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ABSTRACT

For the past twenty years, the theoretical advance of the matrix converters has
been impeded by the complexity arising from the time-varying trigonometric functions
in their transformation matrix. In addition, the switching difficulties associated with

the bidirectional switches have complicated the practical implementation of this class
of converters.

In this thesis, the dyadic matrix structure and the a-b-¢ to d-q-0 transformation
have been melded together to develop the dyadic matrix converter theory which is

a generalized theory for the three-phase to three-phase matrix converters.

The thesis addresses the zero-sequence interaction in the matrix converters
and the role of the zero-sequence elements in the Displacement Power Factor (DPF)
correction on the utility-side, based on the Static VAR Controller (SVC) principle.
Also, it is proved that using all the control degrees of freedom available, the dual
condition of Unity Displacement Power Factor (UDPF) on side-1 and Field Vector
Control (FVC) on side-2 can be established.

In this thesis, a new matrix converter topology, based on the three-phase
voltage-source converters, has been proposed in which the switching difficulties

reported in the conventional nine-bidirectional-switch topology have been bypassed.

The theoretical expectations have been verified by the simulation as well as
experimental tests on a laboratory prototype of the new matrix converter topology

composed of three units of voltage-source converters each rated at 1 kVA.



RESUME

Bien que la modélisation des convertisseurs matriciels ait avancé depuis une
vingtaine d’années, on se heurte toujours aux difficultés engendrées par les équations
aux coéfficients variant trigonométriquement et par leur matrice de transformation.
D’autre part, I'implantation de cette classe de convertisseurs est rendue difficile &
cause des exigences sévéres sur les commutateurs bidirectionnels.

Dans cette thése nous contournons ces obstacles en développant d’une part
une structure matricielle dyadique et d’autre part en appliquant la transformation
a-L-c & d-qg-0. Ces apports contribuent 4 une théorie généralisé des convertisseurs
triphasé a triphasé.

Ons’attaque a deux problémes pratiques particuliers: I'influence des éléments
homopolaires sur le comportement du convertisseur, et le rble des éléments
homopolaires dans la stratégie de correction du facteur de puissance de déplacement
du coté de T'utilité publique. Cette derniére stratégie est basée sur les principes de
correction utilisés par les compensateurs statiques. De plus, on peut maintenant
prouver que le probléme offre assez de degrés de liberté pour maintenir 2 la fois un
facteur de puissance de déplacement unitaire au primaire et un asservissemnt du
vecteur de champs au secondaire,

Une nouvelle topologie de convertisseur matricielle est proposé dans cette
thése, basée sur celle des convertisseurs triphasés de type source de tension. Celle-
ci évite la plupart des difficuliés associées & la topologie conventionnelle & neuf
commutateurs bi-directionnels.

Les prédictions théoriques ont été vérifiées avec des simulations ‘sur
ordinateur, et avec des observations sur un appareil prototype composé de trois
modules de convertisseurs de type source de tension dimensionnés de I'ordre du
kVA.
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ONE

INTRODUCTION

1.1 An Introduction to Matrix Converters

In many industrial applications, the ac power needed is of a frequency qther
than the one which is available from the ac mains. For example, in variable-speed
drives, in order to run an ac motor at different speeds, it is necessary to have a
variabie frequency ac power supply. There are also applications, in which, it is
desirable to obtain ac power at a fixed frequency from an ac supply of variable or
incompatible frequency. As an example for the case of variable frequency, the
electric power generation in an aircraft or from a wind turbine can be considered.
In both cases, the speed of the shaft of the alternator is not fixed; therefore, the

frequency of the output voltage will be varying in direct proportion, A mechanical
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solution would be using a hydraulic constant-speed coupling device for the regulation
of the speed of the shaft of the alternator. As an example for the case of non-
compatible frequency, one can consider the power generation from a high-speed
turbine shaft with the alternator’s shaft directly coupled to that of the turbine. A non-
electrical solution would be 2 gear-box. The mechanical solutions usually demand
frequent maintenance and periodic replacements. The wise solution in all the above
applications is a Static Frequency Changer.

The term “Static Frequency Changer" applies to all electrical circuits

composed of semiconductor switches, which are capable of converting electric power

from one frequency, w,, to another frequency, «,. Fig. 1-1 shows the block diagram

of a three-phase to three-phase static frequency changer. The three-phase ac power

Side - 1 Side - 2 ._
- ila i2a
_C FE>—Via Static V2a —>—{ Load

2b
Vip Frequency Vapl—— Load

- ic Changer 2¢
_.@j-e__ A’ 1 c V2 C

I
e ;“h-
et
cll
| e

bk o

Load

'_le
1>
N

<
S

Fig. 1-1 Three-phase to three-phase static frequency changer,
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supply is connected on side-1, while the three-phase load is connected on side-2. The

three-phase balanced sinusoidal voltages at angular frequency , on side-1, are

transformed to three-phase balanced sinusoidal voltages at angular frequency «, on

side-2. Static frequency changers, in general, can control the frequency and the

magnitude of the voltage on side-2 and the phase angle of the current with respect
to voltage on side-1. The only constraint is that of real power equality, i.e., P, = P,
(1].

The static frequency changers are divided into two main classes. In the first
class, the power conversion takes place in two stages with an intermediate dc link,

as shown in Fig. 1-2(a). The ac power at angular frequency , on side-1 is first

converted to dc power through a rectifier. Then, the dc power is converted back to

ac power at the desired angular frequency ®, through an inverter. The main

drawback of the two-stage or rectifier-inverter pair static frequency changer is the
presence of dc link energy storage elements which add to the volume, weight, and
cost of the system, as well as reducing the speed of response. In the second class of
static frequency changers, the power conversion is performed directly in one stage,
as shown in Fig. 1-2(b). The operation of single-stage static frequency changers is
based on piecing together the voltage waveform of each phase on side-2 from
selected segments of the voltage waveform on side-1 [1}. The first and the begt-
known member of this class is the classical "Cycloconverter” invented in the early

1930s {1]. A three-phase to three-phase "Naturally-Commutated Cycloconverter
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Side - 1 Side - 2
3-phase | e L | 3-phase
AC — Rectifier ink Inverter — AC
at wy, | — Link [~ at wsp
(a)
Side - 1 Side - 2
3-phase — Single -.Stage . 3-phase
Static c
AC  — Frequency | A
at w; — Changer — at wy
(b)
Fig. 1.2 Classes of static frequency changers.

(NCC)" [2] is shown in Fig. 1-3. As seen, for each phase on side-2, two back-to-back
naturally-commutated three-phase thyristor bridge converters are required.
Depending on the direction of the load current, the positive or the negative converter
will be in operation. The mode of operation of each converter (rectification mode
or inversion mode) is determined by the sign of the side-2 voltage to be realized. The

attainable frequency on side-2 of the NCC is always below the supply frequency on

side-1. The limit for w, is about one third of o, for an acceptable side-2 waveform

with low harmonic content [2].

A more compact structure, with the total number of switching devices reduced
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Fig. 1-3 Three-phase to three-phase NCC,

to half, can be found for the frequency changer, as shown in Fig. 1-4. The back-to-
back connected thyristors have to be commutated forcibly. For this reason, the
structure shown in Fig. 1-4 is called a "Forced-Commutated Cycloconverter (FCC)".
To avoid the complications caused by employing force-commutating circuits, switches
with inherent gate-turn-off capability (such as GTO, BJT, MOSFET, and IGBT) can
be used instead of thyristors, if the devices with the required ratings are available.
With the structure shown in Fig. 1-4, there is no limit on the allowable frequency on

side-2. Since the frequency changer of Fig. 1-4 consists of an array of semiconductor
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Fig, 1-4 Three-phase to three-phase FCC.

switches connected directly between the side-1 and side-2 terminals, this structure is

also termed "Matrix Converter". Fig. 1-5 shows a three-phase to three-phase matrix

converter with its 3x3 switching matrix of elements SW,

SW,.. As seen, each

ag? ***?

. switch is responsible for connecting one phase of the system on side-1 to one phase
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3 - phase AC at oM Side - 1
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Fig. 1-5 Three-phase to three-phase matrix converter.

of the system on side-2.
In general, matrix converters employ four-quadrant or bidirectional switches

(SW,,, ...SW_ in Fig. 1-5). Fig. 1-6 shows three ways of realizing bidirectional

switches with BJTs. Bidirectional switches allow current in either direction while in
ON-state and block the voltage of either polarity while in OFF-state [1].

The basic abjective in the operation of matrix converters is to get balanced
sinusoidal waveforms for the voltages on side-2 and currents on side-1 at the desired

frequencies. Subfrequency and superfrequency components (i.e., components at
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(a) (b) (©)

Fig, 1-6 Bidirectional switch realizationz.

frequencies below and above the desired frequencies) are not allowed. Only high
frequency switching hanncnics are tolerated, since they can be filtered inexpensively.

The key to the successful achievement of the above objectives is the proper choice

of the ON and OFF periods of the switches SW_, ..., SW,_, shown in Fig. 1-5. The bi-

[

level functions governing the operation of the switches are called switching functions.
The value 1 denotes the ON-command, while the value 0 means the OFF-command

for the corresponding switch. The switching functions of the nine switches in Fig. 1-5
comprise a switching function matrix [S), also called the existence matrix [1). The

transformations of the voltages and the currents in Fig. 1-5, are performed according

to the following equations:
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Vaa vla ila i!a
Vap | = [S]|Vis iy | =[S |d2s a-1
v2c vlc

le l2:

For the quantities on side-1 and side-2 of the matrix converter to contain the wanted

fundamental component, the elements of [$]-matrix should be chosen properly. As
far as the fundamental components of the quantities on both sides are concerned,[S ]
can be replaced by another matrix [H ] whose elements are the local averages of the

corresponding elements of the [S]-matrix. Equations (1-1) can therefore be rewritten

as;

v2a vla l.lcl i2a
Vay | = [H]|V1s by | = (H] |2 1-2)
Vae Vie e iy

Strictly speaking, the voltages and currents in (1-1) and (1-2) are not exactly
the same. In fact, (1-1) relates the instantaneous values of the quantities of both
sides, while (1-2) describes the relation of the instantaneous values of the dominant
low-order fourier components of the same quantities. To avoid complications and
comply with the standard representation styles, the same notations as in (1-1) have

been used throughout this thesis for the dominant low-order fourier components.

The matrix [H] is in fact the "Transformation Matrix" of the matrix converter.



CHAPTER 1 INTRODUCTION 10

The elements of the [H ] -matrix are typically composed of cosine functions at angular
frequencies equal to the sum and difference of side-1 and side-2 angular frequencies,

w, and w,. As an example, (1-5) gives the structure of a typical [H]-matrix:

cos(w; + w,)¢ cosf(@ + w,)t - 2x/3] cos[(w, + w,)t - 4n/3]
M, cos[(ml + 0,)t - 2::[3] cos[(m‘ + @,)f - 41:[3] - cos{w,; + w,)f
_cos[(c.)l + w,)2 41:]3] cos(w, + W,)¢ c:c.vs[(c.)1 + 0,)t 21:[3] 15
cos(wy - w,)? t:t:rs[(ml - w,)t - 41:[3] oos[(ml - W)t - 2m’3]
+ M, |cos[(@) - @)t - 2%/3] cos(w; - ©,)¢ cos[(@,; - w,)t - 4x/3]
cos[(@, - w,)t - 4n/3] cos[(w, - @,)7 - 27/3] cos(w - w,)¢

where M, and M, are constant scalars.
The direct synthesis of [H]-matrix from the desired specifications of side-1

and side-2 quantities is not straightforward. There is an indirect method for [H]-

matrix synthesis which is more intuitive [3]. This method is based on modelling the

matrix converier as two cascaded blocks, one of a rectifier and the other of an

inverter, as in Fig. 1-2(a). First, a 1x3 row vector [H,] is designed that transforms

the three-phase balanced sinusoidal voltages on side-1 to a dc voltage. To transform

this dc voltage to a system of three-phase balanced sinusoidal voltages onside-2,a3x1

column vector [H;] will then be designed. The complete [H]-matrix will be the

product of [HJ and [H,]. Equation (1-3) can therefore be written as:
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v2a vla
va | = [H][H,] r”’ (1-6)
Vzc Vlc

1.2 Historical Background
1.2.1 Early History

The documented history of one-stage static frequency changers begins with the
work of L.A. Hazeltine in 1923 [4]. He established the fundamental principle of
constructing an ac voltage wave of chosen frequency from successive voltage waves
of a multiphase ac supply of known frequency. However, his system could not be
practically implemented because of the unavailability of electric valves with suitable
characteristics and ratings [1).

During 1930s, thanks to the availability of mercury arc valves of adequate
ratings, some practical experimental results were reported [5,6]. Variabie output
frequencies below the supply frequency and variable output amplitude were attained,
just by controlling the firing angle of the valves.

In the second half of the 1930s, the mercury arc frequency converters were
revisited and reviewed thoroughly by H. Rissik {7,8] and the now-familiar terms:

"Cycloconversion” and "Cycloconverter” were introduced.

1.2.2 Recent History
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In the late 1950s, the evolution of silicon controlled rectifier (SCR) or
thyristor, together with the advantages they offered over mercury arc rectifiers, such
as: smaller size, higher switching speed, lower ON-state voltage drop, and rugged
construction, remotivated the research in the area of static frequency changers
towards very useful applications such as: "Variable Speed Constant Frequency
(VSCF)" power generating systems. References [9-14] reflect part of the effort made
by researchers in the aforementioned area starting in the late 1950s.

By the middle of the 1960s, some researchers had advanced to the stage of
addressing some of the wavefrom distortion problems associated with the frequency
converters [15,16].

Until silicon devices with gate-turn-off capability became available at large
ratings in the late 1970s, the advancement of static frequency changers was impeded
by the inherent limitation of the thyristors due to the fact that they had gate-turn-on
capability only and had to be turned off through natural (or line) commutation.
However, researchers aware of the potentials of the cycloconverters, persisted in
developing a technology based on line commutation and succeeded in realizing the
great advantages it could offer in terms of amplitude and frequency control of the
output voltage and bidirectionality. The major area of application was ac motor
drives. The systems composed of a cycloconverter and an ac motor could fulfil the
requirements expected from a dc motor, under armature voltage control, in terms of
variable speed range, torque characteristics, and efficiency. The 1960s and early 1970s

are marked by the efforts made by the researchers to develop practical systems with
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cycloconverter-squirrel cage induction motor combination [17-31]. Cycloconverters
were also perfect candidates for very large ac motor drives running at low speeds,
such as ball mill drives and tube mill drives [32-37].

The 1970s are the years of flowering for the static frequency changers. Systems
with new characteristics like controllable input displacement power factor and unity
displacement power factor were inveilted [38-40], and new static power conversion
and generation arrangements were discovered [41,42]. Two theoretical works were
published by L. Gyugyi and B.R. Pelly [43,44] which covered the analysis of the
terminal characteristics of different types of frequency changers including a thorough
study of Naturally Commutated Cycloconverters (NCCs). These works were followed
by another theoretical work by W. McMurray [45], covering the theory and design
of cycloconverters. In 1976, L.Gyugyi and B.R. Pelly published their book: "Static
Power Frequency Changers” {1). The authors summarized the knowledge available
at that time, in the area of one-stage static frequency changers, in a mathematical
framework and made prophetic projections of new frequency changers based on
forced-commutation. The novel concepts of "Existence Function" and "Existence
Matrix", "Four-Quadrant or Bidirectional Switches", and "Generalized Transformer”
were introduced. This book remained the main reference for most of the works to
follow.

Since then, a new direction in frequency changers development has been
under way. Further advances have been made thanks to the evolution of gate-turn-off

silicon devices with large ratings, the invention of new topologies, and the
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introduction of new control and modulation methods.

1.2.3 New Era

The new era actually began with two publications by M. Venturini and A.
Alesina [46,47], in 1980. A new frequency converter capable of sinusoidal waveforms
at toth the input and the output, bidirectionality of power transfer, continuously
controllable input power factor, and reactive power generation was proposed. Also,
the condition imposed on the switching functions that the terminals on the voltage-
source side are never to be short-circuited and the terminals on the current-source
side are never to be left unconnected, received attention. Furthermore, the possibility
of using Matrix Converters (another name for single-stage static frequency changers),
for ac-to-ac (f; and f, # 0), de-to-ac (f; =0 and f, # 0), and de-to-dc (f; =£,=0)
conversions with the choice of having the voltage-sources on side-1 and current-
sources on side-2 (buck topology) or current-sources on side-1 and voltage-soﬁrces
on side-2 (boost topology) was mentioned. In the transformation matrix, cosine
functions at both sum and difference of the side-1 and side-2 angular frequencies, i.e.,

w, +w, and ®, - w, were used. The problem with large amplitude low-order

harmonics present in the input current and output voltage, reported in [1], was solved

to some extent. The maximum attainable output to input voltage ratio was reported

to be 0.5.

Later, in 1985, P.D. Ziogas, S.I. Khan, and M.H. Rashid succeeded in
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improving the harmonic distortion of the input current and output voitage, and
reaching the output to input voltage ratio of 0.95, through improved frequency
changer structures [48].

While the Forced Commutated Frequency Changers (FCFCs) were under
constant improvement and advancement, the traditional Naturally Commutated
Cycloconverter (NCC) continued to receive attention, in the area of application of
new control techniques, especially for high power applications like: ice-breaker
propulsion systems and rolling mill drives [49-57].

Reference [58] brought up the problem of severe unbalanced conditions
caused by large single-phase loads connected directly to the ac mains, and suggested
the use of a three-phase to single-phase matrix converter as the intermediate stage
as a potential application for this class of converters.

In 1986, in their paper [59], P.D. Ziogas, S.I. Khan, and M.H. Rashid reported
improvement on harmonic reduction and the increase of the output to input voltage
ratio to 1.0. Their four-quadrant switch element was realized using the combination
of a transistor switch and four diodes, as shown iﬁ Fig. 1-6(a).

The timing of the gating signals sent to the bidirectional switches is very
critical. Inaccurate timing can lead to short-circuiting the input voltage sources or
open-circuiting the load current [60-62]. The resulting current or voltage surges can
be beyond the withstand limit of the switching devices. To protect their matrix
converters against the hazardous conditions, some researchers have used snubber

networks [58,59,64], while some others have implemented multi-step switching
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algorithms [60,61,63,65,70]. Snubber circuits are usuaily bulky and dissipative and the
multi-step switching techniques complicate the control circnitry. They require a
feedback from the direction of load current or the polarity of the phase-to-phase
supply voltages and can allow only the bidirectional switches of structures shown in
Fig. 1-6(b) and 1-6(c) to be used.

Based on the great amount of knowledge available on the ac-to-ac converter
topic, researchers continued to perfect the operational aspects of the system by
introducing new control methods [61,62,66-69] and new modulation techniques, such
as space vector modulation method by L.Huber and D. Borojevic [70].

Reference [64] showed that ac-to-ac matrix converters are suitable for high
power application.

In 1992, D.G. Holmes and T.A. Lipo applied ac-to-ac matrix converter theory
to controlled rectifiers and inverters [71,72]. This is part of the effort in the direction
of integration of different applications in a single system. In this way, a single three-
phase to three-phase ac-to-ac matrix converter can realize all major possible
converter topologies, i.e., ac-to-ac, ac-to-dc, de-to-ac, and de-to-de. Moving from one
topology to another, does not need any hardware modification, but only some
modifications in the software of the microprocessor-controlled system will be
necessary. |

In 1993, W.H. Kwon and G.H. Cho applied the a-b-c to d-g-0 transformation
to the analysis of a boost-type nine-switch matrix converter {73]. In this way, the

trigonometric functions in the a-b-c frame representation are replaced by time
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invariant values in d-g-0 frame, simplifying the analysis to a great deal. Furthermore,
for the first time, Kwon and Cho addressed, in the analysis, the inductances and the
capacitances which form the energy buffers between the matrix of switches and the
supply and the load. Until then, ideal current and voltage sources were traditionally
used.

With enough theoretical background and satisfactory analytical , simulation,
and laboratory experimental results in the literature, the trend in the development
of ac-to-ac matrix converters seems to be in the direction of industrial prototyping

and perfection of operational aspects.

1.3  Organization, Scope, and Contributions

This thesis is organized in three major parts:

Part I: (Chapters 2-5, Appendices A,B, and C)
Theory: Development of Dyadic Matrix Converter Theory;

Part I (Chapter 6)
New Topology: Voltage-Source-Converter type Matrix Converter;
Application: Application of dyadic matrix converter theory to the new
matrix converter system; and

Part III: (Chapter 7, Appendices D, E, F, G, and H)
Implementation: Implementation of the new matrix converter system

under the dyadic matrix converter theory control.
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1.3.1 Dyadic M=irix Converter Theory (Chapters 2-5, Appendices A, B,
and C)

The contributions of this thesis in the theory of matrix converters has been
made possible by the synthesis of two central ideas:
(1)  The dvadic structure of the [H]-matrix (section 2.2); and

(2)  The a-b-c to d-qg-0 transformation (section 2.5).
It should be mentioned that the dyadic matrix structure has been recognized by S.I.

Khan, P.D. Ziogas, and M.H. Rashid [3,58,59), and L. Huber and D. Borojevic [70),
as the indirect method of synthesis of [H]-matrix; but they were not aware of the

convenience of the a-b-c to d-q-0 transformation. The advantages of the a-b-c to d-q-
0 transformation were recognized by W.H. Kwon and G.H. Cho [73]; but they were
not aware of the dyadic matrix structure. The progress made in the theory has to

come from the melding together of the two central ideas (section 2.6), The outcome

of this combination is a time-invariant equivalent, in d-q-0 frame, for the [H |-matrix,
called [P] -matrix, which is a convenient design too] (section 2.6). By proper choice

of the entries of the [P]—matrix, all possible [H }-matrix structures including the well-

known ones used by M. Venturini and A. Alesina [46], [47] and L.Huber and D.
Borojevic [70] can be synthesized (sections 3.4, 3.5, 3.7, and 3.8, Appendices A,B, and
C). Another outcome of the combination of dyadic matrix structure and a-b-c to d-g-

0 transformation is the possibility of referring the network on one side of the matrix
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converter to the other side in the same way as it is done in the magnetic
transformers, even though in this case the networks on the two sides of the matrix
converter are generally excited at two different frequencies (section 3.2).
Furthermore, the network of one side referred to the other side can be integrated
with the network of that side resulting in a compact expression describing the
dynamics of the whole system (seciion 3.3).

A significant contribution of this thesis to the matrix converter theory is the
treatment of the phase angle rotation as a control element (section 3.7). Another
important contribution is addressing the interaction of the zero-sequence components

and the application of SVC concept to the matrix converters (chapter 4).
Finally, 2 complete [H]-matrix is synthesized which has all the necessary

control levers to perform all aspects of: frequency changing, amplitude control of
side-2 voltages, displacement power factor control on side-1, and field vector control

on side-2 (section 4.6 and chapter 5).

1.3.2 Voltage-Source Converter Type Matrix Converter Undar the
Dyadic Matrix Converter Theory Control (chapter 6)

An important contribution of this thesis is introducing a new matrix converter
topology. The new topology is composed of three modules of three-phase voltage-
source converters (chapter 6). The advantage of the new topology over the
conventional nine-bidirectional-switch topology is that it employs voltage-source-

converter modules which are well knowr. by the industry and there is no need for
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switching precautions of the kind necessary in the conventional topology to be taken.
The voltage-source converters can be protected against shoot-through simply by
introducing a time deiay between the gating pulses of the two switches in the same
leg. Moreover, the total number of switches and diodes used are the same as those
used in the conventional topology.

The contribution of the thesis in the area of application is in the form of

applying the dyadic matrix converter theory developed in chapters 2-5 to the new
matrix converter topology. The [H|-matrix governing the operation of the new matrix

converter has been developed in section 4.6.

1.3.3 Implementation of the New Matrix Converter System Under the

Dyadic Matrix Converter Theory Control (chapter 7, Appendices
D, E, F, G, and H)

Experimental work constitutes a significant part of this thesis. Three existing
modules of three-phase voltage-source converter were used to realize the voltage-
source-converter type matrix converter topology. The control circuitry was designed

and implemented using a combination of analog and digital circuit elements.

In deriving the ¥, ,,, signal, the side-2 voltage signals of the three voltage-
source converters were averaged, thus cancelling out the ac components without
using a large filter.

The size of the capacitors on side-2 of the voltage-source converters, was

reduced from several thousand microfarads, which is typical for pure dc outputs, to
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50 uF, reducing the size and weight of the system, without endangering the stability
of the system.

Low ESR (Electro Static Resistance), non-electrolytic, capacitors were used
on side-2 of the voltage-source converters.to reduce the losses.

The simulation and experimental results presented in chapter 7, verify the

correctness of the theoretical expectations.
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TWO

DYADIC MATRIX CONVERTER THEORY

2.1 Introduction

The [H] -matrix in (1-5) contains trigonometric functions. The trigonometric
functions make the analysis tedious and offer little insight into the mechanisms
involved in the transformations. In this chapter, the [H] -matrix is assumed to be a

dyadic matrix. The dyadic structure is formed by the outer vector product of two base

vectors. This simplifies the matrix operations involving trigonometric functions. By

using the a-b-c to d-q-0 transformation, the [H]-matrix is transformed to a time-

invariant [P]-matrix. This offers a significant advantage from the design point of
view.
The block diagram of a typical three-phase to three-phase matrix converter

is shown in Fig, 2-1. The voltages and currents on side-1 and side-2 are assumed to
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Side - 1 Side - 2
Wy Wy
l1a 192,
> Via \p) >
i MATRIX iy
> Vib Vab >
i, CONVERTER i 9
> Vie vV, >
Fig. 2-1 Three-phase to three-phase matrix converter.

be balanced three-phase quantities. It is also assumed that the voltage sources are

on side-2 and the current sources are on side-1. The transformations of the voltages

and currents of side-1 and side-2 are performed through the [H ] -matrix, as shown

in Fig. 2-2. The key factor in a successful transformation is the proper choice of the

[H ] -matrix.

Fig. 2-2

Current and voltage transformations.

il iz
.\ T N
> [H] >
v A\
< [H] <

Vector
Space
of
Side-2
Quantities
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This chapter proceeds with an introduction to the dyadic matrix concept.
Then, a review of the vector space of the three-phase sinusoidal voltages and currents
will be presented. The orthonormal base vectors are the columns of the

transformation matrix relating d-q-0 and a-b-c frames. Due to the orthonormal
properties of the base vectors, [H ] -matrix can be viewed as the superposition of nine

weighted outer vector products of all possible combinations of the base vectors of
side-1 and side-2. The design task , then boils down to the choice of proper weights

according to the desired applications. The chapter continues with a review of Park’s

Transformation , and finally, the [H ]-matrix in the d-g-0 frame is derived.

2.2 Dyadic Matrix Transformation

A 3x3 dyadic matrix, [H], is defined [74] to be a matrix formed by the outer

vector product of two three-tuple vectors, x, and x :

[H] =z, z; 2-1)

The ij* element of the matrix [H] is:
hy = x,; %, 2-2)
where x;; and x,; are the {" element of x, and the j* element of r , respectively.

On expansion, for the case of i =a,b,c and j =a,b, ¢, (2-1) becomes:
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*1a X1a %25 *14%2p *10 %2
H] = |x =X, Xy Xip Xy Xop X (2-3)
[H] = |x [xza Xap Igc] = (%16 %20 A1 20 M1b A2c

X1e XieXoa X1 ¥ap Fio Xy

2.2.1 Regrouping Inner Vector Products from Outer Vector Product

In Fig. 2.1, the side-1 voltage and current vectors are:

zfm = [V1a Vi Vlc] (2-4)
i:,;,c = [ila i i1c] (2-5)

Similarly, the side-2 voltage and current vectors are:

Vysse = [V2a Vap Vac] (2-6)
izrabc = [iZa i2b i2c] (2-7)

The voltage transformation, shown in Fig. 2-2, is described as:

JZlabc = [Hl 22:::bc (2'8)

Premultiplying both sides of (2-8) by iT , vields:

:T - ;T -
!lcbc ylabc ; llabc [H] 22abc (2 9)

From the power invariance principle for an ideal matrix converter,

:T : T
v = y
!labc “labe I2.¢lbt: “2abe

(2-10)

Equating the right-hand-side of (2-9) and (2-10), the current transformation, as shown
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in Fig. 2-2, results:

i HY i 2-11)

2abe = [ ] labe
Substituting (2-1) in (2-8) and (2-11), and regrouping the last two vectors to form an

inner vector product,

Yiebe © ('xlx: )zzabc = xl(.x: l’2::1&4:) (2-12)
i‘Zabc = (;2 zlr)i'lm'n: = ‘IZ (x‘lrilabc) (2-13)

From (2-12) it can be seen that v , v,,, and v,. can be made to take the

same functional forms as x,,, x,,, and x,_ if and only if the inner vector product

(-EzT gzdbc), is a constant scalar. Also, (2-13) shows that {,  can be made to be

be

linearly dependent on x, if and only if (J_c_ir i labc)’ is a constant scalar. The only way

for the above inner products to result in constant scalars, is that X and x, be chosen

from the base vectors of the vector spaces of side-1 and side-2 currents and voltages,

respectively. This is the essence of the indirect method of constructing the
transformation matrix [H], using the concept of fictitious rectifier and inverter

contained in the ac-to-ac matrix converter [3, 58, 59, 70].

2.3  Vector Spaces of Side-1 and Side-2 Voltages and Currents

The voltage and current vector spaces of side-1 and side-2 can be spanned by
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the following base vectors:

cos W, t

by(w;) = \E cos (w; 7-27/3) (2-14)

cos (0,1 -47/3)

-sinw, ¢
b,(w) = ,\]‘-i: -sin(w;2-2%/3) (2-15)
-sin(w; 1-47/3)
1
1 -
bs(wi) = -3- 1 (2-16)
1

where i =1 denotes side-1 and i = 2 indicates side-2. In fact, any voltage or current

vector belonging to the side-1 and side-2 vector spaces, can be represented by a

linear combination of the above base vectors:

iabe iq

Yigpe = Via 2,(01) + Vig B,(0,) + Vg By(w)) (2-17)

= hgh(0;) + i, By(0;) + g by(0)) (2-18)

liabc -

where v, Vigr Vior Lia» 1

iq» and i, are the coordinates using the base vectors as the

axes. Under steady-state, balanced, three-phase operation at a single angular

frequency w;, vy, v, @y, and i, are time-invariant scalars. The remaining

coordinates, i.e., v, and i, can be time-dependent or time-invariant scalars.

2.3.1 Orthonormal Properties of Base Vectors
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From (2-14) - (2-16), it can be deduced that:

[B;(@)]"[2e(w:)] =0 forj =k 2-19)
# 0 Jorj =k

for j=1,2,3 and k=1,2,3. Thus, the base vectors b (@), b,(w), and b (w) are
orthonormal. The constant coefficients  2/3 and y 1/3 usedin (2-14) - (2-16) have

been chosen intentionally in order to make

[b(@)] [ (w)] =1 forj=k (2-20)

2.4 Synthesis of the Transformation Matrix

As mentioned earlier in subsection 2.2.1, the criterion for choosing x . and:_c2

is that they must belong to the vector spaces of the currents and voltages of side-1

and side-2 of the matrix converter, respectively. Therefore, any of the base vectors

b, (@), b,(w), and b_(w) is a candidate for the choice of x and x, provided that the
proper angular frequency, w,, is used.

In general, by choosing x 1o be l%,(ml), j=123, and x, to be b (u,),
k=1,2,3, a feasible dyadic matrix [H,,] can be formed:

[His] = Pul;(wy) [1’-,,(02)]’ (2-21)

where p,, is any weighting constant. Overall, nine different dyadic matrices can be
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constructed in this way, out of which some are significant from engineering point of
view, while the others are not useful. Any combination of the above nine elementary
dyadic matrices is also possible. The most general expression for the combination of

different feasible dyadic matrices is:

3

[H] =Y X By By(01)[By ()] (2-22)

3
J=1 k=]

Because of the trigonometric nature of the elements of the vectors b (w;) and

b z("’i)’ the expansion of (2-22) to the form of (2-3) will be complicated and yields no

analytical insight. This is the main reason for transforming to d-q-0 frame.
At this point, it will be enlightening to explore the structure of some of the

numerous transformation matrices [H]}, that can be obtained using (2-21) and (2-22).
24.1 Examples for Transformation Matrix Synthesis

For all of the following examples, the side-2 voltage vector is assumed to be:

Yoo = Vou kl(mz) (2-23)

2.4.1.1 Example 1

Let x, =b () and x, =b (w,). Then, from (2-21),
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Bl = puby e @29

As a result of the transformation, the side-1 voltage becomes:

Y e = [Hu]¥,p = Pu Vuhl(ml)[hlr(%)kl(wz)] (2-25)
According to (2-20), the inner vector product inside the brackets in (2-25) equals 1.

Therefore,

Yo - Pu Vag b,("’l) (2-26)
It can be seen that the balanced three-phase voltages on side-2, with amplitude

vy 2/3 V,,, at angular frequency o,, have been transformed to the balanced three-
phase voltages, with amplitude v 2/3 p,,V,,, at angular frequency w,, onside-1. The
side-1 voltages have cosine functional form, determined by b 1(01) in (2-14).

The ij* element of [H,,] is given by (2-2) and (2-14) to be:

h;’j = .":.;'.p“cos - (i- 1)%}cos w,t - (j - 1)2_;.
1 [ s 2n
= T_,;Pu°°s _(“’1 + mz)t -(i+j- 2)? : (2-27)
1 i s
+ 3 Pucos (@, - @)t - (i -J)T"]

with cosine functions at angular frequencies (o, + @,) and (o, - @,).

2.4.1.2 Example 2
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=b, (w,). Then, from (2-21),

[Hy] = Py (0], (02 @229)

The side-1 voltage vector becomes:

zlabc = Py ;,Zd kz(m2) (2-29)
As seen, the same side-2 voltage vector as in Example 1, has been transformed to a

side-1 voltage vector at angular frequency ,, but the side-1 voltage has acquired

sine functional form of b,(w,) in (2-15). This means that a phase angle shift of x/2

has been introduced to the side-1 voltages compared to the case of Example-1. The

elements of [H,, |-matrix will contain sine functions at angular frequencies: (o, + w,)

and (0, - ,).
2.4.1.3 Example 3

When the [H);] of Example 1 and [H,;] of Example-2 are combined, the
resulting [H]-matrix is:

[H] = pyy (@) [B, ()] * Par b, (@) [, (@1)] (2-30)

and the side-1 voltage vector becomes:

v = Vaa [Pub,(wl) + lebz(‘*’l)] (2-31)

It can be seen that the side-1 voltages are weighted sums of cosine and sine functions
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which can be represented as sine or cosine functions with some phase shift. The

phase shift can be adjusted by choosing appropriate values for p,; and p,,. For

example, if p,, and p,, are chosen in such a way that p,, =cosa and p,, =sine, then

cos co t+ a)
Yo, = V,4|cos(w,2 + & - 2n/3) (2-32)

cosm t+a - 4-::/3)
In the structure of the [Fi]-matrix, cosine and sine functions at angular

frequencies (w; + ®,) and (v, - v,) exist.
24.1.4 Example 4

Let x =f(£)b , and x, =b (w,), where £(t) is a scalar function of time and b,
is given in (2-16). Then, the [H,,]-matrix becomes:

[Hay] = Py FO By [By()]7 (2-33)

and the side-1 voltag: vector is:

Yo =P f(D) Vb, (2-34)

As seen, the side-2 voltages which constitute a balanced three-phase system are

transformed into zero-sequence voltages on side-1.

24.1.5 Example 5
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As the last example, let x,=b, and x, = b,. Then, the [H33]-matrix becomes:

111
1 -
[H:'B] = p33 bs 'b3r = "3_p33 111 (2 35)
111
and the side-1 voltage vector will become:
-— T _ .
Vs =PV by [b3 kl(mz)] =0 (2-36)

Of course, such a transformation is of no engineering significance.

Now, let us combine [H);] and [Hy;]. The resulting [H]-matrix will contain

elements like:

1 L. 2z
h.= Epu cos[(m1 )t =i+ - 2)-3_—

1 .27
+ '§P11°°S[(“’1 - ©,)1 - (i —j)-3—]
1

+ 51733

(2-37)

As far as the side-1 voltages are concerned, there will be no change in comparison

with Example-1 and V... Will be exactly the same as in (2-26). But, the inclusion of
constant scalars 1/3p,, in the elements of the [H]-matrix, makes the rank of the

matrix to be 3 (instead of 2 for the [H]-matrix of Example-1), and therefore it will

be invertible.

The invertibility of [H]-matrix, helps in the analysis, in the sense that as
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transforming Vope 10 ¥

o5 €20 De expressed by v ={H)y oy 1hE inverse

be

transformation, i.e., the transformation of Yipe O ¥, can also be stated by

-1 . . . .
v. =[H]"v_ .Inthe operation of the matrix converter, however, the inclusion of
=2abc =labe

the constant scalars p,, in the [H]-matrix has no effect.

It is interesting to note that the [H]-matrix obtained as a combination of

[Hy] and [Hy], is identical to the [H|-matrix used for the first time , in 1980, by M.

Venturini and A. Alesina [46), as shown in Appendix B. The above mentioned

authors have used [Hy;] to keep the values of the entries of the [H)-matrix between

0 and 1, so that the [H|-matrix is the local-averaged representation of the existence

matrix which is governing the transformations, as mentioned in chapter 1.

2.5 Park’s Transformation

The base vectors given in (2-14) - (2-16), are, in fact, the columns of the well-

known Park’s transformation matrix [75], which maps a set of three-phase quantities
from d-g-0 frame to a-b-c frame, as shown in (2-17) and (2-18). The 3x3 Park’s

transformation matrix is therefore
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[C(mi)]zxa - [bl(mf) EACHE hs(mi)] (2-38)
Defining the d-q-0 voltage and current vectors on side-i (i=1,2) as

2;40 = [vl'd viq "io] (2-39)

Eeo = [hia tig o] (2-40)

(2-17) and (2-18) can be rewritten as:
Yiabe ~ [C(wi)]stziqu (2-41)
iialu: - [C(Qi)]sﬂ iidqu (2-42)

From the orthogonal properties of the base vectors stated in (2-19) and (2-20),

it can be deduced that;
S o] = 1 @43

where I is the Identity Matrix.

2.6 Transformation Matrix in D-Q-0 Frame

In order to move from the a-b-c frame to the d-g-0 frame, in which the matrix
converter is to be studied, the transformations of (2-41) and (2-42) are used.

Substituting (2-22) in (2-8) yields:
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3 3
Fiabe [ 2 > Py by ()[R, (mz)]rlxzabc (2-44)

i=1 k=1

»

Replacing v, andy in (2-44) by their equivalents from (2-41),

g B3

3
j=1 k= Pir b-" (wl)[bk (mz)]T] [C(mz)]sxs Y dqo (2-45)

[C(21)]5.3 %1400 = [

-

Premultiplying both sides of (2:45) by [C(w,)].._,

-hf (@,)

3
T
P bz(
e ! J

25

3

(2-46)

£
2
£

v =
~1dq0

£

L

[[By(02)] [2(02)  By(©02) ! Byf3)]] 200

- (7]

Vv
3%x3 —2490

where [P]3,3 contains only the weighting constants p,, introduced in (2-21):

1
Py Py Py
(Plaxs = |Pa Pn P (2-47)
P3 Py Py

The simplification in the evaluation of (2-46) is the result of orthonormality of the
base vectors. As an example for the method of carrying out the operations involved
in (2-46), consider the case of j =3 and k =2. The corresponding 3 x3 matrix will

be found using (2-19) and (2-20), as follows:
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0 0 0 0O
p 0|0 1 07=]0 0 0 @48
1 0p, 0

Equation (2-46) is the voltage transformation in d-q-0 frame:

Yo - (Pls.s Yadq0 (2-49)

A similar relation can be derived for the current transformation in d-g-0 frame.

Premultiplying both sides of (2-49) by {7

~1dq0

. T

i (2-50)

_ ;T
1dg0 'Yuqo lldqﬁ [P]3x3 yqun

From power invariance principle, for an ideal matrix converter, one ¢an write;

: T = « T 2_ 1
Ildqo zldqo lquO 221:!(;0 ( 5 )

Equating the right-hand-sides of (2-50) and (2-51),

T

— T . -
lquo =1 [P]3x3 (2-52)

1dgq0

By transposing both sides of (2-52), one gets:

Pl
2dq0 [Plsus lwqo

1 (2-53)

which is the current transformation in d-q-0 frame,

As a result of the matrix manipulations in this section, the relationship

between [H] and [P]:‘,‘3 matrices can be derived as follows:
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[Plsss = [Cloy)]7 [ [C(0,)] (2-54)
[H] = [C(@,)] [Plaws [C(a)) (2-55)

Under steady-state operating conditions, Y0 and { (i =1,2) are time-

~idg0
invariant vectors V. , and I g0 in the d-q-0 vector space of side-i. All the controls

idg

performed by the matrix converter can therefore be studied in terms of mapping the

constant vectors on one side to the other side, by the constant matrix [P];, ,.

After the analysis and design in the d-g-0 frame is completed, and the entries

of the [P]3, ,-matrix are determined, (2-55) can be used to evaluate matrix [H] which

is necessary for the implementation of the matrix converter.

2.7 Summary

In this chapter, it was shown that the frequency changing can be interpreted
as a linear transformation through a dyadic matrix. The base vectors are taken from

the d-g-0 to a-b-c Park’s transformation matrix. It was shown that the dyadic matrix

[H] in the a-b-c frame, has an equivalent dyadic matrix [P] in the d-qg-0 frame.
Because of the time-invariance, [P]-matrix is the preferred means for the analysis of

the matrix converter as the [H]-matrix, in general, has sum of sine or cosine

functions at angular frequencies (@, + ;) and (v, - ©,) in each of its nine elements.
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THREE

TRANSFORMATION MATRIX STRUCTURE

3.1 Introduction

In chapter 2, it was shown that the generalized transformation matrix in a-b-c

frame is of the following structure:
[H] = [C(0,)][Ply.3[C(w,))" @3-1)
where Clw) and Clw,) are the well-known d-q-0 to a-b-c Park’s transformation

matrices at angular frequencies o, and w,, respectively, and
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P Pn Pp3
[Plixs = |Pa Pn P 3-2)
Py Dy Py

is the transformation matrix in the d-q-0 frame consisting of constant entries.

The objective of this chapter is to explore the roles played by the elements p,,

(j=1,2,3 and k=1,2,3) of the [P]-matrix of (3-2). With this understanding, the
engineering design can then follow.

This chapter considers the case where zero-sequence components do not exist
in the networks of either side of the matrix converter. The chapter proceeds with
looking at the network of side-1 as viewed from side-2. Then, the side-1 network,

referred to side-2, will be integrated with the network of side-2. From the resulting
system, the properties of different [P] -matrix structures can be clearly understood.

The analysis of this chapter is general and, as will be shown, covers the
transformation matrices used by the predecess.rs: M. Venturini and A. Alesina {46,
47, P.D. Ziogas, S.I. Khan, and M.H. Rashid [§9], and L.Huber and D. Borojevic
[70]. Because the exhaustive study of all the possibilities would take more than one

thesis, only the most important ones are considered here. The cases not considered

are open for further exploration;

3.2 Network of Side-1 as Viewed from Side-2

Fig 3-1 shows the block diagram representation of the matrix converter and
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the circuit diagram of the networks on side-1 and side-2. The circuits on both sides
of the matrix converter have three-wire wye connection and therefore, the zero-
sequence components do not exist. This reduces the order of the systems of equations
in d-qg-0 frame from 3 to 2, and as a result, makes the transformation of circuit
equations from one side to the other side easier.

As a result of neglecting the zero-sequence components on both sides of the

matrix converter, [P] will be 2 2x2 matrix:

Py P
Phaa = ¢
Py Pn
Equation (3-1) is therefore modified to:
(H] = [C(01)l, Flawz [Cle2)]5,, G4

where [C(w,)],  and [C(w,)],  are the Park's transformation matrices with the

Side - 1 Side - 2

- + — -
1

1a| Matrix 124

N
1

ib] Converter | 12v

N

Fig. 3-1 Matrix converter with the networks of side-1 and side-2.
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columns corresponding to the zero-sequence components omitted. The modified

Park’s transformation matrices have the following structures:
[Cloa)lsyz = [Bal®1) 25(@1)] 3-5)

[E(@2));,, = [hl(QZ) : hz("’z)] (3-6)

where b (w;) and 2(c.),.) are defined in (2-14) and (2-15), respectively.

From Kirchhoff’s voltage law on side-1,

i . d _
ylabc B g'labc: N [Rl]llabc - [Ll]z llabc 3-7)
where
vla ela lla
“labe Vi ' glabc 16 ? ilabc = [he
v e i
le le le (3-3)
R, 0 0 1 0
[Rl] = 0 Rl 0 ; [Ll] = 0 Ll 0
0 0 R1 0 0 L,
Equation (3-7) in d-q frame is:
—e  -[Rli. -[L1%i  -[G)i (3-9)
zldq - ﬂla‘q [ 1]lldq [ 1] dt ldg [ ‘] 1dq

where
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Vu] . €14 ["w

b = ; = ’ H =

M e he (3-10)
R, 0O L 0 0 -w,l,

[R] = o[k = b [G] =
0 R, 0 L, wl 0

The voltage and current transformation equations in d-q frame, equivalent to

(2-8) and (2-11) are:

zldq = [P]ZxZ -deq (3'11)
. T . .
lgdq - [P]2x2 Ildq (3-12)

The inverse transformation equations are:

!2dq = [P]Eiz "—’qu (3'13)
i = {PT N\ = (1PN )
bag © ([P ]2x2) L, = ([P]z,&) Ly (3-14)
where
[P];iz = L Pu “Pu (3-15)

Py Pay = P12 P21 |"P21 Py

Premultiplying both sides of (3-9) by [P];,, and substituting for [P,,, v and b

dq

from (3-13)and (3-14), respectively,
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Yoy = Frg ™[Rl - [Lll];%iqu - [61]4,,, (3-16)
where
€4 = [Pl g, (3-17)
[R1] = Ry [Pl (1Phes)” 3-18)
[L1]) = L, [Phe(lPh)” (3-19)
[G{] = o, L, [P, [(1) _01 ] ((Plrxa)” (3-20)

Equation (3-16) describes the dynamics of side-1 network as viewed from side-2. As
seen from (3-17) - (3-20), side-1 quantities have undergone quite significant
transformations after being referred to side-2. Equations (3-16) - (3-20) clearly define
the transformations of the source and terminal voltages, the currents, the resistances,

the inductances, and the reactances of side-1. However, the results will still be quite

undigestible for the case when [P]z,‘2 is a full matrix. For this reason, this chapter

will consider the simpler case of the diagonal matrix, before going to the full [P]

matrix.

To have an overall view of the whole system, the network of side-1, referred
to side-2, and the side-2 network will be integrated into a single system. The
integration of the networks of side-1 and side-2 which are, in general, excited at two

different frequencies, has been made possible by the virtue of the transformation to
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the d-q-0 frame.

3.3 Integration of Side-1 and Side-2 Networks
From Kirchhoff’s voltage law on side-2 of Fig. 3-1,

. d.

= + -+ — 3'21
22::5:: £20ba [Rz} l2ab: [Lz] dt lzabc ( )

where
v2a eza iZa

= |V 4 = | & M 1 = i

'YZab: b ? £2abc 2b 4 12abc 25
Vv,

e i
< 2¢ 2e (3_22)

0 L
RN
R 0

2

R,

[ &)

0
R,
0

G 0
[Ry] = 0 L, 0
0 ¢ L,

Remembering that on side-2, as on side-1, the zero-sequence components do not

exist, (3-21) can be rewritten in d-q frame as:

_ . d . .
Yodo " %240 " [Rl] bag * [Lz]zlqu ¥ [Gz];’qu (3-23)

where

(3-24)
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The network of side-2 can now be integrated with the network of side-1 referred to
side-2 by equating the right-hand-sides of (3-16) and (3-23). After some

rearrangements, the resulting equation will be:
. / d .
gllan; Y ([R{] ¥ [Rl’])deq * ([I‘l] " [Lz])zlqu

(3-25)
* ([Gll] * [GZ])iqu

Equation (3-25) describes the dynamics of the system of Fig. 3.1 from the
point of view of side-2. Having obtained a complete image of the system, the

properties of some transformation matrix structures can now be examined.

3.4 Diagonal Structure

This section is concerned with the [P]zxz-matrix of diagonal structure:
[Plua = [p“ X ] (3-26)
0 P
Three different cases will be considered:
(1) Py =pp=FP
(2) pyy=-Pyp = Pf

(3) Py * tDy

With [P]z,c2 defined as in (3-26), (3-4) gives upon expansion:
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CS(0) CS(~2w[3) CS(-4n/3)

(#] =2 “;p” CS(-27/3) CS(-4w/3)  CS(0)
CS(-4%/3)  CS(0)  CS(-2m/3)
(3-27)
. CD(0) CD(-47/3) CD(-21/3)
. 51_13-"2 CD(-2%/3) CD(0) CD(-4x[3)
CD(-47/3) CD(-27/3)  CD(0)
where
CS(x) = cos[(@; + w,)t + x| (3-28)
and
CD(x) = cos[(w; - ©,)? + ] (3-29)

Also, for the case of diagonal [P]ZXZ-matrix, (3-17) - (3-20) can be rewritten as:

.f_g"
o | (3-30)
1dg e

g
| P22
[ R
-1 9
P’
[R]] - . (331)
0 -——L
I j
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- :
_12 0
2] -] (3-32)
! L
0 1
T2
P2y |
(6] = . [0 "ok (3-33)
pyPyio L, O

34.1 p,=p,=F,

In this case, the [H]-matrix of (3-27) becomes:

CD(0) CD(-4n/3) CD(-2%/3)
[H] = %Pf CD(-27/3) CD(0) CD(-4x/3) (3-34)
CD(-4n/3) CD(-2%/3)  CD(0)

where CD(x) is given by (3-29). As seen, each of the nine elements in the [H -
matrix, contains a single cosine function at the angular frequency w, - w,, i.e, the

difference of the side-1 and side-2 angular frequencies. This case offers less
complexity from the implementation point of view, compared to the more general

cases where there are two cosine functions at ©, + w, and , - @, in each element
of the [H]-matrix.

In the case of py, = py, = P, (3-30) - (3-33) can be rewritten as:
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€, - 7,1; e, (3-35)
[®] - 25 R 336

f
HE ;‘E [Ly] @337
(61] = =< [6] (3-38)

2
Py
where e " [Rl], [Ll], and [G1] have been defined in (3-10). As seen, upon referring

to side-2, the side-1 vcltages are divided by Pf and the resistances, inductances, and

reactances are divided by sz.

342 p,=-p, =P,

In this case, the [H ]-matrix of (3-27) becomes:

CS(0) CS(-2x/3) CS(-4w/3)
P,|CS(-2n[3) CS(-4%/3)  CS(0) (3-39)
CS(-4%/3) CS(0) CS(-2n/3)

[H] =

W

where CS(x) is defined by (3-28). Each element of the [H ]-matrix, in this case,

contains a single cosine function at the angular frequency , + w,, i.e,, the sum of the

side-1 and side-2 angular frequencies.
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The referred quantities, from (3-30) - (3-33), are:

g = L% (3-40)
By -ey,
1
[R{] = - [Ri] (3-41)
s
AR (3-42)
1 sz[ l]
[61] = --}%2- CA (3-43)
b

where [R1]: [Ll], and [Gl] have been defined in (3-10). From (3-40) - (3-43), it can

be seen that by referring to side-2, the magnitude of the side-1 source voltage is

divided by Pf and the magnitudes of the resistances, inductances, and reactances are
divided by sz. In this sense, the case of diagonal [P]zxz-matrix with p,, = -p,, = P,
is not different from the case with p,, = p,, = P,. Thus, as far as the transformation

of the magnitudes of the quantities is concerned, 1“:r has the same effect in a matrix

converter governed by a [P]z,‘z-matrix of diagonal structure as the primary to

secondary turns ratio in a magnetic transformer. The matrix converter, as a frequency
changer, adds to the capabilities of a magnetic transformer by being able to

transform frequency, as well (realizing the idea of "Generalized Transformer").
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The only difference between the results of the transformations in the two

diagonal [P]-rnatrices studied, is that in the second case, ie., p;, = -py, = P, the

complex voltages and impedances on side-1 are changed to complex conjugate
quantities when referred to side-2. As will be seen later on, in section 3.5, this
“Conjugate Property” offers the attractive practical advantage of reducing the total
reactance of both sides through "Series Reactance Compensation”. This will ease the

task of displacement power factor correction. Because of this conjugate property, the

case p,, = —P,, is preferred to py; = ps.

343 p,**p,,

In this case, the [H]-matrix takes the complete form of (3-27) and the side-1
voltages, resistances, inductances, and reactances referred to side-2 are described by

(3-30) - (3-33). The [H]-matrix elements contain cosine functions at angular

frequencies ©, + w, and ©, - ,, ie., both sum and difference of the side-1 and

side-2 angular frequencies. This is because the general diagonal [P]zxz-matrix is a

linear combination of the [P]z,z-matrices in the two previous cases:

py O
0 p,,

_Put P 1 0] L P " Py 10 (3-44)
2 01 2 0 -1

The implementation is not as simple as in the last two cases. The referred quantities
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assume more complex forms compared to the previous cases, as well.

For the sake of completeness, the case where the diagonal elements of the

[P]zxz-matrix are zero (p,, =p,, =0) and the off-diagonal elements are nonzero

(P, * 0 and p,, + 0) is studied in Appendix A.

An issue which has been attracting a lot of attention ever since static
frequency changers were introduced, is the "Displacement Power Factor Control". In
most of the cases, one is specially interested in getting "Unity Displacement Power

Factor" at the interface of the matrix converter with the ac mains. The next section
will explore the capabilities of the matrix converter governed by the diagonal [P]m_-

matrix, in this respect.

3.5 Unity Displacement Power Factor with Diagonal [P],,,-Matrix

In Fig. 3.1, Unity Displacement Power Factor (UDPF) on the source side,

corresponds to the in-phase relationship between the side-1 currents i, i,,, and i,
and the source voltages e,,, e,,, and e, , respectively. In d-q-0 frame, this translates

to collinearity of the side-1 current and source voitage vectors, i g and e g

The Displacement Power Factor (DPF) on side-1 is affected by all the
parameters of the system. Therefore, the equation describing the behaviour of the

integrated system, i.e., (3-25) will be used in the study carried out in this section. For



CHAPTER 3 TRANSFORMATION MATRIX STRUCTURES 53

the general case of the diagonal [P]z,‘z-matrix (P41 * =P5), (3-25) can be presented

as:
1
7 3 + R7- 0 .
€id rzd] Py {‘zd]
= +
elq) 1% 0 R, R, F24
P222
—=+L, 0 _
. Py d [‘M] (3-45)
0 i + L2 at 12‘1
Pzzz
w, L
. P11 Py ['24]
0. Ly + w,L, 0 24
| P11P22

Under steady-state operating conditions, (3-45) can be written in the following

decomposed form:

R w, L
Ejg=Epy+|—% +Ry|Ly - ( — + msz]Iz (3-46)
Puz P11 Py !
R w,L B
Eiy = Ey + | =5 * Ry|L *[ —= + "’21'2)!24 (3-47)
‘ Pyt ? \Pu Py

where Elf,, Elf!, E,,, E?q’ I, and I2q are steady-state quantities, and the terms
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containing 4 /dt have been omitted because of the fact that i,, and iy, are constants

(1,4 and I, respectively) at steady-state. Let us assume, for simplicity, that £, =0
(Elq being the steady-state value of e, q). Therefore, from (3-30), El‘; = 0. Also, let

E, = Ezq = {}, i.e., let the network on side-2 be passive. UDPF on side-1 necessitates
that I, = 0 (J,, being the steady-state value of i, ). From (3-12) and (3-26), 1, = 0

translates to J, = 0 on side-2. Since I,,# 0, in order for (3-47) to be satisfied, the

following condition must hold:

o, L,
Py Py

+ w,L, = 0 (3-48)

Substituting (3-48) in (3-46), one gets:

R
El = (—‘2- * Rz)zzd (3-49)
Py

which from (3-12), (3-17), and (3-26), on side-1 is:

Eyy = (R, +pi "Ry, (3-50)
Equation (5-50) clearly shows the resistance emulation or UDPF on side-1.

Pyy» Which is the current gain of the matrix converter (p,, = I,, /1,,), can be

found from (3-49) given the desired value of I,, or the power demand on side-2, as:



CHAPTER 3 TRANSFORMATION MATRIX STRUCTURES 55

Rllzd

12 (3-51)
! .
Ey; - Rz‘zd

Py =

Then, (3-48) can be used to find the value of p,,, corresponding to the choice of p;,,

that maintains UDPF on side-1, in the following way:

o, L,

hed Ul B (3-52)
Py L,

Py = -
If p); = =py, = P, is used or the network on side-2 is active, (i.e., E,; # 0 and

E,, + 0), then there will not be enough degrees of freedom to achieve UDPF on

side-1 and real power control.
The possibility of DPF correction and attaining UDPF on side-1 of the

frequency changers, have been explained well by L.Gyugyi and B.R. Pelly in [1]. M.
Venturini and A. Alesina incorporated this capability in the [H]-matrix of their
matrix converter [46, 47), which was followed by the researchers thereafter. Appendix
B shows that the [H ] -matrix used by Venturini and Alesina has the same structure

as given in (3-27), except for the constant terms.

Before directing attention towards the off-diagonal elements, let us summarize

the properties of the diagonal [P],,,-matrix,

3.6 Summary: Properties of Diagonal [P],,,-Matrix
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- The special cases for which p,, =p, = P; and p,, = -p,, = Py, offer less
complexity in terms of implementation than the general case (p,, * £p,,).

- The general case (p,;# £p;) and the case with p; = -p,, = P, offer

conjugate property. This property can be taken advantage of, in reactance
compensation and as a result, in DPF correction. Equation (3-48) shows
that reactance compensation can be carried out by proper choice of the

inductances on one or both sides (if applicable), as well as by proper choice

of p;, and p,,.
- In the case of general diagonal [P]z,‘:,_ -matrix, (3-51) and (3-52) offer control

levers p,; and p,,, for active and reactive power control, respectively.

3.7 Full [P],,,-Matrix

As revealed by section 3.5, the diagonal [P}, ,,-matrix, with the diagonal terms
Py, and p,,, offers at most two degrees of freedom for control purposes. In this

section, it will be shown that the inclusion of the off-diagonal elements in the [P],, ,-

matrix will add to the control degrees of freedom, the control effect being that of

"Phase Angle Rotation". Three different cases will be studied. In the first two cases,

a single cosine function will appear in each element of the [H ] -matrix, while in the
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third case, each element in the [H] -matrix will have two cosine functions.
In subsection 3.7.1, the [P]zx,_-matrix will be designed to result in cosine

functions at angular frequency equal to the difference of the side-1 and side-2
angular frequencies, in the [H]-matrix. This case lacks the conjugate property and
thus reactance compensation cannot be performed. Except for the rotation control,

this case is similar to the case of the diagonal [P]m-matrix with py, =p,, = P, of

subsection 3.4.1.
Subsection 3.7.2 considers the case which results in an [H]-matrix containing
cosine functions at angular frequency equal to the sum of the side-1 and side-2

angular frequencies. This case is similar to the case of diagonal [P]z,‘z-matrix with

P1 = ~Py = Py of subsection 3.4.2. Tt offers the conjugate property plus the rotation

control.

Subsection 3.7.3 considers, for the sake of completeness, the case which results
in an [H]-matrix containing elements composed of cosine functions at angular
frequencies equal to the sum and difference of the side-1 and side-2 angular

frequencies. This case is similar to the case of general diagonal [P),,,-matrix with

Py * * P, of subsection 3.4.3.
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3.7.1 Non-Conjugate Rotation

In this case, [P]zxz-matrix is:

Pl,.,=P (
[ ]2x2 f[‘SinY CDSY]

which is recognized as a rotational transformation matrix in Cartesian Coordinates.
The angle of rotation is equal to y. The corresponding [F]-matrix can be derived
from (3-4) and has the formula exactly like (3-34), where

CD(x) = cos[(w; - w,)t = ¥ +x] (3-54)

The inverse of the rotational transformation matrix of (3-53) is:

- 1 [cosy -siny i
[P]zlz = P [ . ] (3-35)
» Lsiny  cosy
Let
e cosd
e = ol E |, 1] (3-56)
e ey, sind |
Substituting (3-55) and (3-56) in (3-17), then gives:
g -5 cos{t * %) (3-57)
e P [sin(y + 3,)

According to (3-57), the vector e iq is rotated by an angle v, specified in the [P ]m-
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matrix, when it is referred to side-2.
. NI anale!
In the case of the full [P],,,-matrix under study, |R; |, [L, |, an |G/ | of (3-
18) - (3-20) will take exactly the same forms as (3-36) - (3-38).
It is gratifying to see that the angie of rotation, y, appears only in the source

voltage referred to side-2, given in (3-57), and the resistances, inductances, and

reactances are not affected by v.

It is quite clear that the full [P]zxz-mam'x of this subsection, is a general form
for the special case of the diagonal [P]m-matrix with p,, = p,, = P, of subsection

3.4.1. In fact, the latter can be obtained from the former, by just =quating ¥ to zero.

3.7.2 Conjugate Rotation
In this case, [P),,,-matrix is:

cosy siny
— (3-58)
Pl = Fy |siny -cosy

Equation (3-58) shares with (3-53), the scaling by the factor P, and the rotation by

the angle y. The corresponding [H ] -matrix can be found using (3-4), to be exactly

like (3-39), where
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CS(x) = cos[(@, + 0,)F + y +x] (3-39)

The inverse of the [P]zxz-matrix of (3-58) is:

sy sin
e
e |siny -cosy
Letting e, iq b= as in (3-36), (3-17) then yields:
g B cos(y - &) (3-61)
43 P, |sin(y - 3,)

Equation (3-61) indicates a rotation by an angle y as a result of referring €4 to
side-2. Also, from (3-61), it is observed that upon referring, e g becomes conjugated

prior to being rotated by y. The conjugate property is similar to the one in the case

of diagonal [P]zxz-matrix with p,; = =p,, = Pp.

In the case of the full [P),,,-matrix under study, [Rl’], [Ll’], and [Gl’] of (3-

18) - (3-20) will take exactly the same forms as (3-41) - (3-43). Equation (3-43) shows
that in this case, the impedance of side-1 is conjugated when referred to side-2,

offering the possibility of reactance compensation and DPF correction.

The case of full [P]zxz-matrix studied in this section, is the general form for

the special case of diagonal [P]m-matrix with p, = ~p,, = P, of subsection 3.4.2. The
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latter can be obtained from the former, by just putting y equal to zero. In this way,

only the phase rotation property vanishes, but all other properties are preserved.

3.73 General Full [P],,,-Matrix

Just in the same way as the general diagonal [P]z,‘z-matrix of subsection 3.4.3

was described as the superposition of two elementary cases of subsections 3.4.1 and

3.4.2, the general full {P],,,-matrix can be represented as the weighted sum of the

two elementary cases of subsections 3.7.1 and 3.7.2;

Py, P12 cosy, siny, cosy, siny,
[P]zxz = = fl . -+ sz . (3'62)
Pa; P2 ~simy, cosy, Siny, -—cCosY,
From (3-62),
P, cosy, + Py, cosy, = py,

Py siny, + Py, siny, = py, (3-63)
Pfl smy, - Pfg SmMY, = —Py
P; cosy, - Pr,cosy, = Py,

Py, Py, vy, and v, can be easily found from (3-63), in terms of p,, p,,, poy, and

Dy, @S
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1
P, = D \/(Pu + Pzz)z * (P12 - 1"21)2
Piy = P (3-64)
Y, = arctan 12~ Py
Py * P2
1
Py, = 3 \/(Pn = Pzz)z * (P12 * p21)2 363
Y, = arctan Py2 * Py
Puy ~ P2

The explicit solutions for P, v,, Pﬁ, and y, show that any 2x2 [P]-matrix

can be decoupled into two 2x2 elementary matrices of the form given in (3-62).

Using (3-4), the [H ] -matrix can be found to have the same structure as in (3-
27), except that (p,, - p,,) /3 is repiaced by 2 /3P, and (p,, + p,,) /3 by 2 /3 F.
CD(x) and CS(x) are as defined by (3-54) and (3-59), respectively. As seen, the
general full [P]zxz-matrix of (3-62) rzsults in an [H]-matrix whose elements contain
cosine functions at the sum and difference of side-1 and side-2 angular frequencies.
By putting y, = v, = 0, the case of general diagonal [P]zxz-matrix of subsection 3.4.3
results.

Equations (3-17) - (3-20), in the case of full [P]zxz-matrix of (3-63), take more

complex forms than in the case of subsections 3.7.1 and 3.7.2, due to the presence of

the angles of rotation, y, and ¥,, in the referred resistances, inductances, and
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reactances, as well as in the referred voltages. The physical meaning, in this case, is

not clear.

3.8 Unity Displacement Power Factor (UDPF) with Full [P}, ,-Matrix

The genera! full [P],,,-matrix is supposed to be able to perform both DPF

correction on side-1 and real power control even with a three-phase active load
connected on side-2; but the complexity of structure and lack of clear physical insight
makes its use inconvenient. The two special cases of subsections 3.7.1 and 3.7.2 offer
two control degrees of freedom, each. Therefore, as discussed in section 3.5, for a
general active load on side-2, DPF control on side-1 and satisfying the power demand

on side-2 is not possible.

Consider the case of full [P],,,-matrix with conjugate rotation of subsection

3.7.2. Equation (3-25) can be presented in the following form:

1 - L,

/ — R 0 . — L 0 :
| [eul . P; [lzdl . P; d |2
; . ,
€] 12 0 i‘z + R, 24 0 L_‘z + L, at [tz

Pf Pf
o, L 1
0 121 - w,L,|
P; [lzd]
+ »
'mlLl . msz 0 1y
P!
!

(3-66)
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In the steady-state, (3-66) can be rewritten in the following decomposed form:

R o, L
Ejg=Epy+|— + Ry|Ly + | =2 - 0, L,|I, (3-67)
Py Py
R w,L
/
El,=E,+ [—; + Rz]Izq - [% - msz]Izd (3-68)
Py Py

Let us consider a simple case where E,, = 0.1In (3-61), y can be chosen equal
to §, resulting in E,; = 0. Also, the coefficient of I, in (3-68) can be made zero by

appropriate choice of P;. Then from (3-68), one can deduce that I, = 0; thus (3-67)

becomes:

R
Ejg=Epy + [P—lz M RZ]IZJ (3-69)
7

From (3-69), one can see that UDPF has been attained on side-2. Using (3-12), [ 1ag

can be found in the following way:

_ 1 [eosy siny ]|By
Pf siny -cosy|| 0O

Comparing (3-56) and (3-70), one can see that for the previous choice of y = §,,

I2d [COS Y ] (3_70)

Ild -1\T Izg
Ildq B L } - ([P]Z*z) 0 ?f siny

lq

I iy and E yag 2T€ collinear, i.e., UDPF condition has been established on side-1.

It is noteworthy that UDPF condition has been established on both sides of
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the matrix converter using the full [P),,,-matrix. The significance of this dual
situation will be discussed later in chapter 5.

As can be seen, because of the lack of enough degrees of freedom, 1,, or the
side-2 power demand cannot be controlled at this point.

It is interesting to point out that the [P]Z,Z-matrix equivalent of the [H]-
matrices used by the researchers like P.D. Ziogas, §.1. Khan, and M.H. Rashid [59],

and L. Huber and D. Borajevic [70], is of the structure given in (3-62). This has been

shown in Appendix C.

Before closing the discussion on the full [P]m-matrix, let us summarize the

properties of this structure.

3.9 Summary: Properties of Full [P],,,-Matrix

- The special cases studied (i.e., non-conjugate rotation and conjugate
rotation) offer more physical insights into the mechanism of operation ard
less complexity from implementation point of view, compared to the
general case.

- The conjugate rotation case of section 3.7.2 offers conjugate property which

nelps correct the displacement power factor on side-1.

- The conjugate rotation version of the full [P],,,-matrix offers both the
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scaling factor, Pf, and the rotation angle, ¥y. F)r defines the gain of the

matrix converter and y-control can be used to align the referred side-1
source voltage vector along the desired direction. Adjustments of P andy

can result in UDPF on side-1 and even on side-2, but real power control
cannot be performed due to the lack of enough degrees of freedom.

- In the case of a passive network on side-2, UDPF can be established on

both sides by just adjusting P,. In this case, y-control is dormant.

- The general full [P]zxz-matrix, with four control degrees of freedom is

supposed to be able to perform DPF control on side-1 and real power
control with a general active load on side-2. But, the complexity of the

structure does not offer proper physical insight into the mechanism of

operation.

3.10 Summary

The criteria for the choice of 2 proper [P]Z,z-matrix are:

- Clear physical insight;
- Sufficient control levers or degrees of freedom;

and

- A corresponding [H ]-rnatrix of acceptable degree of complexity from the

implementation point of view.
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Following the above line of thinking, from the special cases studied in this chapter,

the selection is:

_ p,|°SY sinY 3-71)
[P]ZxZ Pf [Sm'f _COSY]
and
r 2% _4x)]
CS(0) cs( ?) cs( 5
(#H]=2pP cs(-?—") cs(—“—"‘) Cc5(0) (3-72)
3/ 3 3
_4= _2n
.CS( : ) CS(0) cs( 5 )|
where
CS(x) = cos[(@, + @,)t + ¥ + x] 3-73)

One sees that besides the inherent frequency changing capability (from o, 10 ©,),
the matrix converter has two independent levers of control:

(1) Scaling by the factor P;

(2)  Phase Rotation by the angle v.

Furthermore, it offers the conjugate property, which can be used for reactance

both sides is attainable for both passive and active networks on side-2. However, the

power demand or the motor torque (in the case of a motor load) cannot be
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controlled, simultaneously, because this will require another degree of freedom in the
control.

The next chapter will study the zero-sequence interaction in the matrix

converters and will use it to add more degrees of freedom in the control.



CHAPTER

FOUR

ZERO-SEQUENCE INTERACTION IN
MATRIX CONVERTERS

4,1 Introduction

In the matrix converter of Fig. 3.1, there was no zero-sequence component,
because the networks on side-1 and side-2 were connected in three-wire wye
configuration. The three-wire wye and delta are the configurations used by almost ail
researchers. In either case, there is no need to worry about the zero-sequence
components.

In the derivation of the system equations (3-25), (3-45), and (3-66), the effect
of the filter capacitors at side-2 terminals of the matrix converter (Fig. 4-1) was
neglected, because the inclusion of the capacitors would complicate the system
equations, Since the filter capacitors are fairlv small, ignoring them in the derivations

would not alter the results considerably. Taking the capacitors into consideration, will
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not result in any zero-sequence components, if they are connected in three-wire wye
or delta configuration, as shown in Figs. 4-1(a) and 4-1(b), respectively.

This chapter deals with the case where zero-sequence components are present.
In Fig. 4-2, the capacitors on side-2 of the matrix converter are connected in four-
wire wye configuration, Because of the return path to the converter, provided for the
charging currents of the capacitors, the presence of the zero-sequence components

on side-2 cannot be ignored. Since the voltage sources on both sides of the matrix

Vib Vay,
Converter
Vic Va

1]

Vap

Fig. 4-1 Matrix converter with the networks of side-1 and side-2 including the
side-2 capacitors.
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Side - 1 Side - 2
R1 Ll 1 R L
—1 1, 2 22
+ = Via V2a P ) = +
" - V1b Vab S
;5| Converter i Icy
-+ . - Vi Vae x -
1ic il& Ipc
— :F c
Fig. 4-2 Matrix converter with the networks of side-1 and side-2 (Side-2

capacitors connected in four-wire wye).

converter are connected in three-wire wye configuration, the zero-sequence currents
can only flow through the capacitors, and return to the converter through the neutral
line. Likewise, the zero-sequence voltages can exist only across the capacitors.
There are basically three reasons why this chapter is dedicated to the study
of the zero-sequence interaction in matrix converters:
(1) Basic Research: Zero-sequence components can exist in matrix
converters; therefore, it is reasonable to study their effects and explore
some ways in which they can be exploited.

(2)  Search for more control levers: It was concluded in chapter 3 that the

favourable [P),,,-matrix of subsection 3.7.2, with rotation and

conjugate properties, is in need of more degrees of freedom or control

levers to accomplish real power control together with Displacement



CHAPTER 4 ZERO-SEQUENCE INTERACTION... 72

Power Factor (DPF) control on side-1. This chapter will investigate the

possibility of using the zero-sequence components to create additional

control levers.

(3) Laying the theoretical foundation for the study of a matrix converter

based on three-phase voltage-source converters in chapter 6.
This chapter contains the following important contributions of this thesis:

- SVC - control: A static VAR controller (SVC) has been included in
the body of the matrix converter which uses the zero-sequence
components of the voltages on side-2 to control DPF on side-1.

- Dual Unity Displacemeut Power Factor (UDPF) on side-1 and Field
Vector Control on side-2: With adequate number of control levers
made available, the matrix converter can enjoy UDPF on both sides.

This chapter will proceed with the derivation of the mathematical model of

the matrix converter with the zero-sequence components present. The complete [P]

and [H] matrices will be presented and finally the control levers and their control

actions will be explained.

4.2 System Equations Including Zero-Sequence

In Fig. 4.2, the capacitor currents are:
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i

ic = er. @

I.Cc
and the currents through the network on the right-hand-side of the capacitors are

defined as:

!

z24::
s/ _§af (4_2)
l2abc 26

¥

L

where the side-2 terminal currents, {mc, the capacitor currents, i o and the load

currents, i are related in the following way:

i - 4-3
LZabc !2abc LC ( )

Since the zero-sequence components exist on side-2, a 2x3 [P]-matrix and

the 3x3 Park’s transformation matrix [C(“’z)];;xg,’ given by (2-38) must be used. The
[P),;-matrix has the following structure:

Py P12 Pis
Pyy P3x Py

(4-4)

[Pz = [

and the [H ] -matrix can be evaluated as follows:
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H] = [C(01) ]2 s [C(2)]5,5 )

Equation (4-3) can be presented in more detailed form as:

) bi(o,)
11 Pz Pis
[H] = [ (& @ bllw (4-6)
[ (91 85{ 1 P21 Paz Pa3 j_( d
'b‘s(m2)
In the voltage transformation,
!labc B [H] 22abc B [C(wl)]3x2 [P]z"s ([C(wz)];-:d 2Zabt:) (4.7)

the term in parentheses, is the side-2 voltage vector in d-q-0 frame containing all

three d, q, and 0 components:

vy (Bi(92)
vyl = [E5(02) |3, (48)
V.

T
o) [B(w)
The side-2 terminal voltages with respect to the common connection point of the

capacitors are:
1
v o+ |1 49)
1

where
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— o d :f .
YIZabc - £2abc * [RZ] '{2abc * [Lz]z 12::1.?: (4 10)
and
v = Vog * Vap * Voo _ (4-11)
&5 3

is the zero-sequence component of the voltages of side-2. Substituting (4-10) in (4-9)

and the resulting equation in (4-8), and using (3-23),

[ ./ N |
v [ezd . R, 0] ‘2d1+ L, O 4t . 0 '“’szl l24
2d —
v |2 €y, 0 R,il;! 0 L,jdt izlq w,L, 0 iéq (4-12)
29|
Y20

At steady-state, Yot0 is a constant vector; therefore, v, is a constant scalar,

V,.- The dc voltages of the capacitors on side-2 are set up at the start-up and

maintained during the operation of the system, through a negative feedback control

loop [78]. The control loop ensures that the zero-sequence component of Ly e is

equal to zero. This control loop will be explained in chapter 6 and Appendix D.

4.3 Decoupling the Zero-Sequence Interaction

Based on the conclusions made in section 3.10 of chapter 3, the [P], ,,-matrix

of (3-71) is used here as a submatrix in the [P]2,3-matrix:
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cosy siny | |Pis 4.
[Plaxs = j[ . } : (4-13)
siny -cosy Pas
Therefore, the voltage transformation equation
Yiag = [Plaxs %400 (4-14)
becomes
v cosy sin Vod p
. pf[_ - "] o Py, (4-15)
Vig siny -cosy| |v,, Pas

Equation (4-15) can be changed to power balance equation through

multiplication of both sides by [i,; iy]:

v

. . 1d s . cosy sin'y Vzd
[lld 1] v, ) [l” ll"] Fr siny -cosy]lv,
g q
(4-16)
A Pn]
+ i 1y V20
23]

The zero component of the side-2 currents can be defined from the second term on

the right-hand-side of (4-16) to be:
iy = Pi3iig * Pas iy (4-17)
Thie elements p,; and p,, of [P),,,-matrix can be controlled in order to make sure

that i,, will be zero after the capacitors on side-2 have been charged to their dc bias

level. Therefore, according to (4-16), all the power from side-1 will go to the first



CHAPTER 4 ZERO-SEQUENCE INTERACTION... 77

term on the right-hand-side and from power balance principle,

24| pf["f’s" Si‘”] f1a (4-18)
irg siny -—cosy||i,
which is in the same form as (3-12).

4.3.1 Polar Representation

In order to decouple the d-q variables from the zero-axis variables, one can

start with the polar representation of [fa iy)" and [P13 P23]T:

i cos

PN 19)
i, sinm,

D13 _ coS (p] (4-20)
Pas ®|sin ¢

Substituting (4-19) and (4-20) in (4-17),
iy = Pg Iy cos(e - n,) (4-21)
From (4-21), i,, = 0 necessitates that ¢ - n, = +7/2. As will be seen in chapter 6,

sections 6.5.3 and 6.5.4, based on the closed-loop control system employed for dc bias

voltage regulation on side-2 and the role of P_ in DPF control on side-1, for both

positive and negative values of P_ the following relation will hold:
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T
.1 (4-22)
- M 5

This is just another way of expressing the condition of quadrature relationship

between the side-1 current vector, [il ; ilq]T, and the voltage vector projected by the

zero component of side-2 voltage vector on side-1, [p;; p,;]" voy- The magnitude of

the projected voltage on side-1 due to the zero component of the voltage on side-2

is |P,|v,. The negative feedback loop adjusts the phase angle ¢ to set up the

condition given by (4-22), while P controls the size of the projected voltage.

. 4.4 Referring the Network of Side-1 to Side-2

The side-1 equations in the d-q frame is given in (3-9). Replacing v, do in (3-9)

by its equivalent from (4-15),

[cosy siny ||Vaa cos @ €14
P, . +P. | Vyy =
[siny -cosy]|v,, ®1sin ¢ L
(4-23)
R, O |liy, Ly 0 4 [he 0 -o,L|li,
0 Rli,,| |0 L|dr{i,| |e,L, O ||i,
Equation (4-18), upon inversion, yields:
g 1 [cos'y siny ] iyq (4-24)
. i1a P,|siny -cosy ir,
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Substituting (4-24) in /4-23) and premultiplying both sides by [P],., given in (3-60)

and rearranging terms,

[VM 1 [COS‘Y siny Hew}__]_[Rl 01112 1 L, 0 _c_i_rzd]
Vo,| FPrlsiny -cosylle,, szlo R, sz 0 L,|dtliy, w3)
1 0 o Ly _ &v [cos('y - cp)}
P}|-e Ly 0 Jliy] B | sin(y - o)

44.1 SVC Voltage

The additional term in (4-25), due to the zero component of the side-2
voltages, which is given the name "Static VAR Controller (SVC) voltage”, is the

subject of this subsection. The SVC voltage is:

P cos(y - @)
= _9® (4-26)
€odq P, V20 Lin(v - ‘P)}

The two additional control degrees of freedom resulting from the introduction
of p,; and p,,, are:

- The angle of rotation ¢;

- The scaling factor P .

The angle ¢ is adjusted by the negative feedback control loop (regulating V)

to ensure the quadrature relationship between the voltage vector e odg and the
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current vector [i,, izq]T. The above condition is the restatement of the quadrature

relationship between the voltage vecior [p,, pzz‘]Tv20 and the current vector[i, ilq]T

on side-1, explained in subsection 4.3.1.

The scaling factor P controis the size of the SVC voltage, gw, which is in

quadrature with the side-2 current vector [iu izq]T. The effect of this voltage on

side-2 is the same as a controllable inductive or capacitive reactance. The SVC

voltage will be used for DPF correction purposes.

4,5 Integrating the Networks of Side-1 and Side-2

Because of the presence of the filter capacitors in Fig. 4.2, the current vector

Lygen consists of two parts:

/

L l2d tca §

i =l |+ i 4-27)
2q Izq Cq

20 0 tco

The three-wire wye connected network on the right-hand-side of the capacitors in
F.g. 4-2 does not have zero-sequence components so that only i,; and iz’q exist, The
zero-sequence components exist only through the return path of the filter capacitors.

This section deals with the d and q compcenents only. Subsection 4.5.1 is a

treatment of the zero component.
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If the left-hand-side of (4-25) is replaced by its equivalent from the first two

lines of (4-12), after some rearrangements, the following equation is obtained:

! .
€1a| l[cosy siny } €1a| |€2q L Ry O ||ipy
e{q P, siny -cosy €14 €24 sz 0 R||ia,
v - .!
R2 0 [126 1 Ll 0 d bg
+ + — —_
0 R,|;! P20 L idtii,
R T ! (4-28)
. ./ .
LZ 0 d 12d1 1 0 (a)l Ll IZJ]
+ = . —
'0 L, dt féq_ sz -0, L, O i
1.
0  ~w,L,| |k P, [cos(y - @)
* T = Voo .
w,L, 0 :‘éq P, sin(y - @)

Equation (4-28) describes the dynamics of the system, including side-2 capacitors, as

viewed from side-2. The current vectors g‘qu and ilqu are related in the following
way:

[./ , .

f2¢| |taa| |lca (4-29)
lil i ic

2q q q

» — I ] T [) 2 .
where [ - [fca ic,]" is the vector of the d and q components of the capacitor

-

charging current governed by th= equation
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ica
i,

colglv
“lo clar

82

cd 0 -o,C

+

Veq mzc 0

vcﬂ'} (4-30)

ch

with [VCd ch] being the capacitor voltage vector which is equal to [Vzd Zq]

In steady-state, (4-28) becomes:

I -
E, _ 1 |cosy siny } E, E, 1 R 0 [IZd]
E;’q P,|siny -cosy E, E,, sz 0 R i|L,
'R, 0]\ 0 o, L][I
L 2d L L 149 [24] (4-31)
0 R\ | PPl-eily O ||k,
r /
. L0 ok ha . ﬁVzo [c?s('\’ - @)
@, L, 0 || | B Tisin(y - o)

Fig. 4-3 shows the equivalent circuit diagram of the system of Fig. 4-2, with

the network of side-1 referred to side-2 and integrated with the network of side-2

based on (4-31).

Rl 'jwlLl
Pf ~ Rz .](*)21‘2
. - aw_<> .
E, I, "‘ I, E,
- ICYJ‘%

. Fig. 4-3

Equivalent circuit diagram of the syustem of Fig. 4-2 as viewed from
side-2,



. CHAPTER 4 ZERO-SEQUENCE INTERACTION... 83
The phasor diagram of the voltages and currents in Fig. 4-3 is shown in Fig.

4-4.

4.5.1 Zero Components of Voltage and Current

The zero component of the charging cwrent, i,,, is given by (4-21). The zero

component of the voltage, v,,, is charged by i,, according to the equation:

0 H
Vo (8) = é [iyds + % [izds (@-32)
—to 0

Prior to ¢ = 0, the capacitor has been charged to the voltage V,, (V,, & the steady-

state value of v,,):

Fig. 4-4 Phasor diagram of Fig. 4-3.
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L—..,_’c

|
Voo = < i,(t)dt (4-33)

Therea,ter, the SVC control keeps i,; = 0 by making ¢ - n, = -7 /2, so that

t
1 ¢. -
E{tzo(r)dt =0 (4-34)
and

Vaolt) = Voo (4-35)

4.6 [H|-Matrix Associated with the [P],,,-Matrix

The [P]2,3-rnatrix of (4-4) can be represented as:
[P]2x3 = [[P]2x2 ! [P]ZXI] (4-36)
where the [P),,, and [P],,, matrices are defined in (3-58) and (4-20), respectively.

The matrix [H] is then found using (4-5) as follows:
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[H] = [Clo1)], , [Pl t [Pl [Cl@2))T,

- [C(ml)]sxz [[P bxa * [P ]2"1]2x3 """"""""" (4-37)

= [Cl0 )]0 [Pl[C0a)];,, * [Cl01)],0 [P loxi 25(02)
[Hf] * [Hm]

The first term on the right-hand-side of (4-37), [Hf], is the Frequency Changer

il

Matrix, with the same structure as in (3-39):

CS(0) CS(-2n/3) CS(-4n/3)
[#)] = -é-f CS(-2m/3) CS(-4n/3) CS(0) (4-38)
CS(-4m/3) CS(0) CS(-2x/3)
where CS(x) is defined in the same way as in (3-59):
CS(x) = cos[(@, + w,)t + ¥ + ] (4-39)
The second term on the right-hand-side of (4-37), [H q,], is called the SVC

Matrix, with the following structure:

C(0) C(0) C(0)
[Ho] = ‘\?P» C(-2%/3) C(-2n[3) C(-2=/3) (4-40)
C(-4n[3) C(-4z/3) C(-4n/3)

where

C(x) = cos(w,t + ¢ + x) (4-41)
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The complete [H ] -matrix is capable of:

- Frequency changing from , to w,;

Magnitude control of Side-2 voltage by P,;

Rotating the side-1 source voltage by vy, as viewed from side-2;

Maintaining a regulated dc bias voltage, V., across the side-2 filter

capacitors through adjustments of angle ¢; and

DPF control on side-1 by P,.
4.7 Summary

In this chapter, the zero-sequence interaction in matrix converters has been

studied. The [P],,,-matrix of chapter 3 has been modified to a [P],,-matrix, due to

the presence of zero-sequence components on side-2. In this way, two control degrees
of freedom are added to the system. The first control lever is the angle ¢, that
regulates the zero-sequence voltage on side-2 which is a dc voltage. The second
control lever is the scaling factor P, that is used to control the Displacement Power
Factor (DPF) on side-1. The DPF control method used in this thesis is based on
varying the size of a voltage called SVC voltage which acts like a controllable

inductive or capacitive reactance and will be explained in chapter 5. This chapter has

also provided the theoretical base for the application of dyadic matrix converter
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theory to a new matrix converter systemn composed of three three-phase voltage-

source converters to be studied in chapter 6.



CHAPTER

FIVE

FEASIBILITY OF BOTH UNITY DISPLACEMENT

POWER FACTOR AND FIELD VECTOR CONTROL

5.1 Introduction

In this chapter, it will be shown that the two desirable features of Unity
Displacement Power Factor (UDPF) at the ac supply end [1,46,65,70,80,81] and Field
Vector Control (FVC) at the motor end [76,77,80,81] can be realized , at the same
time, using the matrix converter of Fig. 4-2.

Fig. 5-1 shows the single-line equivalent circuit diagram of the network on

side-1 of the system of Fig. 4-2. For UDPF condition to exist at the interface with the

ac mains, the side-1 source voltage vector, Ev and current vector, fl, must be

collinear, as shown in the phasor diagram of Fig. 5-2. In doing this, the matrix
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converter behaves like a Static VAR Compensator (SVC), besides acting as a

frequency changer.

R; jo,L, Vi

+
~U)E, I
-1 !

Fig. 5-1 Single-line equivalent circuit diagram of side-1 of system of Fig. 4-2.

Lof

jo, LI

. Fig, §-2

Phasor diagram of Fig. 5-1.
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Fig. 5-3 shows the single-line equivalent circuit diagram of the network on
side-2 of the system of Fig. 4.2. For Field Vector Control (FVC) condition to exist
at the interface with the ac motor (synchronous motor) on side-2, the axes of the
magnetic fluxes produced by the stator and the rotor currents of the motor must be

kept at space quadrature. In the time domain, the above requirement translates into

the alignment of the stator current phasor, f;, and the phasor of the induced voltage

behind the synchronous reactance, Ez, as shown in the phasor diagram of Fig. 5-4.

This chapter shows that the matrix converter of Fig. 4-2, under the control of

[P]m-matrix, presented in chapter 4, can function as a high performance variable-

speed ac motor drive by offering UDPF on side-1 and FVC on side-2, at the same

time.
A L J
I 2 \A] R, ] (‘)2]—‘2
; 2 —
-— 4/\/\/\_>_NYY\
AT +
A
A T C I 2 E
I V 2
1 C|
Fig. 5-3 Single-line equivalent circuit diagram of side-2 of system of Fig. 4-2.
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j(‘)zL'ziz’

ot e { et

AT A Ay

I, E, Ry,

Fig, 5-4 Phasor diagram of Fig. 5-3.

5.2 Dual Condition of UDPF on Side-1 and FVC on Side-2

In this section, the procedure of reaching at the dual condition of UDPF on
side-1 and FVC on side-2 and the role of different control levers in accomplishing
the above task are explained.

The mathematical model of the integrated system, given by (4-31), is used as
the working tool for the study carried out in this section. Since (4-31) is in terms of
the side-2 quantities, in order to be able to use it for UDPF study on side-1, a clear
relationship between the current and voltage vectors of side-1, and the referred
current and voltage vectors on side-2 must be established. From (3-12), (3-17), (3-56),

(3-58), and (4-19), it can be deduced that in referring side-1 source voltage vector,



CHAPTER 5 FEASIBILITY OF BOTH... 92

E i’ and current vector, I, 4 1© side-2, they will be both conjugated and rotated

through the same angle, y:

_ |eosy siny cosn,
Iqu = [P]2x2 lldq = Pf Il

siny -cosy sinn, 51
COS{Y - 1
=PI | = m)
sin(y - n,)
) cosy siny cosd,
' PLLE =L E
Eiyg =Pl By, P, |siny -cosy '[sind,
(5-2)
B[t
P, sin(-y - 8,)

Therefore, the phase relationship between the side-1 source voltage and current

vectors will remain unchanged after referring to side-2 and the phase relationship of

Q’; 4 and / 2ag 31 be studied instead of thgt of E ‘g and [ g More specifically, [ 2g

being in phase with Qidq automatically implies that UDPF exists on side-1.

Due to the complexity of (4-31), the role played by each control input and the
way the conditions of UDPF on side-1 and FVC on side-2 are established cannot be
clearly seen. For this reason, the analysis of this section will be performed in two
parts. In the first part, subsection 5.2.1, the filter capacitors on side-2 will be
neglected to clarify the main ideas. Since the side-2 terminal capacitors are small, the

effect of neglecting them will not be considerably large. In practice, taking care of
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the effect of the presence of the capacitors is 2 matter of fine adjustment of the
control inputs, after the desired conditions have been approached through coarse
adjustments. In the second part of this section, subsection 5.2.2, the effect of the

capacitors will be considered.

5.2.1 Filter Capacitors Neglected

When the filter capacitors on side-2 of Fig. 4-2 are neglected,

+f _ s "'-
1206: - 12.‘1[:.‘: (5-3)
In this case, the single-line equivalent circuit diagram of the system as viewed from

side-2 shown in Fig. 4-3, will be modified to that of Fig. 5-5, where

= _1 -
R, = 7 +R, (3-4)
-w,L
Xp = — = + 0,l, (5-5)
Py
and (4-31) can be rewritten as:
/
Ey _ Eyq . Ry -Xq|ilaa . P, v [COS(Y - ¢) (5-6)
= 3 Y20/
E‘l’q Ezq X, R, Izq Pf sin(y - ¢)

Equation (5-6) can be written as two simultaneous equations:
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R X E,

+ -
> Y,
+ A +
AT I A
E 1 2 E2
Fig, 5-5 Sigle-line equivalent circuit diagram of Fig. 4-3 with the filter
capacitors neglected.
Ej, = Eyy * Ry L, - X L, + E, (5-7)
E{, = E, +X;L,+ R 1, +E, (5-8)
where
P‘p -
Eqa = 5 Vao cos{y - @) (5-9)
!
and
P, .
qu = -Ff Vy,sin(y - ¢} (5-10)

For UDPF on side-1 and FVC on side-2, both E’ g 4 E g should be in

phase with [ 2" This dual condition can be resolved into the following two

conditions:

! : - .
1 E 4 should be aligned with E 2ig’



CHAPTER 5 FEASIBILITY OF BOTH... 95

. - - I a * » * -
2 I 2g should be aligned with £ a (which implies alignment with E 21"

as well).

The first condition can be described as:

/
Ey, _ El COS(‘Y - 61) - K Ezd (5-11)
El| P lsin(y - &) E,,
where K is a positive proportionality constant. Assuming
]
E <E| * (5-12)
g 2| sind,

the condition for the alignment of E_‘; 4 O E 2y ©21 be found from (5-11) as:

y=38 +8, (5-13)

Let us assume, for simplicity of the results, that

E - E, (5-14)
2dq 0
i.e., &,=0.In this case, the condition given in (5-13) simplifies to:
Y =8 (5-15)

Substituting (5-15) in (5-11), one gets:
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£, -
1d P, (5-16)
0

f
E,,

The second condition, ie., the alignment of the iqu with g; s 30 be
described as:

/
Eld

’
E,

g (5-17)

[Iu
K, being a positive proportionality constant. Substituting (5-16) in (5-17), one gets:

E
L.=K 2.
2 = K P, (5-18)

L,=0
The alignment of [ 2ag 1O E; 2y C30 be accomplished through the adjustments of P_

which controls the magnitude of the SVC voltage vector E wla of Fig. 5.5, given by (5-

9) and (5-10). As mentioned in section 4.4 of chapter 4, the dc bias voltage regulation

loop keeps quadrature relationship between the SVC voltage vector and / g’ Since

1,, = 0, the d-axis component of SVC voltage, E_,, will be zero. Therefore, from (5-

%
9 ¥ - ¢=%x/2, Using (4-22) and the fact that y = &, for FVC on side-2 and

&, - n, = 0 for UDPF on side-1,
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n
- = (5"19)
T @ )

The SVC voltage responsible for the alignment of / 21g 1© El i will thenbe E_, given
by (5-10).
Substituting E{q =E, =1,,=0 and y-@=n/2 in (5-7) and (5-8), and

rearranging terms, the following interesting relations result:

E, E
P 2 (5-20)
I, = R
T
PX. I, PL,(-wL,
= - ! T2 = - f 2d[ ! -+ @2L2 (5'21)

° V,, V.

20 P f2

Equation (5-20) shows that when the dual condition of UDPF on side-1 and

FVC on side-2 are satisfied, the integrated system as viewed from side-2, shown in

Fig. 5-5, behaves as a purely resistive network. In this case, the SVC voltage, E og» NS
compensated for the voltage drop across the total reactance, i.e., jX;.1,,. Equation
(5-20) also illustrates clearly the role of Pf in real power control.

Equation (5-21) gives the value of P_ necessary to get UDPF on side-1. The
sign of P is opposite of that of X;. This is the way P_ controls the magnitude and

sign of the SVC voltage to compensate for the voltage drop across X, to establish
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UDPF on side-1. The range, in which Pv can be varied, is limited. The limit onP’
is imposed by the fact that the total modulating signal which is the weighted sum of
2/3 P, CS(x) of (4-39) and y2/3 P, C(x) of (4-41) must not exceed the saturation
limit of the Pulse Width Modulation (PWM) control of the matrix converter. In the

case of the Sinusoidal Pulse Width Modulation (SPWM) strategy, the saturation limit

is the peak value of the triangular carrier waveform. Equation (5-21) offers the

possibility of conjugate reactance compensation, through -w,L, /sz. With o,, w,,
and L, being fixed, L, and/or P, can be adjusted to minimize
X, = -mILl/sz + w,L,. This, when possible, ensures that the excursion of P, in

trying to maintain UDPF on side-1 is modest. In this way, the saturation of the

control circuitry is avoided and more room is left for the manoeuvre of Pf, within the

range restricted by the peak value of the triangular carrier signal.
Fig. 5-6 shows the phasor diagram of the system of Fig. 5-5, for the dual

condition of UDPF on side-1 and FVC on side-2, when filter capacitors on side-2 are

neglected and qu =E,,=E,. Fig. 5-6(a) illustrates the case when X, <0 and

qu >0 (P, >0), while Fig. 5-6(b) shows the case of X >0 and E, <0 (P, <0).
In both cases, the voltage drop across X has been compensated completely by E,,.

Based on the above discussions, the complete scenario of establishing UDPF
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Fig. 5-6 Phasor diagram of Fig. 5-5 for UDPF on side-1 and FVC on side-2.

on side-1 and FVC on side-2 can be summarized in the following way:

y is adjusted to &, according to (5-15);

P, is adjusted for the desired real power or motor torque, according to (5-

20);

i

P is adjusted, according to (5-21) such that E_ = P, /P)r V,, cancels
JX I, as shown in Fig. 5-6.

o is adjusted by the SVC feedback control loop, regulating the dc bias

voltage on side-2, according to (5-19).
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5.2.2 Filter Capacitors Considered

Fig. 4-2 shows the complete system including the filter capacitors on side-2.
The single-line equivalent circuit diagram of the system of Fig. 4-2, as viewed from
side-2, is shown in Fig, 4-3. The mathematical model of the integrated system is given
by (4-31). When the dual condition of UDPF ea side-1 and FVC on side-2 are
established, the phasor diagram of Fig. 4-4 will be modified to that shown in Fig. 5-7.
The scenario of establishing the conditions of Fig. 5-7 is almost the same as

that for the case of subsection 5.2.1, where the filter capacitors on side-2 were

.._—_.__.__> A A >
2

Fig, 5-7 Phasor diagram of Fig. 4-4 for UDPF on side-1 and FVC on side-2.
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neglected. The procedure is repeated here with the slight changes included:

¥ is adjusted until fuq is aligned with _E_qu;

P is adjusted for the desired real power or motor torque;

P,p 1s adjusted until J 2 is aligned with E g’

¢ is adjusted by the dc bias voltage regulation control loop until E ol is at
right angles with [ 2ig"

If the filter capacitors are small, which is usually the case, by slight
modifications of the adjustments suggested in subsection 5.2.1, the dual condition of

. UDPF and FVC for the real case, where the filter capacitors on side-2 are present,

can be satisfied.

53 Summary

In this chapter, it has been shown that the matrix converter system of Fig, 4-2

governed by the [P]zxs-matrix introduced in chapter 4, with four control levers: P,

v, Pw and ¢ can be used to achieve the following objectives:

- DC bias voltage regulation on side-2 through ¢-control;
- Real power control or motor torque control through Pf-control;

. - Simultaneous Unity Displacement Power Factor (UDPF) on side-1 and
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Field Vector Control (FVC) on side-2 through P_ and y controls.

In the next chapter, a new matrix converter topology based on three-phase
voltage-source converter modules will be introduced. Then the dyadic matrix
converter theory developed in chapters 2-to-5 will be applied to the system and the

capabilities of the matrix converter will be investigated.



CHAPTER

SIX

VOLTAGE-SOURCE-CONVERTER TYPE MATRIX
CONVERTER UNDER THE DYADIC MATRIX

CONVERTER THEORY CONTROL

6.1 Introduction

In the interest of extending the frontier of research, in this chapter, a new
matrix converter based on voltage-source converters is introduced [79-81] which is
distinct from the conventional nine-switch topology [47). Then, the dyadic matrix
converter theory, developed in chapters 2-5, will be applied to the proposed matrix
converter. It will be shown that:

- Frequency changing,

- Amplitude control of the side-2 voltage,
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- Displacement Power Factor control on side-1 [1], and

- Field Vector Control on side-2 [76,77]
can be realized by the new matrix converter.

The proposed matrix converter, shown in Fig. 6-1, is composed of three
identical modules of the three-phase voltage-source converters, connected between
the networks of side-1 and side-2. This is an alternative to the original direct ac to
ac matrix converter employing nine bidirectional switches, shown in Fig. 6-2. The
total number of valves and diodes employed in the proposed matrix converter is the
same as in the nine-bidirectional-switch topology, assuining that each bidirectional
switch is realized by two switches and two diodes (Fig. 1-6(b) and (c)).

As mentioned earlier in section 1.2 of chapter 1 on the historical background,
the bidirectional or 4-quadrant switches have serious switching problems and the
main motive for the new circuit topology is to bypass the switching difficulties at the

power circuit.

6.2 Voltage-Source-Converter Type Matrix Converter

The voltage-source-converter type matrix converter, shown in Fig. 6.1, offers
the following advantages:
- The three-phase voltage-source converters constituting the building blocks
of the proposed matrix converter, are well-known and proven technologies
and the industries have a lot of know-how about them. The existing voltage-

source converter units can be used in modular form, without any
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.uu—>

converter type matrix converter with the networks of

side-1 and side-2.

Voltage-source

Fig. 6-1
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Fig. 6-2 Conventional nine-bidirectional-switch matrix converter with the
networks of side-1 and side-2.

modifications, to construct the matrix converter.

- The dec-link capacitor and the anti-parallel diodes in a voltage-source
converter provide a natural overvoltage protection for the switches. The
overcurrent protection (known also as "shoot-through” protection), can be
simply added by designing a time delay between the complementary OFF
and ON signals of every two switches in the same leg. The voltage-source-

converter type matrix converter is free of the switching difficulties
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associated with the nine-bidirectional-switch matrix converter.

- In the nine-bidirectional-switch matrix converter, the conduction losses are
attributed to the forward voltage drops of two four-quadrant switches at the
rated current. Noting that each bidirectional switch is equivalent to two
semiconductor devices in series (one switch and one diode), the conduction
losses are those of 2 diodes and 2 switches in series at the rated current.
The voltage-source-converter type matrix converter enjoy the advantage of
having conduction losses due to forward voltage drops of six semiconductor
devicés at one third of the rated current. This is equivalent to two
semiconductor devices at rated current. The reduction of conduction losses
is an imprtant consideration in high power applications.

The voltage-source-converter type matrix converter has the following

drawbacks:

- A dc bias voltage must always be kept as part of the capacitor voltages of
the three voltage-source converters (Fig. 6-3). This is because the dc link
voltage must never become negative. In fact, a negative voltage on the dc
link can forward bias the anti-parallel diodes of the converter legs and as
a result, the converter legs will be short circuited. The presence of some dc
voltage on the filter capacitors on side-2 is also necessary at start-up, since
otherwise the converter valves cannot start switching. The necessity to have
a dc bias voltage means that the valves have to be rated at least at twice the

peak value of the largest ac voltage on side-2. Experimental tests on the
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Fig. 63

' Vinax

Typical waveform of the voltages on side-2 of the voltage-source-
converter type matrix converter.

matrix converter show that the lower limit for the minimum of the side-2
voltages, V., is approximately zero. According to these tests, a vdltage
with near zero value on side-2 does not disturb the switching of the valves
at all. Therefore, the minimum for the dc bias voltage that can be chosen
is approximately equal to the peak value of the ac component of the
voltages on side-2.

As will be made clear later on in section 6.6, the branch currents i, ..., i1,

as designated in Fig. 6-1, will contain subirequency components (ie.,

components at angular frequencies below «,) and superfrequency
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components (i.e., components at angular frequencies above w,). These
frequencies do not appear in the source currents i,,, i,,, and i, ., but will

affect the quality of the ac voltages on side-2. The problem of waveform
distortion will be revisited later in this chapter and a novel method to

overcome this problem will be presented.

6.3 Mathematical Model

In this section, the mathematical model of the matrix converter of Fig. 6-1 will
be derived. First, let us make familiar with the notations used in Fig. 6-1. In this

figure, from left to right, the side-1 network, the matrix converter consisting of three

voltage-source converter modules, and the side-2 network can be distinguished. e, ,,
e,,, and e, denote three-phase balanced sinusoidal source voltages at angular
frequency @,, and i ,, {,,, and i, are the corresponding source currents. The three-

phase balanced sinusoidal load voltages are designated e,,, e,,, and e,, and the

. 'Y AT ./
corresponding load currents are i,,, iy, and i,.. The voltage source converters are

labeled according to the side-2 phases to which they are connected, i.e., from top o
the bottom, converter.(a), converter (b), and converter (¢). On side-1, the currents

I a0 = Iyc @r€ termed branch currents, and the voltages v,,, ... v, are called side-1

terminal voltages, In subscript, they share a 1, denoting side-1. The two letters
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following 1, correspond to the side-1 phase and the converter to which they are
related, respectively; e.g., i,,, is a branch of i,, connected to converter b. i,,, i,,,
and i, are side-2 currents of the converters (a), (b), and (c), respectively, and v,_,
V,,, and v, denote side-2 terminal voltages of converters (a), (b), and (c),
respectively. v, v,, and v, are the voltages at the common coupling points of the
branches of phases a, b, and ¢ on side-1, respectively. R, and L are the source
resistance and inductance, while R, and L, are the branch resistance and

inductance. Finally, R, and L, are the load resistance and inductance.

The switchings of the valves in each leg of the voltage-source converter of Fig.

6-1 are based on the well-known Sinusoidal Pulse Width Modulation (SPWM)

strategy [2]. Assuming that the modulating signal of the j* phase (j = g, b, ¢) of the
k™ converter (k=a,b,c)is Vimod, ji? and the side-2 voltage of the k* converter is Voo
and the peak value of the triangular carrier waveform is ¥, the general form of the

terminal voltages on side-1 (v,,,, ..., v, ) Will be [2):

Vmod.jt Vat
Vijr = ____mz,; 2 (6-1)
t

Defining the normalized modulating signal as:
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Vimod, jk
my, = _m.;,_f (6-2)
I
(6-1) can be written as:
1
Vije = Py ik Y2k (6-3)

From (6-3), the three-phase voltages at the side-1 terminals of the k* converter can
then be found:

- for converter k=a

1
Viea = -z_maav‘.’.c
1
Viba © Emba V2a (6-4)
_1
Viea = EmcaVZa
- for converter k=b
1
Vies = Emabvzb
1 .
Vieh = 3 Myp Vo (6-5)

Vievp = -imcbv%

- for converter k =c¢
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1
vlac Emacv"c
1
Vise E my. Vs, (6'6)
1
Viee Emccvh
From KVL on side-1
. d.
€ "V = Ryt + lezlla
. d.
€ " Vp = Rty + L.uz‘lb (6-7)
. d .
€1e V% T Rslllc + le?tllc
. ad .
Vo " Vi © Rszrllaa + LSZ E-t aa
. d .
Vy = Ve = Ry, + Ly ar iba (6-8)
. d .
Ve = Viea = Rszllca + Lsz E Hea
Vo~ Vi = R, + L, R iiap
. d .
Vy = Vipy = Ry, + Ly, @ Lk (6-9)
Ve = Viep = Rpipy + Ly I 11eh
. d .
Vo ™ Viae T RsZ biae ¥ L:Z '2; Lac
. d .
Vy " Vige = Rpipge v Ly i L1be (6-10)
Ve =™ Viee = Rsz ilcc + Ls2 E ilcc

Adding the first lines of (6-8), (6-9) and (6-10),
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1 , 1 d .
Ve = 'B'Rsz et ELszz Ha ¥ Via (6-11)
where
v = J1aa ¥ Viab * Viac (6-12)
la 3
and
ila = ilaa * ilab + ilac (6-13)

Repeating the same procedure for the second and the third lines of (6-8), (6-9), and

(6-10),

1 . 1 d .
Yy = '§R32’1b + gLszz s Y Y1 (6-14)
and
1 , 1 d .
v, = ERszllc + §L-"ZE e ¥ Ve (6-15)
where
Vo, + V., +V
v, = lba 13bb 1be (6-16)
Ly = dipa *hips * iy, (6-17)
_ Viea * Yier * Viee (6-18)
vlc - 3

and
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ilc = ilcc + ilcb * ilcc (6-19)
Substituting (6-11), (6-14), and (6-15) in (6-7),
e, -Vvy,=|R +Rsz\£ +|L +£—’—3\—‘£i (6-20)
1a 1la s1 3 ) la 51 3 /dt la
R;) 2| d (621)
e v R, +=22ti +L, +=22|=i -
b 1k ( sl 3 ) 15 ( sl 3 jdt 15
R \ . L v d . )
€1 " Vi T (Rsl + __:-;EE e t (Ln + Ts]z-tllc (6-22)

/

Fig. 6-4 shows the equivalent circuit diagram of the networks on side-1 and

side-2 of the matrix converter of Fig. 6-1 based on (6-20)-(6-22), where

(6-23)

_ R, L1 _ la R, L2 _
O PO D )

2 iz
-G [ &
ilb . v2b i:.;b

¢

S A
TTT

Fig. 6-4 Equivalent circuit diagram of the system of Fig. 6-1.
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Substituting (6-4), (6-3), and (6-6) in (6-12), (6-16), and (6-18), the following

=4

matrix equation for the voltage transformation results:

vla m mab mac v

ad 2a

1 6-24
Vig| = G Mps Myp My || Vas (6-24)
vlc mca mcb "ncc v2c

Based on power invariance principle in the system of Fig. 6.4, the following

matrix equation will be found for current transformation:

12a maa mba mca lla
; 1 ; 6-25
| = I Moy Mpp Mep |01 (6-25)
‘2:: mac mbc m., llc

Equations (6-24) and (6-25) can be rewritten in the following more formal

form:
zlabc = [H] 1‘:Zm':c
(6-26)
. - T )
LZab: [H] !labc
where
vla v2a
=1V ' = |V
Y1 abe 15 ’ Yoabe 2b
v v
le 2c
: L (6-27)
| [.
lla lZaW
] = i . [ = l
Llabc 15 ’ LZabc 2k
e L Lae

and
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3

aa Map mac

[H] ="é’ my, mbb mbc (6-28)

m mcb mcc

with [H] being the transformation matrix of the matrix converter.

6.4 The [H]-Matrix

As mentioned in section 4.6 of chapter 4, the [H ]-rnatrix is chosen to be the

sum of two matrices:

[H] = [H]] + [H,] (6-29)
where
CS(0)  CS(-2m/3) CS(-4n/3)
[H,]=%P, CS(-2%/3) CS(-4m/3) CS(0) (6-30)
CS(-4%/3) CS(0) CS(-27/3)
and
C(0) c(0) C(0)
(,] = gpq, C(-2n/3) C(-2m/3) C(-2n/3) (6-31)
C(~4n/3) C(-4n/3) C(-4n/3)

with CS(x) and C(x) defined as follows:

CS(x) = cos[(w, + ©,)t + ¥ + x] (6-32)
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C(x) = cos{wt + @ + x) (6-33)

From (6-28) - (6-31), the matrix of the normalized modulating signals, [M (r)], is:

maa mab mac

[M(t)) = {my, My, my | = 6[H]

mca mcb mcc

CS(0)  CS(-2n/3) CS(-4n/3)

(6-34)

= M,|CS(-2%/3) CS(-4n[3) CS(0)

CS(-4nj3) CS(0) CS(-2xn/3)
C(0) C(0) C(0)
=M¢ C(-2%/3) C(-2=/3) C(-2n/3)
C(-4x/3) C(-4=x/3) C(-4x/3)
where

M,=4P, (6-35)
M,=22P, (6-36)

and CS(x) and C(x) are defined by (6-32) and (6-33), respectively.
In SPWM strategy, the maximum value of the modulating signal must not

exceed the peak value of the triangular carrier signal, i.e., V,. Therefore, the
maximum value of the normalized modulating signals m,,, ..., m ., defined by (6-2)
is limited to 1. This restricts the magnitude of Mf and M, since from (6-34), a

typical normalized modulating signal is the sum of Mf CS(x), (x =0, -2r /3, -47 /3)
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and M_C(y), (y = 0, -2n /3, -4 /3). Letting M, vary in a wide range, reduces the
room for the maneuver of M and vice versa. The main objective of using a matrix

converter being frequency changing and control of the amplitude of the ac voltage

on side-2, M, is given higher priority in having the freedom to vary within a wider
range than M . In subsection 5.2.1 of chapter 5, a method based on reactance

compensation was recommended which enables the task of displacement power

factor control on side-1 to be performed by varying P, and therefore M in a narrow

range.
6.5 Matrix Converter Controllers

By looking at the structure of the matrix [M(t)] given in (6-34), one can

readily see that there exist four control levers available in the proposed matrix

converter: Mf, ¥, ¢, and Mm.

6.5.1 M, - Control

The scaling factor M, is the multiplier of the frequency changing component

of [M(r)]-matrix. It is used to control the amplitude of the ac component of the

voltages on side-2 of the matrix converter.
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6.5.2 y - Control

The angle ¥ is used to rotate the side-1 source voltage vector as viewed from

- =l . . »
side-2, E,, in order to align the load current vector, / ;, to the load voltage vector,

Ez, for field vector control purposes.

6.5.3 ¢ - Control

The angle ¢ is varied automatically by a closed loop control system which

regulates the side-2 dc bias voltage. The @-control rotates the ac voltages projected

on side-1 due to the dc bias voltages on side-2, until the quadrature relationship with

respect to the side-1 currents is established. Assuming that the side-2 voltage vector,

Y, per 1 €xpressed as:

=y +¥ (6-37)

where

- 28,
- Vz COS| W, 3 14 (6-38)

and
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<

de

v (6-39)

v
~2de¢ de

=

de

the reflected voltage vector on side-1 due to the side-2 voltage vector will be:

2l.abc - [H] !Zabc = ([Hf] * [H‘P]) (12“ * 22::‘::)

[Hf] Hzac * [Hf] szc * [H9] l,2‘:1.'.' * [H‘P] !2dc (6-40)

- [Hf] 2Zm: * [H‘P] 22:1’c

since

[H]%, = 0 (641

and
[H,)2, = 0 (642
The component of the projected voltage on side-1 that can be rotated by the ¢-

control is v o™ (A,] V,,+ The phasor diagram of Fig. 6-5 shows the quadrature
relationship of phase-a components of Yo and side-1 source current, {  , set up by

®-control.
6.5.4 M_ - Control

The scaling factor M o 15 used to vary the size of the reflected voltage vector

Vo™ [A,] Y, !0 adjust the displacement angle of the side-1 source current, i \abe?



CHAPTER 6 VOLTAGE-SOURCE-CONVERTER TYPE.. 121

Fig. 6-5

Vlatp

Quadrature relationship of the side-1 current and the voltage projected
on side-1 due to the dc bias voltages of side-2.

with respect to the side-1 source voltage, e (see Fig. 6-6). Therefore, M_ is the

control lever for the side-1 displacement power factor correction.

Even though the four controllers explained above are not completely

decoupled, they can work with one another, in a range, to set up the desired

conditions.

From (6-41) and (6-42), two interesting observations can be made:

(1)

(2)

The presence of the dc bias voltages on side-2 does not interfere with

the frequency changing;

The VAR controller matrix [H o] does not couple with the ac voltages
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Fig. 6-6 M_-control and its effect on DPF on side-1.

of side-2.
The simulation and experimental results obtained for the system of Fig. 6-1

are presented in chapter 7.

6.6 Unwanted Components in the Branch Currents

In the system of Fig. 6.1, the terminal voltages of side-1, v,,,, ..., v, ., contain

unwanted subfrequency and superfrequency components as a result of the

multiplication of trigonometric functions in the voltage transformation equations (6-4)
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- (6-6). Therefore, the branch currents i, .., #,,, will be contaminated by the
components at the same unwanted frequencies, according to (6-8) - (6-10).

From the power invariance principle for the £ converter (k = @, b,c) in Fig.

6-1,

.1 .
e =5 X My (6-43)

Therefore, the individual side-2 currents are:

s 1 . . .
20 = E (m‘"ll““ t Myatipe * mcallca)
1, . . ,
Lap -z_(mabllab Myt M) (6-44)
.1 ] . . . .
t2e = E(macllac Mpet1be mccllcc)

From (6-44), one can see that side-2 currents i, , i,,, and i,_, wil! contain unwanted

components as a result of the trigonometric multiplications involved in the current

transformations. Therefore, side-2 voltages v,,, v,,, and v, and the load currents

of W7 of f . .
i5,,12, and i,., will contain unwanted components at the same frequencies.

Comparing (6-44) and (6-25), one can see that the above two equations will

be identical if and only if the branch currents and the source currents on side-1 are

linearly dependent through the proportionality constant 1/3, i.e.,
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. 1. -
e = 5y (6-45)

for j=a,b,c and k=a,b,c.
As a result of voltage transformations of (6-4) - (6-6), the side-1 terminal

voltages and branch currents will contain components at angular frequencies:
(01), (‘-"1 * tl’z): (ml - mz)’ (01 + 202), (m1 - 292): (.“31 +3 mz):
or in general form, , *+ hw,, where £ =0, 1,.... Note that w, +hw, = 0 implies the

presence of a dc component. The resulting components in side-2 currents and

voltages will be at:

0, »,,20,,30,,..
or in general form, A’ w,, where A "=0,1,... The presence of the unwanted
components is associated with additional losses in the system, especially in the branch
resistances R, (see Fig. 6.1) as well as waveform distortion.

As the angular frequencies of the unwanted components on side-1 and side-2

increase, they are attenuated due to the filtering effects of side-1 branch inductances,

L.,, and side-2 filter capacitors, C. The dominant components will therefore be the
first few low frequency ones.

For any phase-j (j =a,b,c) on side-1, the branch currents i, (k = a,b,c)

contain unwanted components which are cosine functions, phase-shifted by 27 /3 with

respect to one another, at each frequency. Therefore, in the sum, they add up to zero
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and the source currents, {,,, i,,, and i,_, are single frequency cosine functions. This

implies that, according to (6-45), for (6-25) to be the exact model of the current
transformations of the matrix converter system of Fig. 6-1, the branch currents must

not contain any unwanted components.

Using large filtering elements (inductances on side-1 and capacitors on side-2)
is not a proper solution to the problem of unwanted components on side-1 and side-
2. One way, through which the unwanted components in side-1 branch currents and

therefore in side-2 voltages can be attenuated, is to limit the range of variation of

M, thus reducing the magnitude of the unwanted components which are
proportional to M. Earlier, in chapter 5, subsection 5.2.1, a method based on 100%

reactance compensation at the desired w,, by adjustment of the inductances on one

side or on both sides (if applicable) was proposed. This method is effective if the
side-2 frequency is not supposed to vary in a wide range.

A novel technique for eliminating the subfrequency and superfrequency
components of side-1 branch currents, and as a result, the unwanted components in

side-2 voltages, will be presented in the next section.
6.7 Elimination of Unwanted Components in the Branch Currents

The problem of presence of undesired components in the side-1 branch
currents, resulting in additional losses and waveform distortion in side-2 voltages was

explained in section 6.6. In this section, a novel technique based on using nine
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identical single-phase transformers with the primary circuits in the path of side-1

branch currents, {

+ 2iaa o bieeo

as shown in Fig. 6-7, is proposed. The secondary circuits

of the transformers are connected in delta configuration so that the unwanted
components are trapped in the secondary circuits, leaving the branch currents

virtually free of any unwanted component.

6.7.1 Principle of Operation

Fig. 6-7 shows the schematic diagram of the voltage-source-converter type
matrix converter with the trapping transformers installed. To clarify the way in which
the scheme shown in Fig. 6-7 succeeds in trapping the unwanted components in the

side-1 branch currents, the detailed equivalent circuit diagram of the transformers

T,.» T,,. and T, whose secondaries are connected in delta configuration, has been

shown in Fig. 6-8.
In Fig. 6-8, each transformer has been represented by its equivalent circuit

diagram consisting of an ideal transformer, T, a shunt inductance, L, representing
the magnetizing inductane, a shunt resistance, R, representing the iron loss, a series
resistance, R, representing the copper loss, and a series inductance, L, representing
the leakage inductance. The values for L,, R, R, and L, can be easily measured

through open circuit and short circuit tests on the actual transformers.

In the ideal transformers of Fig, 6-8,
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Fig. 6-8 Equivalent circuit diagram of the transformers used in Fig. 6-7.
Yaa3 ~ Yaad = Vabs ~ Vaba - Yacs = Yacd = ﬁ (6-46)
v

aas vaaﬁ vabs - vabG vacS - vacé n2

Also,

zZm: - lZm'.v - 12“ = ﬁ (6-47)
i i

com com lcam nl

. From (6-47), one can conclude that
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n
ilaa = i2ab = iZac =2 icom (6-48)
m
Also, since in the delta connected secondary circuits, by KVL
(vaas - vaaG) + (vcbs - vabﬁ) M (vacs - vacﬁ) =0 V (6-49)
from (6-46),
(vaas - vaa4) + (vabS - vab4) + (vac3 B vac-‘.) =0 (6-50)
In the primary-side of T,,, one can write:
dipa = vaal B vaaz (6-51)
dt L,
. Yao1 ~ Vaaz
i = (6-52)
nNa Ro
i, = iIm +i, {6-53)
and
di2aa = (vaal B vaal) - Rizaa - (vaaB ” vaad) (6..54)
dt L

Similarly, in the primary-side of T,
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diub - Vap1 ~ vabz (6_55)

dt L,

_ Yar1 7 Vap2 =

i 7 (6-56)

4]
iy = By * i (6-57)

and

diy,, _ (Vabt = Vaba) = Risop = (Vars = Vase) (6-58)

dt L

Likewise, in the primary-side of T,

dipc = vacl - vac2 (6_59)

dt L,

. Yael T Ve ;

iy = ol (6-60)

o
le = 1y * Iy (6-61)

and

di2a¢ - (vacl - vacz) - RiZac B (vacB - vac4) (6-62)

dt L

Adding both sides of (6-54), (6-58), and (6-62), and using (6-48) and (6-50),

one gets:
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1n i
di 3 ';;_1 (Va1 = Vaa2) * (Yabr = Vas2) ¥ (Yaer = Vac2)] ~ Ricom (6-63)

com _ 2

dt L

From Fig. 6-7,

vaal = vabl = vacl = ela (6-64)
Therefore, (6-63) can be rewritten as:
1 ﬁ [3e - (v FV .tV ) - Ri
dicom 3 nz la aa ab2 ac2 ] com (6_65)
dt L

The voltage sum: v, , + v, *+ V,., does not contain any unwanted components, since

the unwanted components in v, ,, v, ., and v, , and therefore in v, ,, v,,,,, and v

ac2?

at any frequency, are equal in magnitude and phase shifted by 27 /3 with respect to

one another and upon adding, they cancel out. The fundamental components of v,
Vieps @nd vy, and therefore of v, ,, v ., and v__,, at angular frequency w,, are
equal in magnitude and in phase so they add up. The result is that from (6-65), i,

is a single-frequency cosine waveform at angular frequency ,. From (6-48), then,

one can conclude that i,,, i,,, and i,  are free of unwanted components.

According to Fig. (6-8),
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Ilaa = loa * lZaa

l:lab = o * gy (6-66)

llac = tac + l2ac

But, i ,, i,,and i, are very small, since L, and R are very large; therefore, t0 a

very good approximation, one can write (6-66) as:

l1¢'m = IZaa 6
llab = IZab ( .67)
Ilac = I2:::

The conclusion is that since i, ., i,,, and i,,. are free of subfrequency and

superfrequency components, the branch currents i, , ., and i, will be free of

unwanted components, as well. The same is true for the remaining branch currents.

The above discussion shows clearly that by using the transformers in the body
of the matrix converter, it is guaranteed that the unwanted components in the side-1
branch currents are eliminated and as a result, the waveforms of the side-2 currents
and voltages will be free of unwanted components,

As mentioned in section 6.6, there might be an unwanted dc component in the
branch currents on side-1. The dc components cancel upon addition and do not
appear in the source currents; but they can cause problems such as additional losses
and saturation in the transformers. Unfortunately, the transformers used cannot
eliminate the dec components and this problem remains to be solved, However, the

dc component can be avoided by making sure that the frequency of the components

in the branch currents, ie, @, *hw, (A =0,1,2,..), never becomes equal to zero.
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A similar problem exists for very low frequency components of the branch

currents. In fact, these components, can flow through L, and as a result, they cannot

be trapped in the transformers. Apart from the dc and very low frequency unwanted
components, the operation is expected to be quite satisfactory. The experimental
results obtained for the system of Fig. 6-7 are presented in chapter 7.

It should be noted that the trapping transformers can replace the inductors in
the side-1 branches of the system of Fig. 6-7. In this way, the size, weight, and cost

of the system of Fig. 6-7 will be approximately the same as those of the system of

Fig. 6-1.

6.8 Summary

In this chapter, a new matrix converter composed of three modules of the
three-phase voltage-source converter, has been introduced and the dyadic matrix
converter theory, developed in chapters 2-5, has been applied to the proposed matrix
converter. The voltage-source-converter type matrix converter offers advantages in
terms of: bypassing the switching difficulties associated with the bidirectional
switches, reduction of the conduction losses, as well as taking advantage of a well-
known technology. The problem of presence of unwanted components in the side-1
branch currents and therefore side-2 ac voltages has been addressed. Finally, a novel

technique to overcome the above problem has been proposed.



CHAPTER

SEVEN

SIMULATION AND EXPERIMENTAL TEST

RESULTS

7.1 Introduction

In chapter 6, the voltage-source-converter type matrix converter (Fig. 6-1) was
introduced and its capabilities under the application of the dyadic matrix converter
theory were explained. This chapter presents the simulation and experimental results
obtained from the matrix converter systems of Figs. 6-1 and 6-7. For the laboratory
implementation, three identical voltage-source-converter units, each rated at 1 kVA,
have been employed as the matrix of nine switches. A hybrid (analog and digital)

electronic control circuit has been designed and constructed to realize the

transformation matrix [H] of (6-29)-(6-33).
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The program of simulation and experimental tests has been constructed to
verify the predictions of the characteristics described in the previous chapters.
The results will be presented in the following order:
(1) DC bias voltage control;
(2) Displacement power factor control on side-1;
(3) Unwanted components in the side-1 branch currents and the
side-2 ac voltages;
(4) Dual Field Vector and Unity Displacement Power Factor
control;
(8)  Elimination of the unwanted components.
. The parameters of the systems of Figs. 6-1 and 6-7 are given in Appendices
F and G, respectively. The parameters of the equivalent circuits of the transformers

in Fig. 6-7 are given in Appendix H.

7.2 DC Bias Voltage Control

The dc bias voltage on side-2 of the matrix converter of Fig. 6-1 is regulated
by a closed-loop control system through adjusting the angle ¢. The control system

is explained in Appendix D and the detailed circuit diagrams are given in Appendix

E.
In this section, the objective is to check the behaviour of the dc bias voltage

control loop; therefore, M, is set to zero. The modulating signals will then be of the
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form: M _cos{w,t + ¢ +x),where x = 0, -2r /3, -4m /3. As aresult, the side-2 voltages
will contain only dc components, V.. The dc bias voltage control system adjusts ¢

until the quadrature relationship between the ac voltages projected on side-1 due to
the dc bias voltages on side-2 and the side-1 source currents is established. The

phase-a component of the projected voltage on side-1 due to the dc bias voltages on

side-2, v, ., can be expressed as:

= =M,V cos(w,t + @) - (-1

™|

vlaqa
and the side-1 source current, #,,, as:

iy = I,cos(@,f + n)) (7-2)

For v,,, and i, to have quadrature relationship, the following relation must hold:

lag

¢-n=-Z (7-3)

Figs. 7-1and 7-2 illustrate the above condition by showing the waveforms of i, forn, = 0

and n, = -7 /4, and the modulating signal v

mod, aa:
Viotaa = M, c08(@,7 + @) (7-4)
which is proportional to v, . As seen, in both cases, the condition given in (7-3) has

been fulfilled in steady-state, after the desired dc bias voltage has been set up on

side-2.
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Fig. 7-1 Quadrature relationship of v,,, and i,, for M, = 0, M, = 0.5, V. = 65
V, e, = ey = e, = 0, and n; = 0 (UDPF on side-1): (2) ¢, = 10
V/div, i;, = 25 A/div, t = 2 ms/div (b) V04, = 5 V/div.

Fig. 7-2 Quadrature relationship of v,,, and iy, for M; = 0, My = 0.2, V, = 20
V, e, = ey = e, = 0,and n, = -n/4 (lagging DPF on side-1): (a) ¢,,
= 10 V/div, i), = 25 A/div, t = 2 ms/div (b) Vpeea = 2 V/div.
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To demonstrate the transient behaviour of the dc bias voltage control loop,
Fig. 7-3 shows the response of the side-2 dc bias voltage to a step change of 50% in
the dc bias voltage reference. As seen, it takes only few cycles of 60 Hz (with the
period T=16.67 ms) for the side-2 dc bias voltage to reach the new steady-state level.

In the experimental results to follow, the side-2 dc bias voltages have been
kept at the minimum possible level, i.e., approximately equal to the peak of the ac
component of the side-2 voltages. Lowering the dc bias voltage level below this value,
results in flattening the bottom of the waveforms of the side-2 voltages due to the
forward biasing of the antiparallel diodes of the voltage-source converters and short

circuiting the converter legs.

Fig. 7-3 Step response of side-2 dc bias voltage for M; = 0, My, = 0.2, E,, = 10
V, and e,, = e, = e, = 0: (a) V. = 20 V/div, t = 50 ms/div (b)
Vyerer = 20 V/div.
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7.3 Displacement Power Factor Control on Side-1

The displacement power factor on side-1 is controlled by adjusting M, thus

varying the magnitude of the ac voltages: v, ., v,,, and v, , projected on side-1 due

to the dc bias voltages on side-2. As shown in subsection 6.5.4 of chapter 6, positive

M values have leading effect on the DPF on side-1. I ikewise, negative M_ values

have lagging effect on the DPF on side-1.
Figs. 7-4, 7-5, and 7-6 show the experimental results for the side-1 source

voltage e, , source current i,,, and side-2 voltage v,,, for different values of M_ for

the case where M, = 0 and therefore the side-2 voitages are purely dc. The dc bias

e e ——— = 1 o Y . e o s seapoe e P g e s

Fig. 7-4 Lagging DPF on side-1 for M; = 0, M, = 0.2, and e,, = ¢, =¢,. = O:
(a) e,, = 10 V/div, i;, = 25 A/div, t = 2 ms/div (b) v,, = 100 V/div.
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1 div.

1 div.

Fig. 7-5 UDPF on side-1 for M; = 0, M, = 0.55, and ¢,, = €3, = €, = 0: (a)
e, = 10 V/div, iy, = 25 A/div, t = 2 ms/div (b) v;, = 100 V/div.

Fig. 7-6 Leading DPF on side-1 for M; = 0, M_ = 0.6, and e,, = e,,= €,, = 0:
(a) ey, = 10 V/div, iy, = 25 A/div, t = 2 ms/div (b) v,, = 100 V/div.
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voltage is regulated at ¥V, =65 V. As seen, the displacement angles range from
lagging to leading passing through zero degree corresponding to UDPF. There will
be no current flowing in the loads simply because the neutral point of the wye-

connected three-phase load is at the potential V. Also, in this case, there will be

no unwanted components in the side-1 branch currents, as will be seen later in
v
section 7-4.

Figs. 7-7, 7-8, and 7-9 show the experimental results for the side-1 source

voltage, e,,, and source current, i,,, for M, = 0.22 and different values of M. The
dc bias voltage is kept at ¥V, = 65 V using a closed-loop control system. The results

are obtained at f, = 120 Hz. As seen, the displacement angles on side-1 assume a

1 div.

1 div.

Fig. 7.7 Lagging DPF on side-1 for M; = 0.22, M, = 039, V, =65V, ¢, =
ey = €, = 0,and f, = 120 Hz: ¢,, = 10 V/div, i,, = 25 A/div,t = 2
ms/div.
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1 div.

1 div.

Fig. 7-8 UDPF on side-1 for M; = 022, My = 0.55, V,, = 65V, ¢,, = &, =
e, = 0, and f, = 120 Hz: e}, = 10 V/div, i}, = 25 A/div, t = 2
ms/div.

1 div.

1 div.

Fig. 7-9 Leading DPF on side-1 for M; = 0.22, M_ = 0.66, V,, = 65 V, e,, =
ey = € = 0,and f, = 120 Hz: ¢, = 10 V/div, i, = 25 A/div,t = 2
ms/div.
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wide range of leading and lagging values including zero degrees which corresponds

to UDPF.
In order to demonstrate that UDPF does not occur only at a single

combination of M, and M_ values, Fig. 7-10 shows the experimental results obtained

for M and [,, (rms value of ;) vs. M, for E, =10 V, ¥, =65 V, and f, = 120 Hz

under the UDPF condition on side-1. As seen, the desired condition of UDPF on

side-1 can be satisfied in a wide range of Mf variations, corresponding to a wide
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Fig. 7-10 Experimental results: M, and I, vs. M; for UDPF on side-1, E;, = 10
V,V, =65V, f, =120 Hz, and e,, = e, = €5, = 0.
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range of side-2 ac voltages and load currents. This is promising for variable-speed ac
motor drive applications, where the motor torque has to be controlled by varying the
side-2 current. Another significant conclusion is that the changes in the range
considered are monotonic. This implies that negative feedback control can be

employed.

74 Unwanted Components in the Side-1 Branch Currents and the
Side-2 AC Voltages

The experimental results presented in this section, back up the discussion
made in section 6.6 of chapter 6, over the presence of the unwanted components in

the side-1 branch currents and side-2 ac voltages of the system of Fig. 6-1.

Fig. 7-11 shows the waveform of the modulating signal v and the

mod, aa?
corresponding side-1 branch current i,,,, for M= 0 and M_= 0.55. As seen, no low-
frequency unwanted component is sensed in the branch current waveform. This is
because the side-2 voltages are purely dc and the modulating signals are of the form:
Mtpcos(mlr + @ +x), where x =, -27/3, -4n /3.

Comparing Figs. 7-11 and 7-5, which have been produced under identical
conditions, one can see that i, =1/3{,. This backs up the discussion made in
section 6.6 of chapter 6 leading to the conclusion that when the branch currents are

free of unwanted harmonics, they are equal to 1/3 of the corresponding source

current; i.e., in Fig. 6-1,
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1 div.

1 div.

Fig, 7-11 Unwanted components absent from the side-1 branch currents for f; =
60Hz, M; = 0, M_ = 0.55,E;, = 10V, e,, = ey, = €5, 9, Vy =65
V: (8) Vpogaa = 3.5 V/div, t = 2 ms/div (b) ij,, = 5 A/div.

. . . 1.

boa T hiad © Yae T ':;lla

. . ] 1.

Yoo = hoe T e T ;’lb (7-5)

]

lea = ep = Hee ‘3"!:

Fig. 7-12 shows the waveform of the modulating signal v and the

mod, aa?
corresponding side-1 branch current for M, = 0.44, M_= 033, and f, = 120 Hz. The
presence of low-frequency unwanted components is clearly seen in the side-1 branch
current. One can see, by inspection, that the dominant component is the third

harmonic at the angular frequency of 3w,. According to the discussion in section 6.6

of chapter 6, this corresponds to the component at the angular frequency of

W+ 0,=0+20 =30,
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1 div.

1 div.

Fig. 7-12 Unwanted components present in the side-1 branch currents for f; =
60 Hz, f, = 120 Hz, M; = 044, M_ = 0.33,E;, = 10V, e,, = €3, = €,
=0, and V,, = 65 V: (@) Vpog, = 5.5 V/div, t = 2 ms/div (b) iy,, =
5 A/div.

Fig. 7-13 shows the side-1 source voltage, e, source current, i, , the ac

component of side-2 voltage, v,,, and side-2 load current, iz',. The low-frequency

unwanted components in v,, and i;, waveforms are visible.

By inspecting the waveforms in Figs. 7-12 and 7-13, one can clearly see that
even though the side-1 branch currents and side-2 ac voltages contain unwanted
components, the source currents are clean and free of unwanted components as

pointed out in section 6.6 of chapter 6.

7-5 Dual Field Vector and Unity Displacement Power Factor Control
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1 div.

1 div.

Fig. 7-13 Unwanted components present in the side-2 ac voltage for f, = 60 Hz,
f, = 120Hz, M;= 0.7, M_ = 0.2, V, =20 V,and ey, = vy, = V5, = O
(a) ey, = 10 V/div, iy, = 25 A/div,t = 2 ms/div (b) v, ,. = 20 V/div,

iy, = 0.5 A/div..

In this section, it is demonstrated, through an open-loop experiment and a
closed-loop digital simulation, that simultaneous occurrence of UDPF on side-1 and

FVC on sideTZ is feasible. The dual condition can be satisfied using the existing

control levers of the matrix converter (i.e., Mf' Y, 9, and M ).
7.5.1 Open-Loop Experiment

In the experiment performed, all the controls are open-loop except for the dc
bias voltage control which is closed-loop. Because of the complexity of the system

and the multiplicity of the control variables, an open-loop experiment is not easy to
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perform. Nevertheless, a demonstration experiment was rnanaged through which a
"proof of principle" has been achieved.

The source voltages are at 60 Hz and the load voltages are at 120 Hz. The
reason for using f, = 120 Hz has been that at low values of f,, the presence of the
unwanted components in the side-1 branch currents and side-2 ac voltages is more
pronounced.

It is desirable to be able to observe the induced voltage behind the reactance

in an ac motor to make sure that the condition of FVC has been satisfied. That is

why in the experiment performed, a three-phase ac source is needed to represent e, ,

€,,, and e,_. Since no three-phase supply at 120 Hz was available in the lab, the

arrangement shown in Fig. 7-14 was set up. As shown in Fig. 7-14, the side-2 load

voltages: e, e,,, and ¢, of Fig. 6-1, have been taken from the rotor terminals of

60 HZ
3-PHASE

SUPPLY T
€2a is,

N DC

e

2b > O 1 ] ] O

iy - 7 EXCITATION
2¢c 1 2c
WOUND - ROTOR SYNCHRONOUS
INDUCTION MACHINE MOTOR

Fig, 7-14 Simulation of the induced emf behind the reactance of the synchronous
motor at f, = 120 Hz.
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a wound-rotor induction machine. The rotor of the induction machine is driven by
a synchronous motor against the counter rotating magnetic flux of the induction
machine stator. The stator of the induction machine is excited by the 60 Hz supply
with the phase sequence reversed. The 120 Hz rotor voltages of the induction

machine represent the voltages induced by the dc field winding of a synchronous

motor which would be driven by the matrix converter. The side-2 currents i5,, i3,

and i,, represent the stator currents of the above synchronous motor.

Fig. 7-15 shows the experimental results for the condition of UDPF on side-1

and FVC on side-2. The zero displacement angle of the load current is., with respect

1 div.

1 div.

Fig. 7-15 Dual condition of UDPF on side-1 (f; = 60 Hz) and FVC on side-2 (f,
= 120 Hz) for V. = 48 V: (a) ¢,, = 10 V/div, i,, = 25 A/div, t = 2

ms/div (b) e,, = 4.33 V/div, i5, = 1.25 A/div.
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to the load voltage e, , illustrated in Fig. 7-15, corresponds to the space quadrature

relationship of the magnetic fluxes of the rotor and the stator of the fictitious

synchronous motor. This is the desired criterion in the Field Vector Control.

It was observed, during the experiment, that the alignment of the currenti{a

and the voltage e, is strongly dependent on the y-control, while the alignment of

the current {;, and the voltage e,, is strongly dependent on the M -control.

Fig. 7-15 shows that by making use of all available degrees of freedom, the
involved task of simultaneous establishment of UDPF on side-1 and FVC on side-2

of the matrix converter, can be performed.

7.5.2 Closed-Loop Digital Simulation

In this subsection, it is shown that converging towards the condition of UDPF
on side-1 and FVC on side-2 is feasible by closed-loop control. The block diagram
of the closed-loop control systems used are shown in Fig, 7-16.

In the first closed-loop control system, Fig. 7-16(a), the instantaneous VAR

on side-1, @, is measured. Then, the control system tries to null Q, through M o

control.

In the second closed-loop control system, Fig. 7-16(b), the instantaneous VAR

onside-2, Q,, is measured and the control system tries to nul 0, through y-control.

The dc bias voltage on side-2 is regulated by ¢-control, as before.
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Fig. 7-16 Closed-loop control systems of: (a) UDPF on side-1 (b) FVC onside-2.

Fig. 7-17 shows the digital simulation results for the dual condition of UDPF
on side-1 and FVC on side-2. The convergence to the desired conditions on both
sides is achieved quickly and automatically, as a result of employing the closed-loop

control systems described above.

7.6 Elimination of the Unwanted Components

In chapter 6, section 6.7, a novel method for eliminating the unwanted
components in the side-1 branch currents and thus in the side-2 ac voltages was

proposed. The proposed method was based on using trapping transformers on side-1
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Fig, 7-17 Dual condition of UDPF on side-1 (f; = 60 Hz) and FVC on side-2 (£,
= 120Hz) for R, = 0.399 0,1, = 0.00399 H, R, = 4 0,L, = 0.015 H,
C = 80 pF, V,, = 140 V: (a) e,, = 20 V/div, ij, = 80 A/div, t = 2.5

ms/div (b) e,, = 80 V/div, i, = 20 A/div.

of the matrix converter (Fig. 6-7) and proved anatically to be effective. In this
section, selected experimental results are used to highlight the extent of the

improvement made possible by employing the above technique.

7.6.1 Branch Current Waveform

Fig. 7-18 shows the waveform of the side-1 source current, i,,, and that of the

side-1 branch current, i,,,. As seen, the branch current 7, is a sine wave of the

i laa

same quality as the side-1 source current, i,,. Moreover, {,  is in phase with i,, with

the amplitude equal to 1/3 of that of {,,. This indicates that the condition given by
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Fig, 7-18 Elimination of unwanted components in side-1 branch currents for E;,
= lOV,Vd,_ = 50V,eq, FCp T Cyp T O,Mf= 0..14, MU = 0.4. mn=
0 (UDPF on side-1), f; = 60 Hz, and f, = 120 Hz: i, = 5A/div, i},, =
5A/div, t = 2 ms/div.

(6-45) has been met and as mentioned in section 6.6 of chapter 6, (6-25) represents
the exact model of the current transformation in the voltage-source-converter type

matrix converter system.

7.6.2 Side-2 AC Voltage Waveform

7.6.2.1 f, =60 Hz and f, =30 Hz

Fig. 7-19 shows the side-1 and side-2 current and voltage waveforms of the

matrix converter system of Fig. 6-7 at UDPF on side-1 and f, = 30 Hz. The distortion

noticed in the side-2 voltage and current waveforms, is due to the fact that according
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1 div.

1 div.

Fig. 7-19 Elimination of unwanted components in side-2 ac vol'tages for E,, =
10V, V=347V, e, = ey = €5 = 0,M; =095, M, =0.175, n, =
0 (UDPF on side-1), f; = 60 Hz, f, = 30 Hz, and C = 50 pF: (a) ¢,
= 9 V/div, i, = 10.9 A/div, t = 5 ms/div (b) v, = 20 V/div, i,
2.36 A/div.

to the discussion in section 6.6 of chapter 6, at f, =60 Hz and f, =30 Hz, the

component having the angular frequency w, - 2w, in the branch currents is a dc
component which cannot be eliminated by the proposed method. The result is the
presence of unwanted components at angular frequencies w, + @, and w,, equivalent
to 90 Hz and 60 Hz, which can be observed in the waveform of the side-2 ac voltage.

Fig. 7-20 shows that by increasing the size of the side-2 capacitors from50 uF

to 200 uF, the waveform of the side-2 ac voltage is improved to a great extent, as

a result of the attenuation of the unwanted components,
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1 div.

1 div.

Fig. 7-20 Elimination of unwanted components in side-2 ac voltages for E,,
10V, V4 =349V, e, = €y,= e, = O,M; = 0.925, M, = 0.09, n,
0 (UDPF on side-1), f; = 60 Hz, f, = 30 Hz, and C = 200 uF: {(a) e,,
=9 V/div, i,, = 109 A/div, t = 5 ms/div (b) v,,,. = 20 V/div, i,, =
2.69 A/div.

7.56.2.2 f,=60 Hz and £, =60 Hz

Fig. 7-21 shows the side-1 and side-2 current and voltage waveforms of the

matrix converter system of Fig. 6-7 at UDPF on side-1 and f, = 60 Hz. The side-2 ac

voltage waveform is of a good quality. In fact, according to section 6.6 of chapter 6,

for f, = f, = 60 Hz, the component with the angular frequency @, - @, in the branch

currents is a dc component which is not supposed to be eliminated using the

proposed method. This dc component which is generated by the M _cos{w,¢ + 9)

terms in the modulating signals, is small and does not result in observable distortion
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Fig. 7-21 Elimination of unwanted components in side-2 ac voltages for E,, =
10V, Vy =365V, e, =ey =, =0M=075M, =0075,n, =
0 (UDPF on side-1), f; = 60 Hz, f, = 60 Hz, and C = 50 uF: (2) ¢y,

= 9 V/div, i;, = 10.9 A/div, t = 2 ms/div (b) vy, = 20 V/div, iy, =
2.48 A/div.

in the side-2 ac voltage waveform of Fig. 7-21 since M_ is very small in this case. The
condition of UDPF on side-1 at a very low value of M_ has been achieved as a result

of reactance compensation due to the conjugate property offered by the [Hf] part of

the [H]-matrix.
7.6.2.3 f,=60 Hz and f, =120 Hz

Fig. 7-22 shows the side-1 and side-2 current and voltage waveforms of the

matrix converter system of Fig. 6-7 at UDPF on side-1 and f, = 120 Hz. As seen, the
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Fig, 7-22 Elimination of unwanted components in side-2 ac voltages for E,, =
10V,Vy, =50V,e,, =€, =¢,=0M=014M, =041 =0
(UDPF on side-1), f; = 60 Hz, f, = 120 Hz, and C = 50 uF: (a) ¢}, =

9 V/div, iy, = 10.5 A/div, T = 2 ms/div (b) vy, = 47.3 V/div, iy, =
2.4 A/div.

side-2 ac voltage is a good quality sine wave. Comparing the side-2 ac voltage of Fig.
7.22 with that of Fig. 7-13, one can see that the unwanted components (except for
the switching harmonics) have been eliminated, proving the effectiveness of the
proposed method, According to section 6.6 of chapter 6, no de or low frequency
unwanted components exists in the branch currents. Therefore, the method proposed
in section 6.7 of chapter 6, can effectively eliminate all the unwanted components in
the branch currents and the side-2 ac voltages will also be free of unwanted
components,

As a matter of fact, the method presented in section 6.7 of chapter 6, is quite
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effective if f, >f,. The higher the difference of f, and f,, the more effective the

method is. This means that the voltage-source-converter type matrix converter of Fig.

6-7, is very suitable for ac drives operating at f, > f,.
7.6.3 Dual Condition of UDPF on Side-1 and FVC on Side-2

Fig. 7-23 is an improved version of Fig. 7-15. In Fig. 7-23, the side-1 and side-2

current and voltage waveforms are shown where UDPF exists on side-1 (at f, = 60

Hz) and FVC is achieved on side-2 (at f, = 120 Hz). The waveforms are of much

better quality due to the employment of the new method for the elimination of the

Fig. 7-23 Dual condition of UDPF on side-1 (f; = 60 Hz), and FVC on side-2
(f, = 120Hz) for E;, = 10V, V. = 50 V, M, = 0.31, M_ = 0.33, and
C = 50 uF: (a) ey, = 9 V/div, iy, = 10.5 A/div, t = 2 ms/div (b) e,,

=34V, i, =34 A/div.
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vnwanted components.

7-7 Summary

In this chapter, first the results obtained from the implementation of the
voltage-source-converter type matrix converter of Fig. 6-1 have been presented. The
capability of the system in: frequency changing, side-2 dc bias voltage control, side-1
DPF control, and dual condition of UDPF on side-1 and FVC on side-2 have been
tested and verified. Also, the issue of the presence of the unwanted components in
side-1 branch currents and side-2 ac voltages have been addressed by presenting
illustrative experimental results.

In the second part of the chapter, the improvements made possible through
the implementation of the method proposed in section 6.7 of chapter 6 have been
appreciated by presenting the improved waveforms of the side-1 branch currents and
side-2 ac voltages.

It can be deduced that the voltage-source-converter type matrix converter

equipped with the trapping transformers (Fig. 6-7), as it stands, is very suitable for

the ac drive applications where f, > f,. In these cases, UDPF on side-1 can be

achieved with no fear about the distortions caused by large M_ values. For low f,

values, where a dc or a very low-frequency component might be present in the side-1

branch currents, the distortion of the side-2 ac voltage waveforms can be avoided by

using the conjugate property offered by the [H,| part of the |H |-matrix, resulting in
gate p f
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reactance compensation and asking for less effort for DPF correction by M o Of

course, if DPF correction or achieving UDPF on side-1 is not an issue, the operation

and the results will be quite satisfactory, since in this case M o Will be minimal, i.e.,

just big enough for the dc bias voltage control loop to be able to do its job.



CHAPTER

EIGHT

CONCLUSIONS

This thesis has contributed to the advancement of the theory and engineering
design of matrix converters in the following ways:
(1) Development of the Dyadic Matrix Converter Theory;
(2) Imtroduction of a new Matrix Converter topology based on the voltage-
source PWM converters;
(3) Implementation of the voltage-source-converter type matrix converter
under the dyadic matrix converter theory control.

In this chapter, the conclusions will be reported in the same order as above.

8.1 Development of Dyadic Matrix Converter Theory (Chapters 2-5,
Appendices A, B, and C)
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The Dyadic Matrix Converter Theory has been developed and has been shown
to be an important tool in engineering design. Prior to this work, the complexity

arising from the time-varying trigonometric functions in the transformation matrix,

[H], has been a stumbling block for the past 20 years, impeding theoretical advance.

The time-invariant transformation matrix, [P], derived from the theory, is a break-

through. The significance of this break-through can be seen in the illustration

example of the variable-speed ac motor drive, chosen in the thesis. Using the
analytical insights offered by the [P] -matrix, it is possible now to operate it so that:

(1) the utility supply side operates at Unity Displacement Power Factor (UDPF) and
(2) the motor operates as under Field Vector Control (FVC).

Apart from its importance as a design tool, the Dyadic Matrix Converter
Theory provides the framework for understanding the operation of matrix converters
as a linear mapping from the d-q-0 reference frame at one frequency to the d-g-0
reference frame at another frequency. The thesis has outlined the structures for
achieving:

(1)  Scaling,

(2)  Phase Rotation, and

(3)  Complex Corjugation
in the controls.

In addition, the Dyadic Matrix Converter Theory has shown that the zero-

sequence components can be gainfully employed. In the variable ac drive in the
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iltustrative example, this consists of using the zero-sequence dc voltages to project

reactive voltages for Displacement Power Factor (DPF) correction.

8.2 Infroduction of a New Matrix Converter Topology Based on the
Three-Phase Voltage-Source PWM Converters (Chapter 6)

Three identical modules of three-phase voltage-source converters have been
shown to be capable of operating as a matrix converter. The advantages of this new
topology over the conventional topology based on nine bidirectional switches are:

(1)  Reduced Conduction Losses: The conduction losses are half of those

in the topology using bidirectional switches; and

(2) Established Switching Technology: The voltage-source PWM

converters represent established technologies of industrial practice in
contrast to bidirectional switches which still belong in research
laboratories.

Along with the advantages mentioned above, there is a drawback associated
with the voltage-source-converter type matrix converter topology: A dc bias voltage
with a magnitude of at least equal to the peak value of the side-2 ac voltage must be
kept as part of the side-2 voltages. This requires the voltage ratings of the switches
to be raised. On the other hand, the dc bias voltage can be put to use to generate the

Static VAR Controller (SVC) voltages for Displacement Power Factor correction.

8.3 Implementation ¢f Voltage-Source-Converter Type Matrix

Converter under the Dyadic Matrix Converter Theory Control
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(Chapter 7, Appendices D, E, F, G, and H)

The Voltage-source-converter type matrix converter, has been implemented
using three ide.ntical voltage-source-converter units, each rated at 1 kVA. The control
circuit is a combination of analog and digital integrated circuit elements. The
simulation and laboratory results, reported in chapter 7, have given experimental
proof tc:

(1) the correctness of the Dyadic Matrix Converter Theory, and

(2)  the capability of the voltage-source converters to function as a matrix

converter.

Experimental results also show that it is feasible to operate a variable ac
motor drive with:

(1)  Unity Displacement Power Factor on the ac supply side, and

(2)  Field Vector Control on the motor side.

8.4 Suggestions fo:' Future Work

The dyadic matrix converter theory developed in chapters 2-5, is a complete
and effective analytical means for the design of matrix converters. It not only covers
all the transformation matrix structnres already discovered by the researchers, but
also leaves more cases open for exploration.

The voltage-source-coﬁverter type matrix converter still has room for some

improvements in the following areas:
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(1)  The elimination of the dc and very low-frequency components in the
side-1 branch currents;
(2) Implementation of the closed-loop contrel systems; and
(3)  DSP-based implementation of the contro} unit.
Even though the natural application of the voltage-source-converter type
matrix converter is in the area of ac motor drives, it has the potential capability of

being used as a phase shifter thanks to the flexibility provided by the y-control. It

can also be used as a Variable-Speed Constant-Frequency (VSCF) power generating

unit,



APPENDIX

A

PROPERTIES OF [P],,,-MATRIX WITH

Pu=Pr=0,p,*0AND p,, # 0

This appendix studies the properties of the [P]zxz-matrix having the following
structures:

(a) py =Py, =0 and P2 =Py =Pf

01
[P]sz = Pf[l 0] (A-l)

(b) pu =p22 = 0 and p21 = -pl.? =Pf

[o -1] (A2)

P =P
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(€) py; =P =0 2nd py, * £py

[P ]2 x2 -~ (A-3)

0 py
p, O

The structure given in (A-1), results in sine functions at (©, + ©,) in the [H]-
matrix. The expressions for ¢/, , [R/]. [L/], and [G/], from (3-17) - (3-20) of chapter

3 become:

‘I} (A-4)

r—
~
[
[
It

|~
p———
=
—
| —

(A-5)
2] = = (L] (A-6)

/ 1
[61] - -4 [6) &
As seen, upon referring to side-2, the d-axis and g-axis components of €14y have been

divided by P, and misplaced, i, €10 has been divided by P, and rotated through

(1!' /2 - tan (e, A d)). The resistances and the inductances have been divided bfo

and the reactances have been divided by sz and gone through complex conjugation.
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The structure of (A-2), leads to sine functions at (w, - w,) in the [H]-matrix,

The referred quantities can be found from (3-17) - (3-20) of chapter 3 as:

e Fl €14
1
[R{] = -13? [R,] (A-9)
1
(1] = 35184 (a-10
1
6] = 5 [G4] (A-11)

As seen, sic -1 source voltage is divided by P; and rotated by -7 /2, when referred

1

to side-2. The resistances, inductances, and reactances are only divided by Pfg.
The more general structure of (A-3) results in sine functions at both w, + w,

and o, - w, in the [H]-matrix, From (3-17) - (3-20), the referred quantities are:

[ €14

g |7 (A-12)
ldg
€14

[ P12
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R
" o.‘
2
[R'] - P2 (A-13)
1 Rl
0 -
P12
L .
1 0
2
[LI] _|Pz (A-14)
1 Ll
ey
P12
(6] = -———[6)] (A-15)



APPENDIX

B

[H]-MATRIX OF M. VENTURINI AND

A. ALESINA’S MATRIX CONVERTER [46, 47]

The [H] -matrix proposed by M. Venturini and A. Alesina is:

1+2gCD(0) 1 +2qCD(-4n/3) 1 +2qCD(-27/3)
[H] = <a, |l +2gCD(-2%/3) 1 +2gCD(0) 1 +2gCD(~4n/3)
1 +2gCD(-4%/3) 1 +24CD(-2n/3) 1 +24CD(0)

. -;:az 1 +2qCS(-2x/3) 1 + 2qCS(-4n/3) 1 +24CS(0)
1 +2gCS(-47/3) 1 +2qCS(0) 1 +2qCS(-2n/3)
(B-1)

1 +2qCS0) 1 +2qCS(-2n/3) 1+ 2qCS(—4nI3)]

where
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CD(x) = t:os[(m1 - mz)t + x] (B-2)
CS(x) = cos[(w, + @,)t * X] (B-3)
1
a, = E[l + tan(bl.cotancbz] (B-4)
a,=1-a, = %[1 - tand, . cotand, ] (B-5)
and

V2
q == (B-6)

Vl

¢, and ¢, being the displacement angle of the current with respect to the voltage

on side-1 and side-2, respectively, and ¥, and V, being the rms values of the voltages
on side-1 and side-2, respectively.
The constant scalars in the elements of the [H]-matrix do not play any role in

the transformations, as explained in subsection 2.4.1.5 of chapter 2. The [P],,,- matrix
corresponding to the [H]-matrix of (B-1) is of the form given in (3-26), i.e., a general

diagonal structure:

[P @ ] (B-7)

with
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Dy = (al + az)q (B-8)
and
P2 = (8 ~ 85)4 (B-9)
From (B-4) and (B-5),
a, +a, =1 (B-10)
and
a, ~a,=2a, -1 =2tand,.cotand, (B-11)

Therefore, the elements of the [P] -matrix will be:

Pyu*=4 (B-12)
and
Py, = 2qtandg,.cotand, (B-13)

As seen, there are two control degrees of freedom and therefore only for
passive networks on side-2, displacement power factor control and UDPF condition

on side-1 together with real power control can be achieved.



APPENDIX
C

[H]-MATRIX OF L. HUBER AND D. BOROJEV1CS
MATRIX CONVERTER [70]

The [H]-matrix used by L. Huber and D. Borojevic is:

cos[mzt -~ @, + —E—) cos(w,t - ¢,)
T 2= cos| w,t - Iz
[H] =m COS((ﬂzt - (P2 + E - —3— i 3 (C'l)
47
cos(mzt T Pyt = - ﬂ) oos((olt 1 “3_)
] 6 3 | L J

wliere ¢, and ¢, are the phase angles of the side-1 phase current and the side-2

phase voltage, respectively, and m is a constant scalar.
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The [P]M-rnatrix corresponding to the [H] -matrix of (C-1) is of the form given

in (3-62), i.e., a general full structure:

cosy, siny cosy, siny,
[Pl,,, = P, ! . Pl . (C-2)
-siny, cosy, siny, -cosy,
with
P, =P, =3m (C-3)
11 12" ,
Yy = @2 - 9,4 (C-4)
and

Y, = '(‘91 + (Pz) (C-5)

As seen, there are three control degrees of freedom and therefore even for
active networks on side-2, displacement power factor control and UDPF condition

on side-1 together with real power control can be achieved.



APPENDIX

D

CLOSED-LOOP CONTROL OF

THE DC BIAS VOLTAGE ON SIDE-2

According to (6-41), the dc bias voltages on side-2 do not interfere with the

frequency changing. Therefore, only the SVC part of the transformation matrix, [H],

of (6-29), i.e.,, [H,] given by (6-31), will be used here in the analysis and the design
of the dc bias voltage control loop.

When [H] = [H,], the side-2 voltages will consist of dc components only, i,
in Fig. 6-1, v,, =v,, =v, =V, In this case, no current will flow through the loads,
i€, i3 =iz =is =0. The equivalent circuit diagram of Fig. 6-4, can then be

simplified to that of Fig. D-1.
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1a

1b

Ic

_.+ R, _L——-_l_i ‘ _
'_.+ :iE ._
B A

1

)

@
I

Fig. D-1 Equivalent circuit diagram of Fig. 6-4 simplified for the case of pure
dc voltages on side-2,

The differential equations describing the system of Fig. D-1 are:

di,,
dt
diy,
dt
di,,
dt

1 )
“E; (€10 ~ Ryiy,
1 .

— (e,, - R,i,, -

Ll( 15 141
1 .
-I_‘: (elc - Rl'lc
dv,, ) ——l—i
dt C*
dv,, _ 1,

dt C
dv,, } -1-i
dt C*

- vla)

v15) (D-1)

- vlc)

(D-2)\

and the voltage and current transformation equations are:
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rvla- rm«'m mab mac- -v?.a
Yie =% Mpa Mop Mpe || Vab (D-3)
vlc‘ _mca mcb mcc_ _v2¢:
Log Mog Mg mcal ila
i2p =% Moy My Mep || i1s (D-4)
iZcJ _mac Mye mcc_ _ilc

where the matrix of normalized modulating signals is:

maa mab ma-.-

My, My, Myt =

_mca Mep M,

cos (&t + (p) cos(wlt + <p) cos(mlt + <p)

cos(mlt + ¢ - 2nf3) cos(w,;t + ¢ - 211:/3) cos(mlt + ¢ - 2n/3)

_cos(tult + ¢ - 4xn/3) cos{w, 1+ ¢ - 4n/3) cos(w,;? + ¢ - 4n/3)
(D-5)

If the source voltages e,,, e,,, and e, , and the source currents i,,, i,,, and

I, are of the forms:

e, = Ej coswt
ey = Ejpcos(w,? - 2x/3) (D-6)

2y = Ejpcos{w,t - 4m/3)

i, = I, cos{@t + ny)
iy = I,c08{w,t +n - 2m/3) (D-7)
i, =1

1e cos(w r + my - 41:/3)

1m
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after substituting (D-5) in (D-3) and (D-4) and substituting the resulting equation and
(D-6) and (D-7) in (D-1) and (D-2) and expanding and equating the coefficients of
sinwt and coswt on both sides of the equations and simplifying, the following

system of nonlinear equations results:

dyw, —Mv Ve . E. .
= sin(g - - ——sinn, - o
@ 2Lg, e M) T s o e,
dl,, -M,V, E, R,
= cos(@ - + —=cosn, - —1I (D-8)
G - ar, cos{e M)y preesty -t gl
dVdc M‘P‘Ilm
i CRUNE
The nonlinear system of (D-8) is of the general form:
i=f(x,u) (D-9)

where x and u denote the vectors of state variables and the control inputs,

respectively, and x stands for the vector of the time derivatives of the state variables.

The linearized system will be:

d d
Ax = —fl_ Ax + —‘El, Au (D-10)
ox ou

where Ax and Au are the vectors of the state variables and control inputs of the
perturbed system, and of /dx|, and Jf /ou|, are the Jacobians of the system with

respect to the state variables and the control inputs, respectively, evaluated at steady-

state.
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The steady-state equations are obtained from (D-8) by putting the left-hand-

sides of all three equations equal to zero. For any feasible steady-state value ofn;

and V., the corresponding steady-state values: I,,,, ¢", and M » can then be found.

The third equation in (D-8), with dV_ /dt = 0, yields:

cos{p - ;) =0 = " -7 = -% (D-11)

This is nothing but the condition for the steady-state in the side-2 dc bias voltage

discussed in chapter 4. Substituting (D-11) in the second equation of (D-8), with

dI,, fdt =0,

. E .
I, = 22 cosn; (D-12)
Rl

M‘; can be found from the first equation in (D-S), with dn, /dt = 0:

2E

M, = —= (R;sinn] + o,L,cosn;) (D-13)
Vchl
For M =0,
L
N = tan"t| -1 (D-14)
Rl

This is the natural side-1 displacement angle without any correction. To give a lead

to n;, ie., to make the value of the parenthesis in (D-13) a bigger positive number,
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a bigger positive M should be chosen. To give a lag to 7, beyond the natural value

at M, =0, the value of the parentheses in (D-13) should become negative.

Therefore, a negative M should be chosen.

Using the steady-state values given by (D-11)-(D-13), the state-space

representation of the linear incremental system corresponding to (D-8) can be found

as:
R, ©, M W
. . R
Ay | =| o, _Tz o ||Al,
Af/dc . : AVdc
MVi o,
4C (D-15)
. v
2LI;,
M M]
2L, AM,
M, I, 0
4C

where Iy, and M_ are given in (D-12) and (D-13), respectively.

The block diagram of the closed-loop control system that regulates the side-2

dc¢ bias voltage is shown in Fig, D-2. The arrangement of Fig. D-2 together with a
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* Stead
0 SEe [Ye

Equations
PI Acg’ AV |AVa p; Vdi-
Controller Ao +
Lowpass Voltage
Filter |° Sensor [*

Fig. D-2 Closed-loop control system of side-2 dc bias voltage.

positive M can be used to cause a leading effect n,. In case it is desired to add a

lag to the side-1 displacement angle beyond the natural value given by (D-14) that
occurs at M »= 0, @ negative M_ should be used. In this case, the error signal shown
in the block diagram of Fig. D-2 must be inverted so that the control loop can
regulate the dc bias voltage on side-2.

Since during the normal operation of the matrix converter, the side-2 voltages

contain both ac and dc components, the dc component should be separated in order

to obtain V, ,, for the control loop of Fig. D-2. The method used in digital

simulation and laboratory implementation is illustrated in Fig. D-3. Since the ac

components of v,,, v,,, and v, constitute a balanced 3-phase system, the average of

the three side-2 voltages is simply V.. The low-pass filter is used to attenuate the
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V2a Voltage
Sensor
+ Vdc,signal
Vb | Voltage = Lowpass | Ve ok
Sensor + . ' Filter
+
Vac | Voltage
Sensor
Fig. D-3 Derivation of the side-2 dc bias voltage signal by averaging the three

side-2 voltages.

switching harmonics in the V,, .., and therefore is a very small filter having

minimized effect on the performance of the control loop. Note that if V,, is to be

found by filtering the side-2 voltage of one of the voltage-source converters, a big
filter should be used and stability problems might arise. The first-order low-pass filter

was designed with the dc-gain of 1 and the break-frequency of 1675 Hz. The PI-

controller was designed with the proportional coefficient, K, 0f0.05 and the integral

coefficient, K, of 4. The detailed circuit diagrams of the dc voltage control loop are

given in Appendix E.



APPENDIX

E

IMPLEMENTATION OF:
VOLTAGE-SOURCE-CONVERTER TYPE

MATRIX CONVERTER

E.1 Introduction

The voltage-source-converter type matrix converter (Figs. 6-1), introduced in
chapter 6, has been successfully implemented in the laboratory using three existing
identical BJT voltage-source converter modules, each rated at 1kVA, In this
Appendix, the power and the control circuits of the matrix converter will be
described briefly.

Fig. E-1 shows an overall view of the complete experimental set-up. The

control circuitry is shown in Fig. E-2. Figs. E-3 to E-14 show the detailed circuit
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Fig, E-1 Overall view of the experimental set-up for the systems of Fig. 6-1 and
6-7:
(A) Voltage-source converter (a), (B) Voltage-sourec converter (b),
(C) Voltage-source converter (c), (D) Side-1 inductors, (E) Passive
load, (F) Active load, (G) Control unit, (H)Trapping transformers, and
(I) Side-2 capacitor.

diagrams of the system.

E.2 Power Circuit and Snubber Protection

The power circuit of a BJT voltage-source converter unit and the snubber
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Fig. E-2 Control unit.

protection circuit for one leg are shown in Fig. E-3. For more details, please refer

to Ref. [82].

E.3 Base Driver for the BJT Switches

Fig. E-4 shows the base driver unit used to drive the B.IT switches of the

voltage-source converter modules. A detailed description of the base driver unit can

be found in Ref, [82).
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Fig. E-3 Power circuit and snubber protection scheme.

E.4 Gating Signal Generation and Interlock Circuit

There are totally nine modulating signals corresponding to the nine legs of the
three voltage-source converters of the matrix converter of Fig. 6-1. These modulating

signals are generated in the control circuit described in section E.6.
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Fig. E-5 shows the gating signal generator and the interlock circnit for the two
switches of one converter leg. First, the modulating signal is compared with the
triangular carrier signal. The logic signal thus produced and its complementary signal
can theoretically be used as the gating signals of the two switches in one converter
leg. But, because of the switching transients, the ON-states of the two switches in one
leg might overlap. This is a hazardous situation since the dc terminals of the voltage-
source converter are short-circuited in this way and the switches might be destroyed

by the resulting high current. The interlock circuit (Fig. E-S) causes a delay between
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the OFF-command to one of the two switches in a converter leg and the ON-
command to the other switch in the same leg, thus assuring that the two switches are
never ON at the same time. The delay is adjustable by the period of the clock pulse

generated by the timer (555). More details may be found in Ref. [82].

E.5 Side-2 DC Bias Voltage Control System

Fig. E-6 shows the detailed circuit diagram of the dc bias voltage control
system described in Appendix D. In Fig, E-6, three parts can be distinguished: (1) the
isolated +5V power supply, (2) the voltage sensor, and (3) the control loop circuitry.

Employing hall-effect voltage sensors is associated with a considerable amount
of delay . Therefore, this kind of voltage sensors are not appropriate for sensing the
side-2 voltages of the voltage-source converter modules of the matrix converter which
are composed of dc and ac components. Instead, a different voltage sensor with
optical isolation [83] has been used, as shown in Fig. E-6. The +5V isolated power
supply is dedicated to the voltage sensor circuit.

To derive the side-2 dc bias voltage, the outputs of the three voltage sensors
measuring the side-2 voltages of the three voltage-source converters are averaged.
The ac components, comprising a three-phase symmetrical system are cancelled out
in this way and the dc bias voltage signal remains. A low-pass filter removes the
switching ripples and the resuit is the dc bias voltage feedback signal for the
comparison with the reference. The averaging method used to derive the dc bias

voltage has a significant advantage over the method of filtering one of the three side-
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2 voltages. In fact, in the latter case, the filter should be big enough to be able to

remove the ac component at w,, “vhile in the former case a very small filter will be

adequate since only the switching ripples have to be filtered out. A small filter is less
likely to create any stability problems.
The error resulting from the comparison of the dc bias voltage feedback and

the reference signals, is fed to a PI-controller and the output of the controller is the
incremental change in ¢ which controls the phase angle of the SVC terms in the [H]-

matrix or the modulating signals of the matrix converter, to keep the dc bias voltage

regulated at the desired level.

E.6 Modulating Signals Generation

Each of the nine modulating signals is composed of two (2) parts: (1) a cosine

function at angular frequency w; with the multiplier M and the phase angle ¢ +x,
where x = 0, -27/3, -4x/3, and (2) a cosine function at angular frequencye, + @,
with the multiplier M and the phase angle y + x, where x =0, -27/3, -4x/3. Full

periods of the waveforms of the three-phase balanced cosine functions are stored in

two sets of three EPROMs (Fig. E-7). The EPROMs have 12-bit address buses and

8-bit data resolution. One set of EPROMs is dedicated to the cosine functions at W,

and the other to the cosine functions at o, + w,. The frequency of the cosine

function that can be read out of an EPROM is determined by the speed at which the
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addresses are swept. Each EPROM is followed by a Digital-to-Analog (D/A)

converter. The result is two sets of three-phase balanced cosine functions at «, and
w, + w,, as shown in Fig. E-7. In order to introduce the phase angles ¢ and y in the

cosine functions at w, and o, + ©,, respectively, binary adders have been used. As

shown in Fig. E-8 and E-9, two binary numbers equivalent to the analog signals of

Ag and Ay are produced using A/D converters. These binary numbers are then
added to the outputs of the counters dedicated to , and w, + w,, respectively. The

counters and the synchronization circuits will be described later in section E.7.

In the laboratory implementation, Ag-signal is produced by the dc bias voltage

control loop (Fig. E-6) and Ay-signal is manually adjusted. The output of the binary
adders of Fig. E-8 and E-9 are input as addresses to the EPROM:s for the cosine

waveforms at @, and o, + w,, respectively (Fig. E-7).
Finally, the cosine functions at &, and w, + w, are multiplied by the factors

M, and Mj, respectively, as shown in Fig. E-10. M__ is adjusted to control the phase

angle of the side-1 source currents with respect to the side-1 source voltages, while

M is used to control the magnitude of the ac component of the side-2 voltages. The
complete modulating signals: v, 4 ;4 = Vmoa . ar€ derived by adding selected pairs

of the cosine functions at v, and , + w,.
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E.7 Synchronization Circuits

In order for the phase angle ¢ to be meaningful, a certain reference for the

cos(w,t + @ +x) waveforms, (x=0,-27/3,-47/3), has to be specified. In the
laboratory implementation, the side-1 source voltage e,, has been chosen as the
reference. It is assumed that e, =E, coswt. In order to have a cosw-signal in

phase with e, the voltage e, , has been stepped-down using a transformer, as shown

in Fig. E-11. To compensate for the distortion and the phase angle introduced by the
transformer, an adjustable second-order filter is used [83]. Then the digital
synchronization signal is derived using a zero-crossing detector [83]. the phase-locked-
loop circuit is shown in Fig. E-11. The synch. signal just derived, and the MSB of the
12-bit counter are phase-compensated and the resulting signal goes through an R-C
lowpass filter and the filtered signal is used as the VCO control signal which adjusts
the CLK frequency of the counter to make the MSB of the counter have the same

frequency as the synch. signal, There is a potentiometer for center-frequency

adjustment which makes the MSB of the counter have the desired frequency w, at
VCO input equal to V,,/2 [83].

The outputs of the 12-bit counter of Fig, E-11 are used as addresses for the
EPROMs shown in Fig. E-12, in which full periods of waveforms of three-phase

balanced cosine functions are stored. The EPROMS are followed by D/A converters
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and the result is the waveforms cos(w,t +x), where x =0, -27/3, -4w/3. The

cosw,f-signal can be made in phase with e,, with the adjustment of the

potentiometer named zero adj. in Fig. E-11. The outputs of the 12-bit counter of Fig.

E-11 are also used in the binary adders of Fig. E-8.

In order for the angle y to be meaningful, a reference for the
cos[(co1 + mz)t +y+ x] waveforms, (x = 0, -2r/3, -47/3), should be specified. Using
the cos(w,f +x) waveforms, (x =0, -27/3, -4w/3), derived in Fig. E-12, and
cos(w,t + x) waveforms, (x = 0, ~27/3, -47/3), the waveforms of cos[(ml + mz)r +x],
(x =0, -2mw/3, -4m/3), can be derived as shown in Fig, E-13. Since in the laboratory

implementation, three distinct side-2 frequencies: f, = 30, 60, and 120 Hz were of

interest for testing purposes, the method of derivation of cos2r 90¢, cos2w 120¢, and
cos2x 180¢ is illustrated in Fig. E-13.
Finally, cos(w, + w,)t-signal, derived in Fig. E-13, is used to synchronize the

12-bit counter of Fig. E-14 in the same way that was explained for the case of Fig.

E-11. The outputs of the 12-bit counter of Fig. E-14 are input to the binary adders
of Fig. E-9.
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APPENDIX

F

PARAMETERS OF THE SYSTEM OF FIG. 6-1

E, =rmsvalueof e, ¢,,,and e, = 10 V;
R, =0,R, =080

L, =0,L, = 6.6 mH;

fi = 60 Hz;

C = 50 pF;

R, =242 q;

L, = 40 mH;

f, = triangular carrier frequency = 21xf, = 1260 Hz.

203



APPENDIX

G

PARAMETERS OF THE SYSTEM OF FIG. 6-7

E,, = rms value of ¢,,, €, and ¢, = 10 V;
R, =0,R, = 08q;
L, =0,L, = 6.6 mH;

f; = side-1 frequency = 60 Hz;

C = 50 uF;
R, = 1.86 ;
L, = 3125 mH;

f, = triangular carrier frequency = 21x f, = 1260 Hz.
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APPENDIX

H

PARAMETERS OF TRANSFORMERS T,,, ..., T..

L, = 182 H (X, = 686.19 o @ 60 Hz);
R, = 917764 0;

L = 0.0045 H;

R =028 g

m/n, =1

Rated Voltage = 220 V;

Rated Power = 1 kVA.
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