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Resumen

El objetivo de la presente investigacion es desarrollar un esquema de compensacion de
voltaje novedoso, capaz de mitigar algunos de los problemas més comunes concernientes a
la calidad de energia en los sistemas eléctricos de distribucion. Los disturbios suscitados en
las redes de suministro de energia provocan variaciones en los perfiles de voltaje a lo largo
del sistema especialmente en los nodos cercanos a la falla. Por otro lado, el incremento en
la utilizacién de sistemas industriales automatizados, la conexién de fuentes convertidores
basadas en electronica de potencia, etc., generan una gran cantidad de componentes
armonicos contaminando el sistema eléctrico. Estos eventos deterioran el rendimiento de
equipos convencionales, ocasionan fallas en lineas de produccion, provocan la desconexién
de un gran nimero de usuarios y causan grandes pérdidas econémicas en general.

Con el propésito de compensar tales condiciones adversas en el voltaje, en este trabajo de
tesis se proponen dos nueva topologias para un Restaurador Dindmico de Voltaje (DVR)
basadas en el convertidor matricial. Los esquemas propuestos incorporan la tecnologia de la
conversion de energia CA-CA y adquieren del sistema la energia de compensacion
requerida, lo que permite eliminar las desventajas que supone el uso de un enlace de CD y
la necesidad de elementos de almacenamiento. La topologia convencional del DVR se
utilizada para generar los voltajes de compensacion durante condiciones que involucran
variaciones de voltaje balanceadas y desbalanceadas, ademas de voltajes distorsionados en
el sistema. En la segunda topologia, los voltajes de compensacion se inyectan en el lado del
sistema de suministro. Esta configuracién permite que se mantenga un voltaje constante en
las terminales de entrada del convertidor, resultando en una solucién eficiente para la
compensacion de variaciones pronunciadas en el voltaje.

El control el DVR se logra mediante la combinacion de un controlador feed-back / feed-
forward y la estrategia de modulacién propuesta, Modulacién Directa en el Espacio
Vectorial Modificada (MDSVM), desarrollada para generar los voltajes de compensacion a
través del convertidor matricial.

La implementacion experimental del convertidor matricial estd basada en interruptores de
estado sélido IGBTs y el control se programé en un Procesador Digital de Seiiales (DSP).
Se llevaron a cabo simulaciones numéricas en el programa PSCAD para validar las
topologias propuestas, y ademas se presentan los resultados experimentales obtenidos a fin
de confirmar el esquema de control.

Xiii



Xiv



Abstract

The objective of this research is to develop a novel voltage compensation scheme that can
be able to cope with common power quality problems presented in power distribution
systems. Disturbances occurring in the supply power networks or facilities in plants can
cause variations in voltages profile throughout the system, especially in the nodes located
close to the fault. On the other hand, the increasing use of industrial systems
microprocessor-based, utility line-connected solid state power converters, etc., have
polluted the power system with harmonic components. These events are reasons for failures
in common equipment, tripping of computer-controlled industrial processing lines, power
disruption for end users and economic losses in general.

In order to mitigate such voltages conditions, this dissertation proposes two novel DVR
topologies based on the matrix converter. The proposed schemes include the AC-AC power
conversion technology and acquire from the grid the necessary energy during the
disturbance, which eliminates the drawbacks imposed by the use of DC-link passive
devices and the need of energy storage components. The conventional DVR topology is
used to generate the compensation voltages in conditions that involve balanced and
unbalanced variations, and distorted supplied voltages. In the second topology,
compensation voltages are injected on the supply-side of the system. This configuration
permits to hold a constant input voltage for the converter, resulting in an efficient solution
for deep voltage sags.

DVR’s control is achieved by the combination of the feed-back / feed-forward controller
and the proposed Modified Direct Space Vector Modulation (MDSVM) strategy, developed
to generate the compensation voltages through the matrix converter.

The hardware implementation of the matrix converter is based on IGBTs and DSP control.
Simulations in PSCAD software have been carried out to verify the validity of the proposed
topologies, and prototype experimental results are provided to confirm the control scheme.

XV



Xvi



Contents

Dedicatoria ix
Agradecimientos xi
Resumen xiii
Abstract XV
Contents Xvii
List of Figures XX
List of Tables XXiv
List of Acronyms XXV
CHAPTER 1 Introduction
1.1  Introduction and Motivation 1
1.2 Justification 2
1.3  Objectives and Contributions 3
1.4  Thesis Outline 4
1.5 References 5
CHAPTER 11 Voltage Disturbances and Mitigation Devices
2.1 Power quality issues 7
2.1.1 Voltage disturbances in distribution systems 8
2.1.2 Harmonic distortion 10
2.13 Voltage Imbalance 11
2.2 Power quality guidelines and standards 12
2.3 Power electronics applications in power systems 14
2.31 FACTS Controllers 14
232 Custom Power System (CUPS) devices 15
2.4 AC-link Power Converters 16
24.1 Direct AC-AC converters 16
242 AC-link converters 18
2.5 Conclusions 22
2.6 References 22
CHAPTERIII Fundamentals of the Matrix Converter Technology
3.1 Background 27
3.2 Introduction to matrix converter technology 29
3.3  Analysis of Bi-directional power switches 31

xvii



3.4

Current commutation techniques

341 Four step commutation strategy
3.5 Modulations Techniques
35.1 Scalar Algorithms
352 Indirect Modulation
353 Space Vector Modulation Methods
3.6  Overvoltage protection circuit
3.7 Conclusions
3.8 References
CHAPTER IV Modified DSVM Strategy
4.1 Introduction
4.2 Modified DSVM to compensate unbalanced and distorted input voltages

4.3

42.1 Unbalanced conditions specification

422 Switching states analysis in Park’s complex space for unbalanced
Conditions

423 Voltage reference tracking

424 Current references tracking

425 Duty Cycles computation

42.6 Computation Tables

Matrix converter with the modified DSVM simulations

43.1 Condition I: Unbalanced Input Voltage

43.2  Condition II: Distorted Input Voltage

4.4  Experimental Results
4.5 Conclusions
4.6 References
CHAPTERV Matrix Converter-Based Voltage Compensator
5.1 DVR operational principle
5.2 DVR topologies
5.2.1 DC-link based DVR topologies
522 AC-AC converters-based DVR topologies
5.3  Matrix converter-based DVR: Input terminals connected on the supply side
(Topology I)
5.3.1 Modeling of the matrix converter DVR system
53.2 DVR controller
5.4  Matrix converter-based DVR: Input terminals connected on the load side

5.5
5.6

(Configuration 2)

54.1 Modeling of the matrix converter DVR system
542 DVR controller

Conclusions

References

32
34
35
37
40
40
43
44
46

51
52
52

56
59
61
63
65
68
69
72
74
79
80

83
85
86
87

90
90
95

96
97
100
101
102

xviii



CHAPTER VI Simulation and Experimental Results

6.1 Matrix converter prototype
6.1.1 Matrix of bidirectional switches
6.1.2 The input filter
6.1.3 The control system
6.2 DVR topology 1 Results
6.2.1 Numerical Verification
6.2.2  Experimental Results
6.3 DVR topology 2 Results
6.3.1 Numerical Verification
6.3.2 Experimental Results
6.4 Conclusions
6.5 References
CHAPTER VII Conclusions and Future Work
7.1 Conclusions
7.2 Contributions
7.3 Recommendations for future work
7.4  Activities developed during the Ph. D.
7.5 List of publications
APPENDIX A Commutation Vectors
A.1 Input-voltage vectors in the complex space

A.2 Switching states

A.2.1  Switching states analysis

105
105
108
111
113
113
119
123
123
127
128
128

129
130
131
132
132

133
134
135

Xix



List of Figures

Fig. 2.1
Fig.2.2
Fig.2.3
Fig.2.4
Fig. 2.5
Fig. 2.6
Fig. 2.7
Fig. 2.8
Fig. 2.9
Fig. 2.10
Fig. 3.1
Fig. 3.2
Fig. 3.3

Fig.3.4
Fig. 3.5
Fig. 3.6
Fig. 3.7
Fig. 3.8
Fig. 3.9
Fig. 4.1
Fig. 4.2
Fig. 4.3

Fig. 4.4
Fig. 4.5
Fig. 4.6
Fig. 4.7
Fig. 4.8
Fig. 4.9
Fig. 4.10
Fig. 4.11
Fig. 4.12

Fig. 4.13

Sources of power quality problems

Voltage disturbances '

Voltage harmonics propagation

ITIC curve

Three phase-to-three phase NCC

Three phase-to-three phase matrix converter

AC-AC voltage regulator topologies

AC-link converter-based series compensator (Xi controller)

Gamma controller

3X1 Vector switching converter

Basic matrix converter structure

Bidirectional switch topologies using unidirectional components
Commutation of the out phase from the input phase: a) Power circuit;
b) Ideal commutation; ¢) Dead-time commutation; d) Overlap commutation
Path current allowed during four-step commutation

Typical switching pattern

Output voltage limited to 50%

Maximum output voltage (86.6%)

Reference vector tracking

Diode clamp in matrix converter applications

Conversion matrix basic structure

Matrix topology for state S2

a) Voltage vectors for balanced input voltage condition. b) voltage vectors
for unbalanced conditions (sag of 50% on phase b).

Output-voltage’s fixed vectors

Input current’s fixed vectors

Eo,,,(m,) tracking
Relationship between line-to-line input voltages and Uump vector’s sectors

Required states for tracking U oui(rery When Uinp is in sector |

Iinrery tracking

a,,, definition

System architecture to simulate the modified DSVM control algorithm
From left to right: U,s and L—/,,,,,l(,ef) Park vectors in the complex space

Vectors magnitude

From Top to bottom: Input phase voltages, Output phase voltages and
output voltage harmonic spectrum (as percent of the fundamental
component). a)Phase a, b) Phase b, c) Phase ¢

12
17
19
19
20
21
21
30
32

33
35
36
39
40
42
44
51
57

58
58
58

59
60
61

62
68
69

70

70

XX



Fig. 4.14

Fig. 4.15
Fig. 4.16

Fig. 4.17

Fig. 4.18
Fig. 4.19
Fig. 4.20
Fig. 4.21
Fig. 4.22

Fig. 4.23

Fig.4.24

Fig. 4.25

Fig.4.26

Fig. 5.1
Fig. 5.2
Fig. 5.3

Fig.5.4
Fig. 5.5

Fig. 5.6
Fig. 5.7

From Top to bottom: Output currents, Input currents and Input currents
harmonic spectrum (as percent of the fundamental component)

a) Phase a, b) Phase b, c) Phase c.

From left to right: Input phase voltages, Output voltage references

and Output currents '

a) Um and ﬁm.u(n/) Park vectors in the complex space. b) Vectors

Magnitude

From Top to bottom: Input phase voltages, input voltages harmonic
spectrum, output phase voltages and output voltage harmonic spectrum
(Harmonics expressed as percent of the fundamental component)

From Top to bottom: Output currents, Input currents and Input currents
harmonic spectrum (as percent of the fundamental component)

From left to right: Input phase voltages, Output voltage references and
Output currents

Schematic diagram of the matrix converter prototype

Schematic diagram of the matrix converter control system

Image of the matrix converter prototype (Laboratory of the Institute of
Energy Technology, Aalborg University, Denmark)

a) Input voltages (100V/div, 10ms/div), Phase ¢ Input current

(2A/div, 10ms/div) and input current FFT (200mA/div, 625 Hz/div).

b) Output currents (1 A/div, 10ms/div) and phase a output current FFT
(250mA/div, 1.25 kHz/div)

Phase a output voltage (50V/div, 4ms/div), Line-to-line output voltage
(250V/div, 4ms/div). Bottom: Phase voltage FFT (50V/div, 12.5 kHz/div)
a) Input voltages (100V/div,10ms/div),Phase ¢ input current

(2A/div, 10ms/div) and input current FFT (200mA/div, 625 Hz/div)

b) Output currents (1A/div, 10ms/div), Phase a output voltage
(50V/div, 10ms/div). Bottom: Phase a output current FFT
(200mA/div, 125 Hz/div)

a) Input voltages (100V/div,10ms/div), Phase c input current
(2A/div,10ms/div) and input current FFT (200mA/div,625 Hz/div)

b) Output currents (1A/div, 10ms/div), Phase a output voltage
(50V/div, 10ms/div). Bottom: Phase a output current FFT
(400mA/div,125 Hz/div)

Typical schematic of a power distribution system compensated by a DVR
Operational principle of a dynamic voltage restorer (DVR)

DVR topologies with no energy storage. a) Supply side connected
Converter. b) Load side connected shunt converter

DVR topologies with energy storage. a) Variable DC-link voltage. b) With
Constant DC-link voltage

AC-AC DVR without energy storage devices

AC-AC DVR with energy storage device

Proposed DVR with matrix converter input terminals connected on the
supply side

71

71

73

73
74
74
75
76

76

71

71

78

79
84
84

86
87
88
89

91

XXi



Fig.5.8
Fig. 5.9

Fig. 5.10
Fig. 6.1
Fig. 6.2
Fig. 6.3
Fig. 6.4
Fig. 6.5
Fig. 6.6
Fig. 6.7

Fig. 6.8
Fig. 6.9

Fig. 6.10
Fig. 6.11

Fig. 6.12
Fig. 6.13

Fig. 6.14
Fig. 6.15

Fig. 6.16
Fig. 6.17

Fig. 6.18

Fig. 6.19
Fig. 6.20
Fig. 6.21
Fig. 6.22

Fig. 6.23

Proposed DVR control scheme

Proposed DVR with matrix converter input terminals connected on the load
side

Proposed DVR configuration 2 control scheme

Matrix converter structure with IGBT’s in common-emitter configuration
Matrix converter PCB layout

Matrix converter prototype

LC Filter configurations. a) One-stage LC filter, b) Multi-stage LC filter,

¢) n LC filter, and d) One-stage LC filter with notch addition

LC Filter with the addition of a damping resistor

Frequency response for L-C filter with and without damping resistor
(L=2.2 mH, C= 10uF, R = 13.3 Q, R=50 Q). Top: Magnitude response
Bottom: Phase response

Harmonic analysis of phase a input current made with PSCAD software.

a) Without filter, b) With One-stage LC filter, c) With One-stage LC filter
with damping resistor (R = 13.3 Q)

Control system task management of the matrix converter prototype

Signals generated by the DSP on the four step commutation strategy. (a)
Commutation from phase a to phase 5. b) Commutation from phase b to
phase a. (1V/div, 100ns/div)

DSP control for the matrix converter prototype

Proposed DVR topology 1 system architecture

a) Vectors Ui and Uourer) in the complex space. b) Vectors magnitude
DVR response under unbalanced voltage variation. From top to bottom:
Supply voltages, injected voltages and load voltages

DVR response under unbalanced voltage variation. From top to bottom:
Load currents, matrix converter phase a input current and supply system
current phase a

a) Load voltages’ THD. b) System supply currents’ THD

a) Uiw and Uour in the complex space. b) Vectors magnitude

DVR response under voltage with harmonic distortion. From top to bottom:
Supply system voltages, injected voltages and load voltages

DVR response under voltage with harmonic distortion. From top to bottom:
Load currents, matrix converter phase a input current and supply system
phase a current

From top to bottom: Harmonic content of load voltages, harmonic content
of system voltages and main signals’ THD

Supply voltages during the unbalanced voltage sag test. a) Pre-sag condition.

b) Sag condition. (20V/div,5ms/div)

Load voltages during the unbalanced voltage sag test. a) Pre-sag condition
b) Sag condition. (50V/div, 10ms/div)

Load currents during the unbalanced voltage sag test. a) Pre-sag condition
b) Sag condition. (0.5A/div,10ms/div)

Supply voltages during the distorted voltage test. a) No-compensation

95

97

101
106
107
107
108
109
110

110
112

112
113
114

115

115

116
116
117

117

118

119

120

120

121

XXii



Fig. 6.24

Fig. 6.25
Fig. 6.26

Fig. 6.27
Fig. 6.28

Fig. 6.29
Fig. 6.30
Fig. 6.31
Fig. 6.32
Fig. 6.33
Fig. 6.34
Fig. 6.35

Fig. A.1
Fig. A2

Fig. A3
Fig. A.4

condition. b) Compensation condition. (20V/div, Sms/div)

Load voltages during the distorted voltage test. a) No-compensation
condition (50V/div, 10ms/div). b) Compensation condition

(50V/div, Sms/div)

Load voltages FFT during the distorted voltage test. a) No-compensation
condition. b) Compensation condition. (10dB/div, 250Hz/div)

Load currents during the distorted voltage test. a) No-compensation
condition. b) Compensation condition. (0.5A/div, 10ms/div)

Proposed DVR topology 2 system architecture

DVR response for balanced voltage sag compensation. From top to bottom:

Supply voltages, Injected voltages and Load voltages

DVR response for balanced voltage sag compensation. From top to bottom:

Load currents, matrix converter phase a input current and Phase a supply
system current

a) Load voltages’ THD. b) System currents’ THD

DVR response for unbalanced voltage disturbance. From top to bottom:
Supply voltages, Injected voltages and Load voltages

DVR response for unbalanced voltage disturbance. From top to bottom:
Load currents, matrix converter phase a input current and Phase a supply
system current .

a) Load Voltages’ THD. b) System currents’ THD

a) Pre-sag condition. b) Sag condition. Ch 1: Load current (0.5 A/div),
Ch 2: Load voltage (20V/div), Ch 3: Supply voltage (20V/div, Sms/div)
a) Pre-sag condition (0.5 A/div, 5ms/div). b)Sag condition. Load currents
(0.5 A/div, 10ms/div)

Conversion matrix basic structure

Conversion matrix topology for state 2

Vectors Uou (t) in the complex space

Vectors Iin(f) and Tou(t) inthe complex space

121

122

122

122
124

124

125

125

126

126

127

127

128

134
136

137
138

xXiii



List of Tables

Table 2.1
Table 2.2
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 6.1
Table 6.2
Table 6.3
Table A.1

Table A.2

Table A.3

Table A.4

Effect of voltage imbalance on motors at rated load

Voltage distortion guidelines for power systems

DSVM vector sequences

Duty cycles for P, =1and IV

Duty cycles for Py =11 and V

Duty cycles for P; =11l and VI

List of parameters

System Parameters

System Parameters

System 2 parameters

Permitted switching states in a three phase to three phase matrix
Converter

Park’s vector arguments and modulus line-to-line output voltage and
Input current for each commutation state (Zero Vectors)

Park’s vector arguments and modulus line-to-line output voltage and
Input current for each commutation state (Rotating Vectors)

Park’s vector arguments and modulus line-to-line output voltage and
Input current for each commutation state (Fixed Vectors)

11
13
66
66
67
67
68
114
119
123

136

138

138

139

XXiv



List of Acronyms

EPS
CUPS
DVR
SMES
MDSVM
IGBT
DSP

CEA
EPRI
NPL

PCC
ANSI
IEEE
ITIC
CENELEC
IEC
IEEE-IAS

NEMA
FACTS
SSSC
TSSC
TSSR

SSG

SVG
STATCOM
TCR

TSC

UPFC
DSTATCOM
UPQC
NCC

VeSC

SCR

THD

FRD

CsC

Electric Power System

Custom Power System

Dynamic Voltage Restorer

Super Magnetic Energy Storage

Modified Direct Space Vector Modulation
Insulated Gate Bipolar Transistor

Digital Signal Processor

Canadian Electric Association

Electric Power Research Institute

National Power Laboratory

Point of Common Coupling

American National Institute

Institute of Electrical and Electronics Engineers
Information Technology Industry Council
European Committee for Electrotechnical Standarization
International Electrotechnical Commission
Institute of Electrical and Electronics Engineering, Industry
Application Society

National Electric Manufactures Association
Flexible Alternating Current Transmission Systems
Static Synchronous Series Compensator
Thyristor Switched Series Capacitor

Thyristor Switched Series Reactor

Static Synchronous Generator

Static Var Generator

Static compensator

Thyristor Controlled Reactor

Thyristor Switched Capacitor

Unified Power Flow Controller

Distribution Static Compensator

Unified Power Quality Conditioner

Naturally Commutated Cycloconverter

Vector Switching Converter

Silicon Controlled Rectifier

Total Harmonic Distortion

Fast Recovery Diode

Current Switch Clamped

XXV



VSI
PWM
SVM
ISVM
DSVM
ADC

Voltage Source Inverter

Pulse Width Modulation

Space Vector Modulation
Indirect Space Vector Modulation
Direct Space Vector Modulation
Analog / Digital Converter

XXVi



CHADPTER ]

Introduction

1.1 Introduction and Motivation

Nowadays, electricity supply industry has been experienced extraordinary changes mainly
aroused by the imminent scarcer of natural resources, the continuously energy demand
increments and the quality of delivered energy concerned. All these reasons, together with a
variety of environmental and regulatory pressures that prevent the building of new power
generating plants and transmission lines, are taking the power systems to operate close to
their stability and thermal limits.

Among the actual issues related to electric power systems (EPS’s), the term electric power
quality has gained considerable attention by both electric suppliers and end users. From the
standpoint of utilities, the major concern relies on fact that contemporary devices and
equipment (electronic-based systems) being used by industrial and commercial customers
are more sensitive to power quality variations than equipment used in the past. From the
power grid point of view, the increment of electronic loads becomes important sources of
power quality degradation, which causes a growth in the application of passive devices as
capacitors for harmonic filtering and power factor correction. These capacitors change the
system impedance resulting in possible resonance, which can magnify transient
disturbances and harmonic distortion levels.

Power quality delivery refers to the ability of transmission and distribution systems to
deliver the electric power to any point of consumption in the amount and quality demanded
by the customer. Every system has different influence on the level of the quality of
delivery. For example, a failure in a transmission component may lead to subsequent loss in
distribution power. A failure in distribution components only causes local losses in
costumer loads. Whereas problems related to power transmission systems and power
distribution systems are all fundamental from power quality point of view, only some
distribution systems issues are considered in this dissertation.



Deterioration of energy at distribution levels can be caused by natural causes: faults or
lightning strikes in feeders and equipment failure, by feeder line operation or loads. For
instance, power electronic based loads, switching on/off large loads etc. When one of this
events occurs somewhere in a distribution system, the voltage is affected throughout it.
Therefore the term power quality includes two important aspects [1.1]:

¢ Voltage quality. Involves rapid changes, harmonics, interharmonics, imbalance, etc.

e Supply Reliability. Involves phenomena with longer duration, voltage sags, swells,
interruptions, etc.

As stated above, in front of the importance acquired by power quality topics in EPS’s there
is a general agreement by researchers worldwide, that novel power electronics equipment is
a potential substitute for conventional solutions, which are normally based on
electromechanical technologies that have slow response and high maintenance costs [1.2].
As conventional devices are being inefficient for actual power delivery problems, many
researchers have focused their efforts in the developing of novel control strategies and
operational techniques in order to replace them [1.3]. In the present investigation two novel
topologies are proposed for a Custom Power System (CUPS) device, with the purpose of
mitigate some of the common power quality problems found on electric distribution
systems.

1.2 Justification

As mentioned above, the actual technological advance achieved in the power electronics
area has allowed the optimization of a diversity of components inside the EPSs, particularly
in the energy conditioning field. On the other hand, this tendency has given rise to the
appearance of new issues in power transmission and distribution systems, which implies a
huge challenge. One of the main concerns in which researches around the world have been
focused on, is the power quality topic. The adverse effects caused by sags or swells in the
manufacture process and sensitive loads have been described in several publications [1.4]-
[1.7]. Likewise, the voltage harmonics problematic has been broached in manifold
publications [1.8]-[1.10]. In general, power quality issues become direct factors of
economic losses. Hence, the development of Custom Power Systems for improving the
power system operation is imperative.

The series compensation device DVR (Dynamic Voltage Restorer) was introduced for
voltage sag mitigation and has been adopted as a common solution to the problem. Since its
introduction in 1994, several topologies have been developed, along with different control



methods and with harmonic compensation purposes [1.11]-[1.14]. While DVR topologies
with energy storage are highly favored to compensate deep level voltage sags, this type of
systems has significant drawback regarding complexity and overall cost.

Most of the DVR topologies presented in the literature share one specific characteristic: the
DC-link. In order to eliminate the drawbacks imposed by the use of DC-link passive
elements, some researchers have focused their efforts in develop novel topologies based on
AC-AC power conversion [1.6], [1.15]-[1.8]. The advantages of utilizing AC-AC
converters as an alternative to the use of DC-link converters are listed:

o The presence of huge electrolytic capacitors or another external storage system as
batteries, super-capacitors or super magnetic energy storage (SMES) is not required.

¢ Reduced maintenance requirements

e High Power density

e Reduced harmonic level of low frequencies in the input current

Among the AC-link conversion topologies aimed to operate as a voltage compensator, the
matrix converter offers the next operative advantages:

e Theoretically a non limited output frequency

e High quality output voltage and input current waveforms
e Controllable input power factor

¢ Four quadrant operation

e Excellent dynamic response

e Compact design

A further analysis of matrix converter is presented along with novel DVR topologies based
on this device.

1.3 Objectives and Contributions

This dissertation proposes a Modified Direct Space Vector Modulation (MDSVM) strategy
to control the matrix converter voltage generation which is developed from the analysis of
voltage and current Park vectors in the complex space, considering a set of three phase
unbalanced input voltages. The precise control of the reference vectors allows generating a
set of controllable voltages in magnitude, phase and frequency. Control of the phase
voltages are accomplished independently, characteristic that allows the matrix converter to
operate as a voltage compensator which results in the proposition of two novel DVR
topologies based on the AC-AC converter.



Through the proposed DVR topologies, this dissertation addresses the more common power
quality problems, in particular sags, swells, unbalanced and harmonic voltages. Together,
they account for more than 90% of the power quality disturbances affecting most
commercial and industrial customers. Simulation and experimental results are provided to
verify the proposed configurations. The hardware implementation of the matrix converter is
based on IGBTs and DSP control.

Taking into account the operative features achieved through the combination of the feed-
back-feed-forward controller and the MDSVM strategy, the proposed DVR topologies
become an economical effective solution to overcome the power quality problems in
electric distribution systems.

The main contributions of current research work are summarized as follows:

e The mathematical development of the MDSVM to control the matrix converter
operation

e Design of two novel multi-functional DVR topologies based on the matrix converter

e Numerical evaluation of the proposed DVR topologies dynamic performance
through a detailed model implemented in PSCAD software

¢ Implementation of a laboratory-scale prototype of the matrix converter based DVR

1.4 Thesis Outline
The thesis organization is as follows:

Chapter II. A brief overview of the power quality issues including literature surveys about
voltage disturbances, related industrial standards, and mitigation schemes are presented.
This chapter is focused on the more common power quality problems: sags, swells,
unbalanced and harmonic distortion in voltages.

Chapter III. This chapter presents the matrix converter state-of-the-art. A historical review
is carried out based on the literature, towards matrix converter introduction. Then,
theoretical and practical basic concepts are reviewed to completely understand the AC-AC
converters operational principle, emphasizing advantages and drawbacks of this
technology, towards matrix converter practical implementation. Finally, commutation
techniques and modulation strategies are analyzed and compared.



Chapter IV. In this chapter the proposed MDSVM strategy is developed which is one of the
main objectives of this dissertation. The MDSVM technique is based on the direct DSVM
modulation in which the output voltage and input current are controlled by means of
magnitude and phase modification of the reference vectors in the complex space.
Simulation and experimental results over various adverse conditions are presented to verify
the strategy’s effectiveness.

Chapter V. In chapter V, this research proposes two DVR’s topologies for voltage
compensation incorporating the matrix converter technology. The DVR’s operational
principle is presented, along with a comparison of the conventional topologies. After
analyzing different schemes, and according to the objectives above mentioned, the final
topologies are justified and the basic configurations are presented. To efficiently mitigate
the voltage disturbance, a voltage controller is designed and explained. Finally the state-
space equations for both system configurations are derived.

Chapter VI. Simulation results of voltage disturbances are presented to show the fast
control response and the well-regulated output voltage using the proposed scheme.
Experiments have been carried out to demonstrate the validity of the proposed topologies
and results are presented in this chapter. Likewise, the hardware configuration is briefly
explained.

Chapter VII. The conclusions and contributions resulting from this research work are
presented in this chapter. Recommendations for future research on this topic are also
provided.
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CHADPITER 11

Voltage Disturbances and
Mitigation Devices

Nowadays, there is an increasing demand for high quality and reliable power. One
important reason for that is that all electrical devices are prone to failure or malfunctioning
when they are exposed to one or more power quality problems. The concept of power
quality at distribution level refers to maintaining a near sinusoidal power distribution bus
voltage at a rated magnitude and frequency.

This chapter introduces the concept of power quality, reviewing the common terms and the
typical characteristics of some voltage disturbances. In addition, a brief comparison of
previous work in power electronics-based equipment for voltage compensation is exposed.

2.1 Power Quality Issues

The power quality term is commonly used to denominate the shortcomings present in
transmission and distribution systems. This concept implies supply availability, reliability
and voltage quality in the power supplied to the customers. Power quality degradation is
inherently related to any failure of equipment due to deviations of the line voltage from its
nominal characteristics, which often results in industrial process interruption causing
substantial economic losses [2.1].

The principal phenomena concerned in power quality are [2.2]:

e Harmonics and other departures from the intended frequency of the alternating
supply voltage

e Voltage fluctuations, especially those causing flicker

e Voltage dips and short interruptions



e Unbalanced voltages on three-phase systems
o Transient over-voltages, having some of the characteristics of high-frequency
phenomena.

Fig 2.1 shows a general classification of power quality issues originated in the power
distribution system and within the end-user. As in this thesis voltage based compensation is
considered, the adverse effects of distribution system voltages are briefly revised in the next
sections.
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Power systems

-—
- Current Distortion

Point of - Current Imbalance
Common Coupling - Voltage Flickering

- Voltage Interruptions

(®CO)
_3¢ \ 36 [Sonei
3 E 3 E Load

- Voltage Sag

-Voltage Swell
- Voltage Distortion
- Voltage interruptions
Distribution -Voltage Imbalance
_—

Substation
System Effects on
Sensitive loads

Transmission
Voltage Levels

Figure 2.1. Sources of power quality problems

2.1.1 Voltage disturbances in distribution systems

A few years back, the main concern of consumers of electricity was reliability of supply.
However, actual sensitive loads and modern communications needs a reliable supply with
high quality voltage, that means AC line voltage supply with a pure sine wave of
fundamental frequency and at rated peak value. Achieving such power delivery conditions
is very difficult in electric distribution systems because to all the failures generated within
the system are associated problems of voltage variations and power interruptions.
Unfortunately, at the present time most of the loads in the distribution system are not
tolerant to large voltage fluctuations.

There are many ways in which the lack of quality power affects customers [2.3]. Voltage
dips can cause loss of production in automated process, and can also force a computer
system or data processing system to crash. Sustained overvoltage can cause damage to
household appliances, industrial equipment failures due to insulation breakdown, magnetic
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saturation, and resultant harmonic generation. Under-voltages may cause degradation in the
performances of the loads such and induction motors, light bulbs, etc. Voltage imbalance
can cause temperature rises in motors. Harmonics can cause losses and heating in
transformers, electromagnetic interference and acoustic noise. In conclusion, it is crucial to
maintain a power quality high standard. Thus, is necessary to have a vast knowledge of the
actual phenomena which may cause the problems. The main voltage disturbances are
summarized in Figure 2.2.

Among various power quality problems, the majority of events are associated with either a
voltage sag or a voltage swell, and they often cause serious power interruptions.

Voltage sag is a momentary decrease of the voltage rms value with the duration of a half a
cycle up to many cycles. According to the Canadian Electrical Association (CEA) and the
Electric Power Research Institute (EPRI) surveys, a voltage sag is defined as being less
than 92% and 90% of nominal voltage, respectively [2.4]-[2.6]. For the CEA, a swell
condition can be defined as the voltage level greater than 104% of nominal voltage, while
that of the EPRI is 110%. In the National Power Laboratory (NPL) survey, the voltage
range of 106% to 110% of nominal voltage is considered to be a voltage swell event. A
revision of the data collected concerning on voltage disturbances indicates a predominant
presence of voltage sags in electric power systems. In [2.7] it can be seen that voltage sags
events defined by 0% to 87% of nominal voltage comprise 68% of power disturbances
registered by the NPL and 93.3% of total events registered by the EPRI.

Voltage Voltage
Sag Swell
Harmonic i
distortion W\/ Transient
l
Flicker Short duration
interruptions
Voltage
Imbalance

Figure 2.2. Voltage disturbances



Besides the above surveys, many papers have reported power quality surveys. The data
presented in [2.8] indicates that most of faults are single-line to-ground fault, where 2% of
all faults correspond to voltage sags with the remaining amplitude down to 40-50% of
nominal value, and that most of these faults last for less than 2 seconds. Long-term
interruptions (2 seconds to ten minutes) proved to be rare, accounting for an additional 4%
of all faults. Similar data have also been recorded in a survey of Canadian power systems in
1997 [2.9]. According to [2.10], switching power supplies, industrial control relays,
contactors, solenoids, adjustable-speed motor drives and thyristor controlled rectifiers are
all susceptible to short term voltage sags.

2.1.2 Harmonic distortion

Another power quality issue which recently has receives considerable attention are the
power systems harmonics. The increasing use of industrial systems microprocessor based,
utility line-connected solid-state power converters, etc., has prompted growing concern
over this aspect. A widely definition uses for harmonics establish that: “harmonics are
sinusoidal voltages or currents having frequencies that are integer multiples of the
frequency at which the supply system is designed to operate” [2.11].

Ideally, three-phase voltages are balanced and with constant rms (root mean square) value
and frequency in each phase. Thus, when an electric load is linear, the voltage and currents
are perfect sinusoids. However, the popularity of electronic components and other kind of
non-linear loads makes these waveforms become distorted. A common non linear load is an
ac induction motor drive, in which the most significant harmonic currents injected into the
ac supply include the 5%, 7% 11%, and 13" harmonics. When source inductance is taken
into account, circulation of harmonic currents in the ac system results in voltage distortion
at various points in the ac system. The distorted voltage waveform affects the operation of
both the nonlinear load and other linear and nonlinear loads connected to the same bus, or
PCC, or adjacent buses, as Fig 2.3 shows.

Harmonic voltages impact on power systems consists in the generation of harmonic
currents. When these currents flow through magnetic devices such as energy transformers,
motors, etc., can generate excess heat, additional losses and shorten devices’ lifetime. On
the other hand, harmonics or interharmonics with frequencies within hearing range, can
produce interferences on telephone lines via inductive coupling, as well as over-current
relays and power brakers malfunctioning due to skin effect [2.12]-[2.13]. Additionally to
problems mentioned above, there exists other kind of events related to harmonics that have
impacts in power system capacitors. Although a capacitor is not a harmonic source, it can
provide the loop to harmonic currents, creating the conditions for repetitive over-voltages
in capacitor banks increasing the temperature, accelerating age, and even explode. In
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addition, if capacitors are applied at locations having large adjustable-speed drives, the
potential to resonance problems must be considered.
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Figure 2.3. Voltage harmonics propagation

2.1.3 Voltage imbalance

In three-phase systems, load imbalance could be caused by unevenly distributed single-
phase load or by balanced three-phase load running at a fault condition, such as phase open
or short fault.

An unbalanced three-phase voltage source applied to three-phase motors causes the
appearance of a negative sequence current which increases the motor’s internal losses,
heating it up. If the motor is running at near rated loads, then this could cause the motor
overheat and could be severely damaged. Table 2.1, displays the effects of unbalanced
phase voltages applied to class A and class B three-phase motors running at rated loads. In
addition to motor damage, voltage imbalance in three phase systems can cause
malfunctioning of the electronic equipment connected [2.16].

Table 2.1. Effect of voltage imbalance on motors at rated load

Voltage Imbalance (%)

Negative sequence current (%) 0 15 27

Increase in losses (%) 0 9 25
Class A Temperature raise (°C) 60 65 75
Class B Temperature raise (°C) 80 85 100
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2.2 Power Quality Guidelines and Standards

Currently, several engineering organizations and standard bearers in several parts of the
world are spending a large amount of resources to generate power quality standards. The
American National Standards Institute (ANSI) and the Institute of Electrical and
Electronics Engineers (IEEE) have established several guidelines concerning major power
quality problems.

Regarding voltage tolerance, it depends on the specific application. That is the main reason
why it is almost impossible to develop guidelines and operative standards that can
encompass acceptable limits regarding voltage levels in distribution systems. Companies
that build sensitive equipment should provide acceptability curves for the equipment they
produce. Anyhow, curves as CBEMA [2.17], and Information Technology Industry
Council (ITIC) curve [2.18], Fig. 2.4, suggest a guideline for voltage quality in power
distribution systems serving main computers, and it can become an industry reference for
acceptable voltage tolerance. This curve specifies the voltage dip magnitude and the
duration of the voltage sag for 120 V single-phase applications. This curve is useful for
providing general insight into acceptable voltage quality.
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Figure 2.4 ITIC curve

About the harmonic distortion presented in distribution systems, several organizations as
CENELEC (European Committee for Electrotechnical Standardization), IEC (International
Electrotechnical Commission) and IEEE-IAS (Institute of Electrical & Electronics
Engineering, Industry Application Society), have established professional committees to
investigate the harmonic distortion impacts. Among the standards developed to supervise
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harmonic distortion issues, the IEEE-519 guide for evaluation of the power system
harmonic level issued in 1992 [2.15], is the most comprehensive.

Summaries of the acceptable amount of harmonic distortion presented in distribution
systems are given in Table 2.2.

Table 2.2. Voltage distortion guidelines for power systems

*Dedicated Power Syste

Power system General Power

voltage level System
Medium Voltage
24 kV to 69 kV 8% 5%

High Voltage
115 kV and above

* A dedicated power system is one supplying only converters or loads that are not affected by voltage
distortion.

Where voltage distortion percentage is defined as,

@.1)

where V} is the amplitude of the K™ harmonic voltage and V; is the amplitude of the
fundamental voltage.

Finally, referring to voltage imbalance, there are several ways to define it. One definition is
given in NEMA standard MG1 [2.14], where voltage imbalance is expressed as a
percentage according to,

3(Va,b,cmax - Va,b,cmin )
V,+V, +V,

100 2.2

0, =
A’lmbalam:e -

where V, is the maximum rms phase voltage, and V,, . is the minimum rms phase
a, a,b,cmin

,b,cmax
voltage. NEMA MG sets a voltage imbalance guideline of no more than 1% in order to
prevent damage to sensitive loads.
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2.3 Power Electronics Applications in Power Systems

The evolution taking place in the electricity supply industry is heading toward maximizing
existing transmission and distribution resources, with high levels of stability and power
quality. This trend points in the direction of power electronics [2.19]. Two kinds of power
electronics applications have gained importance in power systems, and now are already
well defined: active and reactive power control, and power quality improvement.

The first application area is for arrangements known as Flexible Alternating Current
Transmission Systems (FACTS), where the latest power electronic devices and methods are
used to control the transmission side of the electric network. The second application area is
for devices known as Custom Power System (CUPS), which focus on the distribution
system supplying the energy to end-users and is a technology created in response to reports
of poor quality of supplied energy.

2.3.1 FACTS controllets

The FACTS concept was introduced by Narain G. Hingorani [2.20]-[2.21] at the end 80’s,
to face with the requirement of improving the transmission system operation. According to
IEEE, FACTS controllers are defined as [2.22]: Alternating current transmission systems
which use power electronics-based static compensators to improve the controllability and
increase the power transfer capability.

FACTS controllers’ operational principle is based on the modification of electric system
parameters such as: transmission line impedance, voltage magnitude and phase angle in one
system node. Some of the advantages achieved by FACTS controllers are [2.23]-[2.24]:

Higher control on power flow.

Voltage regulation on system nodes.

Increase the system transient stability margins.

Damp system oscillations, preventing equipment damage and increasing power
transmission capability.

Allow reliable interconnections between companies and neighbor regions.

o High power flow transfer capability between controlled interconnected systems.

According to the connection, FACTS controllers can be divided into [2.25]:

e Series connected devices.
¢ Static synchronous series compensator (SSSC).
¢ Thyristor switched series capacitor (TSSC).
¢ Thyristor switched series reactor (TSSR).
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o Shunt connected controllers
¢ Static synchronous generator (SSG).
o Static var generator (SVG).
¢ Static compensator (STATCOM).
¢ Thyristor controlled reactor (TCR).
¢ Thyristor switched capacitor (TSC).
e Combined controllers
¢ Unified power flow controller (UPFC)
¢ Shift phase transformer

Each FACT device is designed to carry out specific control functions within the power
systems. At present, an extensive bibliography related FACTS technology does exist
[2.25]-[2.27].

2.3.2 Custom Power System (CUPS) devices

As with FACTS devices in transmission systems, power electronics devices can be applied
to the power distribution systems to increase reliability and the quality of power supplied to
the customers [2.28] —[2.29]. The devices applied to the power distribution systems for the
benefit of customers are called Custom Power Systems.

Custom power devices are basically a compensating type, used for active filtering, load
balancing power factor correction and voltage regulation. These devices usually include
VSCs controlled by various control strategies and depending on the topology can be
divided in three major types: current, voltage and combined compensation. Selected
devices pertinent to CUPS technology are:

e Distribution Static Compensators (DSTATCOM) [2.30]. This device can complete
current compensation, power factor correction, harmonic filtering, load balancing
and also voltage regulation.

¢ Dynamic Voltage Restorer (DVR) [2.31]. The DVR is a device implemented in low
and medium voltage to perform voltage based compensation as voltage harmonics
filtering, voltage regulation and balancing. The conventional DVR topology is
constituted by a passive storage element feeding a voltage inverter through a DC-
link. In recent years the DVR has gained acceptance among industrial consumers as
an efficient and economic solution to mitigate voltage disturbances on power
feeders. However, despite its operational advantages exhibited, DVR capabilities
are conditioned by the energy storage device used. As the main objective of this
thesis is to develop a novel DVR topology, more details about DVR operational
principle, configuration and control techniques are presented in Chapter V.
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e Unified Power Quality Conditioner (UPQC) [2.32]-[2.33]. The combination of
current and voltage compensation in distribution systems is referred to as the
UPQC. The conditioning functions of the UPQC are shared by the series and shunt
compensators; while its series compensator performs harmonic isolation between
supply and load, voltage regulation and voltage flicker/imbalance compensation, the
shunt compensator performs harmonic current filtering and negative sequence
balancing as well as regulation of the DC-link voltage.

2.4 AC-link Power Converters

The second generation of FACTS controllers is based mainly on DC-link voltage source
converters [2.34]-[2.35]. However, some advances on AC-AC converter-based controllers
have appeared recently [2.36]-[2.40], being a novel choice for power conditioning and
power flow control.

According to the operating principle, the AC-AC converters can be classified as follows
[2.36]:

e Direct AC-AC converters.
e AC-link converters.
AC-DC-AC converters.

Since the AC-DC-AC converter requires a DC-link it will not be considered as part of the
AC-Link technology and therefore will not be analyzed here. The other two types of
configurations are briefly presented, emphasizing their main characteristics.

2.4.1 Direct AC-AC converters

Direct AC-AC converters belong to the static frequency changers devices. The term static
frequency changer is applied to electric circuits integrated by semiconductor switches and
able to convert electric power with a frequency w;, at the input supply system terminals, to
electric power with a frequency w,, at the load terminals. Static frequency changers can
control frequency and voltage magnitude at load terminals without the need of
transformers, just based on the static power switches control. Thus, load voltage is
synthesized from segments of input voltage.

According to the switches’ technology they can be divided in:

e Naturally Commutated Cycloconverters (NCC).
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A three-phase to three-phase NCC is illustrated in Fig. 2.5 [2.41]. It requires
naturally commutated back-to-back three-phase inverters for each output phase.
Depending on the load current direction, the positive or negative inverter will be
switched on. In each inverter, the operational mode (rectifier or inverter modes) is
determinate by the output voltage sign.

Employing NCCs output voltage and frequency can be controlled but it is not
possible to regulate input power factor. Traditionally, NCCs have been applied as
drivers for high power AC motors, where no other kind of drive can be used.
Concerning its drawbacks, next limitations can be pointed out:

Output frequency of approximately 0.33 of input frequency

Complex control strategy

High number of thyristors

Output voltages and input currents with a high level of harmonic content
Input power factor depending on load power factor.

Input - side { Output - side
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Figure 2.5. Three phase-to-three phase NCC
AC-AC Matrix converters.
Matrix converter devices are based on the forced-commutation principle, for which

utilize power bidirectional switches commutating at high frequencies. The matrix
converter denomination is due to its structure resembles a power cells matrix with
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“m” input lines and “n” output columns, as can be seen on Fig 2.6. The matrix
converter belongs to the Unrestricted Frequency Changers family, since the output
frequency is only restricted by practical aspects. On the other hand, a major
restriction imposed to this converter is related to its transfer voltage ratio, which is
limited to 0.866 times the input voltage. Another important limitation in matrix
converter implementation is the lack of commercially available power bidirectional
switches; however, this disadvantage can be overcome through the use of
unidirectional switches configurations. By connecting a LC passive filter at the
input terminals of the converter, input current harmonics are attenuated and the
commutation process is improved.

Three remarkably aspects make this kind of technology very attractive:

i) Unrestricted output frequency
ii) Input current with low harmonic content
iii)  Controllable input power factor

Due to the matrix converter advantages, it is a good option for the following
applications:

AC motor driver in areas where physical size is to be considered or operation
under adverse environments is required.
Link-converter between non-conventional electric sources and the AC power
supply system.
Interconnection of power systems with different frequencies.

* Voltage disturbances compensation in distribution systems.

2.4.2 AC-link convertets

AC-link converters are converters without frequency change capability but with simpler
topologies than AC-AC direct converters. They can be transformers assisted or not. The
most important AC-link converters’ applications are focused on power flow control and
voltage regulation. The AC-link converter principle is the high frequency chopping of an
AC signal with constant duty cycle, in this way the converter can modifies the amplitude of
the fundamental frequency component. The output signal contains such modified
component plus high frequency components due to the switching.
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Figure 2.6. Three phase-to-three phase matrix converter

Based on o the well known DC-DC energy conversion strategy, AC-link converters have
emerged as a novel solution for compensation voltage applications. For instance: buck,
boost and buck-boost topologies. Fig 2.7 shows a one-phase AC-link buck and boost
converters. In these topologies AC-link converters consists of two static power switches per
phase and passive elements such as inductors and capacitors, used for increasing or
decreasing voltage magnitudes. Since in AC-link converters current flows in both
directions, bidirectional switches have to be taken into account. In Fig. 2.7, switches S1 and
S2 operate in a complementary way, being necessary to provide a dead-time between
switching operation to avoid the risk of short-circuits.

S2
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-
a)AC Buck Converter b)AC Boost Converter

Figure 2.7. AC-AC voltage regulator topologies

For voltage compensation purposes with the previous topologies, a transformer would be
necessary to reject steps down and voltage swells variations. Then the topology with the
AC-link buck type converter with a transformer at the output terminals would be similar to
the traditional DVR configuration just replacing the energy storage device and the DC-AC
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inverter with the AC-link converter. In this way, by reducing the number of elements, the
overall cost of the system is reduced as well. Along with the topologies presented, other
topologies with AC-link converters have been proposed for voltage sags compensation
[2.19], [2.42]-[2.43].

In the power flow control, FACTS controllers based on AC-link converters have been
developed analogously to the DC-link based FACTS controllers. Similarly to the SSSC, the
Xi controller is proposed as a controllable capacitive reactance [2.44], Fig 2.8. Switches S1
and S2, in Fig 2.8, operate under the same switching function in a complementary way. The
operational principle can be divided in two states: when capacitors are connected to the
system through a series injection transformer, S; on, and when the series injection
transformer is shorted and the primary winding exhibits low impedance, S, on.

X/2 X/2

Figure 2.8. AC-link converter based series compensator (Xi controller).

Analogously to the unified power flow controller “UPFC”, advanced controllers are
developed such as the Gamma controller, which can control independently the active and
reactive power on transmission line [2.36]-[2.37], Fig. 2.9. Gamma controller is constituted
by a set of phase shift transformers that generates N three-phase voltages with a phase shift
of 2n/N between them. The set produces four three-phase voltages shifted 90 electrical
degrees between them. By PWM, a 4x1 vector switching converter can synthesize a three-
phase voltage with controlled amplitude and phase. Injecting the generated voltage in series
with a transmission line, the active and reactive power flow can be controlled in an
independent way.
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Figure 2.9. Gamma Controller

Figure 2.10. 3X1 Vector switching converter
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FACTS controllers recently proposed work under the Vector Switching Converter (VeSC)
principle [2.36]. The VeSC couples several three-phase voltage sources with several three-
phase current sources in complex interconnections [2.45], Fig. 2.10. The systems’ buses are
considered voltage sources while loads and series injection transformers are current
sources. Series inductor or shunt capacitors can be added to modify voltage or current
sources into current or voltage sources respectively, then systems’ buses can be coupled as
current sources using series inductors.

2.9 Conclusions

In this chapter, the main power quality issues have been briefly reviewed. It was known
from various power quality researches that most of power quality problems are related to
voltage sags, swells, imbalance and harmonic distortion, and they can cause serious power
distribution problems which can result in millionaire losses. A summary of the-state-of-the
art methods proposed for voltage compensation has been presented along with the actual
tendencies. It has been shown that many kinds of methods can be used for the purpose of
this research, and the AC-AC conversion technology has been successfully used in DVR
topologies for sag mitigation and in FACTS devices with power flow control purposes.
These various schemes for compensation have been reviewed to determine the direction of
the research.

It is known that the DVR devices represent the best option concerning voltage
compensation but recently conventional DC-link-based topologies have been replaced by
novel AC-link topologies due to the advantages offered by this new technology. Among the
existing AC-AC converter configurations, the set of matrix converters’ operating features is
a quite attractive choice to substitute the DC-link configuration in conventional controller
devices.
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CHADPITER 111

Fundamentals of the Matrix
Converter Technology

This chapter is an introductory material to the matrix converter technology. It presents the
state-of-the-art in the matrix converter technology. First, a historical overview is presented,
departing from the former static frequency changers until the actual matrix converter
configuration. Then, the most significant technological aspects concerning the performance
of the converter are reviewed, emphasizing issues that have to be taken into account for
practical implementation. Since this converter employs bidirectional switches, a specific
bidirectional switch commutation technique is presented. Finally, different modulation
strategies applied to device are summarized.

3.1 Background

Documented history about static direct frequency changer begins in 1923 with L. A.
Hazeltine’s work [3.1], in which the fundamental principle for synthesizing an AC voltage
waveform of controllable frequency from a multi-phase AC voltage supply of known
frequency was stated. However, his system could not be implemented because electric
valves with appropriate characteristics and capacity were unavailable [3.2].

During the 30’s, practical experimental results were published through mercury arc valves
available at the time [3.3]-[3.4]. In the results presented, variable output frequencies below
input levels as well as variable output voltage magnitude were accomplish by means of
controlling switching angles in the valves. Based on these valves, the term cycle-converter
was introduced by H. Rissik [3.5]-[3.6].

At the end of 50’s, the evolution of the silicon controlled rectifier (SCR) or thyristor, along
with advantages offered over mercury arc rectifiers, such as higher commutation speed,
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lower voltage fall in on-state, compact and robust construction, etc., aroused the motivation
of researchers over applications concerning power systems with constant output frequency
— variable speed [3.7]-[3.12].

In the mid 60’s, some researchers had achieved important progress towards overcome
obstacles associated to waveform distortion in frequency changers [3.13]-[3.14]. In spite of
the inherent limitation of thyristors about turn-off just by natural commutation, some
researchers aware of cycloconverters potential, persevere on develop a technology based on
on-line commutation and succeeded in terms of output voltage amplitude and frequency
control. The main field of application was in AC electric motors, fulfilling the industrial
requirements imposed for DC motors. Cycloconverters became the perfect choice for
controlling large AC motors spinning at low speed [3.15]-[3.27].

It was until power electronic devices with turn-off capability were developed for high
power capacity, at the end of 70’s, that static frequency changers expand to new capabilities
such as input power factor control [3.28]-[3.30], and novel topologies for power conversion
appeared [3.31]-[3.32]. Two theoretical publications by L. Gyugyi and B. R. Pelly [3.33]-
[3.34] enclose an analysis of different types of frequency changers terminal characteristics
including a complete study about the natural commutated cycle-converter (NCC). This
work was followed by other publications by W. McMurray [3.35], covering theory and
design of cycloconverters. In 1976, L. Gyugyi and B. R. Pelly published “Static power
frequency changers” [3.2]. The authors summarize the available knowledge in the field of
static frequency changers at the time, in a mathematical frame and state the future trends for
the development of frequency changers based on forced commutation. The book became
the main reference of that period. Since then, evolution of frequency changers has been
taking place due to advances in semiconductor technology, developing of novel topologies
and the incursion of new modulation and control techniques.

The real developing of matrix converter starts with two publications by M. Venturini and
A. Alesina [3.36]-[3.37] in 1980. In these works a novel frequency changer was proposed,
able to operate with input/output sinusoidal signals, bidirectional power transfer,
controllable power factor and reactive power generation. One of their main contributions is
the mathematical analysis that describes the behavior of converter for low frequency
operation. This modulation technique is also known as direct transference function.
Additionally, the use of matrix converters (term adopted for static frequency changers
whose topology consists on a matrix of bidirectional power switches) was proposed for
AC-AC, DC-AC and DC-DC types of conversion, with a buck or boost.

In the first control algorithm presented by Venturini [3.37], the input current waveform was
distorted, there was not power factor control and the maximum input/output achieved
voltage magnitude relation was 50 percent. A second Venturini’s control strategy presented
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several advantages over the first one, such as: limited input power factor control [3.38]-
[3.39], better input current quality [3.40] and a maximum of 86.6 percent in voltage
magnitude relationship [3.41]-[3.42]. The really controllable input power factor was
obtained by Asher, through novel control algorithms [3.43], based on the combination of
input and output phase displacements.

Among the different types of control algorithms developed for matrix converter operation,
there are some identified as scalar techniques [3.44]-[3.47], which demand a lot of
mathematical calculations. In 1983, Rodriguez introduced a conceptually different control
technique based on the idea of the presence of a hypothetic DC-link [3.48], modulation also
known as indirect transfer function. In 1985-86 Ziogas gives a mathematical formalization
to Rodriguez’s idea in [3.49]. Likewise in [3.50]-[3.51], the use of Park’s transformation in
matrix converter analysis and control was introduced. A series of publications made by
Huber [3.52]-[3.54] present the space vector modulation (SVM) concept applied to matrix
converter control and, along with Borojevic, establish a model for direct AC-AC converter.
By applying the SVM strategies to matrix converter it is possible to accomplish the
maximum theoretical ratio between input/output voltages, a high quality input current and a
controllable input power factor by reducing the mathematical calculations.

In 1992, D. G. Colmes and T. A. Lipo applied the AC-AC converters theory to controllable
inverters and rectifiers [3.55]-[3.56], in order to integrate different applications in one
system. In this manner, a one-phase to three-phase matrix converters can operate in every
possible configuration, that is, AC-AC, AC-DC, DC-AC and DC-DC. To change from one
specific application to another just some software modifications have to be taking into
account.

In spite of all the theoretical background, there is still a lot of work to do in matrix
converter technology maturation process towards industrial implementation.

3.2 Introduction to Matrix Converter Technology

A matrix converter consists of nine bidirectional switches, arranged in three groups of
three, each group being associated with an output line. This arrangement of bidirectional
switches connects any of the input lines a, b, or ¢ to any of the output lines 4, B, or C, Fig
3.1. A bidirectional switch is able to control the current and to block the voltage in both
directions. If the input and the output three-phase systems are orthogonal disposed, the
converter diagram becomes similar to a matrix, with the rows consisting of the three input
lines (a, b, ¢), the columns consisting of the three output lines (4, B, C) and bidirectional
switches connecting each row to each column. There are two basic rules that ensure matrix
converter proper and safe operation:
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e Do not connect two different input lines to the same output line (short-circuit of the
mains, which causes over-currents);

e Do not disconnect the output line circuits (interrupt inductive loads, which causes
over-voltages).

Therefore, an output line has to be all the time connected to a single input line. By
following the basic rules mentioned before, the maximum number of permitted switching
states of the matrix converter is reduced from 512 to 27, as it is shown in Appendix A.

A matrix with existential functions M representing the state of each bi-directional power
switch, where Mj; = 0 for off-state and Mj; = 1 for on-state, can be used to represent the
matrix output voltages (v4, va, v¢) as functions of the input voltages (v,, vs, v.) as follows,

V4B My M, Mpg|v,

Vee |=| My Ty Ty || v | OF Vy, =MxV,, (3.1
Veal Mz Mz Mg || v,

Matrix Converter

NEEE

o™

2

Figure 3.1. Basic matrix converter structure

Due to the instantaneous power transfer of the matrix converter, the electrical parameters
(voltage, current) in one side may be reconstructed from the corresponding parameters in
the other side, at any instant. The output currents are a result of applying the previously
determined output voltages to a given load. Input/output currents relationship can be
expressed by:
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where M" is the transpose matrix of M.

Due to the lack of energy storage devices the output voltage is generated directly from the
input voltages, so if not restrictions are imposed to output frequency, the maximum line-to-
line voltage in a three-phase to three-phase converter will be the corresponding to the
minimum value of input voltage enveloping. It is analogous to a voltage generated by an
inverter fed by the rectified input voltage through a non-controlled bridge rectifier. Thus the
maximum output voltage achieved by any commutation strategy applied to matrix
converter will be equal to 0.866.

This restriction, inherent to the direct converter itself, is its most important drawback as it
limits its operation in standard AC motors. Nonetheless, it is not a problem for other
applications such as voltage compensation devices.

Another relevant aspect concerning output voltages and input currents is the harmonic
content. The line-to-line output voltage is made up by the three input voltages, reducing the
magnitude of harmonics around switching frequency compared to a voltage source inverter
(VSI), as it is shown in [3.57]. Likewise, in [3.57] a comparison of the input current THD
for an AC-AC indirect converter (non-controllable rectifier-inverter configuration) and a
matrix converter, is also presented. It can be seen on the publication, how the input filter in
the matrix converter reduces the THD to a 4% approximately compared to a THD of near
39% generated by the indirect converter.

3.3 Analysis of Bidirectional Power Switches

The direct AC-AC converter requires the presence of bidirectional power switches able to
conduct the current and to block voltages in both directions. Unfortunately those kinds of
devices are not available yet in the market (at least for high power performance). In [3.58] a
new power device for matrix converter applications is proposed: the reverse blocking IGBT
(RIGBT), decreasing the number of devices per phase. This will create conditions to
increase reliability and efficiency of the matrix converter because conduction losses will be
produced only by a single RIGBT.

Meanwhile a true force-commutated bidirectional switch is industrially produced; the
solution is to implement bidirectional switches with discrete components such as IGBT or
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MOSFET devices. Using unidirectional devices available on the market, there are five ways
to obtain a bidirectional switch:

Diode embedded switch (Fig 3.2a). This commutation cell requires only one gate
driver and one active switch. It has higher conduction losses because the current
path consists of two FRDs and one IGBT and current direction can be controlled
so all commutations have to be hard switched.

Common emitter switches (Fig 3.2b). This cell is built up by two FRDs and two
IGBTs connected in anti-parallel. FRDs incorporate inverse blocking capability. In
this arrangement conduction losses are low because the current path consist only
of one FRD and one IGBT and current direction control can be accomplish for soft
switching implementation.

Common collector switches (Fig 3.2c). In this topology conduction losses are the
same as for common emitter switch, but only six isolated voltage sources are
required for the drivers.

Bidirectional topologies using CSC switches which can drain voltage in only one
direction (Fig 3.2d-e). Connecting these cells in anti-parallel, both current
directions can be drain while blocking voltage in both polarities.

Lt KT A -
T P

(a) ®) (©) @ O

Figure 3.2. Bidirectional switch topologies using unidirectional components

Although it is possible to achieve bidirectional switches from combining unidirectional
components, some attempts have been reported in literature [3.59], as a trend to incorporate
complex silicon structures in power modules. This type of power modules has remarkable
advantage of reducing stray inductances in current commutation paths.

3.4 Current Commutation Techniques

A safe current commutation between two bidirectional power cells in a matrix converter is
not a simple process to achieve as in a VSI, because in the matrix there is not a natural path
for current flow. Thus, in matrix converter operation, time of switching signals sent to
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bidirectional power cells is very critical. Inaccurate or delayed signals on the gate drivers
and the non-instantaneous switching of the bidirectional power cells can provoke over-
currents by short-circuiting the input voltage source terminals and over-voltages due to
inductive load currents’ interruptions [3.60]-[3.61].

There are two options to eliminate the risk of shoot-through in matrix converters. Some
researches employs snubber circuits [3.62],which results in complicated arrangements and
increasing of losses; while others implement specific commutation techniques by operating
the bidirectional switches [3.63]-[3.65]. The commutation technique depends on the type of
bidirectional switches employed in the matrix converter hardware.

The two basic methods to perform the commutation in bidirectional cells are:

e The dead-time current commutation, referred as “break before made” is shown in
Fig 3.3c. In this method, there is a time interval where none of the power cells is
shot on. By using dead-times the load is momentarily disconnected. As consequence
this technique causes high switching losses and a clamp circuit or snubber circuits
connected to the output to provide continuity of the load current is necessary.

o The overlap current commutation, referred as “make before break” is shown in Fig
3.3d. This method consists in turning on the on-coming switch while the off-going
switch is still conducting, to provide continuity for the output line circuit. This will
cause high circulating currents between input phases, and makes it necessary to add
extra chokes to limit these currents.

Ideal Dead-time Overlap
s on .on) ‘ on
e off off off
S b on . on : on
off off off ;

(a) (b) (c) (d)

Figure 3.3. Commutation of the out phase from input phase a to input phase b: a) Power circuit; b) Ideal commutation; c)
Dead-time commutation; d) Overlap commutation.

Both methods require extra reactive elements and produce high losses. A reliable method
for current commutation is the strategy known as four step commutation technique.
Basically, both IGBTs are shot active allowing current flow in both directions. For
implementing this strategy is necessary the use of bidirectional cells with anti-paralleled
unidirectional switches, which provide independent control for each direction of the
current. Thus, depending on the direction of the output current or on the magnitude of the

33



input voltages involved in the commutation process, the first action is to disable the current
path for circulating currents and the second is to apply overlapping for the on-coming
switch with the off-going switch. Therefore the risk of short circuit on the input side is
eliminated, and semi-soft commutation, is achieved.

3.4.1 Four step commutation strategy

This commutation strategy takes place in four steps. For a better comprehension, the circuit
shown in Fig. 3.4 is analyzed.

e Step one: The non-conducting switch (Sip) is turned off; Fig 3.4b. This way, current
direction is not able to change sign.

e Step two: The switch that would conduct the current (S2,) is turned on, Fig 3.4c.
Now, there is unidirectional connection between input lines, but no circulating
current may occur, since S, and Syp are off.

e Step three: The switch Sy, is turned off; Fig 3.4d. At this time the current is forced
to switch from input phase / to input phase 2.

e Step four: The non-conducting switch (Sz,) is turned on, Fig 3.4e. This is a passive
step, with the purpose to re-establish the four quadrant characteristic of the AC
switch, so the currents can change sign naturally.

As mentioned above, the current direction is required for implementing this method, which
makes the current direction measurement necessary. Fig. 3.4 displays the possible path for
the output current allowed by the four step commutation strategy for both current signs.

When implementing this strategy, the duration of commutation steps is one important
aspect to be considered. The duration of the passive commutation steps (1 and 4) is non
critical, because the switch on the bidirectional cell that do not change state allows the
current flow; then, the complementary switch does not have to change so fast. Duration of
the active commutations (2 and 3) is critical and should be chosen in agreement with the
switching characteristics of the devices employed.

Other problems that can adversely affect the matrix converter operation by employing
multistep commutation techniques are related to errors on the current sign caused by
commutation near to zero output current and the current sign detection method utilized.
Current transducers based on Hall Effect are commonly used in order to control properly
the commutation, but methods based on the voltage drop across unidirectional switches
have been also proposed.
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3.3 Modulation Techniques

Output-voltage in a direct AC-AC converter is integrated by portions of each one of the
input-voltage phases in sequences and time intervals well defined. Likewise, input currents
are made up by portions of the output-currents. A typical switching pattern is exhibited in
Fig 3.5.

Considering a high switching frequency applied to the bidirectional power switches, an
output-voltage with controllable amplitude and low variable frequency can be generated
through the modulation of duty cycles m;(t). Where my(?) is the duty cycle for the power
switch Mj; defined as:

t.
my(f) = TL (3.3)

s

where ¢; is the time elapsed while switch Mj; is on during the commutation period 7. Duty
cycle can only have the next values:
0<my()<l  i={1,2,3} j={L23}, W (3.4)
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Figure 3.5. Typical switching pattern

Low frequency transference matrix can be stated as:

my () mp () mys()
M(1)=[my (1) my(t) mys(r)
my () msy(8)  myz(0)

3.5)

This matrix can be used to define the low frequency component of output voltage, given by:

v ()

my () mp () mys(0)

vg(t) [=| my(t) my(2) mys(0)

ve ()

Low frequency input-current component is,

i (1)

my (8) my(0) mys(0)

my (@) my (1) my(1)

v, (1)
vy ()

ve(t)

ING)

or V,,,

=M()xV,,,

iy (1) | = mp (1) myy(1) myy(0) || ig(r) | OF 1, = M) 1,

i.(0)

mys(t)  mys(1)  mss ()

ic (1)

Where in order to fulfill the basic commutation rules for matrix converters,

2 m;; (1) = Z my; (£) = Z mst(f_)

i=1,2,3

i=1,2,3

i=1,2,3

(3.6)

G.7)

(3.8)

The matrix converter control’s main problem may be stated as: “For a given set of input-
voltages and output currents, a modulation matrix M(t) able to accomplish a set of
dependant output-voltages and input-currents, is required”
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As was reviewed in the initial section, the first modulator proposed for matrix converter
was made by M. Venturini and A. Alesina, using a complicated scalar model [3.36]-[3.37].
After that, some algorithms based on the Venturini modulation were proposed, known as
scalar techniques. Next, the indirect modulation was introduced. This approach simplified
the modulator model by making possible to implement classical PWM modulation
strategies in matrix converters. Modulation models using SVM permits control the
converter even under unbalanced and distorted conditions. In the next sections, these
common modulation techniques are briefly presented.

3.3.1 Scalar algorihtms
In this kind of algorithms the magnitude of a voltage signal, denoted as Venturini
modulation method establish independent relations for each output, by sampling and

distributing portions of input voltages in such a way that the average result follows the
reference output phase voltage. Assuming that the input voltages are given by:

cos(@;,1)

Vm=V,- cos(a),-,,t+27”) (3.9)

cos(a) 1+ —-4”)
in’
3

and the currents can be expressed as,

08 (Dpyet + 6, )

Tow=1,- cos(wo,,,t+-23£+ 00,,,) (3.10)

i
Cos| @, + T + 90,,,

The desired input-current and output-voltage vectors can be denoted by:

08 (Dyyt)

P m g cos(a»,,,,.u%”) (3.11)

4
cos| @, ¢ +—3—

37



cos(@,,t +6,,)

Tow=q-1,- cos(a),,,t+27”+¢9i,,J (3.12)

4
cos(a),-,,t + 7+ 6,,,)

where ¢ is the matrix converter voltage gain.
The two solutions for the conversion matrix, proposed by Venturini are,
2 4
1+ 2g cos(@,,t) 1+ 2q cos(w,,t — T) 1+ 2g cos(@,,t — 7)

M (t)= é 1+2q oos(a)mt—ijz[-) I1+2qcos(w,t) I+ 2qcos(w,,,t—2?”) (3.13)

1+ 2g cos(@,,t — 27”) 1+ 2q cos(w,,t— 47”) 1+ 2g cos(w,,t)
where @m = (Wour - Win)

1+ 2g cos(w,,t) 1+ 2q cos(w,,t — 2—3”—) 1+ 2q cos(w,,t — 4—;—)
1 2 ir
M,(f)= ) 1+ 2q cos(@,,t — T) 1+ 2q cos(w,,t - T) 1+ 2q cos(@,t) (3.14)

1+ 2q cos(w,t - 47”) 1+2qcos(w,t)  1+2qcos(@,f— %’5)

where wp, = - (Wou + Win)

M;(t) establish that 6, = 6,., While My(1) states that 6;, = -6,,. Combining both solutions
power factor control can be achieved.

M(1) = o) - M (1) +t, - M, (1) (3.15)
where a;+ a; = 1, and for a;= a;, the matrix converter input power factor is unitary.

Even when this solution allows input power factor control, its main drawback resides in its
limited (50 %) input/output voltage ratio as is represented in Fig 3.6.
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Figure 3.6. Output voltage limited to 50%

In order to provide maximum voltage transfer ratio, injection of third harmonics on the
output voltage is needed. Then, the reference output voltage becomes,

-1 1
COS(Wyyt) A cos(3@,,,t) + A Ve cos(3m,,f)
Vou =q-Vin| cos(a,,t +2 %) - % coS(3w,,t) + % Ve cos(3w;,1) (3.11)
COS(@,y, ! + 4%) - % cos(3,,,1) + % 1 cos(3,,1)

Fig 3.7 illustrates this strategy. Therefore duty cycles are given by,

by 1, 2@y, 49 ,
my = T 3[l+—l/,5 + P sm(w,,,t+,6,-)sm(3m,,,t)] (3.12)

i={(1,4),(2,B),(3,C)} j ={(,a),(2,b),(3,¢)}
e B = {0,2% ,4%} parai={1,2,3)

v;(#) includes third harmonics addition

V., is the RMS value of input voltage system
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Figure 3.7. Maximum output voltage (86.6%)

This algorithm requires complex mathematical calculations for duty-cycles estimation,
which represents time consuming computations, besides it requires nine commutations in
the switching period because both type of vectors, rotating and active, are inherent
generated. Other modulator models have been derived employing only one type of
switching state vectors, which simplified the mathematical models. In [3.66] only rotating
vectors of both, direct ad inverse sequence, are used, in conjunction with zero vectors in
order to vary smoothly the amplitude and the instantaneous frequency of the output voltage.

3.5.2 Indirect modulation

In the Indirect Space Modulation Method (ISVM) [3.68], the modulation process is split
into two steps as indicated in (3.13)

Vam =(AVin)B (3.13)

where V,, is defined by (3.9).

In (3.13), pre multiplication of the input voltages by A generates a fictitious DC-link, while
post multiplication by B generates the desired output by modulating the fictitious DC-link
inverter transformation due to the similarity with the conventional rectifier/DC-link/inverter
system. A is generally referred to as the rectifier transformation, and B as the inverter
transformation due to the similarity with a traditional rectifier/DC-link/inverter system. A is
given by,
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cos(a,1)

A=K, cos(a),,,t+2%) (3.14)

cos(a),,,r + 4%)

Hence,
cos(@;,!) ' cos(@,,f)
AV =KV, | cos (a),,,r + 2%) cos(a),,,t + 2%) = 3K;V’" (3.15)
cos (w,,,t + 4%) cos (a),,,t + 4%)
B is defined as,
008 (@u1t)
B=K, cos(mw,t+2%) (3.16)
cos (a)m,,t + 4% )
Hence,
cos(@,,,1)
V ou =(A?,-,)B=i’%fﬁ 05 (@t +27/}) (3.17)

oos(wo,,,t+4%)

Voltage ratio g = 3K4Kp/2. A and B are not continuous in time but must be implemented by
a suitable choice of the switching states.

The voltage ratio obtainable is greater than the one obtained with other methods but
improvement is only obtained at the expense of the quality of the input currents, the output
voltages or both. For voltages of g > 0.866, the mean output voltage no longer equals the
target output voltage in each switching interval, this inevitably leads to low frequency
distortion in output voltage and/or the input current compared to other methods with g <
0.866. For g < 0.866, the indirect method yields very similar results to the direct methods.

3.3.3 Space vector modulation methods

An effective way to generate the desired PWM pattern is to use the space vector
modulation techniques. Space vector modulation technique uses a combination of the two
adjacent vectors and a zero-vector to produce the reference vector. The proportion between
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the two adjacent vectors gives the direction and the zero-vector duty cycle determines the
magnitude of the reference vector. The input current vector I, and the output voltage
vector Uou are the reference vectors. In order to implement the DSVM, it is necessary to
determine the position of the two reference vectors. The input reference current vector I,
is given by the input voltage vector Ui, in case instantaneous unitary power factor is
desired, or is given by a custom strategy to compensate for unbalanced and distorted input
voltage system [3.67]. The output reference voltage vector Ua.u results of a vector control
scheme. Vector modulation strategies allow:

e Output frequency control
o Output voltage magnitude and phase control
o Input current phase control, which means input power factor control

A variant of the Direct Space Vector Modulation (DSVM) is explained in detail in Chapter
IV. Another approach based on space vector modulation technique is modeling the direct
AC-AC converter as the combination of an AC-DC converter and a DC-AC converter. In
this way, the matrix converter can be controlled indirectly through the rectifier and inverter
controls. This technique is known as Indirect Space Vector Modulation (ISVM) [3.52]-
[3.54].

As sated before, space vector modulation techniques are based on Park’s reference vectors
tracking [3.57], Fig 3.8.

Figure 3.8. Reference vector tracking

Duty cycles of the active switching vectors are calculated for the rectification stage by
using,
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d,=m,.sin(§-a,‘,) G.18)

d5=m,-sin(8,:,) (3.19)
For the inversion stage,

s = -sin(%-—a;,, ] (3.20)

dg=my -sin(6),) (3.21)

where m; and my are the rectification and inversion stage modulation indexes, 8", and 6 ou
are the angles within their respective sector of the input and output voltage reference
vectors. Usually m; = 1 and my = Upw/Upn, in ideal sinusoidal and balance input voltages:

Upn = dY'Ulmz-r +dsUjp,_5 =0.86 ‘/2— “Uline (322)

To obtain a correct balance of the input currents and the output voltages, the modulation
pattern should be a combination of all the rectification and inversion duty-cycles (ay-ad-po-
By-0). The duty cycle of each sequence is determined as a product of the corresponding
duty cycles:

d,, =d,-dy; d,s=d, dy; dgs=dy-dys; dg, =dg-dy (3.23)

Therefore, duration of the zero vector can be calculated by

dy=1-(d,, +ds+dg, +dp)) (3.29)

Finally, the duration of each sequence is calculated by multiplying the corresponding duty
cycle times the switching period.

3.6 Overvoltage Protection Circuit

Matrix converter topology needs to be protected against overvoltage and over-current.
Furthermore, due to the lack of an energy storage element this topology is more sensitive to
disturbances and therefore more susceptible to failures. Disturbances, which may cause
hardware failures, are:
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e Faulty inter-switch commutations, as internal short-circuit of the mains or
discontinuing the circuit of the motor currents;
Shutdown of the matrix converter during an over-current situation, in the load side

e Possible overvoltage on the input side caused by the converter power-up or by
voltage sags.

Protection issues of matrix converters have always commanded attention, in order to build a
reliable prototype. A solution to solve some of the problems consists of connecting a clamp
circuit on the output side [3.69], Fig. 3.9. The clamp circuit consists of two B6 fast
recovery diode rectifiers back to back connected and a capacitor to store the energy
accumulated in the leakage inductance of the load, caused by the output currents. The worst
case regarding the energy level stored in the leakage inductance occurs when the output
current reaches the over-current protection level, causing a converter shutdown.

Other interesting methods to lamp the reactive energy of the inductive load have been
proposed. In [3.70] a new configuration using only six diodes is proposed. A strategy of
protection against over-voltages employing varistors connected at the input and output
terminals, plus an extra protection circuit for each IGBT is proposed in [3.71]

Input
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Figure 3.9. Diode Clamp circuit in matrix converter applications

3.7 Conclusions

This chapter has presented a compilation of around three decades of investigation
concerning the direct ac-ac converter, since the first mathematical model to provide sine
wave in — sine wave out operation was developed, to the actual situation of the matrix
converter technology. It have been established the main components required for practical
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implementation, as well as the protection issues and safe commutation techniques to ensure
the proper operation.

The operational characteristics of the matrix converter, advantages and disadvantages, can
be summarized as follows:

Advantages:

It has not internal energy storage (DC-link)

Theoretical unlimited output frequency

Bidirectional power flow

High quality output voltage

High quality input current

Controllable input power factor

Four-quadrants operation

Compact design

Low level of acoustic noise when operates as driver of AC motors

Disadvantages:

Low input/output voltage gain
High number of solid state components
Complex commutation scheme

Regarding the modulation strategies, some of them were briefly reviewed at the end of the
chapter. In order to compare each strategy, several simulations were performed in the
MATLAB software. Even when the results were not included in the chapter, they served to
realize a comparison between the modulation techniques, from which the next statements
can be mentioned:

Scalar algorithms require more computational resources in order to perform the
complex mathematical calculations required.

The hardware requirements for implementation are the same in all algorithms,
because all need to measure the same signals.

Respect to the output voltages harmonic content, the vectorial strategies generates
voltages with a harmonic spectrum slightly distorted. For low values in the voltage
gain, g, the output voltages’ distortion is important for all strategies.

About the input current harmonic content, only differences are appreciated when
the converter is operating with low values of g, being the vectorial techniques the
ones with lower distortion.

Finally, the input power factor control is simple and easy to implement in the
vectorial strategies, in contrast with the scalar techniques.
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In conclusion, for practical implementation the vectorial strategies are the best option.
Among these two topologies, the direct SVM is more suitable to understand the operation
of matrix converter because its analysis is based on the particularities of each switching
configuration which reflects the output voltage vectors and input current vectors. As a
result, the control of the output voltage reference can be derived directly by selecting the
suitable switching patterns.

3.8 References

[3.11 L. A. Hazeltine: "An improved method of an apparatus for converting electric
power," British Patent No. 218.675, Jan. 4, 1926.

[3.2] L. Gyugyi and B. P. Pelly, "Static power frequency changers: theory, performance
and applications", New York: John Wiley & Sons Inc., 1976.

[3.3] M. Schenkel: "Eine Unmittelbare Asynchrone Umrichtungfiir Niederfrequente
Bahnnuetze", Electric Bahnen, no. 8, pp. 69-73, 1932.

[3.4] Vonlssendorff: "Der Gesteuerte Umrlchter", Wiss. Veroff. Siemens, no. 14, pp. 1-31,
1935.

[3.5] H. Rissik: "Mercury arc current converters", Sir Isaac Pitman & Sons, 1935.

[3.6] H.Rissik: "The fundamental theory of arc converters", Chapman & Hall, 1939.

[3.71 R.D. Jesse and W. J. Spaven, "Constant-Frequency AC power using variable speed
generation", AIEE Trans. Appl. Ind., no. 78, part 11, pp. 411-418, 1959.

[3.8] K.M. Chirgwin and U. Stratton, "Variable-speed constant-frequency generator
system for aircraft", AIEE Trans. Appl. Ind., no. 78, part I, pp. 304-310, 1959.

[3.9] S.C. Caldwell, L. R. Peaslee, and D. L. Plette, "The frequency converter approach
to a variable speed constant frequency system", AIEE Conf. paper, CP 60-1076,
August 1960.

[3.10] D.L. Plette and H. G. Carlson: "Performance of a variable-speed constant frequency
electrical system", IEEE Trans. Aerospace, vol.AS-2, p.p. 957-970, April 1964.

[3.11] D. A. Fisk: "VSCF for high quality electrical power and reliability", ASME Aviation
and Space Division Conference Paper, June 16-19, 1968.

[3.12] D.L Lafuze: "VSCF Starter Generator", IEEE-PESC Conference Record, 1974.

[3.13] C. J. Amato and R.B. Diczhazy, "Lower order distortion terms in frequency
converters", IEEE Nat. Aerospace Elect. Conference Record, pp. 165-172, May10-
12, 1965.

(3.14] C.J. Amata, "Sub-ripple distortion components in practical cycloconverters", Suppl.
IEEE Trans. Aerospace, pp. 98-106, June 1965.

[3.15] E. A. E. Rich, "Concepts of gearless ball mill drives", IEEE Trans. Int. Gen: Appl,
Vol. IGA-5, No. 1, pp. 13-17, Jan/Feb. 1969.

[3.16] E. Blauenstein, "The first gearless drive for a tube mill", Brown Boveri Rev., Vol.
57, No. 3, pp. 96-105, March 1970.

46



[3.17] J. Langer, "Static frequency changer supply system for synchronous motors driving
tube mills", Brown Boveri Rev., vol. 57, no. 3, pp. 112-119, March 1970.

[3.18] H. U. Wiirgler: 'The world's first gearless mill drives", IEEE Trans. Ind. Gen. Appl.,
Vol. IGA-6, no. 5, pp. 524-527, Sep.-Oct. 1970.

[3.19] H. Betz: "Neu-Ulm system —Tie frequency changer, an installation for supply to the
German federal railway", AEG-Telefunken Prog., no. 1, pp. 22-26, 1974.

[3.20] E.R. Hill and C. L. Ivey: "Cycloconverter powered Yankee dryer", IEEE Publ. and
Paper Ind. Tech. Conf. Rec., 1974.

[3.21] R. A. Van Eck: "Frequency changer systems using the cycloconverter principle",
IEEE Trans. Appl. Ind., pp. 163-168, May 1963.

[3.22] A Heck and M. Meyer, "A Static Frequency-Changer Fed Squirrel-Cage Motor
Drive for Variable Speed and Reversing", Siemens Rev., No. 11, 401-405, Nov.
1963.

[3.23] A Schonung, "Varying the speed of three-phase motors by means of static frequency
changers", Brown Boveri Rev., vol.51, no. 8 /9, p.p. 540-554, 1964.

[3.24] J. C. Guyeska and H. E. Jordan, "Cycloconverter adjustable frequency drives",
IEEE Textile Int. Conf., Oct 1-2, 1964.

[3.25] J. C. Guyeska and H. E. Jordan, "Static AC variable frequency drive", Nat. Elect.
Conf. Rec., 1964, vol. 20, pp. 358-365.

[3.26] M. Brown and W.T. Harvey: “A variable frequency supply for induction motors",
Appl. Large Int. Drives Conf. Rec.; London, England, pp. 120-123, May 5-7, 1965.

[3.27] L Abraham, J. Foster, and G. Schliephake, "AC motor supply with thyristor
converters", IEEE Trans. Ind. Gen. Appl, vol. IGA-2, no. 5, pp. 334-340, Sep/Oct.
1966.

[3.28] L Gyugyi, "Power Frequency Changer with Controllable Input Displacement
Factor", U.S. Patent no. 3,707,665, Dec. 26, 1972.

[3.29] L Gyugyi, "Unity Input Displacement Factor Frequency Changers", U.S. Patent nos.
3,707,666 and 3,707,667, Dec. 26, 1972.

[3.30] B. D. Bedford, "Versatile Cycloconverter Power Converter Circuit", U. S. Patent
no. 3,742,336, June 26, 1973.

[3.31] L Gyugyi, "Static Power Conversion Arrangement and Method", U.S. Patent no.
3,858,105, Dec. 31, 1974.

[3.32] L Gyugyi: "Electrical Power Generating Arrangement and Method Utilizing an
Induction Generator”, U.S. Patent no. 3,832,625, Aug. 27, 1975.

[3.33] L Gyugyi: "Generalized Theory of Static Power Frequency Changers", Ph.D.
Thesis, University of Salford, 1970.

[3.34] B. R. Pelly: 'Thyristor Phase-Controlled Converters and Cycloconverters", John
Wiley & Sons, 1971.

[3.35] W.McMurray, "The Theory and Design of Cycloconverters", The MIT Press. 1972.

47



[3.36] M. Venturini and A. Alesina, 'The generalized transformer: A new bidirectional
sinusoidal waveform frequency converter with continuously adjustable Input power
factor", IEEE-PESC Conf. Rec., 1980, pp. 242-252.

[3.37] M. Venturini: "A new sine wave in, sine wave out conversion technique eliminates
reactive elements", Seventh National Solid-State Power Conversion Conf. Rec., pp.
E3-1-E3-15, 1980.

[3.38] A. Alesina, M. Venturini, “Solid state power conversion: A Fourier analysis
approach to generalized transformer synthesis,” IEEE Trans. on Circuits and
Systems, vol. cas28, no. 4, pp. 319-330, April 1981.

[3.39] M. Venturini, “Convertitore diretto AC-AC di elevate Potenza”, Italian Patent
20777a-79, Mar. 6 1979.

[3.40] W. H. Kwon, G. H. Cho: “Analysis of non-ideal step down matrix converter based
on circuit dq transformation,” PESC 1991, pp. 852-829.

[3.41] A. Alesina, M. Venturini: “Intrinsic amplitude limits and optimum design of 9-
switches direct PWM ac-to-ac converters,” PESC Conference Record 1988, pp.
1284-1291.

[3.42] K. J. Maytum, D. Colman: “The implementation and future potential of the
Venturini converter,” Proc. of drives, motor and controls, pp. 817-822, 1983.

[3.43] G. M. Asher, R. M. Davis, Vasquez-Borquez, “Operation of the naturally
commutating hidden link converter feeding a cage induction motor,” Conf. on
Power electronics and variable speed drives, pp. 130-133, 1988.

[3.44] A. Daniels, D. Slattery: “Application of power transistors to poly-phase regenerative
power converters,” Proc. Inst. Elect. Eng., vol. 125, no. 7, pp. 643-647, July 1978.

[3.45] M. Ishida, M. Iwasaki, S. Ohkuma, K. Iwata: “Waveform control of PWM
cycloconverters with sinusoidal output voltage and variable input displacement
factor,” Electrical Eng. in Japan, vol. 107, no. 3, pp. 95-103, 1987.

[3.46] G. Roy: “Asynchronous operation of cycloconverter with improved voltage gain by
employing a scalar control algorithm,” IEEE-IAS, pp. 891-898, Oct. 1987.

[3.47] G. Roy, G. E. April: “Cycloconverter operation under a new scalar control
algorithm,” Conf. Record PESC 1989, pp. 368-375.

[3.48] J. Rodriguez, “A new control technique for AC-AC converters,” in Proc. IFAC
control in power electronics and electrical drives Conf., Lousanne, Switzerland, pp.
545-550, 1983.

[3.49] P. D. Ziogas, S. I. Khan and M. H. Rashid: “Analysis and design of forced
commutated cycloconverter structures with improved transfer characteristics,” IEEE
Trans. Ind. Electron., vol. 1E-33, pp. 271-280, Aug 1986.

[3.50] M. Braun, K. Hasse, “A direct frequency changer with control of input reactive
power,” in Proc. IFAC Control in Power Electronics and Electrical Drives Conf.,
Laussane, Switzerland, pp. 187-194, 1983.

48



[3.51] G. Kastner, J. Rodriguez: “A force commutated cycloconverter using power
transistors in inverse-series mode,” Journal Electron., University of Birmingham,
vol. 41, no. 6, pp. 573-587, 1976.

[3.52] L. Huber, D. Borojevic, N. Burany, “Voltage space vector based PWM control of
forced commutated cycloconverters,” in Proc. IEEE IECON’89, pp. 106-111, 1989.

[3.53] L. Huber, D. Borojevic, X. Zhuang, F. Lee, “Design and implementation of a three
phase to three phase matrix converter with input power factor correction,” in Proc.
IEEE APEC’93, pp. 860-865, 1993.

[3.54] L. Huber, D. Borojevic, “Space vector modulated three phase to three phase matrix
converter with input power factor correction,” IEEE Trans. Ind. Applicat., vol. 31,
pp- 1234-1246, Nov/Dec. 1995.

[3.55] D. G. Holmes and A Lipo: "Implementation of a Controlled Rectifier Using AC-AC
Matrix Converter Theory", IEEE Trans. Power Electron., vol. 7, no. 1, pp. 240-250,
January 1992.

[3.56] D. G. Holmes: "A Unified Modulation Algorithm for Voltage and Current Source
Inverters Based on AC-AC Matrix Converter Theory", IEEE Trans. Ind. Appl, vol.
28, no. 1, pp. 31-40, Jan/Feb. 1992.

[3.57] P. Nielsen: “The matrix converter for an induction motor drive,” Industrial Ph.D.
Fellowship EF 493, ISBN 87-89179-14-5, Aalborg University, Denmark, August
1996.

[3.58] IXYS, “IXRH 50N60, IXRH 50N120: High voltage RBIGBT. Forward and reverse
blocking IGBT,” Advanced technical information, http:/www.ixys.net/1400.pdf,
2000.

[3.59] M. Munzer, “EconoMac: The first all in one IGBT module for matrix converters,”
in Proc. Drives and Control Conf., sec. 3, London, U.K. 2001, CD-ROM.

[3.60] J. Oyama, T. Higuchi, E. Yamada and T. Lipo: “New control strategy for matrix
converter,” IEEE-PESC Conf. Record, pp. 360-367, 1989.

[3.61] N. Burany, “Safe control of four-quadrant switches,” IEEE-IECON Conf. Rec., vol.
1, pp. 106-111, 1989.

[3.62] C. L. Neft and C. D. Schauder, “Theory and design of a 30-hp matrix converter,”
IEEE Trans. Ind. Applicat., vol. 28, no. 3, pp. 546-551, May/June 1992.

[3.63] J. H. Youm, B. H. Kwon: “Switching technique for current-controlled AC-to-AC
converters,” IEEE Trans, on Industrial Electronics, vol. 46, no. 2, pp. 309-318,
1999.

[3.64] A. Christensson: “Switch-effective modulation strategy for matrix converters,”
Proc. of EPE’97, pp. 4.193-4.198, 1997.

[3.65] L. Empringham, P. Wheeler, J. C. Clarke, “Intelligent commutation of matrix
converter bi-directional switch cells using novel gate drive techniques,” Proc. of
PESC’98, pp. 707-713, 1998.

[3.66] M. Milanovic, B. Dobaj: “A novel unity power factor correction principle in direct
ac to ac matrix converters,” Proc. of PESC’98, pp. 746-752, 1998.

49



[3.67] José M. Lozano and Juan M. Ramirez: “AC-AC Converter for unbalanced supply,”

[3.68]

[3.69]

[3.70]

[3.71]

19" International Symposium on Power Electronics, Electrical Drives, Automation
and Motion (SPEEDAM), Ischia, Italy, June 2008, pp. 54-59.

P. W. Wheeler, J. Rodriguez, J. C. Clare, L. Empringham and A. Weinstein,
“Matrix converters: A technology review,” IEEE Trans. Ind. Electron., 49, (2), pp-
276-288, 2002.

Christian Klumpner, “New contributions to the matrix converter technology,” Ph.D.
Dissertation, Faculty of Electrical Engineering, Department of Electrical Machines
and Drives, Politehnica University of Timisoara, Romania, Dec. 2000.

P. Nielsen, F. Blaabjerg, J. Pedersen, “Novel solutions for protection of matrix
converter to three phase machine,” in Conference Record IEEE-IAS Annual
Meeting, pp. 1447-1454, 1997.

C. Klumpner, P. Nielsen, I. Boldea, F. Blaabjerg: “A new matrix converter-motor
(MCM) for industry applications,” in Conference Record IEEE-IAS Annual
Meeting, CD-ROM, 2000.

50



CHADPITER IV

Modified DSVM Strategy

As it was stated in chapter III, three-phase matrix converters have advantages over
traditional frequency changers such as four-quadrant operation capability, sinusoidal
input/output waveforms, controllable input power factor and minimal energy storage
requirements, etc. However, since the matrix converter performs direct power conversion
and has no internal energy storage device, it is high sensitive to disturbances at the input
port that are transmitted directly to the output side [4.1]. In order to speed up the maturation
process of matrix converter technology towards industrial application, several performance
and reliability issues of the matrix converter are being investigated, and the novel
modulation strategies a particular case of interest [4.2].

In the present chapter a novel modulation technique denominated “Modified Direct Space
Vector Modulation” is developed with the purpose of synthesize the reference output
voltage vector despite the conditions presented in the input terminals of the matrix
converter. The proposed alternative DSVM method has the advantage of easy
implementation and improved power quality.

4.1 Introduction

The conventional modulation strategies are derived under the assumption that input
voltages are sinusoidal and balanced, which results in ideal output waveforms. However,
when unbalanced supply voltages are present, these strategies generate low-order
harmonics in the input voltages [4.3]. With reference to the switching control methods
proposed for deal with abnormal conditions at the input terminals, they are commonly
based on two different approaches: the Venturini method as in [4.4], and the space vector
modulation (SVM), [4.1],[4.3],[4.5]-[4.9]. In the algorithms proposed in [4.3], [4.5]-[4.8]
the conversion process has been fictitiously divided in two stages: rectification and
inversion, by introducing an imaginary DC-link. In [4.1],[4.9] a direct formulation of SVM
is employed in order to analyze the input current performance of matrix converter. In [4.6],
it has been shown that, it is possible to produce balanced and sinusoidal output voltages
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even when the input voltages are unbalanced. In this case by taking into account the
input/output power balance equation, it can be shown that non-sinusoidal input currents
will appear. On the other hand, [4.9] deals with the performance evaluation of SVM
controlled matrix converters under input and output unbalanced conditions. Finally,
alternative control methods have been developed as in [4.10] were the authors were focused
on minimizing the switching losses.

In applications concerning voltage compensation is a compelling requirement to generate a
controllable output-voltage no matter the particular condition of the supplied voltages. In
this chapter a modulation strategy based on the well known SVM algorithm is developed in
order to synthesize controllable voltages in magnitude and waveform for compensation
purposes, from unbalanced conditions and harmonic distortion in the supply voltages. The
technique presented performs the power conversion directly from AC-to-AC and the
calculation of the duty cycles relies on instantaneous samples of two of the three line-to-
line input voltages. The final equations obtained are easy to implement in real time digital
controllers.

4.2 Modified DSVM to Compensate Unbalanced and Distorted Input
Voltages

The DSVM is presented in [4.11], considering a set of balanced input voltages. That
technique is considered as a direct control strategy, since it is developed from the direct
AC-AC converter model, different from those strategies developed from the AC-DC-AC
model established by Huber and Borojevic [4.12]-[4.17].

Since one of the main objectives in this research is the implementation of a voltage
compensator based on the matrix converter, to develop a modulation strategy that allows
adequate converter operation under distorted conditions in the supply voltages is required.

4.2.1 Unbalanced conditions specification

In the SVM algorithm, the three phase framework is mapped into a complex vector in terms
of aff coordinates, being the frequency translated on its speed of rotation and the amplitude
on its modulus. The control strategy implies the modification of the amplitude and phase of
the reference vector, from which the switches’ triggering pulses are determined. Within the
SVM technique the reference vector is time variant, thus it is possible accomplish studies at
steady and transient regimes.

52



It is known that when the supply voltage is unbalanced and/or distorted, the matrix
converter operation can be affected by the generation of output voltages and currents which
are also unbalanced and distorted. To overcome such a shortcoming, is necessary to modify
the duty cycles relations by incorporating the characteristics of the supply voltages into the
computation. So as to develop a general strategy that encompasses typical abnormal input-
voltage conditions is necessary to analyze the resulting space vectors. For unbalanced case,
consider a three phase voltage system defined as follows,

v, () V,, sin(ot)
V,= vb(t):|= ky -V, sin (01 -27/ +6,) @“4.1)
ve (1)

ky -V, sin (ot +27/ 4.6,

where coefficients k; and k; specify the degree of unbalance in two of the input phase
voltage magnitudes. Likewise, adding the angles 6, and 6,, it is possible to admit angles
different from 2n/3 among phases. Under such conditions, the line-to-line input-voltages
become:

Ve () |=| %, -V sin (o1 + ;) 4.2)
Vea®)] | X5V, sin(at+ B;)

Vab Q) Xy Vin sin (w’ - ﬂl)
Vl =

where,

x = J1+kf - 2k, sin(ﬂ, —%J
\/k,’ +kZ = 2k k, sin (a, -6, —%) 4.3)

¥ = J1+k§ -2k, sin(ﬁz—s—:-)

X

Sm
k,cos| 6, +—
! (’ 6]

1-k, sin(ﬁ, —%)

by 4 V.4
k 6,+— |-k,cos| 8,+—
'cos( ! 6] 2 ( ’ 6)

K, sin(ﬁ, ‘%)‘ k, sin(ﬁz -%”)

B, =tan™

4.4)
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For developing the modified DSVM strategy, the direct AC-AC three-phase converter
illustrated in Fig 4.1 is considered. Mapping the three-phase sets of electric parameters of
the converter to the complex space, the corresponding Park’s vectors can be defined:

Input phase voltage

— = AZ = 2

Uinp ()= (2@ +v, ()€ 7 +v,(0)-¢" )= Uinp|-/“" (4.5)
Uinpo (€)= (4 (8) + v, () +v,(1)) (4.6)
Input/output line-to-line voltages

Unni) = 00 +¥3u(0-€" 3 43,03 )= O] -7 @.7)
Uout(1) = (v,15(8) +Vpc ()€ 3 +vey(t)-€ 3 ) =|Uoua| eV 4.8)
Input/output line currents

In@ =G, +iy ()¢ ¥ +i,(t)-¢ 7 ) =[Tun|- /4T (4.9)
P _,2_”. 14_7[ — -

Tou()) = (i () +ig()-€ 3 +ip(t)-€ 3 )=|Toul|-e/“I= (4.10)

In addition, it is worth noting that for line-to-line voltages the homopolar component is
equal to zero. Then, for the input line-to-line vector,

RefUin (1)) = v, (1) @.11)

1m (U (1)} = \/Evbc(t)+gva,,(t)
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Finally the modulus and phase of Park’s input line-to-line voltage vector are,

Unm| = 3(420+ Ve 0+ vap () 1o ) 4.12)
77, _ w] 2vb¢(t)+vab(l) 4 13
LUim = tan [—-—_\/Evab (t) ) ( . )

g
Vab (’)I Vq (‘)
v () !,
Ve (t) c vy (t)

v.(1)

Neutral point

Output line-to-line

voltages

Figure 4.1. Conversion matrix basic structure

By substituting eq. (4.1) within the last expressions all actual unbalanced conditions can be
taken into account, where the balanced condition is a particular case.

With the purpose of setting up quantitative indexes among arguments and modulus on
Park’s vectors (Ui, and U ), expressions defined as a function of the same variables for

both vectors are required. Thus, the following relationships arise:

Uinp| = V25 ()4 V2 1)+ ¥ (1) -y (1) (4.14)
— a0 V3,0
e 1 bc
ZLUinp = tan (—————2‘,” O+ () (415)
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Finally,

|ainl = \[5 g L_Iinp (4' 1 6)

LUini = LUinp +-;5 (4.17)

These two expressions can be satisfied i‘ndependently of the unbalance degree.

4.2.2 Switching states analysis in Park’s complex space for unbalanced conditions

As it is known, in the DSVM control strategy just the fixed and zero vectors are utilized
[4.16]. The corresponding Park’s vectors U.s and I, under unbalanced conditions are
presented in Appendix A. For comparison purposes, analysis for state S2, Fig. 4.2, is
developed here.

The input/output voltages relationships become:
vp()=0
Ve (1) = v,45(7) (4.18)

Vea(8) =—v45(0)

Then output-voltage Park’s vector is,

aoull (t)| = \/3 “Vap (1) Zaauﬂ (t) = % (419)
For generating a set of balanced output line-to-line voltages in the matrix converter, the
input/output relationships of currents are,

1 (0) = 1,(8) + i (1) =i ()
(1) =ic(0) (4.20)

(=0
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The corresponding Park’s vector is,

Tn(0)| =3 ic® ZIn(t)= -561 (4.21)
_a ﬂ IMu ‘Mu OMu
Vab (1)1 v, (1) i(1)
veu () ¢ T W W
v c(t)] 1 i.()
b -C Vb() <>IVIJl ()Nkz__()M”
et liA ® li,, ® 1ic ®
@ . [ ] VAB(’)U VBC(t)il
Neutral point ‘ vea()

Output line-to-line
voltages

Figure 4.2. Matrix topology for state S2.

The previous analysis shows that the expressions obtained for vectors U and I, under
balanced conditions, Table A.l1, can be also utilized for the case of unbalanced input
conditions just taking into account the voltages defined by eqs. (4.1) and (4.2). The
modifications aroused by unbalanced conditions are manifested on the vectors behavior and
the magnitude of the output voltages. For instance, fixed vectors during input balanced
conditions divide complex space in six sectors forming up a regular hexagon, and the
output voltage vector that can be generated for maximum balanced output voltage
conditions corresponds to 0.866 times the maximum circle that can be inscribed inside the
hexagon, Fig. 4.3a. On the other hand, if sag of 50% is considered on input phase b, fixed
vectors still divide the complex space in six sectors; however, now the maximum

magnitude of the balanced output voltage that can be generated is reduced by a factor of %

.Such variations have to be considered at the moment of synthesizing the reference Park’s
vectors.

Taking the output voltage and input current vectors as references, these vectors Uoui(rr) and

Iinrerycan be located within any sector, Figs. 4.4 and 4.5.
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— Uown () Fixed Vectors
— Input Voltage Locus

— Maximum balanced output
Voltage Locus
® Zero Vectors (S1, S14, S27)

(24
(a) (b)
Figure 4.3. (a) Voltage vectors for balanced input voltage condition. (b) Voltage vectors for unbalanced conditions (sag of
50% on phase b).
82, 515, 825 818, S24, S26
87, 811, 524 @ S5, 518, S19 §2,54, 510 . §9, $21, §25
Usutirey \ﬁoutl(rej) Uinp —m’
Zﬁouﬂ(nj)
@ @ Llin
Unutl(re])
89, 510, 523 @ @ 84,817, 821 53,87, 8519 @ @ S§5,811, S13

83, 813, 526

Figure 4.4. Output-voltage’s fixed vectors

S15, 817, 523

Figure 4.5. Input-current’s fixed vectors

The major aim of the strategy is to control the Park’s vector of the output voltage U,.,, and
to control the phase 6;, between the input voltage Ui, and the input current 7i». This allows:

e Controllable output-voltages, despite input-voltages condition.

e Output voltages and input currents with acceptable harmonic content
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e Control of amplitudes and frequency on the output voltages
e Control of input power factor.

4.2.3 Voltage reference tracking

In the following, it is assumed that vectors Uouery and I are located within sector I,

respectively. In order to determine the line-to-line output voltage, Fig 4.6, the following
relationships are used:

Benitiog = (ﬁ.’,u., -my )+(Ui’u,, -m,,) 4.22)
l_j;ull(nf) = (ﬁﬂu myy )+ (vtl):ll mpy ) (4-23)

where m; represents the commutation-vectors’ duty cycle. i.e.,

m = i={1,1,11,1v} (4.24)

T; is the sample time and T; is the time elapsed while the i-th state is on.

U Uous

ﬁautl(rej)
ZLUouti(re)

Ut Uy

Figure 4.6 5,,,,,(,4) tracking

After conduct the corresponding vectorial projection on Fig 4.6, the following expressions
can be deduced:

2 P -
—|U ou:l(ref)I-OOS(AU outl(ref) —%J-eld (4.25)

Uiy = G
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Uoull(ref )

- 2 — %
Toutios) == -cos(zumw) +§)-e ' (4.26)

From (4.22)-(4.23), (4.25)-(4.26), it is established that:

-oos(évouu(re/) —-;ﬁ)‘ej" (4.27)

aaull (ref)

= - =1l 2
Uoull(ref) = (Uoull ~my )+(Uaull my ) = ﬁ

T
— z\ -2
'COS(ZUamI(ref) +?)‘ e’ S

— =/} =V 2 =
Uautl(ref) = (Uaull My )+ (Uoull myy ) = ﬁluwﬂ(re/) (428)

From Figs 4.4 and 4.5, it is worth noting that the fixed states have three alternatives (for
example, S19, S18, S5) whose modulus varies instantly depending on the line-to-line input
voltages. One way to attain the vector Ui is selecting the commutation states with the
greatest modulus. As a consequence, the selected commutation states depend on the

position of vector Ui, . The argument of T, depends on the line-to-line input voltages as

inp
indicated in eq. (4.15). Figure 4.7, illustrates the relationship between the line-to-line input
voltages and the sector where the vector U ,,, is located, despite unbalanced degree. Thus,

vector Uoul(sf) must be constituted by commutation states S5 and S9, while vector U out(ren)
by states S4 and S7, Fig. (4.8).

OGS

Figure 4.7 Relationship between line-to-line input voltages and Uinp vector’s sectors

fod
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—v o i J
Uoutt =3-v, € 6 Usut =3 -v,-€ 6

Sx
=1 -~ —nr -
U =V3-v,-€e ¢ Uoit =3 -v,-€ 6

Figure 4.8 Required states for tracking 5,,,,,,(,4) when l_/mp is in sector 1.

By defining instantaneous line-to-line input voltages in terms of its Park vector, as:

2 s o
V(D)= 3 U int |cOS (ZU inl) (4.29)
)= 2[0om cos(éﬁm-%’-[—) (4.30)
v = 2T cos(za,,,-%") 431)

It is possible, from Fig 4.8 and (4.29)-(4.31), to rearrange (4.27) and (4.28) in terms of the
line-to-line input voltage vector,

U int Uint

cos(éUw )m, =

Uoull (ref)

-cos ( ZU outt(ref) = %) = cos (éﬁ.—,.l - 47”] my (4.32)

Uint

U 7 4
U‘"‘”("f)' : cos(éuaull(ref) + ;) =

cos (4E,,., )m = |ﬁm/

cos(é(_/ml -“T”)m,y (4.33)

4.2.4 Current reference tracking

Similarly to the previous section, the input reference current /i) can be determined, Fig
4.9. It can be established that,

Tinrepy = (7.’: -y )+(7,’,,V -m,y) (4.34)
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i =/ =
Lin(rer) = (Il'n ~my )+(1in My )

Additionally,

Z 215 (7T 7 15
Lin(ref) = "r 1 m(ref)|‘5“’ (g‘fﬂ in(ref) )~e g

- 25 (m = /%
Lin(refy = ﬁ Ifn(ref)|‘Sll1 (E_ Ll in(ref) )-e 6

From (4.34)-(4.37), and after mathematical manipulations,

% 7m(ref)|-Sin(%+ Ll in(rep) ]= (\/E‘i,q 'mll)_(‘/}'iB ‘”'IV)

3

-sin(%-éim(ref) ]= (\/E.iA "”l)_(‘/}‘ia .m,”)

-iin(ref )

111 ji’ﬁ -1 j£
Lin =\/§-iB-e 8 Lin =\/§-iA-e J

— Uinp
Lin (ref)

Zlin

Sr

n
= . =) -1 -j=
Lin =\/§-IB'e 6 ]i"=J§.iA.g 6

Figure 4.9 7in(mf) tracking

In order to avoid the use of current parameters, eqs (4.38)-(4.39) are rewritten as:

(= . -
my, 'Sln(g—élin(ref) )—m, -sm(%+ 41,,,(,4)): 0

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

62



myy -sin (%‘ [iln(nf) J" my; -sin (% + liln(ref) ] =0

4.2.3 Duty cycles computation

Solving the equation set (4.32)-(4.33) and (4.40)-(4.41) the duty cycles become:

_ — n L
Fp— f)| . cos(AU outl(ref) — 3) . cos(? + Ll in(ref) J

2
m; =—- —
3 Umll cos 6,
— Yooy V4 T =
2 |Uo.,,,(nf)| cos(AUo,,,,(,,, )~ }) . cos(;— Z1 m(rcf)J
my =—F—"—— :
] |Uinl| cos6,,
U U, ) Ly
o 2 U"""('“f)l cos aull(rej)+; -cos 3+ in(ref)
] ﬁm{| cosb,,
— == ¥ 3 T =
P |Um,(mf)| COS(AUWII(M[)+;)'COS(;—41m(ref)J
my, = — ——r .
VB U cosf,,

The last expressions are valid within the intervals:

_g < LU ounrefy < % —% < Llingrep) <%

Being necessary to verified that:

my+my +my +my, <1

If the sum of duty cycles is less than one, the use of zero states is required.

Substituting (4.42)-(4.45) into (4.47) results,

cos 6,

- cos ( zUou,l(nf) ) -Ccos (Aim(ref) )

Uoull (ref)

V3
2

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.62)
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Considering that [cos 47.-,,(ref)] =/ and [cos ZUaml(ref)J =1, from (4.14) the input/output

'max 'max

voltage relationship (q = @J can be established:

v,

m

1 : A=y
Vot Sm—-l/m -(\F+l+,/yz + A2+ ¢’ —271.-51n{2a)t+—¢—}]-cos¢9,-,, (4.63)

where,
y=x,co8(f;)+x;-k; -cos(ﬂ,)cos(&, —-27”]+x3 ky -cos(ﬂ3)cos(02 +£3£]
; : 27 : < 2r
A=x,-k ~sm(ﬂ2)sm(6, —T)+x3 -k, ~sm(/33)sm(62 +T]

p=-x;sin(f))+x,-k 'sin(ﬂz +6, —27”)+x3 -k, -sin(ﬂ3 +6, +ZT”)

x;and f; (for i = 1, 2, 3) are defined in (4.3)-(4.4), and k,, k>, 8;, and 8, are used to specify
the degree.

From (4.63) it may be observed that Ui

a time variant quantity which depends on the

unbalance degree. Besides, it can be noticed that the maximum voltage relationship is
reached when cosé,, =1. Then,

| =

&

4

v, .[\/y+/1+\/y2+}.2+(p2—271-5in{2mt+ ﬂ.-—r}] (4.64)

Eq. (4.64) implies that under unbalanced conditions on input voltages, the output-voltage
Park’s vector is at the most 0.866 times the minimum value of the input voltages Park’s
vector.

Employing the line-to-line voltages, the following relations are defined:

Ul"

Viab (D)= Viea(1) = ‘\%—3‘ cos(éU,,, ‘%) (4.65)
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Vine ()= V1ap (1) = -% Tin cos(zvm +§) (4.66)
v,m(t)-v,bc(t)=—% T cos(évm—%) (4.67)

Using (4.17), and taking into account a unitary input power factor (ZUum = ZImve), the

duty cycles become:

aou rej e
my = -M. oos(éUouﬂ(nn —g) (e ()= (1)) (4.68)
|Uml |
Eﬂlﬂ rej —
g = | e | -cos(zu.,u.,(nn —%)-(vc, =V (1) (4.69)
]
EW’ re; —
my = —| — « :-)| 'OOS(ZUouII(ref) + Z;‘) (Vbc(’) = Vab (t)) (470)
|U inl '
aoul rej —
e = | : i l{" -cos(zu,,u.,(,,f) P %)-(vm(t)—v,,c 0) 4.71)
Uint

From the above expressions, by incorporating the characteristics of the supply voltage into
the computation of the duty cycles makes the modulation process adaptive to the
characteristics of the input voltages, hence enabling the output voltages to track closely
their reference counterpart even when the supply voltages are non-sinusoidal. The
significance of this is that the switching functions of the converter are now varying with
variations of the input voltage, while still aiming to track the reference output voltage. This
effectively prevents the undesirable features of the supply voltages from propagating on to
the output voltages.

4.2.6 Commutation tables
Table 4.1 shows the switching sequences that can be used to avoid multiple switch

commutations, based on the proposed optimized double-sided vector sequence presented in
[4.18]. Finally the duty cycles can be expressed as indicated in tables 4.2-4.4, where:
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e P; represents the sector where the vector Iimis located; as cosf, =1,

( Zﬁmp = é-iin(ref )) .

e a,, is the angle related to the voltage reference vector, measured from the initial

vector of the corresponding sector, Fig. 4.10.

Table 4.1 DSVM vector sequences

S25
S21 | S19 | S23 | S24 | S27 | S25 [ S19 | S23 | S26 | S27 | S25 | S7 S17 | 826 | S27
S23 | 824 | S4 Ss S14 | 823 [ S26 | S2 S5 S14 | S17 [ S26 | S2 S11 | S14
S4 [ S5 S9 S7 S1 S2 S5 S9 S3 S1 S2 S11 | §21 | S3 S1
: S9 |87 S17 | S18 | 827 | S9 S3 S15 | S18 | S27 | S21 | S3 S15 | 824 | 827
VI | S17 | S18 | S10 | S11 [ S14 | S15 [ S18 [ S10 [ S13 | S14 | S15 | S24 | S4 S13 | S14

Table 4.2 Duty cycles for P;=1y IV

my = (=D —— -sin(f—am ]-(vhc(t)—vab(t)) 4.72)
|Uml 3
P Uoull(ref ) .
my =(=1)" -W-sm (@ou ) (Ve () =5 (1)) (4.73)
Uini
P aoul!(ruf) .
my = (=7 'W'Sln(aoul)'(vca(t)_vbc(’)) (474)
Uini
. Uaull ref
my, = (=11 ._—(:)-sin(l—am,, ]-(vm(t)—v,,c(t)) (4.75)
|Umll 3
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Table 4.3 Duty cycles for P,=11y V

Uoull(ref)
m = ~sin(§-a.m )~(v,,b(t)—vm(t)) (4.76)
|Ulnl
. U ount ref)
my = (=" —(l sin (@ ) (Vap () = vea () (4.77)
|Uml|
Uaull(mf)
my, =(—1)P '—| Sln( oul) (vbc(’) vab(t)) (4.78)
|Uml|
Uoml(nf)|
y =(=D" ?— m(; a.,u,)-(vbc(r)—vam)) (4.79)
inl

Tabla 4.4. Duty cycles for P;=1Il y VI

Uaull(ref)
m; =(=1)" |— sin(%—aom)-(vm(o—v,,b(r)) (4.80)
|Uml
Eoull(re[) .
my; -( 1) = 3 Sln(aoul)'(vca(’)—vab(t)) (4.81)
inl
Uaull(rzf)
myy =(-1)P’ "_—Z'Siﬂ (aaul)'(vab(’)-vca(’)) (4.82)
Uini
Uoull(ref)
my, =(=1)f ~——2-sin(%—a¢,u, ]~(va,,(l)—vm(t)) (4.83)
|Uml|
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S2, S15 S25

Usutitrep @

S5, S18, S19

S4, S17, S21
Output-voltage Park's fixed vectors

Figure 4.10 ¢,,, definition.

4.3 Matrix converter with the modified DSVM simulations

To verify the time domain performance of the matrix converter when is controlled by the
MDSVM, numerical simulations are carried out. The converter is analyzed under different
operating conditions using PSCAD software. The system key parameters used in the
simulations are given in table 4.5. The overall system architecture, as well as the
computation process to implement the MDSVM strategy is exposed in Fig. 4.11. It is
important to mention that, in order to appreciate the matrix converter characteristic
waveforms, no input /output filter was used in this study.

Table 4.5. List of parameters

13‘s Swntchmg frequency .

Vin: Maximum phase input vo]tage alue,‘; J2-120
| fin= foue: Input / output frequen 60 Hz
L - R: Inductance — Resistance Load 10mH / 10Q

Departing from the input phase-voltage measurements, the sector K; (where the vector U,

is located) is calculated. As unity power factor is considered, Ui, = Imrer). Likewise, from
the reference voltages, the sector Ky and the angle «,, are definite. From table 4.1 the

switching pattern is obtained and the duty cycles are computed from the equations
expressed in Tables 4.2-4.4, using the values of X, a,,, and the line-to-line input voltages.
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Finally, with the switching states and duty cycles it is possible to establish the state in every
switch of the matrix converter, during the actual switching period.

Power Grid Matrix Converter ____}i)xld _____
W LR :
| |
ig(t |
o | L R el
| |
QLB :
[ |
Voltage sector
Switching Tracking
Line to line States Voltage References
ompuas Vasiep (9
| Computation W) mat) mp) v,w(,q)(’)
my () myu() myu@® BC(ref)
my () my() my() vCA(r4)(’)
4
o Duty Commutation
‘b d) Cycles States Q.
WLy
NNt~
Cu{_‘:::lt‘is::mr | Py —
V(1)
N0
vu(t) R et
Duty Cycle
Tables

Figure 4.11. System architecture to simulate the modified DSVM control algorithm.

4.3.1 Condition I: Unbalanced Input Voltage

The performance of the MDSVM under unbalanced input voltages is evaluated through a
test with the next input conditions: v, =¥, £0, v, =1.5-V,, Zz/2 and v,=0.5-V,, £-x/3. The
expected output voltages have to be a set of three-phase balanced voltages. Fig. 4.12 shows
Park’s vectors U and Uurs) in the complex space. From this figure, it can be
appreciated that the voltage imbalance limits the output voltages according to eq. (4.64).
=04,

inp,nominal |

Under this condition |VW

’leax
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400

200

Uounl

Im 0.02 0.04

Figure 4.12. From left to right: Em/ and Eoull(ref) Park vectors in the complex space, Vectors magnitude.

Input and output phase voltages are depicted in Fig. 4.13. Since no passive filters have been
employed, output-voltage harmonic content is relatively high but harmonics are
concentrated around the vicinity of the switching frequency and its multiples. Thus, by
increasing the switching frequency, harmonics order also will increase making them easier
to filter out.
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Figure 4.13. From Top to bottom: Input phase voltages, Output phase voltages and output voltage harmonic spectrum (as
percent of the fundamental component). a)Phase a, b) Phase 4, ¢) Phase c.
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In Fig. 4.14, a similar analysis is presented for the currents. In a similar way as voltages,
input currents shows harmonic components of considerable magnitude around the
commutation frequency, but the inductive nature of the load has filter the load currents
which are practically sinusoidal. Finally, the comparison exhibited in Fig. 4.15 shows that
despite the substantial degree of imbalance in the supply voltages, the proposed modulation
strategy has no problem in synthesized effectively the voltage reference imposed which can
be verified through the load currents.

1A B IC

(Al

0.02 0.04

<
0.02 0.04 : 0.02 0.04
t(s) tis] t[s]
100 100
g B0 |- =« e wolmmansy s w5 BO s oo = = o s gons g o
6 12 6 12 6 12

F [kHz) F [kHz] F kHz)
(a) (b) (©

Figure 4.14. From Top to bottom: Output currents, Input currents and Input currents harmonic spectrum (as percent of the
fundamental component). ). a) Phase a, b) Phase b, c) Phase c.
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Figure 4.15. From left to right: Input phase voltages, Output voltage references and Output currents
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4.3.2 Condition II: Distorted input voltage

The next step in the evaluation of the MDSVM is to analyze the converter behavior against
another adverse condition commonly presented in distribution systems, the presence of
voltage harmonic components. For this study case, 5" and 7" harmonic components of
different magnitudes have been added to the phase voltages as follows: 0.5 and 0.1 on
phase a, 0.3 and 0.3 on phase b, 0.4 and 0.2 on phase c, this values are related to the
magnitude of the fundamental component of phase a.

In this case, for a balance output set of voltages the maximum output voltage magnitude is
restricted to 0.7 times the nominal value of the input voltage, as Fig. 4.16 illustrates.

In Fig 4.17, input voltages show the distorted waveform expected by the addition of the
harmonic components. The low order components added are no longer presented in the
output signals, which only show the harmonic spectrum caused by the modulation scheme.
It is worth noting that by reducing the imbalance degree, the magnitudes of harmonic
components in the output voltages are even lower than they were in the previous case.
Currents shows a similar behavior as in the study case analyzed before; again, the output
currents are practically pure sinusoidal. In contrast, input currents shows the matrix
converter characteristic waveforms, low order harmonics of magnitude less than 7% still
remains after voltage compensation.

By means of the output currents, it is verified that even under considerably distortion in the

supply voltages, the control strategy does not exhibit problems to synthesize the reference
voltages provided the restrictions imposed by the algorithm are fulfilled, Fig. 4.19.
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Figure 4.17. From Top to bottom: Input phase voltages, input voltages harmonic spectrum, output phase voltages and
output voltage harmonic spectrum. (Harmonics expressed as percent of the fundamental component).
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Figure 4.19. From left to right: Input phase voltages, Output voltage references and Output currents

4.4 Experimental results
The hardware validation of the proposed modulation strategy was conducted on a matrix

converter laboratory-scale prototype property of the Institute of Energy Technology of
Aalborg University. The matrix converter topology is illustrated in Fig. 4.20.

74



Matrix
Coverter

Electric , | T

System 73 T 3

Input
Filter

E S

Clamp Induction
Circuit Motor

Figure 4.20. Schematic diagram of the matrix converter prototype
The main characteristics of the prototype are listed: .

e Matrix converter power stage consists of three power modules 3¢-1¢ with IGBT’s
of 1200V/25A

¢ Input filter components: Inductance per phase of 1.2 mH/10 Apk type B82505-W-
A4 (S-M) and capacitance per phase of 6X1 pF/250 V (class X2) type PHE
830MF7100M (Evoxrifa).

e The Clamp circuit was built with diodes BYPT 12PI-1000, Vi = 1000 V, Igm = 12
A, Itm =150 A, and a capacitor of 9.4 pF/1050 V4. snubber type.

The proposed MDSVM strategy was implemented in a digital signal processor (DSP) of
32-bit floating point from Analog Devices (ADSP 21062). DSP board is internally
connected to a control PC in order to improve the data storage capability. Data acquisitions
are made through an AD board of 8 channels, 12 bits. A control board based on SAB
80C167 microcontroller from Siemens is employed to generate all the time signals required
for the system. The system control diagram is shown in Fig. 4.21.

For the experimental tests the programmable AC Power Source 15003iX from California
Instruments as utilized for disturbance generation. Likewise, the matrix converter is
supplied by a 4 kVA autotransformer and is connected as driver of a 4 kW induction motor
which is mechanically coupled with a DC machine. An image of the overall system is
presented in Fig. 4.22.
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Figure 4.21. Schematic diagram of the matrix converter control system.
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Figure 4.22. Image of the matrix converter prototype. (Laboratory of the Institute of Energy Technology, Aalborg
University, Denmark).

With the purpose of validate the modulation strategy proposed, several experimental tests
were carried out. The first one was made under nominal input conditions, balanced input
voltages at 50 Hz and a switching frequency of 6.5 kHz. Fig. 4.23 shows the main motor
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signals under this condition. The harmonic content in the input and output currents on

matrix converter is very low as expected. Furthermore, the unity power factor can be
verified in the figure.
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Figure 4.23. a) Input voltages (100V/div, 10ms/div), Phase ¢ Input current (2A/div, 10ms/div) and input current FFT
(200mA/div, 625 Hz/div). b) Output currents (1A/div, 10ms/div) and phase a output current FFT (250mA/div, 1.25
kHz/div).

The characteristic output voltage waveforms can be appreciated in Fig. 4.24, in which it can

be seen that the output voltage only contains harmonic components at the switching
frequency and its multiples.

ﬁ Y T T T T T T

NS

~'lll.1 "

L L i i .

Figure 4.24. Phase a output voltage (50V/div, 4ms/div), Line-to-line output voltage (250V/div, 4ms/div). Bottom: Phase
voltage FFT (50V/div, 12.5 kHz/div)

In the second test, performance of matrix converter under unbalanced input voltages
condition is evaluated. Input voltages of 165 Vpear, 127 Vpeax and 113 Vieq were utilized.
Results are presented in Fig. 4.25. The supplied voltages contain a 12.83 % of imbalance,
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according to the definition found in NEMA standard MG1 [4.18]. Despite the high
imbalance degree presented at the input terminals, the output currents just exhibit an
unnoticeable percent of imbalance plus a slight distortion produced by the SVM over-
modulation, but as the FFT indicates not any considerable harmonic component is present
in the output voltage. At this voltage level, the small variations on the output signals
complicate the precise calculation of imbalance percent therefore NEMA’s criterion cannot
be considered. Anyway, the improvement obtained on the system performance is
undeniable.
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Figure 4.25. a) Input voltages (100V/div,10ms/div),Phase ¢ input current (2A/div, 10ms/div) and input current FFT
(200mA/div, 625 Hz/div). b) Output currents (1A/div, 10ms/div), Phase a output voltage (50V/div, 10ms/div). Bottom:
Phase a output current FFT (200mA/div, 125 Hz/div).

In the last case analyzed, the input voltages have the next characteristics:

V,: Fundamental component of 100 V with a 5" harmonic component of 5 V with a
phase angle of 355 degrees and a 7™ harmonic component of 3 V with a phase angle of
173 degrees. THD = 6%.

V5. Fundamental component of 90 V with a 5" harmonic component of 45 V with a
phase angle of 356 degrees. THD =45%.

V.. Fundamental component of 98 V with a 5" harmonic component of 15 V with a
phase angle of 175 degrees. THD = 15%.
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Figure 4.26. a) Input voltages (100V/div,10ms/div), Phase ¢ input current (2A/div,10ms/div) and input current FFT
(200mA/div,625 Hz/div). b) Output currents (1A/div, 10ms/div), Phase a output voltage (50V/div, 10ms/div). Bottom:
Phase a output current FFT (400mA/div,125 Hz/div).

The results obtained are shown in Fig. 4.26. The current waveforms confirm the
effectiveness of the proposed modulation. The output currents have a slight distortion
caused by the over modulation introduced.

4.3 Conclusions

In the present chapter the novel MDSVM strategy has been proposed in order to control the
matrix converter output voltages. The modulation technique was developed based on the
vectorial analysis of the output voltages and input currents in the complex space,
considering a set of unbalanced voltages at the input terminals of the converter. The
modified duty cycles incorporate the characteristics of the supply voltage into the
computations and adjusting the calculated ratios accordingly. This makes the modulation
process adaptive to the characteristics of the input voltages.

Simulation and experimental results show that the new method is able to synthesize the
desired reference voltages even when the supply voltages are unbalanced and/or distorted.
In conclusion, the results presented not only improve the performance of the converter
when operates as a driver for induction motors, but now its operational features have been
enhanced through the incorporation of the MDSVM, making it suitable for voltage
compensation applications.
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CHADPITELR V

Matrix Converter-Based
Voltage Compensator

Once that power quality issues and their adverse effects on power systems have been
addressed, as well as conventional and novel topologies for mitigation devices have been
reviewed, in this chapter two DVR topologies will be proposed. From the literature review,
it is well known that the DVR has gained industrial acceptation as voltage compensator,
mainly motivated by the high economical losses that represent the damage of sensitive
equipments. Notwithstanding DVR technology is well established nowadays, the
development of novel multi-functional topologies with improved characteristics and lower
costs must continue.

In the previous chapter the improved features of the matrix converter under the proposed
MDSVM control shows that the compensation voltage application is well suited for this
converter, which leads to the topologies proposed in the present chapter.

3.1 DVR Operational Principle

The DVR is one of the CUPS devices that use the power electronics technology, especially
inverter technology and is configured as a series connected voltage controller. A schematic
diagram of a conventional DVR incorporated into a distribution network is shown in Fig.
5.1. vs represents the supply system voltage, v is the voltage at the point of common
coupling before compensation, Vi is the load voltage after compensation, va, is the series
injected voltage of the DVR, i; is the current demanded to the supply and ij.q is the current
drawn by the load.

The restorer typically consists of an injection transformer, the secondary winding of which
is connected in series with the distribution line, a pulse-width modulated (PWM) voltage
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source inverter (VSI) bridge connected to the primary side of the injection transformer and
an energy storage device connected at the dc-link of the inverter bridge [5.1]. To control the
voltage on the load, the inverter injects the missing voltage in series with the system
voltage, using self-commutable electronic switches such as an insulated gate bipolar
transistor (IGBT), Fig. 5.2.
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Figure 5.1. Typical schematic of a power distribution system compensated by a DVR

The series injected voltage of the DVR is synthesized by modulating pulse widths of the
inverter switches, being necessary to filter the voltage in order to mitigate the switching
frequency harmonics generated by the inverter.

voltage sag injected voltage restored voltage

i

Grid
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Load
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Figure 5.2. Operational principle of a dynamic voltage restorer (DVR)
The injection of an appropriate voltage in the face of an up-stream voltage disturbance

requires a certain amount of real and reactive power supply from the DVR. It is quite usual
for the real power requirement of the DVR be provided by the energy storage device in the
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form of a battery, a capacitor bank or a fly-wheel [5.2]. In some DVR topologies, there is a
shunt connected auxiliary providing energy in the DC-link [5.3]. The reactive power
requirement is generated by the inverter.

Power requirements on a DVR depend on the scheme utilized for injecting the
compensating voltage. For instance, when the injecting voltage has the same phase angle of
the distribution system voltage, the magnitude of the injected voltage is small, but a large
active power is required. In the case of phase invariant voltage injection scheme, the DVR
injects the missing voltage that keeps the magnitude of the voltage as well as the phase of
the supply voltage. This scheme needs a large injected voltage and may cause over
injection of reactive power. Finally, if the injected voltage is in quadrature with the load
current, the DVR does not inject active power. This scheme is highly dependent on the load
power factor and can generate a sudden jump of the voltage phase angle. To avoid sudden
phase angle jump, the phase of the injected voltage should be gradually changed at the
beginning of the compensation as well as at the restoration in order to do not disturb the
operation of sensitive loads.

A DVR located between the supply and critical loads, has demonstrated excellent dynamic
capability for mitigating voltage sags or swells. Each phase can be controlled
independently, and the DVR can adjust the magnitude of the load voltage and the voltage
phase angle as well. The advantages of the DVR are its fast response and ability to
compensate for a voltage sag and a voltage phase shift using an inverter system. However,
DVRs are relatively expensive because of the inverter system, the coupling transformer and
mainly by the energy storages that need to contain energy to supply active and reactive
power for the missing voltage.

3.2 DVR Topologies

As stated above, conceptually DVRs operate to maintain the load supply voltage at its rated
value. During a voltage sag, the DVR injects a voltage to restore the load supply voltages.
In this mode the DVR exchanges active and reactive power with the surrounding system. If
active power is supplied to the load from the DVR, it needs a source for this energy. Since
the first DVR introduced in 1994, several topologies have been developed, along with
different control methods and with harmonic compensation purposes [5.4]-[5.5].

Most of the DVR topologies presented in the literature can be classified within two
categories:

e DVRs using stored energy devices (batteries, capacitors, flywheel, etc.) to supply
the delivered power.
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e DVRs having no significant internal energy storage
In the latter case, the energy is taken from the faulted grid supply.

5.2.1 DC Link-based DVR topologies

In [5.6] a detailed comparison of four DVR topologies, Fig. 5.2, is presented. These
topologies share one same specific characteristic: the DC-link.

According to the results reported, each DVR topology varies in complexity, performance
and cost. From this analysis, the no energy storage DVR topology with a load-side
connected passive converter, Fig 5.3b, has been evaluated as the best, followed by the
stored energy topology with constant dc-link voltage, Fig. 5.4b. The poorest performance is

achieved by the no energy storage topology with a supply side connected passive converter,
Fig 5.3a.
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Figure 5.3. DVR topologies with no energy storage. a) Supply side connected converter. b) Load side connected shunt
converter

DVR with energy storage and variable DC-link voltage is the simplest topology and
consequently the less expensive; however, presents a relatively poor performance for severe
and long duration sags. On the other hand, DVR with energy storage and constant dc-link
voltage has an excellent performance, particularly for deep voltage sags, but with
significant drawbacks regarding complexity, and overall cost. Those reasons disqualify the
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two DVR topologies with energy storage, according to the objectives planted at the
beginning of this investigation.

Regarding the topologies with no energy storage, the load side connected shunt converter is
an excellent alternative with a generally high performance and relatively low cost and
complexity. The main drawback of this topology could be the negative grid effects caused
by the distorted current drawn by the dc-ac converter. The second topology with no energy
storage, the one with the supply side connected converter has the highest number of
negative attributes. The particular issues of concern are related to the dc-link performance.
The latter topologies’ drawbacks could be eliminated by substituting the conventional
converter technology.
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Figure 5.4. DVR topologies with energy storage. a) Variable DC-link voltage. b) With constant DC-link voltage

5.2.2 AC-AC converter-based DVR topologies

In order to eliminate the drawbacks imposed by the use of DC-link passive elements some
researchers have focused their efforts on the topologies based on AC-AC power converters,
which results in reduced maintenance requirements and improved power density [5.7]-
[5.10].
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Similarly to the DC-link based topologies, in DVRs with AC-AC converters there are two
types of system to be considered. The first one, Fig. 5.5, has not significant energy storage.
DVR topologies without external energy devices assume that a part of the supply voltage
remains during the sag, and this residual supply can be used to generate the energy required
to maintain full load power at rated voltage. Hence, the ability to compensate deep voltage
sags will be limited by the input voltage. For instance, in [5.10] a VeSC-based DVR with
this topology is proposed to mitigate symmetric voltage sags. Other examples of this
technology are found in [5.11] and [5.12], where ac link-based voltage compensators with
no energy storage and with a reduced number of power switches are proposed for sags
mitigation.
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Figure 5.5. AC-AC DVR without energy storage devices.

The second type of configuration, Fig. 5.6, uses stored energy to feed the required power.
DVR topologies with energy storage are highly favored to compensate deep level voltage
sags to protect sensitive loads within a wide power factor range. However, as stated above a
significant drawback relies on the overall system cost. In [5.8] and [5.9] a matrix converter-
based DVR using flywheel energy storage is proposed for deep-level symmetric voltage
sags. Considering that most of the voltage disturbances in distribution systems are
asymmetric [5.13], the unbalanced voltage compensation function is a desirable operational
characteristic for a practical DVR. In the same manner, since voltage sags generally only
occur a few times each year at any particular location, a DVR system will generally spend
most of its time in standby mode waiting for a sag to occur. Unfortunately, it will still
introduce extra impedance to the line, primarily due to the series transformer and this
impedance will in turn cause a voltage drop to the load and increased load voltage
harmonics when non-linear loads are present [5.14]. In principle it would be advantageous
if the series-connected inverter of the DVR could also be used to compensate for any steady
state load voltage harmonics. This would increase the power quality benefits to the system,
which is the definition and driving force of custom power systems, with minimal extra
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capital cost, but of course, with some increase in inverter steady state losses. The
limitations in achieving this objective could be steady state power flow constraints and the
low modulation depths that must be used with a DVR that has a typical voltage injection
capacity, but for ac-ac converter-based DVR it is still unclear.
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Figure 5.6. AC-AC DVR with energy storage device
Considering the previous aspects, a DVR topology should fulfill the next requirements:

e The device must have the ability to compensate deep-level symmetric voltage sags
and unbalanced voltage variations.

e DVR system must provide voltage harmonic compensation capabilities with
minimal effect o the sag compensation performance of the basic DVR.

e Minimization of cost and operational complexity.

Since in the case of no energy storage device configurations the energy is taken from the
supply system in ac form, the best option for the line interface inverter is to employ an
integrated ac-ac converter. Moreover, to accomplish asymmetric and harmonic voltage
compensation, the ac-ac matrix converter operating with the modified SVM technique
developed in chapter III, represents a very attractive solution, which leads to the proposed
schemes in this dissertation. Compared to the existing DVR topologies, the herein proposed
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topologies are developed according to the multi-functional requirements and are
particularly tailored to the series compensation applications.

3.3 Matrix Convertetr-based DVR: Input Terminals Connected on the
Supply Side (Topology 1)

The first DVR topology proposed, Fig 5.7, employs the matrix converter as the main
device, and is developed with the purpose of compensate balance and unbalanced voltage
variations as well as voltage harmonic distortion on the supply system voltages. Basically
the proposed topology has the same structure as the one presented in Fig. 5.3a, the only
difference is the substitution of the AC-DC-AC conversion arrangement by the ac-ac matrix
converter. Since no energy storage device is used, the energy require for compensation is
taken from the incoming supply. This approach has the disadvantage of drawing more
current from the line during the fault, and hence the upstream loads will see a higher
voltage drop. However, if the DVR is connected to a strong grid the necessary power to the
load can be ensured by increasing the input current and injecting the missing voltage with
the converter. Even when a saving is obtained on the energy storage system, the ability to
compensate deep-level voltage sags is limited as the main disadvantage of matrix converter
is the limited voltage transfer ratio.

During voltage sags, the input voltage of the matrix converter drops proportionally to
the sag, hence the maximum injected voltage become,

zf%.|;| G

V inj

where:
Vi is the injected voltages in pu and a is a voltage sag factor defined as the ratio between
the voltage during the sag and the load rated voltage.

For instance, if the supply falls to 0.5 pu at rated load, the maximum injection voltage
generated by the matrix converter will be 0.432 pu, which would be unsatisfactory. Hence,
the ability to compensate for symmetric voltage sags will be theoretically limited up to 0.45
pu voltage drops.

3.3.1 Modeling of the matrix converter DVR system

Figure 5.1 shows the schematic of the matrix converter-based DVR system for
configuration 1. A second order LC filter is used at the input terminals of the converter to
improve the input currents waveform. A second order RLC filter is utilized at the output
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terminals of the matrix converter in order to filter the switching harmonic components in
the generated voltages. The combined effect of the non ideal AC source and the three phase
line is represented by the inductance Ls. The state equations for the ac quantities in the
system can be formulated in synchronous reference frame in the complex vector domain.
The state equations of the system can be consequently expressed using complex space
vectors.

Grid
. Load
Supply 1 L, \4 v Il .
~ Por iy pec inj load E P |:
H—® remn , A o |
—@ reen S y W W W —\WA |
Vs e o (e Vioad :_R_"i‘__l_":"_ _'
s
Input | Cop " "1 _Injection L) LJ
Filter ! T 1 i Transformer =5 &5 =
) L |
s g it e A
7 2 P P *
i i 'a : of i
W) [, L
Vol '
1
1: L, d
Matrix :laf e ==:
Converter | C 1
| of 1
Output Filter

Figure 5.7. Proposed DVR with matrix converter input terminals connected on the supply side.

The dynamic behavior of the overall system can be established as follows.

e Input Filter

The dynamic equations for the input filter can be derived from the circuit law and they are
given in (5.2).

di ; 1 igs =gy =1
Zds _ wlqs Pl = (Vd.r - 'f(lds ~lai —Id"’”d)—v‘”)
dt L
di ) 1 i =i —i
d? =—wiy +(7J((vq: - Rif (Ifl-‘ ~lgir —lql”d)_vqi)
s
did 5 Rl . i i
dt’f = Wiy +(L]('df =ity ~iatoad) .
if
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+ L_'f (iqx T iqif - iqload )

if

By _ o +[—1_](ids ~ldtoad =)
Cy

— =-0vy t+ _1- (iq.r - iqload - iqi ) %
dt Cy

o Qutput filter

Equations for the output filter are given by (5.3).

didaf . vdo v,],',,j
=l qof +—-—
dt By Ly

dis e g0 _ Vainy
a YL
of ‘of
dvdi'” =@y idi+ Vdo _ Vainj _idload (5 3)
a4 ™ c, R,C, R,.C, C :
of of ~of of “of of
dquinj - a)vd-j +iqo/ vqo _ vqinj _inaad
N
dt Cor RyCy RyCy Cy
e RC Load

Considering an RC load, dynamic equations are given by (5.4).

digjoad _ . Re Vo . . 1 _ Ry + Ripes
—2 = L 'fd ('ds ~laif ~Vdload )+ Loy (vdi + vdinj)—'dload —le—dm (5.4)
oa oac oac
di R 1 Ry +R,
qload _ s if Lo . if load
dr =0l oq + ( LInad J(lqs Yyir ~Ygload ) + ( Lload J(vqi + tinj) Ygload (T}

e Matrix converter

To establish the input/output voltage and current relationships of a matrix converter, the
following assumptions are made [5.15]:

i) Power electronic switches are ideal
i) Switching harmonics are neglected and only average voltage and currents over a
switching period are considered.

Output phase voltages [v4, va, vc] are related to the input phase voltages [vq, vy, v ] by,
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Ve ve vl =My, v, vI (5.5)

Transforming the three phase input and output voltages into their synchronous rotating
reference frames yields:

[:da] - qu |::le (5.6)
q0 qt

Where v4, and vy, are the d and q axis output voltages of the matrix converter; likewise, vy
and v,; are the input voltages of the converter, all referred in the synchronous frame which
rotates at an angular speed of w.

For unity power factor the relationships between the input and output voltages can be
further expressed by;

vao = (3mV,, 1 2)cos g, (5.7)
Vo = ~3m V,,/2)sing,

Where V,, is the peak input voltage, m is the modulation index and g, is the initial angle of
the output voltage. Eq. (5.7) can be further reduced to,

v,
v, =1y 5.8
o= (59)
Vin
an"'Fan

Where U; is the peak voltage used by a modulation scheme to determine the modulation
index m, and va and vq' are the demanded output voltages.

Using the duality principle, the d and g axis input currents of the matrix converter are
related to the output currents by,

[?.-J= My [sz (5.9)
qi qo

Which can be further reduced to, [5.15],
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V(.
idi = U_d;(vdo’do +vqo qa) (510)

i

. V, qi (. * .
g = 2 (vdolda + vqn qn)
Ui

The state-space equations for the complete matrix converter-based DVR system are:

= (X, U) (5.11)

where X and U are the vectors of the state variables and inputs respectively, and f(X,U) is
the vector of the non-linear functions of X and U. They are given by:

X=['¢; bas lir g Vai Vgi ldof Yqof Vdinj Vaij Ydioad 'qlaad] >

U=|:vdr vq.r v;a vqo:lr;
SXO=[fi i £ K fs fs Fr K h fo fu fal's
Ji = oy, +(LL] ((de =Ry Gigs —igy —idload)—vdi)

) 1 . ,
o =—wiy +(Z-J((Vqs - Rl_'f (’qs “lqif T qload)—vqi)
Rel,. . ;
Sy =oig + L (’ds =gy = ’dlaad)
Ly

R,
Ja = =iy + ( A (' s gy — qload)
V * Vdiny V t Vqinj
fs=ov, + -i vy +—1_y Y 4y + -
5 q dload — do dof U, Rgf do — Rof qof U R qa Raf

Vai ’ . Vi o Vo o _ Vainy
=-owv o+ Vog =2 Nyl | iy, + —2—
f6 di ( C,f [ qloa(l ’2 |: qa[ qof U, Rof qo Ruf do | ‘dof U Rof Rgf

. 1 V * vd
Jr = 0igy +— ( J' ) =

i

_ Vin Vainj
s ——andof+ ([}" vqa] L,

g, 1
f9 = a)vqin] +Lf _-(

Vin v = _Ydm _ ldioad
Cy  RyC

Rof Caf Caf

Sio ==V + lql + _l_(ﬁv‘ ]_ —vqmj _ iqload
L) 0 —_—
7 Cy RyCy\U; ™) RyCy Cy
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) Re Y. . . 1 . Ry + Rigaa
St = Digioaq +(_—L L J('d: “lay = 'dload)"'( 1 J(Vu: + Vi )" bdtoad (I—o
load

load Lload
R 1 R, +R
g f . . . ; U load
N2 ==@igoaa + ( L ' )('qs gy — 'qlaad)+(L J(Vql + Vqlnj)_ dgload ( IL = )
load load load

where, ¥, = ,/v?,, +v),

3.3.2 DVR controller

The objective of the DVR controller is to control the load voltages through the injection of
the right compensation voltages, ensuring a good transient response. Two control methods
may generally be used for DVRs, being either open-loop control, or closed-loop control. A
control structure fulfilling this objective is shown in Fig. 5.8. The primary control structure
is based on a combination of supply voltage feed-forward and a PI-based load voltage feed-
back. The feed-forward component provides the required transient response at the
beginning of the disturbance and reduces the overvoltage caused at system restoration.
However, it does not account for the voltage drop across the filter inductor and other
parameters such as the transformer. Therefore, a closed-loop load voltage feedback is
added, and is implemented in the d-q frame to minimize any steady state error in the
fundamental component.

load
(abc) | abe a-p
B -4 PI
(feed-back)
PLL
05
Voupply (feed-forward)
(abc) | abe a-p vV s
refld-g) _.®
a-B d-q Generation Ky
Gain v
dvr,ref,(d-q)
d-q
6,
a-
[ |U""""‘f’|_ Modified | IGBT
| SVM [ >
_ Gate Signals
|U inl(ref) Limiter I
Line-to-line voltages

Figure 5.8. Proposed DVR control scheme
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The DVR is synchronized to the grid supply with a phase-locked loop (PLL). A relatively
slow PLL is used to limit influence from harmonics and non-symmetrical input voltages
and also to maintain a smooth output voltage even during the phase jump presented during
the disturbance [5.4],[5.16]. When a disturbance occurs, the PLL reacts slowly and
consequently the phase variation is minimum compared to the pre-sag condition. In this
way the PLL allows synchronization during the compensation process.

As shown in Fig. 5.8, the voltage at PCC, vj., is measured and transformed to a rotating dg
reference frame. The actual state of the supply voltages vpccwq is used for voltage
disturbance detection and for load voltage reference generation. After a disturbance is
detected, the difference between the voltage reference vyeqaq and measured voltage Vo
is utilized to determine the reference DVR injection voltage. Considering a coupling
transformer with a unity voltage ratio, the DVR injected voltages would be approximately
the matrix converter output voltages.

The transformed load voltage Vi) is compared with the voltage reference vyequq and the
error is fed to a Pl-based voltage controller. Outputs from both main control ranches are
combined to generate the compensation references to the DVR, Vv refa.g, Which are then
transformed into af coordinates in order to implement the modified SVM technique. In the
modulation technique proposed for controlling the matrix converter, the main control

variables are and |ﬁ,-,.: corresponding to the magnitudes of the DVR injected

Uouﬂ (ref)

voltage reference and the supply system voltage Park vectors, respectively. The limiter
block in the controller is employed to avoid DVR false operations. The modified SVM
scheme incorporates the characteristics of the supply voltages into the computation of the
duty cycles. The only restriction that needs to be verified in the modulation scheme
proposed is established by eq. (5.12).

<34

U ui(ref) U int (5.12)

3.4 Matrix Converter-based DVR: Input Terminals Connected on the
Load Side (Topology 2)

The second DVR topology proposed, Fig 5.9, is based on the dc-link configuration with a
no energy storage device and a shunt converter connected on the load side, Fig. 5.3b. As
was established in previous sections, this topology is good alternative for voltage
compensation due to its good performance and relatively low cost. However, the negative
grid effects caused by the distorted current drawn by the shunt converter could disqualify
this solution for certain applications.
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It is well known that one of the most attractive advantages of matrix converter is the quality
of the input current signals. This characteristic leads to the second proposed scheme in this
dissertation. By including an integrated ac-ac converter instead of the conventional ac-dc-
ac structure, the negative grid effects associated with this topology can be reduced.
Furthermore, with this topology the voltage on the matrix converter input terminals can be
held almost constant at the load rated level by injecting sufficient voltage which increases
DVR compensation capability. So,

|71| = |Vload| = 73 + ij

(5.13)

where:
|| = Matrix converter input voltages

|de| = Load voltages

V ;| = System voltages

|| = Injected voltages

To exemplify the operation of the DVR with proposed configuration 2, it will be consider
that the supply voltage falls to 0.5 pu at rated load. In this condition the matrix converter
can generates a maximum voltage of 0.433 pu. Then, the load voltage would be 0.933 as
well as the voltage available at the matrix converter input terminals. The compensation can
be seen as an accumulative process in which as long as the matrix converter keeps injecting
voltage, the available voltage for compensation grows until the load reaches its rated value.
In this way, this topology overcomes the matrix converter limited voltage ratio
disadvantage the only drawback is that the converter has to handled large currents.

3.4.1 Modeling of the matrix converter DVR system

Figure 5.9 shows the schematic of the matrix converter-based DVR system for
configuration 2. A second order RLC filter is used at the input terminals of the converter to
improve the input currents waveform. A second order LC filter is utilized at the output
terminals of the matrix converter in order to filter the switching harmonic components in
the generated voltages. The state equations of the system in the synchronous reference
frame are expressed as follows.
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Figure 5.9. Proposed DVR with matrix converter input terminals connected on the load side.

o Input Filter

Equations for the input filter are given by (5.14).

o Cart| T (v + v =var)
if
di, 1
f .
% =~y + (—L ](vqs + quj—vqi)
. (5.19)

1
—4a - A ——t— . — +v, .
a~vTC, TR, (v =+ vy

o Output filter

Equations for the output filter are given by (5.15).

dy

i =i, +E(Vdo —vdlﬂj)

98



dvdin' 1 o 5
dtj =qu,.,,,+a(z,,,,+xd,) (5.15)
qinj 1 .
==V, + <, (xqo +xq,)

1
==V +L— Vos + Vq,-"j)
s

e RC Load

Considering an RC load, dynamic equations are given by (5.16).

di : 1 .
doad — Dlgtoga | —— ("4: +Vainj — Rigaa "dlaad) (5.16)
dt Ligea

A gyoud , 1 .
T = —Oigag +| — (Vqs +Vaing = Rigaa * ’qload)

e  Matrix converter

Input/output voltage and current relationships of a matrix converter were established in
section 5.4.1. Taking into account eqgs., (5.8) and (5.10), the state-space equations for the
complete matrix converter-based DVR system are:

X = f(X,U) (5.17)

where X and U are the vectors of the state variables and inputs respectively. f(X,U) is the
vector of the non-linear functions of X and U. They are given by:

: ; ; ; T,
x=[’df Iq.r ldi[ ’qi/ Vdi vqi tao lqo vdinj qu/ tdioad 'qload ] ]

. T
U=[v¢, Ves  Vdo an] 3

.

fXO=[f fi /s S fs fo fo K S fo fu fal s

Si=av, +Li(vd, +vd‘-,,j)
s
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1
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; 1 ;
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oa

where, vV, = ,/vf,, +v5,

3.4.2 DVR controller

In the proposed DVR topology 2, a controller very similar to the one analyzed in section
5.4.2, is utilized. As can be seen in Fig. 5.10, the only difference between both controllers
Einl

is in the way they obtain the magnitude corresponding to the matrix converter input

voltage and which represents the voltage available for compensation. Since in this topology
the input terminals of the converter are connected on the load side of the system, the input
voltage magnitude should correspond to the load voltages. However, by utilizing the
voltage reference in the aff coordinates, the DVR response is more stable.

This strategy can be seen as a predictive control in which the controller is always fed with

the ideal condition, = vioada = 1 pu and sinusoidal. In this manner, the distortion
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presented in the actual input voltages at the moment the disturbance occurs does not affect
the compensation-voltage generation. A remarkable transient response is accomplished by
adjusting the gain on the feed-forward control branch, as well as the proportional and
integral gains of the PI controller.

Vioad
(,,rc) abc a-pB
— PI
a-f d-q
(feed-back)
PLL
Os
Y cuppty (feed-forward)
(abc) | abe a-p
K \—0@)
a- d-q d
Cai
o vdvr,rej;(dq)
d-q
6. =
v d-q s a-f
i a-p | .
[ IU"""”L Modified | IGBT
_| SVM >
— Gate Signals
IU -'nl| Limiter '
Line-to-line voltages

Figure 5.10. Proposed DVR configuration 2 control scheme

3.3 Conclusions

In this chapter two novel DVR topologies based on the matrix converter have been
proposed. At first, the conventional DVR configuration was evaluated, concluding that the
main drawbacks of this topology reside in the DC-link and the way the energy required for
it is obtained. Then, existing DVR topologies were evaluated and the ones with AC-AC
power conversion and no energy storage were selected based on the evaluation of each
topology and the objectives planned at the beginning of the research. Both proposed
topologies have been analyzed and mathematical models have been obtained, aimed to
future stability analysis.

Finally a voltage controller, based on a PI controller, was designed with the objective of get

a fast dynamic response. The controller has a combination of feed-back and feed-forward
schemes to improve the overall response of the system.
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The incorporation of the matrix converter technology to the voltage compensation devices
is intended to reduce the cost and size of power converters commonly used while improves

the reliability.
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CHADPTELR VI

Simulation and
Experimental Results

This chapter presents implementation details of the matrix converter laboratory prototype
analyzed in previous chapters. This prototype will be used to validate the performance of
the two DVR topologies proposed.

In order to establish the capabilities of the DVR, simulation results through detailed
dynamic models implemented in PSCAD software, are presented. Experimental results are
also provided for both DVR topologies.

6.1 Matrix Converter Prototype

As already presented in previous chapters, the matrix converter needs certain elements in
order to run properly. A low pass filter at the input terminals is used to reduce the high
frequency ripple from the input current. A clamp circuit, which consists of a capacitor and
two B6 diode bridges in a back-to-back configuration connected to the input and output
lines, to protect the converter against over-voltages in both sides.

For a proper analysis of the matrix converter prototype performance, aspects related to
unavailability of various desirable components have to be taken into account.

6.1.1 Matrix of bidirectional switches

An important drawback of building a matrix converter prototype is the lack of power
semiconductor bi-directional switches. When such devices are developed in a reduced
number for research purpose, these are more expensive than regular devices at equivalent
ratings, which mean that is very expensive to start building custom designed devices for a
wide power range. Therefore, the construction of a low voltage prototype was decide for
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this research, in order to obtained representative results just to validate the DVR
configurations proposed in the dissertation.

For the bidirectional switches a common emitter configuration was adopted, as indicated in
Fig 6.1. Due to the unavailability of a power module that integrates the set of bidirectional
switches, the matrix converter power stage was built with analog devices. For building the
bidirectional switches the 12N60A4D IGBT was used, along with the integrated driver and
opto-coupler HCPL-3120. The common-emitter requires nine isolated DC sources for
supply the power cells, in this case were implemented with AM1S-0515SZ DC-DC
converters.

Matrix of Bi-directional
Switches

il

| g g g

A o

Figure 6.1. Matrix converter structure with IGBT’s in common-emitter configuration
4

The PCB layout, which includes the nine bi-directional switches and the nine isolated DC
sources, is displayed in Fig. 6.2. It is clear to see from Fig. 6.2, that some of the connection
paths between IGBTs from the same bidirectional cell are quite long, resulting in
significant stray inductances which causes internal over-voltages and limit the power

capacity of the overall converter. Fig. 6.3 presents the matrix converter physical
arrangement.
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Figure 6.2. Matrix converter PCB layout

Figure 6.3. Matrix converter Prototype
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6.1.2 The input filter

Considering that the matrix converter requires an LC filter to improve the quality of the
input current, it is necessary to analyze the possible topologies for a low pass LC filter. In
[6.1] a comparison of the LC filters configurations exhibit in Fig. 6.4, is presented. From
the analysis exposed in [6.1], the one-stage LC filter represents the best commitment
between number of elements required and the attenuation degree performed. For the matrix
converter prototype an input filter with Lir = 2.2mH and a Cijr = 10 pF, is utilized. It is
important to comment that the election' of the element values is strongly influenced by the
components availability.

L
a A A a N Yy A
C C Cc
L = L — L =
b YN B b Y YYY oB
lcjc C |C C |C
L == = L = =/ L = ==
c YN C ¢ ~ Yy C
(1) ®)
i L
YN M
Jdc 1c
c L L
L b L ——3
~N
a ©
= Y = A Jc ]c
—— L. ==
b B
JdC 1IC dc ic C |c <L L
—— L == == L _ ==
c Y .C ¢ YN . o
(© @)

Figure 6.4. LC Filter configurations. a) One-stage LC filter, b) Multi-stage LC filter, ¢) n LC filter, and d) One-stage LC
filter with notch addition.

Thus, the cut-off frequency of the filter can be obtained by,

1 i
fo= = - 1.073kHz 6.1
22 Ly -Cy 223222107 \10x107%) ’

With the one-stage LC filter the gain at resonance frequency is high enough to deteriorate
the quality of the current waveform. With the purpose of reduce this effect is necessary to
implement a damping circuit as the one represented in Fig. 6.5. This topology also
improves the system stability [6.2], therefore is the one selected for the matrix converter

prototype.
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Figure 6.5. L-C filter with the addition of a damping resistor

The transfer function of the input filter is given by,

Ly
1+R'—-S
H(S) = _Lf— (6.2)

if 2
1+ R,;IH-C'IL'IS

The cut-off frequency and the damping coefficient are obtained by (6.1) and (6.3)
respectively.

1 |Ly
= 6.3
= /le 63)

Figure 6.6 illustrates the LC filter’s frequency response with and without damping
resistance. The addition of the damping resistance to the filter reduces considerably the gain
at the resonance frequency; even though the attenuation degree is reduced as well. A 50Q
resistance was used for simulating tests while the 13.3Q was employed in experimental
implementation.

Input current waveforms with different input filter conditions are presented in Fig. 6.7. As
Figure 6.7 illustrates, using the LC filter without damping resistor reduces the harmonic
content around switching frequency but introduces some harmonics of low order, mainly
the 18" and 19" harmonic components. On the other hand, with the addition of the
damping resistor the low order harmonics are eliminated but some harmonics around
switching frequency still remains, although with considerably reduced magnitudes. Last
filter configuration was considered in both DVR topologies.
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Figure 6.7. Harmonic analysis of matrix converter phase a input current made with PSCAD software. a) Without filter, b)
With One-stage LC filter, ¢) With One-stage LC filter with damping resistor (R=13.3Q).
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€.1.3 The control system

Aimed to provide high performance results, the control strategy of the matrix converter was
implemented in the Texas Instruments DSP board eZdsp-TMS320F2812, programmed in C
language through the Code Composer Studio development environment (simulator,
compiler and programmer).

Figure 6.8 shows the cyclic task operation of the control system. The core of the system is
the DSP which produces all signals necessary for the control, including the signals required
in the commutation logic for the four-step commutation strategy. Since the selected IGBTs
have a turn on time of 17 ns and a turn off time of 96 ns, the signals exhibit in Fig. 6.9 are
generated in order to achieve the proper four-step commutation operation. Timer T2 is
configured to run in the automatic reload mode at a 6 kHz rate. The order in which the
signals to control the matrix converter switches are generated is as follows:

e Timer T2 overflow triggers the ADC every 166 ps. The ADC performs nine
conversions, three input voltage signals, three output voltage signals and the three
signals of the output current signs. After the signals are read and stored in ADC
registers, the ADC triggers a user-defined interruption.

o The code inside the interruption performs SVM control. First, matrix converter
duty cycles are computed and loaded in the corresponding variables. Then, the new
switching states are calculated using a look-up table that stores the 21 permitted
commutation states.

e Timer T1 is configured in period match mode to count for duty cycle duration.
Every time that T1 matches the value stored in the corresponding register for the
period, an interruption is triggered. The code in that interruption reloads the new
switching state and new duty cycle.

The procedure explained above repeats every switching period producing the switching
pattern for the MDSVM strategy revised in chapter IV. The task of the DSP which
performs the matrix converter control is shown in Fig. 6.10, and these are:

e Starts acquisitions of the three input voltages, the three output voltages and the three
output current signs.

Performs output voltage reference vector calculation

Performs input current reference vector calculation

Performs reference vectors tracking

Calculates the modulation indexes for the modified SVM strategy proposed
Calculates the commutation sequence

Performs four-step commutation strategy.
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Figure 6.8. Control system task management of the matrix converter prototype
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Figure 6.9. Signals generated by the DSP on the four step commutation strategy. (a) Commutation from phase a to phase
b. b) Commutation from phase b to phase a. (1V/div, 100ns/div).

Among the two DVR configurations proposed, the only difference regarding the control
scheme of Fig. 6.10 is found on the generation of vector U, . For topology 1, vector U is
generated from the input voltages whereas in topology 2 the same vector is generated from
the reference voltage, as indicated by dotted lines.
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Figure. 6.10. DSP control diagram for the matrix converter prototype

6.2 DVR Topology 1 Results

The performance of the whole DVR system is verified by detailed numerical simulation
using PSCAD software and through experimental tests. The system key parameters for the
simulations are given in Table 6.1. The DVR topology 1 matrix converter-based, Fig. 6.11,
is used for asymmetric voltage sags and swells compensation, as well as a voltage

harmonics filtering. For improving injected voltage’s quality, a RLC output filter is
utilized.

6.2.1 Numerical verification

In the first study case an unbalanced disturbance is applied in the supply system, consisting
of a voltage sag of 40% over input phase b. The Parks’ vectors Um and Uowr ON the
complex plane are displayed in Fig. 6.12. In this case, voltage imbalance is exhibited on
both set of terminals in the matrix converter. Nonetheless, as long as the vector Uou
remains inside the vector U loci, the control algorithm is able to synthesize the

compensation voltages. Figs. 6.13 and 6.14 depict selected voltage and current waveforms
during voltage sag period (from 0.4 s until 0.5 s).
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Figure 6.11. Proposed DVR topology 1 system architecture

Table 6.1 System Parameters

" Parameter Value
Cy: Input filter capacitor 10 uF
Lie- Input filter inductor 3 1 mH
Rz Input filter resistor 30Q
Lotz Output filter inductor 25 mH
Rofz Output filter resistor 100 Q
| Licea: Load Inductor 213 mH
| Rices: Load Resistor 120 OQ
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Figure 6.12. a). Um/ and Eouu in the complex space. b) Vectors magnitude

The control algorithm has accomplished to reduce the imbalanced percent from 15.38% at
the input voltages to 0.42%, value which fulfils the NEMA criterion about permitted
imbalance percent of 1%. Besides, each phase output voltage presents an average THD less
than 3% during the fault which falls inside the guidelines established in the IEEE-519 for
general power systems of medium voltage.

Supplied Voltages

tis]

Figure 6.13. DVR response under unbalanced voltage variation. From top to bottom: Supply voltages, injected voltages
and load voltages
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In Fig. 6.14, the shown output-currents do not exhibit any variation during the disturbance.
The RL load acts as a low-pass filter reducing almost all the harmonic components, as can
be seen in the figure. On the other hand, the matrix converter generates a set of unbalanced
voltages to achieve the compensation, which provokes a distortion in the currents drawn by
the converter and consequently the system currents are distorted as well, Fig. 6.14. The
output voltages and system currents’ THD during the fault, are presented in Fig. 6.15.

Load Currents

Phase a system current

IA]

t{s]

Figure 6.14. DVR response under unbalanced voltage variation. From top to bottom: Load currents, matrix converter
phase a input current and supply system current phase a.
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Figure 6.15. a) Load voltages’ THD. b) System supply currents’ THD.

Once evidenced the capability of the proposed DVR topology 1 to operate satisfactorily
before unbalanced conditions, its behavior under distorted input voltages will be evaluated..
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In such case, a 5™ harmonic is added into phases aand ¢, an a 7" harmonic component into
phase b. The magnitudes of the harmonics added are 0.2 times the fundamental component
in each phase. Output filter values used in this study case were: Ros = 70, Los = 5 mH and

Cof =35 uF. Voltage compensator response is illustrated in Figs. 6.16-6.18.

Figure 6.17. DVR response under voltage with harmonic distortion. From top to bottom: Supply system voltages, injected

voltages and load voltages.
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Again, the matrix converter does not have difficulties to synthesize the required voltages
for compensation, Fig. 6.16. In the input voltages the low order harmonics are appreciated,
but they no longer appear on the output voltages, Fig. 6.17. The THD=20% on every phase
input voltage is reduced to approximately 5% on the output voltages. The harmonic content
in the output signals is due to the saturation in the output filter’s inductor model and the
low modulation indexes.

In Fig. 6.18 it is noteworthy that the output currents’ harmonic content has been filtered
naturally by the RL load. By comparing input and output voltages’ harmonic spectrum and
THD, Fig. 6.19, it is verified that even with considerable distorted conditions in the supply
voltages, the compensator operation is remarkable.

Load Currents
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Phase a system current
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tis)

Figure 6.18. DVR response under voltage with harmonic distortion. From top to bottom: Load currents, matrix converter
phase a input current and supply system phase a current.
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6.2.2 Experimental results

signals’ THD.

The major parameters utilized for experimental tests are listed in Table 6.2. Some
parameters’ values are different from the ideal ones shown in Table 6.1, and this is due to
unavailability of all components at that time in the laboratory.

Table 6.2. System Parameters

Parameter Value

Ci¢: Input filter capacitor 10 pF

Lie: Input filter inductor 2.1 mH
| Cogz Output filter capacitor 4.7 pF

Los: Output filter inductor 2.2 mH
Roe: Output filter resistor 171 Q

| Lioag: Load Inductor 213 mH
| Rioag: Load Resistor 120 Q
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The voltage sag correction and the harmonic suppression performance of the system are
verified by means of several experimental tests. The voltages and currents comparison
presented in Figs 6.20, 6.21 and 6.22 exhibits the performance of the compensator for an
unbalanced case, where a 37.5% voltage sag was applied on phase a. The load voltages
magnitudes remain almost undisturbed during the time of analysis which means the control
strategy is able to reject the disturbance. The evident distortion in the load voltages during
both conditions is partly due to the saturation of the inductors used in both filters
(input/output), because low frequency inductors were used. A second aspect to be
considered in order to explain the distortion is the modulation index. Before the sag takes
place, a very low modulation index was used; that is why the distortion is more noticeable
during pre-sag condition. Anyway, as in the simulated waveforms exposed, the load
voltages are fully maintained, which demonstrate the effectiveness of the DVR. Likewise,
during the fault the load currents remain almost invariant.

g g g 7 e iy o B e AN e gl ey

%,,_,‘,v,«,).‘,...,_‘.w?,w,_..w.\.“r‘w“..-

®)
Figure 6.20. Supply voltages during the unbalanced voltage sag test. a) Pre-sag condition. b) Sag condition.
(20V/div,5ms/div)

s ia)
Figure 6.21. Load voltages during the unbalanced voltage sag test. a) Pre-sag condition. b) Sag condition. (50V/div,
10ms/div)
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® ‘ ®)
Figure 6.22. Load currents during the unbalanced voltage sag test. a) Pre-sag condition. b) Sag condition.
(0.5A/div,10ms/div)

The latter study case involves harmonic distortion in the supply voltages, provoked by a
nonlinear load supplied by the same feeder. The nonlinear load was a diode bridge rectifier
with a resistive load. As it can be seen on Fig. 6.25, the 5™ and 7" harmonic components
are reduced by a factor of 20 and 15 dB respectively, after compensating action was
performed. In this way the total harmonic distortion (THD) is also reduced since these
harmonics are the most dominant in the system voltage spectrum. In Figs. 623, 6.24 and
6.26 voltages and currents with and without compensation are displayed. For the no-
compensation condition the matrix converter was operated with a zero reference voltage.
Note that in the load voltage after compensation was performed, some high order harmonic
components still exist which can be generated by the saturation characteristics of the
inductor in the output filter. Nevertheless, the effects of these harmonics are minimal for
the load as it is shown in Fig. 6.26.

_— !
Va Vi Ve j
i
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:
3
1
3

...Za) iens . o 15
Figure 6.23. Supply voltages during the distorted voltage test. a) No-compensation condition. b) Compensation condition.
(20V/div, 5Sms/div)
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(a) SO i (b)
Figure 6.24. Load voltages during the distorted v\oltage test. a) No-compensation condition (50V/div, 10ms/div). b)
Compensation condition (50V/div, 5ms/div).

(@ ®)
Figure 6.25. Load voltages FFT during the distorted voltage test. a) No-compensation condition. b) Compensation
condition. (10dB/div, 250Hz/div)

o (a) S b s st , =

Figure 6.26. Load currents during the distorted voltage test. a) No-compensation condition. b) Compensation condition.
(0.5A/div, 10ms/div)
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6.3 DVR Topology 2 Results

Likewise, as with the topology 1 the performance of the whole DVR system is verified by
detailed numerical simulation using PSCAD software and some experimental tests. The
system key parameters for simulation are given in Table 6.2. The input filter selected for
this topology is a RLC filter as the one illustrated in Fig. 6.5, with a cut-off frequency of
318 Hz and a 20Q damping resistor. The matrix converter-based DVR with the proposed
topology 2, Fig. 6.27, is utilized for balanced and unbalanced voltage sags and swells
compensation.

Table 6.2 System 2 Parameters

Parameter | Value
Cir. Input Filter Capacitor | 50 uF
Ris: Input Filter Resistance | 1 Q

Cor: Output Filter Capacitor | 6 pF
Log: Output Filter Inductor | 1.2 mH
Licag: Load Inductor = | 33.6 mH
Ricadtenathns e 1200

6.3.1 Numerical verification

For the case of balanced sag, a 50% three-phase voltage sag in the supply voltage is
simulated, lasting for 0.08s. Voltage and current waveforms during the voltage sag period
are plotted in the abc reference frame, Figs. 6.28 and 6.29. It can be observed that the DVR
is able to maintain the voltage load almost undisturbed during the sag period, by injecting
the appropriate compensation. Load voltages’ THD are about 4% during the disturbance, as
Fig. 6.30 illustrates.

The fast response of the control is illustrated through the load current plot. The currents
flowing from the supply into the matrix converter increase during the sag, but both currents
shows not considerable harmonic distortion as expected. The system currents’ distortion
also depends in the currents magnitude demanded by the load.

In the second test, the DVR performance is evaluated under an unbalanced voltage
variation. For this test, voltage sags of 20% and 40% in phase b and c, respectively, are
considered. Furthermore, a 17% voltage swell is applied on phase a. The DVR response for
unbalanced test is illustrated in Figs. 6.31 and 6.32.
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Figure 6.27. Proposed DVR topology 2 system architecture

TR

Figure 6.28. DVR response for balanced voltage sag compensation. From top to bottom: Supply voltages, Inj
voltages and Load voltages.
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Figure 6.29. DVR response for balanced voltage sag compensation. From top to bottom: Load currents, Matrix converter
phase a input current and Phase a supply system current.
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Figure 6.30. a) Load voltages’ THD. b) System currents’ THD
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Figure 6.31. DVR response for unbalanced voltage disturbance. From top to bottom: Supply voltages, Injected voltages
and Load voltages
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Figure 6.32. DVR response for unbalanced voltage disturbance. From top to bottom: Load currents, Matrix converter
phase a input current and Phase a supply system current.

The DVR s able to reduce the percent of imbalance from 22.17%, to 1.1% approximately,
which demonstrate the effectiveness of this proposition. The supplied system currents show
a higher harmonic content, Fig. 6.33, compared to the previous study case because of the
harmonics generated in the currents drawn by the matrix converter. However, this condition
does not affect the overall performance. The load voltages maintained and average THD
less than 5%.
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Figure 6.33. a) Load Voltages® THD. b) System currents’ THD

6.3.2 Experimental results

As was established in chapter 5, present DVR topology is more suited to compensate deep-
level voltage sags than topology 1. An experimental test was carried out to verify the
previous statement; hence, a symmetric voltage sag of 46 % is applied at the system supply
voltages. In Fig. 6.34, a comparison between supply and load voltages, in one phase, is
illustrated for pre-sag and sag conditions.

Results are similar to the simulation’s results in which despite of the disturbance the load
current amplitudes do not suffer evident variations, Fig. 6.35.

L
r
+

Figure 6.34. a) Pre-sag condition. b) Sag condition. Ch 1: Load current (0.5 A/div), Ch 2: Load voltage (20V/div), Ch 3:
Supply voltage (20V/div, Sms/div).
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) ®)
Figure 6.35. a) Pre-sag condition (0.5 A/div, 5Sms/div). b)Sag condition. Load currents (0.5 A/div, 10ms/div).

6.4 Conclusions

To demonstrate the validity of the proposed topologies, the matrix converter based-DVR
has been implemented. The experiments have been performed under low voltage
conditions. To precisely control the output voltage, the proposed MDSVM along with the
software routines of the controller were programmed in the board eZdsp-TMS320F2812.
Details on the prototype design and the complete control scheme were also explained.

In order to validate the proposed topologies several cases were analyzed. The results
obtained showed that the proposed scheme controls the output voltage fast and accurately
for the different disturbances conditions. Experimental results were also provided, verifying
this approach.
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CHADPTER VII

Conclusions and Future
Work

7.1  Conclusions

This dissertation proposed two novel DVR topologies based on the AC-AC matrix
converter to cope with power quality issues presented in distribution systems. The
developing of the proposed Modified Direct Space Vector Modulation (MDSVM) allows
the incorporation of matrix converter technology into the conventional DVR configuration
which results in a cost-effective and multifunctional solution. Likewise, the use of AC-AC
energy conversion technology instead of the traditional DC-AC allows eliminating all the
drawbacks associated to the DC-link and increases the device’s reliability.

A literature survey regarding power quality issues and a discussion of the modern solution
commonly employed in industrial applications were presented. Based on the analyzed
information the objectives of the present research were established.

According to the specialized literature the traditional DVR is the best option in applications
concerning voltage compensation. However, AC-AC energy conversion technology has
emerged as a novel solution. Advantages such as bidirectional power flow, high power
density, high quality input currents and the lack of energy storage devices, etc., ratifies the
actual trend.

On the other hand, among the different AC-AC converters, the matrix converter has been
selected as the device with better features. However, despite all the advantages offered by
this converter, some disadvantages have delayed its industrial implementation. In order to
accelerate the maturation process of this technology and to expand its application field, the
MDSVM was developed. The proposed strategy is based on the control of the reference
vectors in the complex, allowing the matrix converter to generate totally controllable
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voltages, characteristic that leads to the novel DVR topologies proposed. The main features
of the MDSVM:

Generation of balanced output voltages despite the condition of the input voltages
Generation of input currents with an acceptable harmonic content.

Amplitude and frequency control in the output voltages

Input power factor controllable

Fast and accurate generation of the reference voltages in spite of its condition.

In order to verify the performance of the matrix converter with the MDSVM, several
simulations were carried out considering different conditions. The results obtained indicate
that the matrix converter is able to synthesize a great variety of reference voltages departing
from distorted supply voltages, as long as the operative restrictions of the converter are
fulfilled. Taking into account these characteristics, a voltage compensator based on the
matrix converter was designed.

The voltage regulation is performed through a controller build by the combination of feed-
back and feed-forward control branches. The feed-back control loop is used to achieve zero
steady state error, while the feed-forward branch has been included to accelerate the
dynamic response and reduce the overvoltage at restoration.

Finally, to validate the functionality of the DVR topologies proposed, a laboratory-scale
prototype was implemented. Several experimental tests elucidate the capabilities of the
proposed topologies. Topology 1 is able to compensate symmetric voltage drops up to 43
%. Besides it is able to compensate voltage imbalanced and mitigate the presence of
voltage harmonics. Topology 2, is suitable for deep-level voltage sags, theoretically it can
compensate sags up to 80%, but experimentally it has been proven that after sags of 60%
the system becomes unstable.

In conclusion, the DVR topologies operates satisfactorily before each analyzed condition,
that is why it is proposed as an cost-effective solution to mitigate the power quality
problems presented in power distribution systems.

7.2 Contributions

The main contributions of current research work are summarized as follows:

o The Mathematical development of the MDSVM strategy to control the matrix
converter operation. The proposed technique allows the converter to generate an
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1.3

totally controllable output voltage despite the adverse existing conditions in the
input voltages.

The design of two novel multi-functional DVR topologies, proposed to improve the
power quality in distribution systems. The matrix converter based DVR is aimed to
compensate asymmetric and asymmetric voltage disturbances as well as filter
voltage harmonics components and power factor correction.

Development of a detailed model of the DVR topologies in order to evaluate their
dynamic behavior through simulations in time-domain performed in PSCAD
software.

Development of mathematical models of the DVR topologies intended for future
stability and power flow control analysis.

Design and implementation of a laboratory-scale prototype of the matrix converter-
based DVR.

Implementation of the MDSVM strategy, voltage controller software routines and
four-step commutation strategy in the DSP based board eZdsp-TMS320F2812.

Recommendations for future work

Regarding the research developed so far, the following topics are proposed as possible
future research:

Confirm the validity of the proposed topologies under higher power ratings

Analyze the stability of the electric systems when the matrix converter based DVR
is incorporated.

Investigate the performance of the matrix converter in power flow control
applications.

Design and implementation of a robust and adaptive control algorithm, it can be
based in neural networks or fuzzy logic.

Analyze the performance of the proposed DVR topologies when feeding non-linear
loads.
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APDPENDIX A

Commutation Vectors

In this appendix all the possible states t:or the matrix converter switches represented in the
Park’s complex space are exhibited, for a set of three phase balanced voltages.

A.1 Input-voltage vectors in the complex space

Park’s vector is applied to systems with three magnitudes and two degrees of freedom.
Considering a system with a set of three-phase balanced voltages defined as,

v, ) V., sin(@r)
[vb(t)} =|¥, sin(wl—%’-r-) (A.1)
ve()
V,,sin (mt + 27”)

The line-to-line input-voltages will be,

\/31’,-,, sin(a)t+§—)
vab(’)
w0 |=| V37, sin(wt—%) (A2)
V()

«/EV,,, sin(wt+56—”)
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The Park’s vectors of the input-voltages are defined by:
Uinp (t)=§(va ()+v()e 2 +v,(1)e 3] (A3)

27 4
Uin (1) = %[vab () +v (1) e +v,, (1) 3 ] (A4)
which both vectors rotate at a speed of wt.

A.2 Switching States

The matrix converter consists of nine bidirectional switches arranged in three groups, each
being associated with an output line. This bi-directional switches arrangement connects any
of the input lines to any of the output lines, Fig A.l. A matrix with elements Hij,
representing the state of each bidirectional switch (on=1, off=0) leads to a 2° possible
combinations. Nonetheless, for ensure a matrix converter proper operation just one and
only one power switch in each column must be active at any instant. This restriction
reduces the permitted configuration of the conversion matrix from 512 to 27 switching
states, as indicated in Table A.1.
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Figure A.1. Conversion matrix basic structure
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A.2.1 Switching states analysis

For any switching state the output-voltage and the input-current complex vectors are
defined as:

an (:)=(VAB (1) +ve (;)e’sz +vea ()€ ;] (A.5)

Tn (:)=[:, () +i, (;)e’zT' del (t)ejg] (A.6)

where the modulus and argument depend on the active state. Because of that, is necessary
to carry out an individual analysis for each state represented in Table A.1. As an example
the state S2, Fig A.2, is analyzed as follows. The input/output voltages relationships can be
stated by:

ve(®)=0
Ve () = v (1) (A.7)

Va(f) == ab(t)

The Park’s vector of the output-voltage is,
|0 0] =3 -v105®) LOoult)=% (A.8)

Eq. (A.8) defines a fixed position vector with a time-varying modulus. The input/output
currents relationships are,

L, (O)=i,@)+ig(t)=—ic (1)
(O =ic() (A9)
i(1)=0

The corresponding Park’s vector is,

Tn()| =3 -ic(0) ZIn()= -561 (A.10)
representing a fixed vector too.
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Table A.1 Permitted switching states in a three phase to three phase matrix converter
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Figure A.2. Conversion matrix topology for state S2.
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Following a similar procedure it is possible to determine the output-voltage and input
current complex vectors for all the permitted switching states. From the states analysis it
can be concluded that among the 27 switching configurations:

= SiX switching states provide a direct connection of each output line to a different
input line. producing a rotating voltage vector with amplitude and frequency similar
to the input voltage system and direction dependant on the sequence: synchronous
or inverse.

~ Eighteen switching states produce active vectors, of variable amplitude, depending
on the selected line-to-line voltage, but of stationary position.
The last three switching states produce a zero vector, by connecting all the output
lines to the same input line.

Tables A.2-A .4 summarize the results obtained. Figs A.3-A.4 depict a set of vectors at time
t=0.
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Figure A.4 Vectors 7m (?) and ;oul (#) in the complex space

Table A.2. Parks’ vector arguments and modulus of line-to-line output voltage and input current for each
commutation state (Zero Vectors)

ZERO VECTORS
0 0 0 0
0 0 0 0
0 0 0 0

Table A.3. Parks’ vector arguments and modulus of line-to-line output voltage and input current for each
commutation state (Rotating Vectors)

ROTATING VECTORS
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Table A.4. Parks’ vector arguments and modulus of line-to-line output voltage and input current for each
commutation state (Fixed Vectors)

FXED VECTRS :
e (1) A
ic (1) =S/
+i() St/
iy (0) -2
(i (1) =31/
i4(1) T
0) 5%
10) -1
ic (1) - %
ic(t) — %
Vye(£) B iy (1) -7
Vpe (1) % i4(0) /A
Vg (1) % V3-i(0) =31/
v | -7 VERAO! L
ve@ | =T V3-i40) -7
Yy () 2/ V3-ip(0) A
Vo (1) % NERAO) A
() | -7 (R0 A

NERMO) )

B | -
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V3 w0 2

Bvay | 51y
Bova | 51/
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