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ABSTRACT

Power electronics is the key technology for connecting flexible ac transmission
system devices and renewable power generation to the ac grid. Among the ac to ac
converters, the matrix converter represents a promising alternative power electronics
technology to back to back converters. It does not incorporate any storage elements
which minimises the size and weight of the converter. In addition, with the
introduction of the reverse blocking insulated gate bipolar transistor, its efficiency
can surpass that of back to back converters.

A new approach in controlling the matrix converter output current is introduced. The

approach depends mainly on logic circuitry and facilitates power system applications

using the matrix converter. Furthermore, it can provide sinusoidal output current

under asymmetry voltage conditions. The output current quality is at the expense of

the input current in this case. Both sinusoidal input and output currents cannot be

achieved under asymmetry voltage conditions due to the lack of any storage

elements.

Matrix converter suitability to power system applications such as flexible ac
transmission and embedded generation, is investigated particularly under
asymmetrical ac supply conditions. The effect of the absence of an intermediate
storage element, on the output power and current quality is considered.

The utilization of the proposed control technique in a unified power flow controller,
which is the most versatile flexible ac transmission system device, is investigated.
The restriction on unified power flow controller operation due to the absence of any
intermediate storage element in the matrix converter is also studied.

Special attention is given to asymmetry ac voltage condition effects and how to
mitigate this problem for embedded generation. Extraction of the positive and

negative sequence components is essential in obtaining non-oscillatory output power,

and a dual current controller is used to this end.

Keywords: FACTs, UPFC, matrix converter, embedded generation, asymmetrical
supply



AR CKNOWLEDGMENT

All praise is due to Allah, whose praise cannot be described by those who speak, whose
blessings cannot be enumerated by those who count those who try to cannot give Him
His due rights.

I am deeply and forever indebted to my parents for their love and support throughout
my entire life. I am also very grateful to my brother and sisters for their encouragement
during my study.

I would like to thank the Egyptian Government for their financial support during my
study. Special thanks go to the Egyptian Education Bureau staff for their patience and
support. I am thankful to them for allowing me extra time to conclude my experimental

work.

My sincere thanks go to my professors at Alexandria University for whom I owe my

engineering knowledge. A special thanks goes to Prof, Szszez .Zeyée& and Dr.

NMaotsanmied E4-Aalrawt.

Thanks to all my colleagues whose assistance and feedback have allowed me to
improve the contents of this thesis. I would like to express my gratitude to everybody
who shared 1n the realization of my thesis, as well as expressing my apology that I could
not mention them personally one by one.

Finally, if this thesis will be helpful for anyone, all praise is due to Allah; if any of the

data supplied with this thesis are wrong, misleading, or misrepresented, it is from me

and Allah knows best.

11



TABLE OF CONTENTS

Abstract i
Acknowledgment il
Table of contents 11
List of symbols viil
List of abbreviations X1
INTRODUCTION
1.1 Challenges facing the electrical grid |
1.1.1 Transmission line capacity |
1.1.2 Electrical power influence on climate change 4
1.2 The Matrix Converter 9
1.3 Scope of the thesis 10
References 11
LITERATURE REVIEW
2.1 The Matrix Converter 135
2.1.1 Matrix Converter Fundamentals 17
2.1.2 Modulation Algorithms 20
2.1.3 Switch commutation 27
2.1.4 Switching devices 28
2.1.5 Input voltages disturbance 28
2.1.6 Protection and diode clamping circuitry 29

2.2 Flexible AC Transmission Systems (FACTS) 29

111



2.2.1 Basic relationships for power transmission
2.2.2 Types of FACTS controllers

2.2.3 Unified Power Flow Controller (UPFC)
2.3 Embedded Generation

2.3.1 Definition of embedded generation
2.3.2 Benefits of utilizing EG units

2.3.3 Impact of EG on the transmission network
2.3.4 Impact of EG on the distribution network

References

A NOVEL CONTROL TECHNIQUE FOR THE MATRIX CONVERTER

3.1 Control technique
3.1.1 The inverter stage
3.1.2 The rectifier stage
3.1.3 Transforming from back-to-back inverters to a matrix converter
3.2 PWM patterns
3.3 Number of commutations per cycle
3.4 Hysterisis controller

References

SYSTEM CONTROLLERS AND SIMULATION RESULTS
4.1 The inverter stage

4.1.1 The current controller

4.1.2 Overmodulation

4.1.3 Generation of the reference current
4.2 The active rectifier stage

4.2.1 Frequency and phase angle estimator

4.2.2 The input filter
4.3 Transforming from back-to-back inverters to the matrix converter
4.4 Calculation of the output voltages and input currents

4.5 Calculation of the output currents

Ay

29
30
33
37
38
38
39
39
40

47
47
54
64
70
72
74
75

77
78
83
8
86
86
87
92
92
92



4.6 Simulation results
4.6.1 Pure sinusoidal supply
4.6.2 Unbalanced supply voltage
4.6.3 Flat topped voltage supply

References

GRID-CONNECTED MATRIX CONVERTER WITH AN L-FILTER

INTERFACE

5.1 The inverter stage
5.1.1 The current controller

5.1.2 Generation of the reference currents
5.1.3 Droop control
5.1.4 Frequency and phase angle estimator
5.2 The active rectifier stage
5.2.1 Wind turbine rotor model
5.2.2 The generator model
5.2.3 The input filter
5.3 Simulation results
5.4 Unbalanced grid condition
5.4.1 Dual vector current controller
5.4.2 Extraction of the positive and negative sequence components
5.4.3 Generation of the reference currents
5.4.4 Simulation results

References

UNIFIED POWER FLOW CONTROLLER USING THE MATRIX

CONVERTER
6.1 Simplified UPFC Model

6.2 Series power converter control
6.3 Generation of the reference current

6.4 Shunt power converter control

93
93
102
108
113

114
115
116
116
118
119

120
120
125
128
130
132
133
136
137
138

140
142
143
145




6.5 Simulation results

6.5.1 Constant shunt converter angle

6.5.2 Shunt converter angle controllable

References

EXPERIMENTAL SETUP AND PRACTICAL RESULTS

7.1 Hardware elements

7.1.1  The Digital Controller Hardware

7.1.2 The power matrix converter
7.1.3  Voltage supply
7.1.4 The R-L load

7.1.5 The input power filter

7.1.6 Current and voltage measurements

7.1.7 Switch commutation
7.1.8 The clamp circuit
7.1.9 Signal filter

7.1.10 Digital filtering

7.2 Ac to ac matrix converter practical results

7.2.1 Open loop
7.2.2 Closed loop control

7.3 Unified power flow controller
7.3.1 Phase angle control

7.3.2 Magnitude control

References

CONCLUSION

8.1 General conclusions

8.2 Author’s Contribution

8.3 Future research

APPENDICES

vi

151
151
152
153

155
155
159
160
160
161
162
163
167
168
169
171
171
176
180
182
184
190

191
193
194

198



Appendix A: DSP Header Files

Appendix B: Open Loop Program
Appendix C: Closed Loop Program

Appendix D: UPFC Program
LIST OF FIGURES

LIST OF TABLES

Vil

200
202
216
230

244
253




LIST OF SYMBOLS

efdr e[ bs el C

ema: embr emc
10.-.]7

Frequency estimator gain (rad.s™)

Phase angle estimator gain (rad.s™)

Wind turbine power coefficient (s)

Wind turbine torque coefficient

instantaneous grid voltages (V)

instantaneous grid voltages in stationary reference frame (V)
direct and quadrature axis grid voltage in rotating reference frame (V)
direct and quadrature axis grid voltage positive components (V)
direct and quadrature axis grid voltage negative components (V)
direct and quadrature axis grid voltage positive components (V)
direct and quadrature axis grid voltage negative components (V)

direct and quadrature axis grid voltage of the i" harmonic(V)

«direct and quadrature axis grid voltage in complex form(V)

direct and quadrature axis grid positive voltage in complex form(V)
direct and quadrature axis grid negative voltage in complex form(V)
Instantaneous / bus bar voltage (V)

Instantaneous m bus bar voltage (V)

Inverter matrices

instantaneous output currents(A)

instantaneous input currents (A)

instantaneous current in stationary reference frame (V)

output current direct axis component (A)

input current direct axis component (A)

output current quadrature axis component (A)

input current quadrature axis component (A)

direct and quadrature axis input current positive components (A)

direct and quadrature axis input current negative components (A)

Vil



m,, mj

M(wnt)

q

Roa: Robr Roc
R;...Rs

S1...56

direct and quadrature axis output current positive components (A)
direct and quadrature axis output current negative components (A)
direct and quadrature axis input current of the i™ harmonic(A)
direct and quadrature axis input current in complex form(V)

direct and quadrature axis grid positive current in complex form(A)

direct and quadrature axis grid negative current in complex form(A)

Input current vector (A)

Output current vector (A)

shunt injected current (A)
shunt injected current (A)
Proportional gain (V/A)
Integral gain (V/A)
Rectifier stage duty cycles

Inverter stage duty cycles

Direct and quadrature axis integral error part (V)
low frequency transfer matrix

voltage transfer ratio

Zero state rectifier matrices

Rectifier matrices

Rectifier stage switch states

Inverter stage switch states

Total apparent input power (VA)

Total apparent power due to positive sequence voltage and current
(VA)

Total apparent power due to negative sequence voltage and current
(VA)

sampling time (s)

effective sampling time (s)

instantaneous output voltages (V)

instantaneous input voltages (V)

instantaneous voltages in stationary reference frame (V)

1X



Uy, Uy, U3
uar ub. uC

Uga, Upp, Uee

output voltage direct axis component (V)

input voltage direct axis component (V)

virtual link dc voltage (V)

output voltage quadrature axis component (V)

Input voltage quadrature axis component (V)

direct and quadrature axis controller output positive components (V)

direct and quadrature axis controller output negative components (V)

Input voltage vector (V)

Output voltage vector (V)

Series injected voltage (V)

series injected voltage (V)

sending end voltage (V)

receiving end voltage (V)

transmission line mid point voltage (V)
rectifier stage level

inverter stage controller outputs (V)
modified inverter stage controller outputs (V)

offset voltage to modify the inverter stage controller outputs (V)

maximum of modified inverter stage controller outputs (V)

minimum of modified inverter stage controller outputs (V)

carrier peak value

transmission line reactance ()

Input displacement angle
estimated voltage vector angle (rad)

output angular frequency (rad/s)

input filter cut-off frequency (rad/s)
input angular frequency (rad/s)
low frequency transfer matrix angular frequency (rad/s)

estimated voltage vector angular frequency (rad/s)



LIST OF ABBREVIATIONS

EG Embedded Generation

FACTS Flexible ac Transmission Systems
IGBT Insulated Gate Bipolar Transistor
MC Matrix Converter

RB-IGBT Reverse Blocking Insulated Gate Bipolar Transistor

SSSC Static Synchronous Series Compensator
SSG Static Synchronous Generator

SVC Static VAr Compensator

SVS Synchronous Voltage Source

TCPST Thyristor-Controlled Phase-Shifting Transtormer
TCSR Thyristor-Controlled Series Reactor

TSSC Thyristor-Switched Series Capacitor

UPFC Unified Power Flow Controller

VSC Voltage Source Converter

VSI Voltage Source Inverter

X1



CHAPTER ONE

INTRODUCTION

There 1s no doubt that electricity plays a vital role in our modern life. It runs the
economy and supports the high quality of life of the community. Imagine how
unfamiliar your world is when the electrical supply goes out: industrial work is
disrupted, water systems shut down, food ruins, transportation is interrupted,

communications stop, and people are inconvenienced and even frightened. In other

words contemporary life as we know comes to an unpredicted halt.

On the14™ of August 2003 the biggest blackout in history occurred on the east coast of
the USA. Millions of people were without electricity for an extended period of time
[1.1]. This blackout was followed by others in the UK, Sweden, and other countries.
These blackouts brought the challenges facing the electric power grid supply to the

forefront.

1.1 Challenges facing the electrical grid

There are many challenges facing the existing electrical power system to ensure the

continuity and quality of electricity without interruption. In the following sections some

of these challenges are presented.

1.1.1 Transmission line capacity

One of the main reasons for the blackout that occurred in the USA was overloading of
the transmission lines [1.2]. Transmission lines as normally operate at far lesser than
their ratings to ensure reliability. This margin guarantees that the electric system can

recover from line tripping or generator outage.



But in recent years, growing demand on electric power has approached transmission
systems limits, where outage of certain transmission lines could result in the fast
interruption of electricity. Additional transmission capacity where it is needed could be
the best solution. Unfortunately, electricity grid upgrades and particularly the
construction of new transmission lines cannot match the increase in power plant
capacity and energy demand. Finding suitable right-of-ways is particularly difficult in

industrialized countries [1.3]-[1.5].

An alternative to constructing new transmission lines is to enhance the use of the
existing lines. This could be achieved by implementing Flexible AC Transmission
System (FACTS) controllers [1.3]-[1.14]. FACTS devices are used for the dynamic
control of voltage, impedance, and phase angle of high voltage AC lines. FACTS

devices provide planned benefits for enhanced transmission systems through:
o Dbetter utilization of existing transmission assets;
e Increased transmission system reliability;
e increased dynamic and transient grid stability; and
e increased supply quality for sensitive industries (e.g. computer chip

manufacturing).

What 1s most attractive about FACTS technology is that it creates opportunities for
controlling transmitted power and for improving the practical capacity of existing lines.
Controlled current flow through a transmission line increases the capacity of existing
lines. These FACTS devices are able to act almost instantaneously to power system
changes. Among devices, the unified power flow controller (UPFC) 1s the most versatile
device [1.15]-[1.21].

Another alternative to conventional transmission capacity additions is the reformation
of the original grid structure. The existing infrastructure consists of three main
functions. First the power has to be generated; involving coal, natural gas, hydroelectric
or nuclear power plants. Once generated at the power plant, it has to be transmitted to

the area where it is to be consumed; this is the transmission function of power delivery.

Finally the power has to be delivered to the different customers in the distribution

system. This three-step procedure is summarized in fig. 1.1.
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Fig. 1.1 Conventional electric supply network
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There i1s a need to modify the grid structure so that it can perform reliably, even under
the higher loads that will unavoidably arise in the future. One proposed addition 1s to

incorporate elements of embedded generation into the system. An embedded generation
system [1.22]-[1-30] merges electricity from large and small generation units. Unlike
central station power plants, which typically are located far from load centres.

embedded generation can produce electricity at or near the place where 1t 1s consumed.

Embedded generation technologies can run on fossil fuels, renewable energy resources
or waste heat. They can meet all or part of a customer’s power needs. They can be
placed at a customer’s site or elsewhere. Fig. 1.2 represents a schematic of embedded
generation.

With such a structure, the rate of increase of transmission line loading will be much

lower; hence the investment demand on the transmission system will decrease.
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Fig. 1.2  Electric network with embedded generation

1.1.2 Electrical power influence on climate change

Another challenge facing the electrical power system is its influence on climate change.
There is no doubt that human activities over the last two decades have influenced the
olobal climate in a dangerous way. During the last two decades, measurements show a
significant increase in the emissions of the greenhouse gases such as carbon dioxide
(CO»), methane (CHy), and nitrous oxide (N>O), by extensive amounts hence the planet
is becoming warmer than it would be otherwise [1.31].

[f emissions carry on at the same rate of increase, they will intfluence raintall patterns
which result in more frequent intense weather conditions world-wide. Higher
temperatures will melt the polar ice caps which will cause sea levels to rise. Large areas
of the world, including many developing countries, are only a few metres above normal
sea level and will suffer from sea level rises as a consequence of climate change.
Carbon dioxide, which 1s responsible for over 60 per cent of the “enhanced greenhouse

effect”, are primarily by-products in transport, industry, and the combustion of fossil

fuels 1n electricity generation [1.32] — see Fig. 1.3.

Large scale
generation
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The pnncipal source of CO; 1s the burming of fossil fuels: coal, natural gas, and oil
Unfortunately, these sources represent most of the resources associated with electricity
generation as shown in fig. 1.4

Most renewable energy sources do not produce any CO;; hence the UK Government 'S
stated intention to increase their use substantially, parucularly in electricity generation
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In fact moving towards renewable energy 15 not only dnven by climate change or the
Kovoto agreement. 1f we want to maintain our civilized way of life there 1s no other

Ooplon than substitution of o1l and natural gas with other sources. Ohl and gas were



created during the Earth’s long geological history, which means that they are limited
resources, subject to depletion. Most research indicates that the peak of oil and gas
production could be within the 2020s [1.36]. After that the production will decrease
slowly but surely. Our economy is entirely oil-dependant and does not cater for oil
reserve depletion before it commences to collapse. A small difference between demand
and supply of 15-20 percent is sufficient to shatter an oil-dependent economy and
reduce its population to poverty. The effects of even a small reduction in production can

be harmful. For instance, during the 1973 and 1978 oil crises, shortfalls in production as
low as 5% caused the price of oil to climb to nearly four times its normal price.

Fortunately, the crises were only temporary. Future oil shortages will not be so
transitory. They represent the beginning of a new, permanent condition [1.37].
Unfortunately, renewable resources are weather dependant which makes it difficult for
the electric power grid to rely on them. Nuclear energy does not depend on weather
conditions or the time of day in order to produce an output. Also its use does not
involve emissions of greenhouse gases. This can make nuclear power a good source for
the base load and the remainder can be supplied from renewable resources.

For '[i‘lCSC reasons, the UK Government has set targets to increase the percentage of
renewable electricity generation in the total supply [1.34]. Fig. 1.5 shows the expected
timetable for the different renewable sources to be economically viable. From this
figure 1t is noticed that the most vital renewable resource 1s wind energy. The main

reason for this is that the UK has over one third of Europe’s entire potential for offshore

wind energy [1.34].

It can be concluded that to prevent future electrical power interruption, hence to

maintain our modern life, we are required to:
e Enhance the use of existing transmission systems using FACTS devices,

especially the UPFC which is the most versatile FACTS device.

o Modify the structure of the existing electrical grid using embedded generation.

e Replace the o1l and natural gas used in electrical power generation with other

renewable resources; especially wind energy in the UK.
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Fig. 1.5 Estimated time table for the installation of renewable energy resources [1.34]

Fig. 1.6 shows a typical UPFC system where series voltage and shunt current are

injected into the transmission line. The idea i1s based on back to back voltage source
converters (VSC) where the line voltage is first rectified through VSC1 and then a
voltage is injected into the line through VSC2. A variable speed wind turbine system,
with full-scale power converters, where the wind turbine 1s connected through a gear-
box to generator G, is shown in fig. 1.7. Usually, the output of the generator 1s rectified

and the resulting power is transferred through a DC link to a voltage source converter.



Typically, filter inductors (L-filters) are used to minimize the current harmonics injected
into the grid. Both the UPFC back-to-back converters and the rectifier and the VSC
used for power generation from the wind turbine, could be replaced by a matrix

converter as shown in figs 1.8 [1.38]-[1.39] and 1.9 respectively.

Inverter Inverter
-( P pe—
[.'ih

fig. 1.6 Schematic diagram of the UPFC with back to back converters

" . 3 phase
3 phase Rectifier Inverter g y
Generator ri

i Qﬂ

Matrix
Converter

Fig. 1.8 Schematic diagram of a UPFC with a matrix converter
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Kig. 1.9 Schematic diagram of a wind turbine system with a matrix converter

1.2 The Matrix Converter

TI'he matrix converter (MC) has been recognized as an alternative to standard VSI
converters. The MC 1s a direct power converter without any internal energy storage
stage [1.40]. The MC 1s a forced commutated converter, which uses an array of
controlled bi-directional switches in order to create a variable output voltage system
with unrestricted frequency [1.41]. The switches used in a matrix converter must be able
to block voltages of either polarity and to conduct current in either direction. This can
be achieved either by a combination of the existing unidirectional switches and diodes

as shown 1n fig. 1.10 or the introduction of new devices which are able to withstand

bidirectional voltages.

————————————

Fig. 1.10 Schematic diagram of a 3-phase to 3-phase matrix converter



The matrix converter has many advantages over back-to-back converters in ac-ac power

conversion [1.42]. It does not need any intermediate storage elements as used in
conventional back-to-back converters, which results in a simple and compact circuit.
The generation of output voltage with arbitrary amplitude and unrestricted frequency
can be easily produced. Full control of the input power factor for any load can be

maintained. Sinusoidal input and output current can be readily achieved under

symmetrical supply conditions.
The reverse blocking IGBT (RB-IGBT) introduced in [1.43] could make a significant

impact to the development of the matrix converter since it decreases one semiconductor
device per load phase path. If the RB-IGBT device becomes available for mass
production, it will minimize the device count and the conduction losses.

On the other hand, the matrix converter has disadvantages [1.40]-[1-42]. Its major
drawback is that the maximum voltage transfer ratio between the output and input
voltages 1s limited to 86%. This is a problem if there is need to use a standard machine
from a standard transformerless supply. Another drawback is the use of 18 switches in
the conventional matrix converter rather than 12 with back to back converters. One
more problem is the commutation of the bi-directional switches. It is difficult to achieve
simultaneous commutation without generating overcurrent and voltage spikes that could
destroy the semiconductor devices. This problem 1is partially solved by using multistep

commutation strategies that allow safe commutation [1.44]-[1.47].

1.3 Scope of the thesis

The aim of this thesis is to describe a novel matrix converter operational approach based
on feedback control which not only fulfills the specifications of the UPFC but also
surpasses 1t on several points like the ability to connect linked power systems with

ditferent frequencies, which is central to embedded generation.

~ In the next chapter the basic FACTS concept, embedded generation fundamentals, and

matrix converter concepts, are presented.
In chapter 3 the novel matrix converter control approach based on feedback control is

described. The performance of this technique is evaluated in chapter 4.

10
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How this approach could be used to fulfill the needs of embedded generation and UPFC

specifications, are presented in chapters five and six respectively, which include

simulation results.

The experimental test rig and the practical results are presented in chapter seven.

The main conclusions and future work drawn from this thesis are summarized in the

final chapter, chapter eight.
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CHAPTER TWO

LITERATURE REVIEW

This chapter presents a literature survey of the matrix converter including its

fundamentals, the most popular modulation methods, commutation techniques,
bidirectional switches, and the effect of input voltages disturbance. Then the basic
relationships for power transmission are reviewed. FACTS devices used to control
transmitted power are introduced. Special attention is given to the most powerful
FACTS device, the unified power flow controller (UPFC). Finally, a brief survey on

embedded generation is given, its benefits, problems, and impact on both transmission

and distribution networks.

2.1 The Matrix Converter

The matrix converter (MC), shown in fig.2.1, has been recognized as an alternative to

the standard voltage source inverter (VSI). The MC i1s a direct type of power converter

without any internal energy storage. It is a forced commutated converter, which uses a
matrix of controlled bi-directional switches, in order to create a variable output voltage
system with unrestricted frequency. The initial research contributing to matrix converter
development used thyristors [2.1]. With this technology, performance was poor.
Genuine development of the matrix converter occurred with the “Venturini modulation
method” in 1980 [2.2]-[2.4], but the main limitation of the algorithm was its
dependence on load power factor. Another control technique based on the “fictitious dc
link” scheme was proposed by Rodriguez in 1983 [2.5]. With this method, switching is
arranged so that each output line is switched between the most positive and most
negative input lines using a pulse width modulation (PWM) technique, as
conventionally used in standard VSIs.

This concept is also known as the “indirect transfer function” approach. In 1989, Huber
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et al. published the first of a series of papers [2.6]-[2.10] in which the principles of
space-vector modulation (SPVM) were applied to the matrix converter modulation
problem.

The aim of this section is to present a review of matrix converter fundamentals,

including:

e matnx converter fundamentals;

¢ modulation methods;

e commutation techniques;

e devices for bidirectional switches;

e input voltages disturbance; and

e protection and clamping circuitry.

Q06
—~— =

n

3 R Sey : 2 SAa SBa SCa
nn b i S S So
“ So Si Sk Sce

C _c

Fig.2.1 Schematic diagram of the conventional matrix converter

16




2.1.1 Matrix Converter Fundamentals

Normally the matrix converter is fed by a voltage source, and for that reason the input
terminals should not be short-circuited. On the other hand, the output side has an

inductive nature so an output phase must never be open circuit. These two constraints

can be expressed by

SAJ.+SBj+Scj =]

{ l  switch S, closed 2.1

S =
0 switch S, open

i

where i= {A, B, C}
J={a,b, ¢}

With these restrictions, the 3 x 3 matrix converter has 27 possible switch states. These

states are summarised in table 2.1.

The source and load voltages can be expressed as vectors defined by

VA(’) Va(t)
() Vo = Vb(t) 2.2

[
(t) v.(t)
The relationship between the output and input voltages can be expressed as

v (1) [SA,,., S 50 Sa-,] v, (1)
Vb(’) =1{ S S Bb Sces VB(t)

| 2.3
v.()l |Se  Si  Sce | |velt)

v, =T . v,

Vi =| Vg
C

In the same form, the relationship between input and output currents 1s expressed by
i=T".1, 2.4
where
[i,‘ (t) i, (1)
I = iB(t) I, = ib(t)
i () i.(¢)
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The duty cycle m; () of the switch S, is defined by

tl’f
m, =L 0<m, <1 2.5
T

h ]

The low frequency transfer matrix M(w,?) is defined by

mAa (a)mt) mBa (wmt) mCa (wmt)
M(a)mt) =\ My, (wmt) mpg, (a)mt) me (a)mt) 2'6
mAc (wmt) Mg, (wmt) ch (wmt)
The low frequency (fundamental) component of the output phase voltages is given by

v, (1)=M(w,t).v,(t) 2.7

and the low frequency component of the input current is

i(t)=(M(w, ). () 2.8

Given a set of sinusoidal input voltages and assuming a set of output currents as

follows:

cos w,l

v,(t)=V, cos%co‘t +2 % ; 2.9

4
cos\ot + A

cos(a)ot +¢.)

i ()=1 cos§w0t+ 9, + 2%2 2.10
4
cos\w,t + ¢, + %

Then

cos w,t

v (t)=qV, cos§w0t+2%; 2.11

4r
cos\o,l + A

cos(wt+¢,)
)=, cos§w,r+¢,+2%g 2.12

cos
cos\ot+ ¢, +4%

where g is the voltage transfer ratio.

The modulation problem is how to drive the modulation matrix M(w.f) to produce a

_ sinusoidal output voltage and a sinusoidal input current.
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2.1.2 Modulation Algorithm
There are many control algorithms to solve the modulation problem. Generally they can
be divided into two types of control. One is termed the direct modulation method and

the other is the indirect modulation method.

i. Direct modulation algorithms

Two main solutions to this problem were derived by Venturini [2.2]-[2.4]:

m m, ms

M,(t)= m, m, m, | withw, =(a)a —a),) 2.13
m, m; m,
m m; m,

Mz(t)= m, m, m, | with o, =-—(a)o —a),.) 2.14
m; m, m

m; = -;-(1 +2qcos(w, t—0,)), where 6,=0, 337_:_, %’E for i=1, 2, 3 respectively

The solution in 2.13 corresponds to when the output displacement angle ¢, 1s equal to
the input displacement angle ¢, and the other solution, equation 2.14, 1s related

to ¢, =—¢, . Combining the two solutions yields a general form in which the input

displacement angle can be controlled using different weights a;and a,for M; and M,

M(t)=a,M,(t)+a2M2(t) 2.15

For unity input displacement factor, the matrix elements expression can be reduced to

the form

2V, V.
my =i|i]+ : J] 2.16

where K= A, B, C, j=a, b, ¢ and v;, 1s the maximum input voltage.

Using these solutions, the maximum voltage transfer ratio that can be achieved is 50%.

This 1s demonstrated in fig. 2.2.
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. 168 269 368 488 S50 658 708
6 (deg.)

Fig.2.2 Sinusoidal output phase voltage within the inner bounds of the input voltage
envelope

This ratio can be improved to 86.6% if third harmonic components are injected into the

output voltage. In this case the target output voltages will be

cos(w,t ) - -é-cos(.i'a)at) + 2\1/7 cos(3aw,t )

vo(t)=qV, cos(a)ot+2%)-é005(3waf)+2[005(30t) 2.18

cos(w,t + 4%)—-;-005(3a)at)+ N cos(3wt)

Injecting third harmonic components has no effect on the output line to line voltage, but
allows the output phase voltage to fit within the input voltage envelope as shown in
fig.2.3. In addition, this 86% transfer ratio can only be achieved at unity displacement

factor. Varying this factor will reduce the voltage transfer ratio.

Upper band |

0 (deg.)

Fig.2.3 Output phase voltage after injecting third harmonic components, within the outer

envelope of the input voltage envelope
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In this case, the solution of the modulation problem. including displacement angle

control, can be expressed in the form of equation 2.19 |2.4]

! | i WX — vir)
mg; =7 1+|1+9|‘16‘05 (0 - )t - X -y
5 \ \ 3 y
( Y/ Y .
+‘1—9|qc0.s* (a)i +a)”)r.. ST(A ;‘) 2)}
\
2.19
f _1 [ - / ] \
+ g COS 4(:)!1- 27{0} 1))+ L COS 260,!- 27r(1 y) }
63\ 3 643\ 5
. D 1)) y i
-2 Cos (3 w, "'“’f)’ - - + COS (3(0” —(0;)’ - ) ]>
where ¢ = tang
tan,

X=1,2,3 for K=A, B, C respectively

y=1.2.3 for j=a,b, crespectively

This expression is complicated; the modulation matrix elements will be dependant on
the load power factor angle, which reduces its applicability. These are the main

disadvantages of this method.

[f a unity displacement angle is required. equation 2.19 can be reduced to [2.4]:

F

] 2V, V 4
m, =—|1+ St .. |
b3 vV 343

P =0'2%'4%

where j=a,b,cand K =A.B,C

2
2
-

sinlwt + B, )sin(3 1)

For the direct method, three signals are compared with a carrier in the order: m,.

my;+mp;, and m;+mp+me;to produce the output matrix sequences as in f1g.2.4.

b A B C B A
C A B C B A

Fig.2.4 Switching sequence for the direct method

2
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i. Indirect Modulation Algorithm

With indirect space vector modulation [2.6]-[2.10], the matrix converter function can be
described as an active rectifier and a cascaded inverter. In this case, all the quantities are
reterred to a virtual DC link as shown in fig. 2.5. The modulation problem in this case
can be separated into two independent stages: a rectifier stage represented by switches

S; to S and an inverter stage represented by switches S> to S)>.

Rectifier Inverter
Stage Stage
I/’r f+ IN{L'

---------------------------------------------------------

Fig.2.5 Arrangement of the matrix converter as virtual back to back converters

a- Space vector for the rectifier stage
The input voltages and currents can be expressed in space vector forms using the

transforms in equations 2.21 and 2.22 [2.9]

. _7 _;:.T __IJ_;T " oy

I-’r = } V,T™Vs.e "3 T Vei.e ' 3 2.2
2 _ _ - n _ _4r

]J, =§ 1, t1,.¢ o +1i..¢ 3 2.22

The relation between the input current phase angle &, the sector number & and the angle
within the sector o, 1s shown 1n fig. 2.6. The rectifier space vector duty cycles are

calculated as follows [2.9]:



2.23
mo=1—my;—mg
z-l
Mrec =~
IDC
5 =6 —(k—-l)(%)
0,

where floor is the integer quotient.

The modulation index of the rectifier stage is often chosen to be 1 since no input current

magnitude control is required.

6. (rad)

k (sector) O(rad)

Fig.2.6 Rectifier stage space vector.

b- Space vector for the inverter stage

The output voltages and currents can be expressed in space vector forms using the

transforms in equations 2.24 and 2.25 (which are similar to equations 2.21 and 2.22)
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6, (rad)

Kk (sector) d,(rad)

2 n ir
V, = '}-(Va +v,.e '3 + Vc.e"’_,a_) 2.24

2 . . 2 4
I, = -}-(za +i,.e/ 3 + zc.e"’?') 2.25

Fig.2.7 Inverter stage space vector

. | T
= Muny- SN === 0o
my=m (3 o )

ma = mmv-‘gin (50

2.26

mo=1-m,—m;

Vo

My =
VDC

The modulation index of the inverter stage should be less than 0.86, this being the

maximum voltage transfer ratio.

The overall duty cycles will be:

= sin(-z— ) ] sin(z— 5)
My -Ma = Miny- 3 o | 3 i
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: T
MiMg = m,,,,.s:naa.szn(}——é‘fj

| T \
My-MB = Muy-SIN ?—50 SInd;

Mi-Mpg = Mipy-SINS,.5ING;

m{,=1—(mir +mﬂ)(m,, +m,1)

My —
YDC

For the indirect method, the order of the four active vectors within the switching period
and which of the zero vectors are used is the next procedural step. From the possible
combinations, the state which limits switching to one transition during each state change
is usually used in order to minimize total switching losses. Also, the zero vector 1s

selected using a criteria where the number of ‘Branch Switch Overs’ (BSO) in the

matrix converter is minimized [2.11].

« When the sum of the current and voltage hexagon sectors 1s odd, the output
vector sequence is m,m, — m,m, —> mym, —> mym, —> m,

o When the sum of the current and voltage hexagon sectors is even, the output
vector sequence 1S m,m, — m,m, —> mym_—> mgm, — m,

e When the input hexagon sector is odd, the output zero vector is 000.

Otherwise /11.
The switching sequence for optimized indirect SVM is listed in Table 2.2 and fig. 2.8.

The output voltage and input current vectors both lie in sector 1.

A m e [ ]

Table 2.2 Sw1tch1ng sequence in current sector = J, voltage sector=1 \t, =mm;T )
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Fig. 2.8 Switching sequence in current sector = /, voltage sector = /

2.1.3 Switch commutation

The matrix converter arrangement suffers from a lack of free-wheeling paths for the
inductive load current. This makes the commutation process different to that of the
normal voltage source inverter. To achieve safe commutation, a precise sequence must
be followed in order to prevent either short circuiting the input terminals or open
circuiting the load current path. A technique that complies with these two rules was

proposed in [2.12] and named semi-soft commutation or four-step commutation, which

means that half of the switching during any sampling period is performed naturally. A

different approach based on the relative magnitudes of the converter input voltages was
also used but it does not reveal any semi-soft switching properties [2.13]. Two-step
commutation based on the input voltage magnitude was first introduced in [2.14] in
order to minimize the number of commutation steps and to reduce the complexity of the
commutation procedure. However, these commutation methods depend completely on
the measurement accuracy of either the output current or the input voltage, and may
lead to commutation failure, particularly at low V-I magnitudes. Other ideas have been
proposed to eliminate the polarity detection circuit, thereby reducing converter costs.

Gate drive intelligence has been used to indicate the current direction [2.15]. Another

approach was to employ a dual bridge matrix converter together with a new modulation

technique [2.16].
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2.1.4 Switching devices

The semiconductor switches used in a matrix converter must be able to block voltages
of either polarity and to conduct current in either direction. This can be achieved either
by a combination of existing unidirectional switches and diodes (as in fig. 2.1) or the
introduction of new devices. The first IGBT matrix module was announced by EUPEC

[2.17]. This compact design reduces the power circuit stray inductance, hence switching
losses and stress. The reverse blocking IGBT (RB-IGBT) has been developed for matrix

converter applications [2.18]-[2.23] and it decreases semiconductor devices per load
phase path from four to two by eliminating the diodes. This may increase the efficiency
of the matrix converters to above that of the diode-bridge VSI, because conduction

losses are produced only by a single RB- IGBT per phase.

2.1.5 Input voltages disturbance

Due to the absence of a DC link capacitor, matrix converter performance is affected by
unbalance and distortion of the input voltage system. The matrix converter generates
low-order harmonics in the output voltage when unbalanced supply voltages are present
due to input grid condition [2.24]. Therefore research has been directed to compensate
the influence of any input voltage disturbance. Balanced sinusoidal output voltages can
be generated with unbalanced input voltages by modifying the modulation index in the
inversion stage according to the virtual dc-link voltage, which can be estimated from the
instantaneous line voltages. The same approach was extended to the Veturini
modulation method under three-phase simultaneous voltage sag or swells [2.25]. The
input current harmonic content and the voltage transfer ratio limits were determined
analytically for different operational conditions [2.26]-[2.28]. Also the input current

harmonic content 1s dependent on the input current modulation strategy employed to
control the matrix converter.

In [2.29], the input imbalanced problem was overcome by taking into account the
input/output power balance equation. It was implemented in a max-mid-min modulation
algorithm which improved the input current quality without output performance

degradation. In [2.30], a direct feed-forward unbalanced control method was proposed
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for a dual-bridge matrix converter topology. The input voltages are detected and then
used to adjust the switching function of the line side converter. However, the input
currents are slightly distorted and the method is effective only if the locus of the output

voltage vector fits within the input voltage outer locus.

2.1.6 Protection and diode clamping circuitry

The matrix converter needs protection against overvoltage and overcurrent. A clamp

circuit first used for protection purposes consisted of a fast recovery diode rectifier
bridge and a capacitor, which provided safe converter shutdown during overcurrent on
the output side or voltage disturbances on the input side [2.31], [2.32]. Another

approach was to dissipate the energy of inductive currents in varistors and in the

semiconductors by employing active gate drives [2.33].

2.2 Flexible AC Transmission Systems (FACTS)
Developed by Hingorani [2.34], FACTS devices are based on power electronic

controllers that improve the capacity of transmission lines. These devices control the
transferred power through a transmission line by appropriately compensating network

parameters, such as line series impedance, line shunt impedance, current, voltage, and

real and reactive power. FACTs allow transmission lines to operate much closer to their

thermal limits.

2.2.1 Basic relationships for power transmission

This review of the basic relationships for power transmission, for brevity, is limited to
the two-machine model shown in Figure 2.9. This model includes the sending-end
generator with voltage phasor Vi, the receiving-end generator with voltage phasor Vg,

and the transmission line reactance X; (neglecting the resistance part of the impedance

for simplicity). The magnitudes of the sending and the receiving end voltages are

assumed equal to V and the phase shift between the two phasors 1s o. The power

transmitted between the sending-end and receiving-end generators is then obtained from

the relationship:
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P = %an 5 2.28

Fig. 2.9 Simple power system model

As equation 2.28 indicates, the transmitted power is a function of:
e the transmission line impedance;

e the magnitude of the sending and receiving end voltages; and
o the phase angle between these voltages.

The objective of dynamic transmission system compensation is to control these

parameters. The generalized power flow controller is an ideal device capable of varying

the three transmission parameters (voltage, impedance, and phase angle) by appropriate

series reactive compensation, shunt reactive compensation, and phase shifting.

1 1
Iy Ix
2 Voe 2

A0 VMT I, Ot

Fig.2.10 Simple power system model including the generalized power flow controller

2.2.2 Types of FACTS controllers

FACTS controllers can be categorized into four groups:
e series controllers:
e shunt controllers;
e phase angle shifters controllers; and

e combined series-shunt controllers.
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i. Principles of Series Controllers

A series controller may be regarded as variable capacitive reactance inserted at the
transmission line mid point in order to reduce the overall line reactance[2.33]-[2.35].
This is achieved by injecting an appropriate voltage phasor in series with the mid-line

point of the transmission line. The degree of series compensation is defined by the
coefficient k (0<k<1).

Fig. 2.11 Simple power system model with series capacitive compensation
From the phasor diagram shown in fig. 2.11, the series capacitive compensation leads to

an increment in the current flow through the line, hence an increment in the power flow.

The P versus o relationship becomes:

v
P, = msmc’} 2.29
Examples of such controllers are the Static Synchronous Series Compensator (SSSC),
the Thyristor-Switched Series Capacitor (TSSC), and the Thyristor-Controlled Series

Reactor (TCSR), to cite a few. They can be effectively used to control current and

power flow in the system and to damp system oscillations.

ii. Principles of Shunt Controllers

In order to obtain a flat voltage profile, or in other words, a constant voltage magnitude
along the transmission line, it is necessary to introduce shunt capacitive compensation
distributed along the line to compensate the voltage drop at every point. This is
impractical. However, the usual method is to provide compensation at the mid point.

Shunt controllers inject current into the system at the connection point [2.33]-[2.35]. If

the injected current is in phase quadrature with the line voltage, the controller adjusts
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reactive power. This could be implemented by assuming that V,, = 0 and I, =

(4V/X)(1-cos %5 ).

Iy, Ix,

Fig. 2.12 Simple power system model for shunt compensation

For this case of ideal mid-point compensation, the P versus ¢ relationship can be

written as:

y: .1
P, =2—sin—90 2.30
D .

]

Examples of such systems are the Static Synchronous Generator (SSG) and the Static
VAr Compensator (SVC). They can be used as an effective way to control the voltage at

and around the point of connection by injecting active or reactive current into the

system.

iti. Controllers with phase angle control

In this case, I, is set to zero and V), equals £jVfana; or in other words, a voltage V),
with amplitude +Vtanca is added in quadrature to the mid-point voltage Vi [2.33]-

[2.35]. The phase-shifter maintains the transmitted power at its peak for angle &
exceeding 7/, (the peak power angle) by controlling the amplitude of the quadrature

voltage Vp, so that the effective phase angle 6 — a between the sending and receiving

end voltages is held at 7/, . Thus 1t can increase the stability limit, In this way, the actual

transmitted power may be increased significantly, even though the phase-shifter does

not increase the steady-state power transmission limit.
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Considering 6 — « as the effective phase angle between the sending and receiving end

voltages, then the transmitted power P can be expressed as follows:

2

p =X

¥ sin(6 - ) 2.31

Fig. 2.13 Simple power system model for phase angle control

iv. Combined Series-Shunt Controller Principles
In a combined series-shunt controller, the shunt component injects a current into the

system while the series component interposes a series voltage. When these two elements

are unified, real power can be exchanged between the two via the power link. Examples
of such controllers are the unified power flow controllers (UPFC) and the Thyristor-
Controlled Phase-Shifting Transformer (TCPST). Both make use of the advantages of

series and shunt controllers, hence facilitate effective and independent power/current

flow and line voltage control.

2.2.3 Unified Power Flow Controller (UPFC)
The UPFC is the most versatile FACTS controller, with capabilities of voltage

regulation, series compensation, and phase shifting. The UPFC i1s a member of the
family of compensators and power flow controllers. The latter utilizes the synchronous

voltage source (SVS) concept to provide unique comprehensive transmission system
control [2.36]-[2.38]. The UPFC is able to control simultaneously or selectively all the

parameters affecting power flow patterns in a transmission network, including voltage

magnitudes and phases, and real and reactive powers. These capabilities make the

UPFC a powerful device in present day transmission and control systems.

i. Basic Operating Principles
As 1llustrated in Fig 2.14, the UPFC is a generalized SVS, represented at the

fundamental frequency by controllable voltage phasor of magnitude Vpq and angle p
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injected in series with the transmission line. The angle p can be controlled over the
range 0 to 2z. For the system shown in Fig 2.15, the converters exchange both real and
reactive power with the transmission system. In the UPFC, the real power supplied to or
absorbed from the system is provided by one of the end buses to which it is connected.
This meets the objective of the UPFC to control power flow rather than increasing the

generation capacity of the system.

Fig. 2.14 Simple power system model including the unified power tflow controller

As shown in Fig 2.15, the UPFC consists of two back-to-back voltage-source
converters, one connected in series and the other connected in shunt. This configuration

facilitates the free flow of real power in either direction between the ac terminals of the

two converters while enabling each converter to independently generate or absorb

reactive power at its ac terminals.

J L (

VSC 1 VSC 2

Fig. 2.15 Schematic diagram of a UPFC with back to back converters
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The main function of the UPFC is performed by VSC2. It injects a series voltage with
controllable magnitude V)¢ and phase p via a series insertion transformer. This injected
voltage phasor supplies real and reactive power exchange between the line and
converter. The reactive power is generated locally while the real power is converted into
dc power and appears on the inverters’ interposing dc link as a positive or negative real
power demand.

The shunt converter VSC1 supports the real power exchange need for the series voltage
injection. It converts the dc power demand of VSC2 into ac and couples into the
transmission line via a shunt connected transformer. VSCI can also generate or absorb
reactive power 1n addition to catering to the real power needs of VSC2; as a result, 1t
provides shunt reactive compensation for the line.

It 1s to be noted that the reactive power exchanged 1s generated internally, hence this

reactive power is independent of that exchanged between VSC2 and the line.

The matrix converter could be used instead of the two back to back converters, as

shown 1n fig. 2.16 [2.39], [2.40].

ok

Matrix
Converter

Fig. 2.16 Schematic diagram of a UPFC using a matrix converter

ii. UPFC Capabilities
The UPFC can accomplish the tasks of reactive shunt compensation, series

compensation, and phase angle regulation. Thus it can meet several control objectives

by introducing a series voltage with controllable amplitude and phase angle. The basic

UPFC functions are

35



Series reactive compensation by the series injection of voltage, hence the ability

to control the transmitted power;

Voltage regulation by controlling the reactive power of the shunt converter;

Phase-shifting control that is achieved by injecting a voltage phasor with any
particular angular relationship to the terminal voltage. In other words, the
desired phase shift can be obtained without any change in the voltage
magnitude; and

Multifunction power flow control by simultaneously performing the above

functions.

iii, Control and Dynamic Performance

The UPFC has the capability to introduce a controlled voltage phasor in series with the

line to perform the required function. It can not only set up an operating point within a

wide range of possible P and Q flows on the line but can also relocate that operating

point.

a. Control of the Series Converter

The series voltage supplied by the series converter can be controlled. This converter has

four operating modes:

i. voltage injection mode.
A voltage is generated with the magnitude and phase required by the reference
Input.

ii. line impedance compensation mode:

The magnitude of the injected voltage 1s controlled according to the magnitude
of the line current such that the series injection emulates the reactive impedance,
when viewed from the line.

iii. phase angle shift mode:
The injected voltage is controlled with respect to the reference input so that the

output bus voltage phasor is shifted by a specific angle.

iv. automatic power flow control mode:

The magnitude and angle of the injected voltage phasor is controlled so as to

adjust the line current to achieve the required real or reactive power flow.
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b. Control of the Shunt Converter

The shunt converter draws a controlled current phasor from the line, the real part of
which 1s determined by the real power requirement of the series converter while the

reactive part can be set to any desired level within the converter’s capability.

The shunt part of the UPFC has two modes of operation:

i- Reactive power control:
The reference input is an inductive or capacitive VAr demand. This demand is

translated into a corresponding shunt current demand by the shunt converter,

which adjusts the gating of the converters to establish the desired current.

li- Automatic voltage control:
The shunt converter reactive current is automatically regulated to maintain the

transmission line voltage at the point of connection.

2.3 Embedded Generation

Today's electrical power systems typically connect a few quite large generators to a
large number of small and widely distributed loads. For several reasons, future
generation in the UK and elsewhere will probably include many more units of rather
smaller size and much closer to the customers end. This is called embedded generation
(EG). Drivers to this new network configuration include the need of electricity market

liberalization, the efficiency improvements of small-scale generation units, and the aim

to reduce CO, emission.

Embedded generation can offer many benefits to the electric grid network [2.42]. To
make best use of these benefits, EG units have to be connected at appropriate locations
and have suitable capabilities [2.43]. On the other hand, some EG units, such as solar
and wind, are weather dependant which means that there is no guarantee that they can
meet all the necessary operational conditions unless huge storage units are used. Some
questions related to power quality, proper system operation, and network protection

should be answered before these units are connected to power systems.

This section gives a brief summary of EG units and discusses their possible impact on

transmission and distribution networks.
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2.3.1 Definition of embedded generation

EG 1s defined as the integrated or stand-alone utilization of small, modular electric
generation near the end-user terminals [2.45]. Another generic definition assigns the EG
definition as any generation utilized near consumers in spite of the size or the type of
the unit [2.44], [2.46]. According to the latter definition, EG may comprise any
generation integrated into the distribution or transmission system, commercial and
residential back-up generation, stand-alone onsite generators, and generators installed

by the utility for voltage support or other reliability purposes.

2.3.2 Benefits of utilizing EG units
In many applications, EG technology can provide valuable benefits for both the

consumers and the electric system [2.42]-[2.50]. The small size of EG units encourages
their utilization in a wide range of applications. The location of EG units in distribution
systems may reduce energy losses but delays upgrades to both transmission and
distribution networks.

The main advantages of utilizing EG can be summarized as follows:

o Reduced grid costs: Embedded generation can cut utility costs by postponing
the need for upgrading distribution and transmission facilities, if generators are
located where the grid is constrained.

o Improved reliability: A large number of small units is more reliable than a small
number of large units. This is because a failure of any one unit has far less
impact.

e Reduced environmental impact: Some types of EG produce power with less
environmental impact than conventional generation.

e Reduced investment risk: Smaller, more modular units require less project

capital and less lead-time than large power plants. Power plant additions

normally exceed demand, leaving extensive amounts of capacity unused until
demand catches up. Smaller units can better match gradual increases in demand.
Other benefits of embedded generation are:
o Distributed energy makes energy systems more secure from terrorist attack.

e Generating power where it is needed decreases the losses over transmission

lines.
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e Small generating equipment can more readily be resold or moved to a better

location.

e Sale of power is a potential profit centre for businesses.

¢ Increasing the number of suppliers selling energy and capacity increases

competition and stems market monopoly.

2.3.3 Impact of EG on the transmission network
The installation of EG should lower transmission losses, hence increase system
efficiency. Additionally, upgrades and construction of new transmission lines can be

avoided if the bulk of the EG units are introduced at the end of existing transmission

lines. Consequently, the pressure on transmission companies to build new lines

decreases.

2.3.4 Impact of EG on the distribution network

The extensive use of EG units in power systems may influence both grid steady state
and transient performance. Some concerns of tmportance are:

a- Network voltage changes

The voltage regulation concept depends on radial power flow from substations to
loads. The use of EG units could cause electrical power to flow in a different
manner, distorting the usual concept.

b- Power quality
High power quality requires appropriate voltage and frequency levels at the

customer point. EG units have to operate effective controllers to maintain both
voltage and frequency within standard levels. In addition to the level itself, the
voltage contents of flicker and harmonics have to be minimized.

c- Protection system for the distribution network

Distribution networks are conventionally designed for unidirectional power flow,

which means power is normally from the higher voltage level to customers located
along radial feeders [2.51]. EG implementation affects protection, necessitating

vital alterations to protection coordination [2.49].
The contribution of a small EG unit minimally influences the system short circuit

current level. Yet a number of small EG units or a single large unit could cause a
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considerable variation in short circuit currents sensed by the protective devices
[2.52]-[2.53].

After an unexpected loss of grid connection, some network parts containing EG
units may continue to operate as an island [2.49]. This mode of operation is

unwanted since the reconnection and synchronization of the islanded part to the

network will be complicated [2.54].
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CHAPTER THREE

A NOVEL CONTROL TECHNIQUE FOR THE MATRIX CONVERTER

The matrix converter is a direct frequency conversion device with high input power
quality and regeneration capability. In this chapter, a novel technique for controlling
the matrix converter output current, hence the output power is introduced. Not only
can sinusoidal output currents be obtained but any output current waveform is
possible even 1if the input voltage 1s slightly distorted or unbalanced. Like the space
vector modulation technique, the method 1s based on separating the operation of the

conventional matrix converter into two virtual stages: the rectifier stage and the

inverter stage as shown in Fig. 3.1.

Rectifier Inverter
Stage Stage

llllllllllllllllllllllllllllllllllllllllllllllllllllllll

[ ]
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Fig 3.1 Back to back rectifier and inverter virtual stages.
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3.1 Control technique [3.1]-[3.8]

A simple control technique for the operation of the matrix converter can be based on
current feedback control combined with control of the input displacement angle ¢,
The operation of the matrix converter is separated into two stages: an output inverter
stage and an active input rectifier stage. The inverter stage is responsible for
controlling the output currents (i,, i, and i.) while input displacement angle control 1s

achieved by the active rectifier stage. Each stage generates a matrix. The inverter

matrix indicates the switch states that control the output currents for a conventional
VSI by any current controller. The rectifier matrix represents the switch states that
control the input displacement angle. Subsequently, the unified matrix converter

switch configuration can be realised from the resulting matrices using logic circuitry.

3.1.1 The inverter stage

The inverter stage is considered first since the rectifier stage is partially dependant on
the inverter stage as will be explained in the rectifier stage section. The main
objective of the inverter control stage is to determine the switching states of the
inverter switches S» to S;>. which are shown in Fig. 3.2. This is similar to a normal
inverter used to produce any output current waveform for any phase number using

any current control technique. In other words, 1t 1s not essential to use space vector

modulation to generate a sinusoidal output current.

Inverter
Stage

llllllllllllllllllllllllllllllllllllllllllllllllllll

Fig 3.2 Output inverter stage diagram.
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For simplicity, a three-phase system and a ramp comparator current controller

scheme (triangular carrier) are used for the explanation of the inverter stage
controller. The inputs to the controller are the difference error between the output

., ¥ . T , ® . 'l .
current commands i, , i and i and the feedback output currents i, i, and i, as

shown in Fig. 3.3. In the simplest form, each controller output (u,, u, or u_ ) will be

a function of the input references and the actual currents.

u, = fli;.7,)

u, = f (i;-ib)

u, = f(i5.i,)
The output reference voltages of the inverter controller are responsible for generating
the switching signals, SA(¢), Ss(f)..... S;x(f), by comparing these voltages with the
carrier. Up to four different inverter matrices from a possible eight are generated
during every sampling cycle depending on the magnitude of the controller outputs.
Fig 3.4 represents the distribution of these matrices during one sampling period for

the case U >u, >u, >u, >-U (U is the peak of the carrier). Each inverter matrix

I; is one of the eight matrices shown in table 3.1.

u ﬂ
Current a S,
Controller Comparator .
B
Ig
7 H
is e Current b S
& Controller Comparator <
] 10

i
i e Current Ue S1i
¢ + o
Z Controller Comparator
) S12
I

/N \

Fig 3.3 The inverter stage block diagram.
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Fig 3.4 The inverter output matrices for the case U >u, >u, >u, >-U .
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1

P

Inverter

Switch states

Table 3.1 Inverter matrices corresponding to the different inverter switching states.

The corresponding output voltage expressions and the DC link current can be

calculated using equations 3.2 and 3.3

Va 7 S8 |r -
VDC+
ve [ =] SS9  Sio | 3.2
Y-
_Vr._ I_Sll Slz_ =
- A
"*i —I -S q IS “l la
"+ 9 |
1D - Ss S0 Si

The relation between the output values (voltages and currents) and the virtual dc link

values for the different switching states are summarized in table 3.2
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Table 3.2 Possible switch state combinations of the inverter

The tips of the reference voltage signals form a hexagon as shown in Fig. 3.5. The

converter can only produce voltages that are within this hexagon. Knowing that the

voltage vector length is kvpe, the maximum length of the reference voltage
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Fig. 3.5 Voltage vectors for a 2 level VSI.
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This limit is reached when any of the reference voltage peaks are equal to the peak of
the carrier signal, and is termed unity modulation index (m=1). If the peak of the
reference signal is larger than the peak of the carrier signal, over-modulation occurs,
which creates low frequency current harmonics. This effect is reduced if an offset

voltage u, is subtracted from the reference voltage signals:
uﬂﬂ = ua T u.t

U, = U, — U,

Although the phase reference voltages are no longer sinusoidal as shown in Fig. 3.6,
the load voltages remain sinusoidal. In order to optimize the modulation, u, 1s

selected such that the reference signals are symmetrical as in the following equation

max!ua,ub,uc !+ min!ua,ub,uc ) 3.5
Ux — *

B i
S :
S :
= i
'S E
" :
S :
3 i
) .=
~ i
bt 196 208 308 prY 308 Py 708
6 (deg.)
. . . . ~ max u:,u;,u' +min u:,u;.u'
Fig. 3.6 Modified command signal for phase a, by adding ¥:= 3

The reference signal adjustment can be obtained by logic circuitry as shown in Fig.
3.7. The voltage command signals are compared to determine their relative
magnitudes. According to these levels the signals are multiplexed to determine the
maximum and the minimum command signals (max, min). Then the offset signal is

obtained by adding the (max and min) signals then divided by 2 (right shifted). The

command signals are adjusted by adding this resulting offset value as shown in Fig.
3.8.

51



Referring to Fig. 3.6, 1t can be concluded that the modulation index can be reduced

by a factor of 0.866 without altering the output voltage. Another benefit obtained is
that the minimum and maximum values are equal in magnitude as shown in Fig. 3.9,

which means that symmetrical PWM is obtained.

~ U,”uy ~ uy,~u - u.-~U,
U, S Up E L U &

S S S

S g- a

E. Ua=Up S Up<U = Uu.<u,

O > O

- = &=

S
i g
S max
u E
b
=
u.
0

U, =
/max+min\

\ 2 )

Adder

Right shift

min

L
oY)
3
=
h‘:
~
=

Fig. 3.7 Logic circuitry used to obtain the offset signal u,.
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Phase voltage (pu)

(a)
Fig. 3.9

a- modified command signals, and

b- original command signals.
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(b)

Maximum and minimum boundaries of the command signals in:
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Fig. 3.8 Adjusting the command signals by adding an offset u,.
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3.1.2 The rectifier stage

The objective of the active rectifier stage shown in Fig. 3.10 is to control the
switching states ot switches §; to S in order to control the input displacement angle,
¢.. Normal sinusoidal modulation can be applied and the output signals are modified

as in the inverter stage. This will lead to command signals similar to those from

space vector modulation.

Rectifier
Stage
Vd: hde
dS1 {S3 S5
O—r—— .
BoGWNEE
1
—— == {52 {S¢ {36

L

"
lllllllllllllllllllllllllllllllllllllllllllllllllllll

Fig. 3.10 Schematic diagram of the rectifier stage.

The time distribution /.. (e and fp.. for the input current at a given angle o,

(defined in equation 2.23), as shown in Fig. 3.11, can be expressed by

3.6

Where @is the input voltage phase angle, ¢ is the controlled input displacement

angle
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Fig. 3.11 Input current vector for a 2 level CSL

The equivalent command signal levels are

4 T
Uiree = mm.Usm ?"'51?

A 3.7
Usror = Myec-U SING;

A
uOrec = ZU_ u!rec - u?rec

It should be noted that not all the sampling period is effective for the rectifier stage.

The zero vectors of the inverter stage reduce the effective sampling period. In other
words, no input displacement angle control can be achieved during the inverter zero
vectors since no current is drawn during these intervals. Referring to Fig. 3.4, the

equivalent time for the zero vectors f, can be expressed as

T AV
— s —
t, = Ts - Uu—u 3.8
2U
where
A
o mm(um,ubb,ucc u, u,andu  >-U
U=
A
-U otherwise
N
" max(uaa ’ ubb ’ ucc uaa ’ ubb and ucc < U

U otherwise
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For the reference signal shown in Fig. 3.6, the equivalent time of the zero vectors
with respect to the different angle positions of the output voltage command signals is
presented in Fig. 3.12. It can be concluded that at unity modulation index, the

maximum of this equivalent time is 0.133 pu.

Y ESOREOR USRI SUPRUN: ORUUUE SR N SO
0.8 1eemennes posesenans omeaeenes peseenenss T T R |
A T U T! PN SN NS PP U U SRR ST
7 YJ SO SRR JURON SPUNURUN S SRS S
R o
S R o STULTUTCEE DEPRTRRUIE ENTPIPDRSI SUPPRPISEY:
! : : : :
7] A SORROR: SUROR: Somo RN S S *
s Sttt SRS ST O S SRS
5 ) N SR L T
el sshovenea El-------- --i-l--l‘:' ------------------ 4
0 A ‘L ‘k J‘ A

Fig. 3.12 The equivalent time of the zero vectors with respect to the different angle positions

of the output voltage commands at unity modulation index.

The effective sampling time for the rectifier stage is the difference between the
inverter stage sampling time 7 and the equivalent time for the zero vectors ¢,. This

time 7 .4 can be expressed as

]’; AV
T.'S'eﬁ' =#T(u_u] 3.9
2U

The hexagon representing the input current vector will shrink by the ratio of T .4/ T,

as shown in Fig. 3.13. The main objective of the rectifier stage is to control the input

displacement angle, not the current magnitude. The latter is automatically determined

and adjusted by the power balance of the system.
The time distribution #1,., f2rec and #grc for the input current at a given angle &; can be

expressed by
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()
t!ru: = Myec Tﬂ ff Sin ;_51
/
t.?ru . mruc"Ti;f/f‘ Sin 5:’
_ " 3.10
tﬁ-"t‘f:  Tseff —thu _t.?ren'
i[:’
Mrec —
I DC
.
0 0
0 |
-
0 1
0 0
Fig. 3.13 Adjusted hexagon for the shown input current vector.
The equivalent command signal levels that should be used are
‘ AW (7
U = Myec| U—U | SIN O
J
) (A v | 311
Us,oe = Myec:| U— U |SIN D, %
\

uﬂrﬁ' o 2 U_ ufr{:’(.‘ o u.?rea:'
These times can be converted into level values which are compared with the

triangular carrier

l .

2 (Jrec

uﬁ' - ulrvt' 2 u}'

3.12
u.? - u;rec' T u;’
Again the adjustment in the rectifier stage signals from the normal values 1s achieved

by using logic circuitry as shown in Fig.3.14. Based on the available cited references,

this 1s the first time the eftect of the etfective sampling time 1s taken into account.
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Fig. 3.14 Logic circuitry used to adjust the values for the active rectifier stage.

in which the input voltage lies 1n sector 1.
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Fig 3.15 represents the actual time distribution for the rectifier matrices for the case



Fig 3.15 The rectifier output matrices for the case when V, lies in sector 1.

Up to four different rectifier matrices occur during every sampling period. Table 3.3

represents all the rectifier matrices possibilities for the different sector cases.

100 1 0 0] g P I ok ) 9 0 1]
I

Rectifier

Switch states

Table 3.3 Rectifier matrices corresponding to the different rectifier switching states.

The input currents and DC link voltages can be expressed in terms of the switch

states, and the dc link currents and the input voltages as in 3.13 and 3.14:

—-

j;{ L_S‘l Sz
iH — S} S'.zl
ic| |Ss  Se

I_VDC— | S> Sy

The relationship between the input values (voltages and currents) and the dc link

values, are summarized in table 3.4
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Table 3.4 Possible rectifier stage switch state combinations.

The quality of the output current from the inverter stage depends mainly on the

robustness of the current controller and the virtual d¢ link voltage. The dc link

voltage instantaneous value varies between v ., tvy.,+v., and 0. The average dc

link voltage within any sector can be calculated from:

Vpe =v;m; +vy.m, 3.15
T T
m, = sin[£—5,-} sef m2 = Sz'né',-. seff
3 T I
where R R
v, =V cos(S; + ¢) v, =V 005(5;' +¢ -%‘)

which gives:
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Fig. 3.16 Input voltages in each sector for:
a- Zero displacement angle and
b- ¢displacement angle.
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3.16

Fig. 3.17 The virtual dc link average voltage at unity modulation index and zero

By referring to figures 3.9 and 3.17 it can be proved that the virtual dc link voltage
has the same shape as the maximum and minimum boundaries of the inverter stage.
Also from equation 3.16, the average dc voltage is proportional to the effective

sampling period. This means that at high output modulation indices (high T .4) the



dec link voltage has a high value and the opposite at low modulation indices. This
guarantees valid operation of the inverter stage if a robust controller is used.

Another factor affecting the dc voltage is the input phase angle measurement. It must
be correctly estimated in order to properly control the input displacement angle,

hence the virtual dc voltage. Frequency and phase angle estimation are performed by

transforming the input voltage vectors to the d-g frame. It is assumed that @ is the

F

voltage vector angle, € is the estimated voltage vector angle, and that the grid

voltage E has only a quadrature component as shown in Fig. 3.18. For small angle

estimation error, the error signal A4 between to the actual and the estimated voltage E

vectors, can be written as

A=-Esin(9-6)~-Elp-6)~-E2 3.17

Fig. 3.18 Actual and estimated voltage vectors.

The error signal can be used to estimate both the estimated angular frequency @ and

the phase angle using gains 4 and B as follows [3.9]:

dt ey

Y 3.18
-——=a3+B(9—9)ﬁ &— B2
dt €o

di W, —

dt T,

R 3.19
é?_ - 9k+l _gk
dt T
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which lead to

€p.x
Dy RO, —A——1

e
i 3.20

9. ~0. +a.T —B2LT
el T Vg +a)k g s
€o.k

Values of A, B were arnived at by trial and error (4=1136, B=34), using the block
diagram shown in Fig. 3.19 a. For a sinusoidal input voltage, the frequency estimator
performs as shown in Fig. 3.19 b. The initial values for the angular frequency wyand

phase angle &,are set at 314 rad/sec and zero rad respectively.

+ f

Upg

'.
+
273

Random signal
Uc

pot
=2
=

Actual

\E Estimated -

Frequency (Hz)

(b)
Fig. 3.19 Frequency estimator: (a) block diagram (b) steady state response.

But in the case of a flat-topped voltage source (a voltage source that contains fifth

and seventh harmonics) the quadrature axis voltage v, will contain sixth order
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harmonic components as shown in Fig. 3.20. The direct axis voltage will remain null
in the case of constant frequency since the voltage vector is aligned with the
quadrature axis. This is also the case with an unbalanced power supply, where the
quadrature axis voltage will contain a second order harmonic. For these reasons, the

quadrature voltage should be filtered in order to correctly estimate the fundamental

supply frequency.
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Fig. 3.20 Direct and quadrature axis voltages for a flat topped supply voltage.

The phase angle estimator is responsible for generating the time distribution £j,ec, f2rec

and fy,.. for the input current at a given angle J;, hence the rectifier switch states.

3.1.3 Transforming from back-to-back converters to a matrix converter

The previous switching strategy can be applied directly to the sparse matrix

converter shown in Fig. 3.21 [3.11]. The switching states will be the same as those

obtained from the considered inverter and rectifier stages.

Fig. 3.21 Sparse matrix converter [3.11].
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Where as considered matrix converter switching is needed for the conventional
matrix converter shown in Fig. 3.22 since it is not constructed using a rectifier and an

inverter,

N
L

ﬂ F

Fig. 3.22 Conventional matrix converter.

From equations 3.2, 3.3, 3.13, and 3.14, the relationship between the matrix

converter and the corresponding rectifier and inverter matrices is derived as in

equation 3.21
; s Scal| |IS S |
T ? iB SC = 57 S8 S S S’]
Ab Bb Be 9 10 S) S.; S6

S 4c S Bc Sce \YJ S|
3.21

S,8;+SsS, S;S;+8SsSs  S7S8s5+ 8886
T=|S0S;+S10S: So9S3+S10S¢ SoSs+S108s
S1S;+S1S, SuS;i+SiS+ SuSs+8:1286
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Instead of using multiplication, logic circuits can be used since all the terms of the
rectifier and inverter matrices are zeros or ones. Considering switch Sy, each
element in this matrix can be realised by using logic circuitry consisting of 2 AND
gates and 1 OR gate as shown in Fig. 3.23. This means that the corresponding matrix
converter control signals can be generated without any need for further calculation.
Based on the available cited references, this is the first time that multiplication of the

virtual inverter and rectifier matrices has been realized using logic circuits.

Vi ld
S; S?
S; SI
a p—— S7 S?
T SAa E
Sz S2
Sz S8 S8 S3
V dc

Fig 3.23 Logic circuitry to transform from back to back converters to the matrix converter.

The switching pattern during a sampling period when the input voltage lies in sector

1 and U >u,>up>u.>-U 1s represented in Fig. 3.24. Nine different matrices can be
obtained from the multiplication of the inverter and rectifier matrices (logic circuitry

is used to perform this multiplication). From this diagram, it can be concluded that

the number of commutations per cycle increased to 11 rather than 9 in the space

vector modulation technique described in chapter 2.

The procedure is summarized in the flow chart in Fig. 3.23. The most important

features of the technique are

e minimal calculations are required to produce the inverter current controller

outputs and the rectifier timing distributions. Most functional realization can

be achieved using logic circuits.

e The output matrices are generated automatically.
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ig 3.24 Switching pattern during a sampling period when the input voltage lies in sector 1 and

A

A
U >ua>ub>uc>'Un
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Inverter Stage Rectifier Stage

- Generation of the Synchronization with
desired output current the input voltage
waveforms supply
Processor
Calculation
Calculation of the Calculation of the
current controller space vector time
outputs distribution

..................................................................................................................................... T

Generation of the
rectifier stage matrix

Generation of the VSI
switch matrix

Conversion of the
generated VSI and rectifier
matrices to the equivalent
matrix converter

Logic
circuitry

Performing the required
delay for commutation

Fig 3.25 Flow chart for the proposed technique.

68



]

.u.U.WJ
u%%
HPUMJ

um%
Qmpm‘
u%%

u—u.MA
..:x.w‘
Ewu.mq

dIJIIANUHOD
XD

JPUONUIAUO))

-anbiuyoa) pasodoid ayy jo weideip }o0[g 97°€ o1

IID]S SUYIJINS'

121424U0) XI4ID ]

'y
)

’S
‘S

‘S
'S

(y) X1y

121J1102)

(1) X1
230110 A

1apa24au]

w03y

10122 A

2o0dg

d2)Jdoal] 221N0§'

23D)]0 A |PNYILA

12]]043U0))

Ju244n)

12]]04310)

JuULIN)

12]]04310)

Jua44n’)

s




3.2 PWM patterns

An interesting feature of the proposed method is the possibility to reduce the number of

output PWM matrices by adding (or subtracting) another offset to the inverter stage.

Adding f}_; to the inverter stage signals, they become

I\ A
ufa=uaﬂ+2U—u

u:’b=ubb+2(}_; 3.22

A

Uic =u“.+2U—u
Retaining the same rectifier stage output signal order, the output matrix converter PWM

pattern reduces from 9 to 7 matrices as shown in Fig. 3.27.

A

2U

A

4, u;*—*—'u' JU
Uyt 2U—-u - 2rec 2

A

*
‘:_'u!rsc + u!
-

A
Uyt 2U—u
=

A

A
U+ 2U—-u

L
__' s

Zero
vectors

Fig 3.27 Switching pattern during a sampling period when the input voltage lies in sector 1 and

N
U >ua>uh>u{_'>-U .
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By subtracting the minimum inverter stage signal, the inverter stage outputs become

V
u:’a =uaa —Uu
v
uib =ubb — U 3.23
V
U.. =u.—u

Ic cC

The resultant PWM pattern as shown in Fig. 3.28 has 7 matrices patterns instead of the

9 matrices as in Fig. 3.23.

"
;= u!rec

A
2U.
*
. "-‘;: uOrec' T u!
3 A
— s BN T a4 .
v
Upp— U e § iy i R S 1 il R N

- : ¥ L] L » .
H - & : :
- I L]
8 : i L] L] . -
: : - # - - .
® i " . ® b
. 8 L] . - ™ 2
# -4 2 .

Zero vector

§ i ]

Fig 3.28 Switching pattern during a sampling period when the input voltage lies in sector | and

U >u>up>u>-U .
Based on the available cited references, this is the first time the number of matrices has

been reduced to 7.

71



3.3 Number of commutations per cycle

One of the main problems associated with the control method explained is the number
of commutations per cycle for each phase. If the final matrices are generated directly

from the rectifier and the inverter matrices, there will be no control on the number of
commutations associated with each switch per cycle. Table 3.5 shows switch
commutations for the twelve relative magnitudes of u,, up, u. and u; assuming that the

input voltage vector lies in the 1* sector.
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0 1 00 1 00 0 0 1
0/ 1010 0 0 1 0 0 1
0 1 0 0 0 0 1 0 01
0 1 00 1 0 0 0 0 1
0 0 0 1 0 0 1 0 0 1

Table 3.5 Number of commutations per switch per cycle in sector 1.

In table 3.5 it is noticed that if u;, (the middle signal of the rectifier stage) is lower than
the middle signal of the inverter stage, the maximum commutations per half cycle is 1
otherwise the maximum number of commutations is 2. Therefore the middle signals of
the rectifier and inverter stages are compared.

If the rectifier signal is higher than the inverter stage signal, the signals are swapped. In
other words, instead of using ¢y, fp+t; and ty+t;+¢; as the three rectifier signals, they are
changed to fy, fp+t2 and ty+t;+1;. This reduces the number of commutations to 1 for
approximately half the switching, as shown in fig. 3.29. This function is achieved using
the logic circuitry shown in Fig. 3.30. The inverter stage middle signal is compared with
the rectifier stage middle signal. If the latter is smaller, the rectifier stage signals are
interchanged. . Based on the available cited references, this is the minimum number of

commutations per switching cycle that can be achieved.
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Fig. 3.29 Relative position of the inverter and rectifier mid signals

73



~ U o~ Upp a Upp~ U, ~ u.-u
Uuq E = Uy ‘E bb” ¥ cc U, E CC aa
L
3 S S
3 3 S
U, <u <y. :
Upp 6 bb U, 6 i 6 Uaa
- Exchange=u2>um;d
7] =
‘ S
e
S u
2
S S
. :
& Uu;
A
X E
W =
W
r
:
Y "
= mid
~
S
U L"‘
:g Uy
. .
Urec

Fig. 3.30 Logic circuitry to minimize the number of commutations per cycle.
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