

with the FPGA clock frequency.
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CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

MCs are a replacement for back to back converter systems that allows heavy, bulky
and unreliable DC link components to be avoided. MCs also have regeneration
property, and can generate the high quality sinusoidal input and output currents.
The possibility of having the unity input power factor by using an adjustable input
displacement angle is another advantage of the MCs. Although, due to the lack of the
dc-link capacitor they are more sensitive to the disturbances of the input and output
voltages, and also have a higher number of power semiconductor devices. Mcs have
a wide range of applications including the electric vehicles, military applications,
wind turbines and aerospace applications. In this thesis, at first, the structure of
the indirect and direct ac-ac converters have been reviewed, and some schemes of
the matrix converters as the direct ac-ac converters have been presented.

Two most common modulation methods of the MCs including the Venturini
modulation method and SVM have been analyzed in detail, and the simulation and
experimental results have been illustrated. The SVM modulation method presents
better results in terms of the maximum voltage gain, THDs of the input and output
currents and adjustable input power factor compared to the Venturini modulation
method, although, SVM is more complicated. The current commutation methods

as one of the basics are illustrated due to their importance in MCs operation. The
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Output current direction based four-step semi-soft commutation method has been
selected to be applied to the prototype MC as one of the safest commutation meth-
ods. The study is further completed by the simulation and experimental results.

Details of the design, development and experimental test of a prototype DMC
have been presented. This includes the technical points of the input filter design,
clamp circuit, over-current and over-voltage protection circuits, and voltage and
current measurement circuits.

Due to the application of the MC as an interface between the main grid and
the microgrid, bidirectional power flow capability of the MC was an essential part
of the research. In this regard, stability of the MC under the change in power flow
direction and active and reactive power became an important issue. The input filter
elements can significantly affect the stability region of the MC.

As the input current of the MC has a PWM configuration, using a low-pass
filter is necessary to smoothen the returned current to the input voltage source. On
the other hand, the low-pass LC filter can cause the system to become unstable.
To control this effect, some suggestions in the literature have been reviewed, and
the impact of each parameter of the system including the input filter parameters,
load, input and output frequencies and transmission line impedance are investigated.
Some of these parameters have serious impacts on the stability problem, and the
others have fewer impacts. In addition, it is not possible to change some parameters
like the input and output frequencies or the load or the transmission line impedance.
It was seen that the input filter parameters have significant effects on the stability,
compared to the other system parameters. Adding the damping resistors or the low-
pass digital filter are the two solutions for this problem which have been analyzed
comprehensively based on the small-signal model of the system. In the case of the
power-up problem and THDs of the currents, adding the damping resistors gives
better results, while the digital filter causes less power loss. A combination of these
two methods has been suggested and analyzed in this thesis, which can help to

increase the damping resistors and decrease the time constant of the digital filter
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without any instability problem. This strategy reduces the power loss caused by the
damping resistors, while power-up problem improves compare to the case of using
only the digital filter.

To assess the performance of the converter for controlling the active and reactive
power in both directions, two different tests have been done. The control method
is a VOC strategy using the anti-windup PI controllers. In the first test, the MC is
used for unidirectional power flow from input source to the output RL load. In this
case the active and reactive power flow between the source and the load is controlled
effectively by changing the d and ¢ parts of the output current. The second test has
been carried out for assessing the MC as a converter between the grid and microgrid,
which are exchanging the active and reactive power in both directions. In this case,
the utility grid and the microgrid are modeled by using variable transformers at
the input and output of the MC. A four quadrant power flow control technique is
applied to the MC to change both active and reactive power in both directions.
The three strategies for stabilisation of the system have been applied in both tests,
and the simulation and experimental results have been presented. It was seen that
the combination of using the digital filter and the damping resistor provides better

results in terms of the THD of the input and output currents and the power loss.

7.2 Recommendation For Future Work

For future research, extended studies on some of the interesting topics for the matrix

converter are recommended as following:

e As indicated in Chapter 5, when SVM with the switching pattern using three
zero vectors is applied as the modulation method, it was more difficult to have
a stable system for large voltage gains. Therefore, impacts of the modula-
tion methods, switching patterns and switching frequencies are required to be
investigated as the items which have influence on the stability of the matrix

converter.
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e In Chapter 6, some simulation results have been presented for different time-
steps to compare them with the experimental tests. It has been shown that
when simulation time-step is less than the time period of FPGA clock pulse,
the MC stability improved significantly. This means that, the clock frequency
of the FPGA is an effective factor in the stability of the MC, and quality of

the waveforms which needs to be studied in more details in future.

e Also as FPGA performs the instructions in parallel, research on an all FPGA-
based control system instead of the combination of a DSP and a FPGA can
clarify the impacts of the speed of the data process on the quality of the input
and output currents of the MCs.

e As illustrated in the introduction chapter, MCs have different topologies in-
cluding the DMC, IMC, sparse MCs and multilevel MCs. The influence of
the converter topology on the stability problem can be studied to show if the
the structure of the MC has any positive or negative effect on the stability

problem.

e Study on the other control methods such as model predictive control and
sliding mode control, for bidirectional power flow control in MCs and also

their effects on the stability can be an interesting topic as future work.
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