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Preface

The aim of this monograph is to present a concise conception of a new family of
modern power frequency converters called matrix-reactance frequency converters.
Currently used direct frequency converters, without DC electrical energy storage
elements, have some disadvantages, such as the voltage transfer ratio limit of
0.866 in the majority of topologies and control strategies. Because of this these
converters cannot be universally used in the industry. For example, in the case of
the variable speed drive system for induction motors, a reduction in the supply
voltage by 10 % means 20 % loss of torque capability, which is unacceptable in
most applications. However, the advantage of this kind of converter is the elim-
ination of a large and expensive DC energy storage. The converters presented in
this book also do not have DC energy storage. What is more they enable the buck-
boost voltage transformation. The topologies of the presented matrix-reactance
frequency converters are based on the three-phase unipolar buck-boost matrix-
reactance chopper with source or load switches arranged as in a matrix converter.
This approach gives the possibility to obtain an output voltage greater than the
input one (similarly as in a matrix-reactance chopper) and a frequency conversion
(similarly as in a matrix converter). Nine new topologies of matrix-reactance
frequency converters based on boost, buck-boost, Cuk, Zeta or SEPIC structures
are presented.

This monograph is composed of seven chapters, the organization of which can
be understood as follows: the first chapter presents a short introduction on the state
of the art and future trends in power frequency converters. The actual design
tendencies in modern power electronic converters are also discussed here.

The second chapter presents a review of the most important AC-AC frequency
converters without DC electrical energy storage as well as basic topologies of
hybrid and with DC energy storage element converters. In this chapter the
topologies, general operation and properties of this kind of converter are discussed.
Mainly attention is paid to direct matrix converter topologies (voltage and current
source matrix converters, multilevel matrix converters) and indirect matrix con-
verters (sparse, very sparse and ultra sparse). A large part of the chapter is dedi-
cated to explaining the design and function of a matrix converter. A matrix
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converter consists of nine bi-directional switches as the main power elements, and
creates a variable load voltages with setting frequency. It is also referred as an
“all-silicon solution”, because it does not have any large energy storage elements.
The state of the art in matrix converter technology will be presented in this part of
the text, with particular emphasis on control techniques, commutation methods and
practical circuit realisation. This part also discusses a conception of converters
based on matrix-reactance choppers, which are later called matrix-reactance fre-
quency converters. A separate subchapter is devoted to hybrid frequency con-
verters with small-sized DC electrical energy storage elements.

Chapter 3 describes the concept of a new family of matrix-reactance frequency
converter topologies. In addition, a general description of such converters is also
presented. The control techniques for these converters, based on the low frequency
Venturini method, in particular, are exposed. Moreover, another concept of control
strategies are suggested.

In Chap. 4 the averaged state space models of the discussed matrix-reactance
frequency converters are described. It should be noted that the models, as a result
of averaging, are continuously non-stationary ones, because the average value
switch state function of matrix switches are time-varying. In order to obtain a
stationary averaged state space model, a two-frequency form (dq) transformation is
used. The aim of this chapter is to show stationary mathematical models of all
matrix-reactance frequency converters. Furthermore, one part of the chapter
includes the solution to the stationary averaged equations, based on stationary
averaged models, in steady and transient states. Based on this solution the steady
and transient state time waveforms of the averaged state variables are described,
and steady-state characteristics are drawn.

Chapters 5 and 6 present some analytical, simulation and experimental test
results. Analytical, test results are obtained from the solution presented in the
previous chapter. Steady and transient state average time waveforms of currents
and voltages in matrix-reactance frequency converters are shown. Furthermore the
static characteristics are also presented. Additionally, a simulation verification of
the first of two matrix-reactance frequency converters with buck-boost topology
has been carried out with the use of a drive system with an inductor cage motor. A
simulation study was carried out using the PSpice program. Furthermore, a 1 kVA
matrix-reactance frequency converter with buck-boost topologies (two topologies)
has been constructed to verify experimentally the concept. The obtained experi-
mental and simulation test results confirm the theoretical analysis. The experi-
mental test results are also shown in this section. Finally, in Chap. 7 conclusions
and other comments are made.

Zielona Gora, August 2012 Pawet Szcze$niak
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Chapter 1
Introduction

Solid-state AC—AC converters are widely used in a number of applications such
as adjustable speed drives [16, 17, 61], AC-AC transmission [13, 50, 105], unin-
terruptible power supplies (UPS) [12, 63], aircraft converter systems [10, 28] and
renewable energy conversion systems [1, 11, 19, 27, 62, 109]. An important area
of AC-AC conversion concerns variable speed drive systems for induction motors
which currently account for about 50 % of electricity consumption [16]. Gener-
ally, the frequency converter (frequency converters) converts AC electrical power
of one frequency into AC electrical power of another frequency. Typically, such
units are used to convert between 50/60 Hz source frequency into 0-800 Hz on the
load side [61]. The term frequency converters does not explain fully the functional
capabilities of this kind of power converter. In addition to the possibility of load
voltage frequency control relative to the source voltage frequency, these kinds of
converters also have the capability to control amplitude of load voltages, to control
the displacement angle of the load voltages relative to source voltages, to control the
displacement angle between source currents and voltages (input power factor) and the
bidirectional (or only unidirectional) power flow control through the converters [47].

The most desirable features in frequency converters are the possibility of generat-
ing load voltages with arbitrary amplitude and frequency (also with higher amplitude
than the amplitude of source voltages), sinusoidal source and load currents and volt-
age waveforms, the possibility to provide unity power factor for any load, and finally,
a simple and compact power circuit [120]. Over the past decades a number of dif-
ferent PWM AC-AC frequency converter topologies have appeared in the literature
[2, 3, 6-9, 14, 31, 43, 44, 47, 52, 56, 58, 64-67, 69-74, 78, 80, 82-85, 89, 92,
93, 101-104, 107, 112, 114, 115, 120-122, 124-126, 131, 132]. AC-AC convert-
ers are commonly classified as either an indirect converter which utilizes a DC link
between the source and load or a direct converter that provides direct conversion
[14, 72-74, 107].

Converter systems with either a voltage or current DC link are commonly used in
industrial applications. Such converters are known as indirect frequency converters
with a DC energy storage element and have been investigated extensively for many
years [52, 73]. The indirect frequency converter with a DC energy storage element

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 1
Converter Topology, Power Systems, DOI: 10.1007/978-1-4471-4896-8_1,
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2 1 Introduction

and pulse-width modulation (PWM) was first reported in the mid-1970s [92, 93]
and concerned thyristor inverters. Further, the frequency converter with a transistor
inverter was developed. The DC link has two implementation forms: a voltage DC
link with a capacitor Cpc as DC electric energy storage element (with voltage source
inverter VSI) and current DC-link with an inductor L as DC electric energy storage
element (with current source inverter CSI) [52]. In the case of the voltage DC link, in
the simplest unidirectional case, it is implemented by a diode bridge on the rectifier
side. An AC-AC converter with bidirectional power flow can be implemented by
coupling a PWM rectifier and a PWM inverter to the DC link. In the case of the
current DC link the current source inverter would need switches with reverse blocking
characteristics. A current source inverter is implemented as a series connection with
an IGBT and a diode. Due to the DC link storage element, there is the advantage
that both converter stages, rectification and inverter, are to a large extent decoupled
for control process. On the other hand, the DC link energy storage element has a
relatively large physical volume. Furthermore, in case of the VSI, the application of
electrolytic capacitors is a major cause of reduced converter lifetime.

Improvements in power semi-conductor switches over the last few years have
resulted in the development of many AC-AC converter devices without DC electric
energy storage elements [2, 7-9, 43, 44, 47, 56, 58, 71-74, 78-85, 89, 101-104,
107, 112, 114, 115, 120, 121, 124, 125, 131, 132], which are referred to as direct
power frequency converters (DPFC) or static power frequency converters (SPFC).
DPFC basically consist of an array of static power switches connected between the
source and load terminals. The basic operating principle is synthesis of the load volt-
age waveforms and source current waveforms from selected segments of the input
voltage waveforms and output current waveforms, respectively. The first works on
direct power frequency converters connecting the converters with thyristor switches,
which are known as naturally commutated cycloconverters (NCC) [47]. Then, the
real development of DPFC starts with the introduction of power transistors for imple-
menting the converter switches, and these converters are named forced commutated
cycloconverters (FCC).

There are many topologies of direct power frequency converters. The most com-
mon is the matrix converter (MC). The first study of MCs was presented in 1980
by Venturini and Alesina [112]. The authors presented the basic configuration of a
power circuit as a matrix of bidirectional power switches that connect each load phase
to each source phase, and they introduced the name matrix converter and presented
the first control theory. For good performance the matrix converter should have an
input filter, which minimises the high frequency components in the input currents and
reduces the impact of the perturbations of the input grid. The control theory of MCs
as proposed in [112] is known as Venturini modulation. This modulation is based
on a low frequency modulation matrix which describes the low-frequency behaviour
of the MC voltages and currents, and has an output voltage limitation equal to half
of the input voltage (¢ = 0.5) and restricted input power factor control. Alesina
and Venturini in works [4, 5] presented a method to increase the maximum voltage
transfer ratio to 0.866 through the inclusion of third harmonics in the setting input
current and output voltage waveforms. This modulation is known as the optimum
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Venturini method or improved Venturini. In both Venturini modulation methods, also
known as the direct transfer function approach, the output voltages are obtained by
the multiplication of the modulation matrix using the input voltages.

The voltage transfer ratio less than one is the main disadvantage of the matrix
converter [97, 120]. Over the past few years, the problem of low voltage transfer
ratio has stimulated laborious research focused on the development of new control
strategies which increase the amplitude of load voltages. In 1983, Rodriguez proposed
in [96] anew control technique which is based on an approach with a fictitious DC bus.
In this modulation the input voltages are first rectified to a fictitious DC bus and then
are inverted to the output voltages with the required frequency. In this method, in the
inverter stage the switching is arranged so that each output line is switched between
the most positive and most negative input lines using a pulse width modulation
(PWM) technique, similar to that in voltage-source inverters. This control strategy
is developed by Ziogas et al. and is discussed in detail in [133, 134]. A maximum
voltage transfer ratio up to 1.053 is possible to obtain in a matrix converter using
this method. Unfortunately, the higher voltage transfer ratio is achieved with low
frequency distortion in the source current and load voltages. This concept is known
as the indirect transfer function method.

In 1987, Roy and April proposed in [100] the new “scalar” control strategy, where
the switch actuation signals are calculated directly from measurements of the phase
input voltages. Similar as in Venturini methods the voltage transfer ratio in linear
conditions is limited to 0.5 and its increase to 0.866 is related with low frequency
distortion in source and load variables [98, 99]. Furthermore, these scalar methods
have limitations in input power factor control. A similar approach is used by Ishiguro.
The switch actuation signals are calculated directly from measurements of the line-
to-line input voltages. The first approach, where the three line-to-line source voltages
are taken into account for calculation of control signals, was presented in [57]. The
maximum voltage transfer ratio of the proposed algorithm is limited to 0.75. In
the second approach only two line-to-line voltages are switching. By introducing
the two-phase switching method, reduction in the switching frequency and increase
in the voltage transfer ratio to 0.866 are obtained. The input power factor is also
controlled with limitations. A comprehensive treatment of both voltage transfer ratio
and input power factor aspects of the scalar method is contained in work [91]. The
maximum voltage transfer ratio is also equal to 0.866, but with a wider range of input
power factor control.

The space vector modulation (SVM) approach was first exploited by Huber et al.
in a series of papers [53, 54] in which the principles of space-vector modulation
were applied to a matrix converter. The SVM approach is based on the instantaneous
space-vector representation of input and output voltages and currents. The SVM
approach has been successively developed in matrix control with direct and indirect
approaches [15, 20-25, 48, 49, 68, 87, 88, 95, 97, 116-120] and is the most popular
control of the matrix converter. The main fields of research concern the control of
the input power factor regardless of the load [20, 21, 87], to reduce the number of
switch commutations in each cycle period [20, 25, 48, 49, 88, 118, 119], application
in drive systems [68, 81, 90, 95, 116, 117, 123] and unbalanced or nonsinusoidal
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supply voltage conditions [15, 20, 22, 23]. Generally, the SVM algorithm for matrix
converters has the capability to achieve full control of both the output voltages and the
instantaneous input current displacement angle (input power factor). The maximum
output voltage is equal to 0.866 times the source voltage.

Noteworthy is the control strategy for the matrix converter presented in [25],
named the duty-cycle space vector approach presented by Casadei et al. In this paper a
very efficient mathematical approach for the analysis of matrix converter modulation
techniques can be developed by using the space-vector notation and introducing the
concept of “duty-cycle space vector.” Using this approach, there are three degrees
of freedom available, viz., defining the modulation law, allowing the control of the
instantaneous values of the output voltages and input power factor to be obtained [3].
The maximum voltage transfer ratio is equal to 1.155. This level of output voltage is
obtained by the high rate of switching during the sequence time 7seq. Consequently,
the switching losses are increased.

Apart from those listed above from the most widely known control strategies of
matrix converters, in the technical literature there are a few less well-known ones,
e.g.: sliding mode control [94], carrier-based PWM control [127] and in recent times
the very popular predictive control [110, 111].

It should be noted that in the presented control strategies (except those presented
in [25, 133, 134]) the maximum voltage transfer ratio is equal to 0.866. In control
strategies presented in papers [25, 133, 134] the voltage transfer ratio is greater
than one, but the output voltages and source current waveforms have low frequency
distortion.

Another major problem in matrix converters is the simultaneous commutation of
controlled bidirectional switches. Commutation is very difficult to achieve without
generating overcurrent or overvoltage spikes that can destroy the power semiconduc-
tors. Fortunately, this problem was solved with the development of several multistep
commutation strategies that allow safe operation of the switches [18, 26, 29, 30, 51,
77, 86, 106, 119, 120, 128—-130]. The commutation strategies proposed in the liter-
ature have varying numbers of steps (one [129], two [29, 30, 128, 130], three [26],
four steps [18]) and varying degrees of knowledge about switch signals (current,
voltage or current and voltage).

A matrix of nine bidirectional power switches can be arranged for voltage source
or current source on the input side. The conventional matrix converter proposed by
Venturini and Alesina in the work [112] is named voltage source matrix converter
(VSMC). Whereas, the current source matrix converter (CSMC) can be realised by
a matrix of bidirectional power switches connected to the current source [78, 79].
The practical realisation of CSMC has inductors on the input side and capacitors
at the output side [78]. The function of the switches (transfer matrix) in CSMC are
transposed, compared to VSMC, because the switches are fed by current sources and,
for this reason, the source inductances must never be opened. On the other hand, the
load has a capacitive nature and, for this reason, the output terminals (capacitors)
should not be closed. These rules are the opposite of the rules relating to VSMC. The
principles of CSMC cannot be found analysed in detail in technical papers, though
in the works [46] and [78] the basic operation and principles are discussed. As is
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presented in [46] and [78] the voltage transfer ratio in CSMC is greater than one.
It is a very attractive advantage, but due to the current sources, the CSMC topology
cannot be developed. In this converter, theoretically, all the control strategies that
are used in VSMC [120] may be used. In the cited references the classical Vanturini
[78] and space vector modulation [46] are introduced.

Alternative structures to voltage source matrix converters have been investigated
in [56]. The proposed topology is known as indirect matrix converter (IMC) or two-
stage matrix converter and it maintains the same input—output performances as the
VSMC. An IMC is a hardware implementation of an MC with indirect modulation, as
proposed in [60]. An indirect matrix converter consists of a three-phase to two-phase
matrix converter as the current source rectifier (CSR) and conventional voltage source
inverter. The DC bus between CSR and VSI do not include DC electrical energy
storage devices. Because the IMC does not have any DC energy storage element, for
the synchronisation of pulses for CSR and the VSl it is therefore highly important to
maintain power balance with sinusoidal supply currents [65]. Most research on IMC
has been done using triangular wave voltage command modulation [55] or space
vector modulation [59, 60]. The IMC consists of separated source and load stages
and offers the same benefits and disadvantages as the direct MC. The voltage transfer
ratio is also equal to 0.866.

The IMC also provides an option to reduce the number of switches of the source
rectifier bridge. The several topologies of IMC, with a reduced number of power
switches, has been presented by Kolar et al. in papers [72]. Because the IMC four-
quadrant switch current source rectifier could operate with both DC link voltage
polarities, there is a possibility to reduce the rectifier stage circuit complexity. The
first topology of IMC with reduced number of power switches proposed in [72]
contains only 15 IGBTs as opposed to 18 IGBTs of the IMC and will be denoted as
a sparse matrix converter (SMC) [102]. With a unidirectional PWM rectifier system
the new converter can be realised with 9 IGBTs and 18 diodes and is the most simple
form of the IMC. Due to the low number of power transistors the new topology
is named as ultra sparse matrix converter (USMC) [72, 103]. In these topologies
the indirect, sparse and ultra sparse matrix converter multistep switch commutation
process is needed to reduce switching losses. The multistep commutation schemes
used in the direct MC can be employed in those converters. In the next topology
of IMC with reduced power switches, the diode bridge bidirectional switch cell
arrangement is used at the source rectifier stage [114]. This switching configuration
provides the zero DC link current commutation strategy [72], and such converters are
called very sparse matrix converters (VSMC). Zero DC link current commutation also
allows the employment of the circuit topology of the inverting link matrix converter
(ILMC) [72]. Here, the bidirectional current carrying capability of the input stage is
achieved by connecting, through two power transistors and two diodes, a conventional
current DC link rectifier and a voltage inverter. Several kinds of unidirectional AC—
AC topologies are presented in [115]. The topologies of the sparse, very sparse, ultra
sparse and inverting link matrix converter also have a voltage transfer ratio of less
than one, with a maximal level equal to 0.866.
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With the rapid development of power electronics in high voltage, high power
applications, the next steps in the development of direct power AC—AC converters
introduces multilevel converters [52]. These converters are able to construct the
output voltage waveforms with smaller voltage steps. Multilevel converter structures
enable the voltage stress across the power semiconductor devices to be decreased
with the increased number of voltage levels, enabling the use of medium voltage rated
semiconductor devices to construct the converters for high voltage, high power appli-
cations. A multilevel indirect matrix converter (MIMC) is a topology that integrates
the multilevel concept into the indirect matrix converter topology. In the literature are
presented two main topologies, a three-level-output-stage indirect matrix converter
[72, 83, 85] and an indirect three-level sparse matrix converter [82]. The first topol-
ogy applies the three-level neutral-point-clamped voltage source inverter concept to
the inversion stage of an indirect matrix converter topology. The second topology
applies a simplified three-level neutral-point-clamped voltage source inverter con-
cept with a neutral-point chopper to the inversion stage of an IMC topology. Having
the ability to generate multilevel output voltages, both the MIMCs are able to produce
better quality of output waveforms than a conventional IMC in terms of harmonic
content. The disadvantages of such converters are the increase in the number of power
switches and a more complicated modulation strategy.

A similar process takes place in the direct matrix converter. The multilevel direct
matrix converter is obtained by replacing each switch in the classical direct MC by
two or more series-connected switches and flying capacitors, which are introduced
to clamp the voltage over the switches [104, 126]. In the three-level MC, two series-
connected switches are introduced and six flying capacitors are connected to the mid-
point of each of the two bi-directional switches. In a multilevel matrix converter, the
voltage across the flying capacitor changes periodically following the input voltage.
This kind of converter is not a classical direct AC-AC frequency converter without
DC energy storage elements, because the flying capacitors are used as a local energy
storage element. This direct multilevel MC may be applied to a high voltage range,
with a lower level of harmonic contents on load voltage and source current compared
with a conventional matrix converter [121].

The maximum voltage transfer ratio in both kinds of multilevel matrix converters
is less than one. In a direct multilevel MC with Venturini modulation it is equal to
0.5[104, 126], and with SVM it is equal to 0.8 [84, 101, 124]. In indirect multilevel
MC:s output voltages are also equal to 0.866 times source voltages [82, 83].

In order to obtain a voltage gain greater than one, several hybrid solutions have
been proposed. The hybrid solution combines the direct AC—AC frequency converters
and one small or several small local DC energy storage elements or DC-DC buck-
boost (boost) choppers. The first topology was presented by Erickson and Al-Naseem
in [31], and was named modular matrix converter (MMC) [6]. The MMC is obtained
by replacing each switch in the classical direct MC [112] by a single phase H-bridge
inverter. This topology has no main DC energy storage elements but there are several
local small DC energy storage elements. This approach has the advantages of reduced
switching loss and reduced harmonic content of output AC waveforms. The peak
voltages applied to the semiconductor devices are clamped to capacitors and total
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switching loss is reduced. Furthermore, this converter can both increase and decrease
the voltage amplitude and can operate with arbitrary power factors. The disadvantages
are the complex power structures (high number of power semiconductor components
and capacitors) and complex control strategy—each DC voltage in the capacitors has
to be controlled via feedback.

The concept of a hybrid MC is presented in [66], where solutions with auxiliary
H-bridge inverters integrated with MC or auxiliary H-bridge introduced to indirect
MC are proposed. Both hybrid topologies provide improved transfer voltage, even
equal to or higher than one. Another hybrid solution with integrated auxiliary voltage
source, such as the DC-DC buck-boost or boost converter, at the intermediate DC link
is presented in [69]. Several of this kind of topology are also proposed in paper [67].
Unity voltage transfer is also obtained in this solution [73, 74].

The next group of AC-AC frequency converters without DC energy storage with
buck-boost voltage transformation, contains topologies based on PWM AC matrix-
reactance choppers (MRC) structures [32, 38, 39] and direct matrix converter [112].
This group of frequency converters is the main object of publications. The first
study of these kinds of converters was presented in 1993 by Antic et al. in [7-9].
The proposed topology was based on a three-phase buck-boost AC matrix-reactance
chopper with source switches connected as in a matrix converter [112]. The authors
presented the basic configuration of its power circuit and showed the first control
theory for low speed induction motor drives. Later, in 2000, Zinoviev et al. continued
the research on the presented MRFC topology. The detailed results are shown in
a series of papers [89, 131, 132]. Then, the idea of connecting all of the unipolar
PWM AC matrix-reactance choppers with a direct matrix converter was shown by
Fedyczak in [32]. Later, Fedyczak called such converters matrix-reactance frequency
converters (MRFC) [37]. The next series of papers was concerned with the MRFC
based on the buck-boost MRC [35-37, 40-42, 45, 75, 107, 108] and the novel three
structures of MRFC, based on Zeta [34, 36, 41], Cuk [33, 36, 41], and boost [76]
MRC topologies. Generally, in the presented MRFC, one with two groups of switches
(source or load), it is connected as in direct MC. This approach makes it possible
to obtain the load output voltage much greater than the source voltage. Its control
was by modified Venturini modulation [112]. The conception of the MRFC with
Venturini modulation was continuously developed by the authors and in the papers
[43, 44, 107] the generation concept of a whole family of MRFCs based on unipolar
PWM AC MRC is presented. The presented family of MRFC technologies employs
a wide variety of topologies and contains nine topologies based on buck-boost, Cuk,
Zeta, SEPIC or boost MRC structures. It should be noted that MRFC can be controlled
with all the control strategies used in a matrix converter, as can also be used the same
commutation strategies.

Another concept of frequency converter topology with MRC was presented by
Itoch in [58]. The presented topology is a cascade connection of the MRC with
buck-boost topology and direct MC and is called a cascaded matrix converter. This
topology can generally operate with reduced passive components as in MRFC, but
there is a greater number of switches than for an MRFC.
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It should be noted that in both MRFC and cascade connection, MRC and MC
solutions electrical energy stored in the reactance elements during the period of input
or output frequency is equal to zero, which is an essential difference in comparison
to hybrid MC. Thus, the capacitors and reactors in an MRFC can be smaller. The
voltage transfer ratio in both solutions is much greater than one. In recent time these
topologies are developed in the literature as alternative solutions to hybrid converters
[70, 71, 113].

In spite of several advantages of the frequency converters without DC energy
storage, industrial application of such converters is still very limited because of
some practical issues, such as low voltage transfer ratio. The development of matrix-
reactance frequency converters seems to be one of several ways to increase the voltage
transfer ratio in these frequency converters. The aim of this monograph is to make
a concise presentation of selected frequency converters without DC energy storage
and to give a detailed analysis of matrix-reactance frequency converters. In this book
there will be presented selected research results related to topology generation, con-
trol strategies, commutation method, modelling, simulation and experimental verifi-
cation of MRFC solutions. The book is recommended for Ph.D. students, scientists
and engineers interested in issues related to power frequency converters without DC
energy storage, especially fundamentals of matrix converters and matrix-reactance
frequency converters, modelling of frequency converters and their practical imple-
mentation. Furthermore, the book constitutes also a review of frequency converter
topologies without DC energy storage.
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Chapter 2
Review of AC-AC Frequency Converters

2.1 Introduction

As mentioned above, frequency converters convert AC electrical power of one
frequency into AC electrical power of another frequency [51]. Additionally, this
kind of converter also has the capability to control the load voltage amplitude, the
load displacement angle relative to source voltage, the displacement angle between
source currents and voltages (input power factor) and the capability to control
bi-directional (or only unidirectional) power flow through the converter [51].
Figure 2.1 shows a generic three-phase PWM AC-AC frequency converter diagram
and functional representation of such frequency converters.

To the input terminal of the frequency converter are connected voltage sinu-
soidal AC sources, with constant amplitude Ug and constant frequency fs. These
applied voltages are converted into output voltage waves with set amplitude Uy, , fre-
quency f7, and displacement angle of the load voltages relative to source voltages L.
These output voltages are applied to the load. The load current amplitudes /; and
phase angles ¢, are determined by the impedance characteristic of the loads. During
bi-directional power flow control in the case of direction from output terminals to
input terminals, the frequency converter converts the load current waves of frequency
fL, into input current waves of frequency fs.

AC-AC frequency converter topologies can be broadly classified into three
categories, depending upon the type of AC-AC conversion. Figure2.2 shows a
classification tree for frequency converters. The classification of AC-AC frequency
converters in the technical literature is varied, because the development of the con-
verters discussed is still in progress [16, 81, 83, 84, 126]. The latter classified as
indirect structures with main DC energy storage elements, direct structures without
DC energy storage element and hybrid structures with small local DC energy storage
elements. The first group includes the most popular and widely used in industry and
households, i.e. direct frequency converters with voltage source inverters (VSI) or

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 17
Converter Topology, Power Systems, DOI: 10.1007/978-1-4471-4896-8_2,
© Springer-Verlag London 2013
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Fig. 2.2 Classification of three-phase AC—-AC converter topologies

current source inverters (CSI). The second group consists of alternative topologies of
direct frequency converters. These topologies have no DC energy storage elements
and basically consist of an array of static power switches connected between the
source and load terminals. For good performance direct frequency converters have
small capacitors and inductors, such as high frequency component filters or small
regenerative AC energy storage. The last group is a combination of direct frequency
converters with small-sized local DC energy storage elements or an additional mod-
ule with a DC-DC boost converter.
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2.2 Frequency Converters with a DC Energy
Storage Element

The most traditional AC—AC power converter topology is a pulse width modulated
(PWM) voltage source inverter (PWM-VSI) with a front-end diode rectifier and a
DC link capacitor, as shown in Fig.2.3 [59, 72]. The frequency converter presented
in Fig.2.3 is also called a two-level indirect converter with voltage source inverter
(VSI). An indirect converter consists of two converter stages and energy storage
element, which convert input AC into DC and then reconvert DC back into output
AC with variable amplitude and frequency. The DC-link capacitor decouples two
AC power conversion stages and ensures the independent control of two stages. The
control of the output is achieved by modulating the duty cycles of the devices in
the inverter stage so as to produce near-sinusoidal output currents in the inductive
load, at a desired amplitude and frequency. The source current in this converter is
highly distorted, containing high amounts of low-order harmonics (5th and 7th) [11].
Through the impedance of the mains, the low-order current harmonics may distort
the voltage at the point of common coupling, which may further interfere with other
electric systems in the network. As the current direction in a diode rectifier cannot
reverse, some mechanism must be implemented to handle an eventual energy flow
reversal, such as during an electromagnetic braking of a motor, in order to prevent the
DC bus voltage reaching destructive levels. Such mechanisms are always dissipative
ones (in a braking resistor) and hence they can be effectively employed only when
the energy to be dissipated is low [72]. The solution to the problem is to use an
IGBT bridge as a supply rectifier. This converter is called back-to-back inverter
(B2B VSI) and is presented in Fig.2.4 [145]. The back-to-back converter consists
simply of a force-commutated rectifier and a force-commutated inverter connected by
a common DC-link, making their separate control possible. The line-side converter
may be operated to give sinusoidal source currents, and the braking energy can be fed
back to the power grid. It is a boost-type converter, i.e. its DC-link side voltage has to
be higher than the peak value of the supply line-to-line voltage. In the back-to-back
VSI, source filter inductors are also required. These inductors are a big problem
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Fig. 2.3 Two-level indirect frequency converter with voltage source inverter and diode bridge
rectifier
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because the inductors are bulkier and heavier than the DC link capacitor in low and
medium power converters.

An alternative solution to a frequency converter with voltage source inverter is the
solution with PWM current source inverter (CSI), presented in Fig. 2.5 [34, 59]. The
CSI produces sinusoidal supply current waveforms similar to the back-to-back VSI.
The CSC contains a DC link inductor, which is generally larger and heavier than the
link capacitor in voltage source converters. In the CSI, a source filter is also required.
This is a low-pass LC-type filter, and the physical size of CSI source filter is smaller
than used in a B2B VSI. Furthermore, the CSI usually requires series-connected
diodes with every IGBT. This increases semiconductor conduction losses and the
complexity of the main circuit.

The DC energy storage in the presented indirect frequency converters is a bulky
component. In the solution with VSI the DC link capacitors are relatively large
compared to the size of the rectifier and inverter semiconductor components, at the
same time reducing the speed of response. Electrolytic capacitors typically occupy
from 30 to 50 % of the total volume of the converter for power levels greater than a
few kW and in addition to this they are a component with a limited lifetime. It should
be noted that the electrolytic capacitor has by far the shortest lifetime of any element,
active or passive, used in power electronic converters. In addition, the presence of the
capacitor significantly limits the power converter to high temperature applications
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up to 300 °C, because these capacitors are temperature sensitive. Capacitors also
cause higher maintenance costs of the conversion system. Furthermore, high power
conventional capacitors cannot be used in some special applications, such as in
aeronautics, aircraft and deep-sea or space systems [12, 15, 19, 31, 141]. In the case
of the CSI, the DC-link inductors are generally bulkier and heavier than the link
capacitor in voltage source converters. However, frequency converters with VSI,
(diode rectifier stage and back-to-back) are well known and widely used in industry.

The classical VSI generates a low-frequency output voltage with controllable
magnitude and frequency by programming high-frequency voltage pulses. Of the var-
ious pulse-programming methods, the carrier-based pulse width modulation (PWM)
methods are the preferred approach in most applications [52]. Two main imple-
mentation techniques exist in the control of load voltages: The first is the triangle
intersection technique, where the reference modulation wave is compared with a tri-
angular carrier wave and the intersections define the switching instants. The second
is based on space vector modulation (SVM). In this method, the time length of the
inverter states are precalculated for each carrier cycle by employing space-vector
theory [50, 132].

In the classical three-phase VSI stage in the frequency converter shown in Figs. 2.3
and 2.4 is identified as eight switch combinations, which are connected in Table 2.1.
Two of these states are a short circuit of the output terminals while the other six
produce active voltages. In the three-phase CSI stage shown in Fig.2.5, there is
possible six active switch combinations and three with zero output current. The
switch combinations in CSI are presented in Table 2.2.

In the space-vector approach, employing the complex variable transformation, the
time domain load voltage and current signals are translated to the complex reference
voltage or current vector, which rotates in the complex coordinates with the angular
speed shown in the following:

2
u, = §(ML1 +aurs + a*urs), 2.1)
. 2 . . 2.
i, = §(’L1 +aipy +a’ir3), (2.2)

Table 2.1 Switch configurations and corresponding load voltages in VSI

No.  Sria  Sroa Stza  Stw  Spop Sp3p UL UL2n UL3n

1 1 1 0 0 0 1 1Unc 1Unc —2Upc
2 1 0 0 0 1 1 2Upc —1Upc —%Upc
3 0 1 0 1 0 1 —1Upc  3Unc —1Upc
4 0 1 1 1 0 0 —2Upc  4Unc 1Unc

5 0 0 1 1 1 0 —Upc —%iUpc  3Unc
6 1 0 1 0 1 0 1Upc —2Upc  %Upc
7 1 1 1 0 0 0 0 0 0

8 0 0 0 1 1 1 0 0 0
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Table 2.2 Switch configurations and corresponding load current in CSI

No. SLla SL2a SL3a SL1p Srop SL3p ir1 ir2 iL3
1 1 0 0 0 0 1 Ipc 0 —Ipc
2 0 1 0 0 0 1 0 Ipc —Ipc
3 0 1 0 1 0 0 —Ipc Ipc 0

4 0 0 1 1 0 0 —Ipc 0 Ipc
5 0 0 1 0 1 0 0 —Ipc Ipc
6 1 0 0 0 1 0 Ipc —Ipc 0

7 1 0 0 1 0 0 0 0 0

8 0 1 0 0 1 0 0 0 0

9 0 0 1 0 0 1 0 0 0
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Fig. 2.6 Active stationary vector on dg plane for three-phase: a VSI (Table2.1), b CSI (Table 2.2)

where: a = e/ ZT” uy, iz -vectors of load voltages and load current, respectively;
Ur, Ir-magnitude of those vectors; «y,, fr-phase angle of load voltage and load
current vectors, respectively. Each active switch configuration in VSI and CSI cor-
responds to active space vectors, while the zero configuration corresponds to zero
space vectors. Active vectors are represented in the dg plane as shown in Fig. 2.6,
and spaced equally at 60° intervals around the complex plane [59].

2.3 Frequency Converters Without DC Energy
Storage Element

2.3.1 Introduction

The main aim of this subsection is to describe the general characteristics of AC-AC
frequency converters without DC energy storage elements. As is presented in Fig. 2.2
these converters are divided into three groups. The first group contains a classical
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direct matrix converter which operates in two modes: as a voltage source matrix
converter and a current source matrix converter, similarly as in converters with DC
energy storage elements. The second group contains indirect converters with fictitious
DC-link (but without DC storage elements). The third group is converters based on
matrix-reactance choppers with source or load synchronous switches connected as in
amatrix converter. This concept is based on regenerative AC energy storage elements
such as small capacitors or inductors. In these elements the average energy during
the source (or load) voltage time period is equal to zero.

The main focus is given to the presented fundamentals of the matrix converter,
which are the fundamental structures in AC—AC frequency converters without DC
energy storage. Furthermore, matrix-frequency converters, as the main object of this
book will be described in detail in the following chapters.

2.3.2 Direct AC-AC Frequency Converters: Matrix
Converter

As mentioned above, the groups of direct frequency converters include matrix
converter (MC) structures. The MC, depending on the kind of power supply
(voltage or current character), can work as a voltage source matrix converter
(VSMC) or a current source matrix converter (CSMC), respectively. The main
technical papers presented at conferences and in journals concern the matrix con-
verter in VSMC mode, and commonly this structure is referred to as a matrix
converter.

Generally, the matrix converter is a single-stage converter which has an array of
m x n bi-directional power switches to connect, directly, an m-phase voltage source
to an n-phase load [1, 2, 135, 142], which is presented in Fig.2.7. In three-phase
systems, an MC is an array of nine bi-directional switches that allow any load phase
to be connected to any source phase (Fig.2.8). In the case of voltage sources on the
input side there are voltage source matrix converters (VSMC), the schemes of which
are depicted in Figs.2.7 and 2.8 [87].

For good performance, the VSMC should have a source filter. The source fil-
ter is generally needed to minimise the high frequency components in the input
currents and reduce the impact of the perturbations from the input grid. Their size
is inversely proportional to the matrix converter switching frequency. The major
advantage of matrix converters is the absence of the DC link capacitor, which may
increase the efficiency and the lifetime of the converter. The development of MCs
started when Venturini and Alesina proposed the basic principles of operation in the
early 1980s [135]. The authors proposed in [135] a high switching frequency control
algorithm and the development of a rigorous mathematical analysis to describe the
low-frequency behaviour of the converter.
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Fig. 2.8 Simplified circuit of three-phase matrix converter

Basic principles of matrix converter
The switching function of a single switch is defined as follows [135]:

5., = 2.3)

1, switch s jx turn-on
jK

0, switch s « turn-off
where j € {a, b, c} is the name of the output phase, K € {A, B, C} is the name

of the input phase. Taking into account that the input phases must never be short-
circuited and that the output currents must never be interrupted, the constraints can
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Fig. 2.9 Synthesis of matrix converter output voltages

be expressed as [135]:
sia+sjp+sjc =1 2.4)

With these restrictions, the three-phase matrix converter has 27 allowed switching
states, with 512 (2°) which are possible [25, 110, 142]. If the load and source voltages
are referenced to the supply neutral point “N” then the input/output relationship of
voltages and current can be described as follows:

ug®) | [ $aa(®) sap () sac(®)| [ualt)

up(t) | = | spa(t) spB(t) spc(t) | | up@) |, (2.5)
uc(t) | | sca(®) sep) scc(@) | | uc()

ia() ] [saa() spa(t) sea(®)] [ial)

ip(t) | = | saB(t) spp(t) scp(t) | | ip(?) |, (2.6)
ic() | [ Sac(®) spc(t) scc@) | [ ic(®)
uap()| [ saa(t) = spa @) sap (@) — spB () Sac(t) — spc @) | [ua®)
upc(t) | = | spat) —sca(t) spp(t) — scp(t) spc(t) —sec(t) | | up(t)
uca(t)_ _scA(t) — 5aA (1) ScB(t) — $aB(1) Scc (1) — sac (1) uc(r)

2.7)

The graphical interpretation of MC output voltages formation from pieces of
source voltages is presented in Fig.2.9.

Topologies of bi-directional switches

The three-phase MC topology is constructed using nine bi-directional four-quadrant
switches arranged in a matrix, which are capable of conducting currents and block-
ing voltages of both polarities. There are four main topologies for bi-directional
switches, which are shown in Fig.2.10 [6, 60, 126, 142, 149]. The most simple
switch cell is a single-phase diode bridge with an IGBT connected at the centre
(Fig.2.10a). The main advantage of this switch is that only one active device is
needed. This approach reduces the cost of the power circuit and the complexity of
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Fig. 2.10 Bi-directional switch cell configuration: a diode bridge with an IGBT configuration,
b common emitter anti-paralleled IGBT configuration, ¢ common emitter anti-paralleled IGBT
configuration, d anti-paralleled reverse blocking IGBTs (RB-IGBT) configuration

the control. Only one transistor gate drive circuit is needed for each switch cell. The
disadvantage is that the conduction losses are relatively high. During the conduction
stage, the three devices are conducted (two diodes and IGBT transistor). Moreover,
the direction of current through the switch cell cannot be controlled. The two most
commonly used configurations of switch cell are named the common emitter anti-
paralleled IGBT configuration (Fig.2.10b) and the common collector anti-paralleled
IGBT configuration (Fig.2.10c). Each of these switch cells consist of two diodes and
two IGBT switches that are connected in an anti-parallel arrangement. The diodes are
included to provide reverse blocking capability, whereas, the IGBTs enable the inde-
pendent control of the current direction. Compared to the diode bridge switch cell
(Fig.2.10a), here conduction losses are reduced, because only two devices are con-
ducted in each conduction path. Its disadvantage is the requirement of two gate drive
circuits for each IGBTs. For the arrangement shown in Fig. 2.10b, due to its common
emitter arrangement, one isolated power supply is required for each bi-directional
switch cell. Furthermore, by using common collector bi-directional switch cells
(Fig.2.10c), the number of isolated power supplies required for the gate drive circuits
can be reduced to six. Finally, the switch cell is the anti-paralleled reverse blocking
IGBTs (RB-IGBT) [130], an arrangement shown in Fig.2.10d [123, 149]. The main
feature of the RB-IGBT is its reverse voltage blocking capability, which eliminates
the use of diodes. For this reason there is a reduction in the number of discrete
devices and conduction losses. At any instant, there is only one device conducting
current in any direction. In this configuration, 18 gate drive circuits and six isolated
power supplies is required. Therefore, an anti-paralleled RB-IGBT configuration is
generally preferred for creating matrix converter bi-directional switch cells. The ele-
ment complexity of matrix converters with different switches cells is described in
Table 2.3 [21].

Furthermore, other switching devices, besides IGBT, could be used in MCs.
If the switching devices used for the bi-directional power switch have a reverse
voltage blocking capability, then it is possible to build bi-directional switches. For
example, MOS turn-off thyristor (MTOs), GTO thyristor and pure JFET may be an
applicable [93].

The first key problem is related to the practical realisation of bi-directional
switches. Currently, there are no small bi-directional power switches that are
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commercially available, so discrete devices need to be used to construct suitable
switch cells. These realisations require much more chip area and they produce higher
switching losses compared to a completely integrated solution. However, in recent
times several different configurations of bi-directional switch cells have appeared
on the commercial market. The 1,200 V/200A IGBT commercially available bi-
directional switch cell sample chip, created by Dynex Semiconductor, is shown in
Fig.2.11. This module is a relatively high power device. In the small power semi-
conductor market this kind of switch module is not available.

From a commercial point of view, it is worth noting that several manufacturers
have already produced integrated power modules for MC. The traditional solution
tends to concentrate on a single power module, with the switches corresponding
to one leg of the converter. The prototype of one-phase leg of an MC with RB-
IGBTsis showninFig.2.12[123, 149]. The power modules included six 600 V/100 A
RB-IGBTs, connected as shown in Fig.2.13.

However, it is also possible to find modules containing the whole power stage of
the MC. This arrangement leads to a very compact converter with the potential for
substantial improvements in efficiency. The first three-phase-to-three-phase matrix
switch power module was built by Eupec in co-operation with Siemens, using tran-
sistors connected in the common collector configuration [60, 122]. It contains all 18
necessary IGBTs and diodes of the 3 x 3 switch matrix in a single housing (Fig.2.14).
This module is named EconoMAC [60]. This type of packaging will have important
benefits in terms of circuit losses. The stray inductance and connect resistances can
be minimised.

Table 2.3 The MC element complexity with different switch cells

Switch cell configuration — Transistors  Diodes  Isolated power supply  Gate drive circuits

Figure2.10a 9 36 9 9

Figure2.10b 18 9 9 18

Figure2.10c 18 9 6 18

Figure2.10d 18 0 6 18
(@) (b)

Fig. 2.11 Chip of commercially available bi-directional switch cell: a single switch, b matrix-
connected nine switches
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Fig. 2.12 Prototype of 600 V/100 A RB-IGBT module—photograph [123]
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Fig. 2.13 Prototype of 600 V/100 A RB-IGBT module—topology structure [123]
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The all-in-one MC configuration prototype module with RB-IGBTs was intro-
duced by FUIJI Electric in 2011. The prototype 1,200 V/50 A module is shown in
Fig.2.15, whereas the internal structure is depicted in Fig.2.16 [100].

Nowadays, several bi-directional switches, one-phase leg matrix converter or
three-phase matrix configuration power switch modules are proposed by various
companies [25, 26, 60, 100, 122, 123, 149]. Based on the above review it can be
said that the number of power semiconductors for matrix converter application will
systematically increase over time. The market for these devices depends on the devel-
opment of MC technology. The main focus of development is the reduction of costs,
size and increase in reliability [6, 98, 99].
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Fig. 2.15 Photography of RB-IGBT matrix configuration module
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Fig. 2.16 Power stage configuration of RB-IGBT matrix configuration module

Commutation strategies

One of the main issues in control of the MC is the current commutation [25, 142].
The switches used in the MC are not protected by the DC-link capacitor, which is
typical of the classical VSI, since there are no natural freewheeling paths. The current
commutation between switches in the MC is more difficult to achieve than the VSI
[105]. When considering commutation strategies for matrix converters two general
rules must be adhered [29, 135]:

1. commutation should not cause a short circuit between the two input phases,
because the consequent high circulating current might destroy the switches;

2. commutation should not cause an interruption of the output current because the
consequent overvoltage might likely destroy the switches.

The switches have to be capable of being turned on and turned off in such a
way as to avoid short circuits and sudden current interruptions. The commutation
has to be actively controlled at all times with respect to the two above-mentioned
basic rules. In order to explain the strategy it is helpful to refer to the simplified
commutation circuit shown in Fig.2.17 [142]. Taking into consideration the basic
rules, it is important that no two bi-directional switches are switched on at any
given instant (Fig.2.17a). When the switches are turned on simultaneously, then the
voltage sources will be shorted directly and the switches will be damaged due to over-
currents. In the case where all the switches are turned off simultaneously (Fig. 2.17b),
in the first instant after the switching-off an over-voltage will be generated which
could destroy the semiconductors. The spikes of over-voltage depend on load current
and duration of current interruption (uspikes = Ldiy /dt). These two considerations
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Fig. 2.17 Disallowed switch configurations in MC: a short circuit of capacitive input, b open circuit
of inductive load

cause a conflict since semiconductor devices cannot be switched instantaneously
between states because of propagation delays and finite switching times.

Various methods have been proposed to avoid this difficulty and to ensure suc-
cessful commutation. To fulfil commutation requirements some knowledge of the
commutation conditions is mandatory, e.g. the polarity of input voltage between
the involved bi-directional switches or the polarity of load current. This part of the
chapter offers an overview of different current commutation strategies in the MC.
The first and second presented commutation methods intentionally break the rules
of MC current commutation, which are mentioned above, and need extra circuitry to
avoid destruction of the switches.

The first is based on a dead-time method which is commonly used in inverter
systems. Using dead-time commutation would cause an open circuit of the load
[32, 142]. This would result in large voltage spikes across the switches. This neces-
sitates the use of snubbers or clamping devices across the switch cells to provide a
path for the load current. In this method the commutation losses are relatively high.
All commutation energy is lost in snubbers or clamping devices. Furthermore, the
clamping devices increase converter volume. The MC snubbers are more complicated
than snubbers in the VSI, due the bi-directional nature of the switch cells.

The second current commutation is known as the overlap commutation method
[32]. This method also breaks the rules of MC current commutation. In overlap
current commutation, the incoming switch is turned on before the outgoing switch is
turned off [13]. During the overlap period extra line inductance is added to slow the
rise of the current. The inductors are in the main conduction path, and the conduction
losses will be increased. Furthermore, during the overlap period the load voltages
are deformed. The switching time for each commutation is increased and will vary
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Fig. 2.18 For step commutation of bi-directional switches based on current direction for iy > 0:
ageneral commutation circuit of two bi-directional switches, b timing diagram

with level of voltage and inductor value. As a consequence, the switching frequency
is decreased.

These two current commutation methods have disadvantages. Therefore, it is
preferable to use advanced commutation methods. The commutation problem has
been solved with the development of several multistep commutation strategies that
allow safe operation of the switches. The most common solution is the four-step
commutation strategy (or semi-soft current commutation) introduced by Burany in
1989 [20]. In this method the direction of current flow through the commutation cells
can be controlled. In order to explain the strategy it is helpful to refer to the simplified
commutation circuit shown in Fig.2.18. The strategy assumes that when the output
phase is connected to an input phase, both the IGBTs of the bi-directional switch S
have to be turned on simultaneously. The following example assumes that the load
current (i > 0)is in the direction as shown in Fig. 2.18a and the upper bi-directional
switch () is closed. In this method, the current direction is used to determine which
device in the active switch cell is not current conducting. The commutation process
is shown as a timing diagram in Fig.2.18b. In the beginning, both IGBTs of switch
S1 are turned on in the same instant. In the first step, the IGBT 7,42, which is not
conducting the load current, is turned off. In the second step, after delay interval
time ¢4, the transistor 7T, p; that will conduct the current is turned on. This allows
both cells to be turned on without short circuiting the input phases and provides a
path for the load current. Depending on the instantaneous input voltages, there are
two kinds of commutation process after the second step. If ugy > ugy and iy > 0,
then the conducting diode of switch cell S; could be reverse biased and a natural
commutation could take place. In the third step the IGBT T, 4 is turned off. If there
is no natural commutation during the second step, then a hard commutation happens
when, in the third step, IGBT T, is turned off. A short time later, in the fourth
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Fig. 2.19 For step commutation of bi-directional switches based on current direction for iy < O:
a general commutation circuit of two bi-directional switches, b timing diagram

Fig. 2.20 Four-step com-
mutation based on current
direction switching diagram
for two bi-directional switches
from Fig.2.18a (iy, > 0) and
from Fig.2.19a (i;, < 0)
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step, transistor 7, p> is turned on to also allow the conduction of negative currents.
The time delay has to be set to a value higher than the maximum propagation time
of the IGBT signals. In this commutation method half of the commutation process
is soft switching and half is hard switching. As a result this method is often called
semi-soft current commutation [142]. Problems occur, however, at low current levels
when the direction of the current is not certain and incorrect decisions are made as
to which switches conduct the load current. This can be a problem if no protection
device is employed. The simplified commutation circuit and timing diagram for the
second condition i; < 0 is shown in Fig.2.19. A state diagram of the commutation
process for a four-step commutation sequence between two bi-directional switches
from Figs.2.18a and 2.19a is shown in Fig.2.20.

A simplification of the four-step current commutation method is to only gate the
conducting device in the active switch cell [105, 124]. The non-conducting IGBTs
are turned off during the commutation process and steady-state condition. Then there
is created a simple two-step current commutation strategy, as shown in Fig.2.21a.
Current reversal is achieved by turning on the reverse transistor in the switch cell
when the current falls below a threshold level (Fig.2.21b). If the current achieves a
value above the threshold level in the opposite direction, the initial device is turned
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Fig. 2.21 Simple two-step current commutation: a timing diagram for commutation between two
switches, b current reversal using threshold detection, ¢ state diagram for the commutation process

off. A state diagram for the commutation process for a simple two-step commutation
sequence between two bi-directional switches from Fig.2.18ais shown in Fig.2.21c.

This commutation method has practical limitations. During the current reversal
period the current direction is unknown, because the current reversal switch is subject
to hysteresis. During this time period the commutation cannot take place. Since the
direction of current is unknown, the correct device that will conduct the current cannot
be determined. The second disadvantage is that current direction can be difficult to
determine, especially in high power drives when the levels of current are low and
when the load current has to be within a threshold level. Then the threshold level
may also be relatively large. This may result in a distorted current waveform.

For current commutation techniques it is required to know the load phase cur-
rent direction. High precision determination of the direction of current is a key
issue. Any inaccuracies cause errors, which result in switching losses and the pos-
sibility of destroying switch cells. To solve this problem a new technique has been
developed [33]. This technique uses the voltage across the bi-directional switch to
determine the current direction. This conception is based on an intelligent gate drive
circuit. In addition, to control the IGBT this gate driver can also detect the current
direction and enables the exchange of information between other gate driver devices.
This process ensures that all gate drivers can operate with safe commutation.
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Fig. 2.22 Simplified block diagram of intelligent gate driver

Fig. 2.23 Voltage measure-
ments in switch cell

A simplified block diagram of the intelligent gate driver is shown in Fig. 2.22 [33].
Current direction detection is based on voltage measurements across each of the
devices in the commutation cell (Fig.2.23). In the case which is shown in Fig.2.23
the voltages are defined as follows: ucg = 1.2V and depends on transistors used,
up = —0.7V. When load current is in the opposite direction the reverse situation
exists. The current polarity is detected and can be calculated on the basis of the
measured results. Information about current direction is sent to all intelligent gate
drivers on the same output line.

The commutation process is as follows [33, 140]. Taking into consideration the
current direction as shown in Fig. 2.18 and with the switch cell S conducting (7,41
is turned on), then the current direction information from the cell S; gate drive is
passed to the gate drive for cell S,. Transistor T, p; is turned on and after delay
time the transistor 7, 41 is turned off. After a short time interval the current direction
information is taken from the detection circuit in switch cell “B” rather than switch
cell “A”. The commutation is now complete. A timing diagram and state diagram
for the commutation process for a two-step commutation sequence between two bi-
directional switches with intelligent gate driver is shown in Fig. 2.24a, b, respectively.
In this commutation method the current direction is known at any instant. If the
detection circuit determines that the load current has fallen to zero then the intelligent
gate driver sends this information to another gate driver.
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Fig. 2.24 Two-step current commutation with intelligent gate driver: a timing diagram for com-
mutation between two switches, b state diagram for the commutation process
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Fig. 2.25 Two-step current commutation with intelligent gate driver including propagation delay
compensation: a timing diagram for commutation between two switches, b state diagram for the
commutation process

A two-step current commutation method with intelligent gate driver also has spe-
cial cases, where a potential difficulty occurs. One such case is when a commutation
between switch cells occurs and the load current changes direction. The problem is
due to the propagation delay in sending the data on the current direction to the next
gate drive switch cell [33]. If a commutation between switch cells occurs first and
then the information about the current direction reaches the next gate driver, then the
wrong switch is turned on. This problem is solved by having a short dead time when
the current reaches zero. During this time period no switches are turned on, as shown
in Fig.2.25. The reverse device is not gated until the new information is received by
the other gate drivers. This delay time is small and only depends on the propagation
delay inherent in the communication lines (typically 250ns). This small dead time
does not unduly distort the load current waveforms. A state diagram for the com-
mutation process for a two-step commutation sequence between two bi-directional
switches with intelligent gate driver and propagation delay compensation is shown
in Fig.2.25 [32, 33].

Some commutation was based on input voltage polarity measurements. To intro-
duce this method input line-to-line voltages have to be measured in order to detect
the polarity of the voltage across the two bi-directional switches involved in the com-
mutation process. The operating principle is to provide, by proper control of active
devices, the output current with freewheeling paths. Similar to the commutation
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method based on current direction there are different number of commutation
steps. The first is a four-step commutation strategy, which was presented in [3].
In general, the switching sequence depends on the voltage level switches involved in
the commutation process. In this strategy both IGBTsS of the conducting bi-directional
switch are turned on. When commutation between switch cells occurs, the first stage
is to determine the voltage level at the turned on and the turned off switch cells.
This is needed to identify within the two commutating bi-directional switches the
active devices that will operate as freewheeling devices. In general, the freewheeling
devices are as follows:

1. the devices which allow the current flow from source to load in the lower input
voltage phase;

2. the devices which allow the current flow from load to source in the higher input
voltage phase.

After determination of freewheeling devices, the second action is switch commu-
tation in the following four steps:

Step I: the freewheeling device of the incoming switch is turned on;

Step 2: the non-freewheeling device of the outgoing switch is turned off;
Step 3: the non-freewheeling devices of the incoming switch is turned on;
Step 4: the freewheeling device of the outgoing switch is turned off.

The above described commutation process is depicted in Fig.2.26a. A state dia-
gram of the commutation process for a four-step commutation sequence between two
bi-directional switches with voltage polarity measurement is shownin Fig. 2.26b [29].

Another input voltage measurement-based commutation strategy was presented
by Ziegler and Hofmann in [152]. It is based on the basic operating principle of
providing a freewheeling path for both output current polarities at any given time,
for devices with either steady- or transient-state combinations. This commutation
method is called METZI and is based on the detection of the six time intervals as

free wheel
o device T, [5.10) 8,05, (D) 5,(0)
incoming \ 4 e
input phase

uS\

outcoming Z,
input phase

free wheel
device

(a)

Fig. 2.26 Four-step voltage polarity measurement commutation method; a general commutation
circuit, b switching diagram
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Fig. 2.28 Switching diagram for two-step METZI commutation method

shown in Fig. 2.27. METZI commutation is considered for each load phase. The two-
step commutation is obtained by using more active devices in either steady or transient
states. Four of the six switches are turned on in every major state. Two switches are
turned on to ensure a bi-directional path for the load current, and the redundant two
switches are turned on for two-step commutation. In every time interval (Fig.2.27)
one input line has the highest voltage Up, one the lowest Uy and one the middle Uy, .
There are six switching states, three major states (P, M, N) and three intermediate
states (PM, MN, NP) for each output phase, as shown in the state diagram in Fig. 2.28.
Then two-step commutation rules are defined as follows [58]:

Step 1: turn off all switches which will not be switched on in the target base state;
the auxiliary state will be reached;
Step 2: turn on the switches of the target base state; the target state will be reached.

Figure 2.29 shows the example of commutation from phase P to phase M with
METZI commutation method.

The implementation of this method requires a very accurate measurement of the
input voltage. When implementing this method, some problems are presented at
the zero crossing points of the line-to-line voltage, as depicted in Fig.2.30. The
improved commutation method, which takes into account critical regions during the
zero crossing point of the line to line voltage, is presented in [150]. The critical
sequence is replaced by two uncritical sequences which will be commutated to the
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remaining third input phase and then to the desired destination phase. A few other
solutions of commutation in critical regions are presented in papers [53, 96, 97, 118].

The disadvantages of the previously presented commutation strategies can be
partially avoided by using a commutation strategy where both output current and
input line-to-line voltage sign are measured. This strategy was proposed in [29] and
is realised by three steps. The first key advantage of this commutation strategy is
that output current commutates between the off-going and on-going bi-directional
switch always at the same instant with respect to the beginning of the commutation
process. The second advantage of the proposed three-step commutation strategy is
to decrease the value of the minimum duty cycle the converter is able to apply.

The strategy assumes that when the output phase is connected to an input phase
both the IGBTSs of the bi-directional switch S| have to be turned on simultane-
ously, allowing an automatic output current reversal. With the knowledge of the out-
put current direction and line-to-line input voltage polarity between off-going and
on-going phases the commutation rules are defined. There are two different three-step
switching sequences, which depend on the voltage polarity. If the output current is
positive, then the following two-switching sequences are used, where u 51> is denoted
as in Fig.2.26 [29]:

Sequence I ugip > 0: In the first step the IGBT that is not carrying the current in the
oft-going switch cell is turned off and simultaneously the IGBTs that will carry the
current in the on-going switch cell is turned on. Then, in the second step, the IGBT
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Fig. 2.31 Switching diagram for both three-step voltage and current polarity measurement com-
mutation method

still gated in the off-going switch cell is turned off. In the last step the IGBTs that
will not carry the current in the on-going switch-cell are turned on.

Sequence 2 ug1p < 0: In the first step the IGBT that is not carrying the current in the
off-going switch cell is turned off first. In the second step, the IGBT that will carry
the current in the on-going switch cell is turned on. In the last step the IGBT still
gated in the off-going switch cell is turned off and simultaneously the IGBT that will
not carry the current in the on-going switch cell is turned on.

A state diagram for the commutation process for a three-step commutation
sequence between two bi-directional switches with both voltage and current polarity
measurement is shown in Fig.2.31. The dashed contour indicates the state of the
switching sequences in which the current commutates. In Fig. 2.31 the commutation
sequence for negative polarity of output current is also shown. Detailed information
about the advantages of a three-step commutation strategy is presented in [29].

The commutation strategies presented above are the most well known and concern
the bi-directional switch cell with IGBT and reverse diodes. In the literature can be
found more variants of the presented commutation with different numbers of steps
[56, 58, 118, 119, 137, 139, 151].

Recently, a reverse-blocking insulated gate bipolar transistor (RB-IGBT) was
developed as an alternative solution for MC bidirectional switches [67].
This RB-IGBT is based on the ultrathin-wafer technology, and one unique feature is
thatits reverse leakage current is closely related to u g . When the RB-IGBT operates
in reverse blocking condition, then a positively biased ugg can reduce the reverse
leakage current significantly. In an MC with the anti-paralle]l RB-IGBT, the previ-
ously presented commutation methods based on load current direction measurements
or input voltages polarity measurements can be used, as presented in [67, 71]. How-
ever, a novel commutation method for an MC with RB-IGBT has been developed.
A detailed description of this method is shown in [123], and it is based on RB-IGBT
properties in reverse blocking condition. This method is implemented by utilizing
load current direction signals and input voltage relations. A simplified commutation
circuit of RB-IGBT is shown in Fig. 2.32. Taking into account the circuit in Fig.2.32,
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Fig. 2.32 Simplified commutation circuit with RB-IGBT

for different combinations of load current direction, and input voltage relationship,
there are eight possibilities altogether, as summarised in Table2.4 [123].

Soft switching is the commutation method which removes the switching losses
associated with hard switching, allowing for higher switching frequencies to be used
with reduced EMC emissions. Soft switching is the switching of devices when either
a zero voltage or zero current condition occurs. The theory of soft commutation
in MC is well known. The techniques developed fall into two categories: resonant
switch circuits [32, 107, 136] and auxiliary resonant circuits [14, 18, 30, 57, 131].

The example of a resonant switch cell with common emitter connected IGBT
and diode bridge arrangement is shown in Fig.2.33. The soft switched cell shown
in Fig.2.33a consists of a standard common emitter anti-parallel IGBT and diode
cell with one extra IGBT, two diodes, a capacitor, inductor and voltage source
[32, 136]. For the following explanation, a simplified commutation circuit is con-
nected similar to that in Fig. 2.26, but using a soft switch cell (cell one and cell two
are assumed to be the incoming and outgoing switches, respectively). All transistors
are turned on and turned off simultaneously. In the commutation between incoming
and outgoing switches current flows from the supply of cell one through Cg and
also through D3, Lg, E, T4 and D,. Current also flows through Cr of cell two and
capacitor voltage ucg charges linearly until it equals E. The element L g and Cy of
both cells forms a resonant circuit. When u ¢y is equal to zero, D starts to conduct
(Ip1 = ILr — Ir). and inductor L g discharges linearly through Dy and D3. When
I; g = I} transistor T starts to conduct (I71 = Iy — I ), and the inductor current
is still linearly discharging. When I g = O, transistor 7> conducts the full iz . This
ensures that the main switches switch under zero voltage conditions and that the
auxiliary switch switches under zero current conditions. The major problem with
this soft switch is that the voltage source E is difficult to realise in a practical system.

It is seen from Fig.2.33b that the presented bi-directional switch consists of a
bridge rectifier (D1, D>, D3, D4), two transistors (77, T5) a small inductor (L g) and
acapacitor (Cr). The transistors are turned on and turned off simultaneously. Current
direction of inductor L g and voltage polarity of capacitor C are unidirectional. The
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Fig. 2.34 Unidirectional auxiliary resonant components

circuit operation from Fig.2.33b is described in [32, 107]. The capacitor voltage
polarity before turning on is shown as in Fig.2.33b, to reverse biasing diodes Dy4
and Dp. When T and T are turned on, i and i7» will increase from zero resulting
in zero current switching. The voltage of Cr decays to zero and the diodes D4 and
Dp become forward biased. Then the current flows through both IGBT and its series
diode D4 and Dp. Next, the turning off process is as follows. When 77 and T, are
turned off, the switch voltages (U7 and Ury) will increase from zero resulting in
zero voltage switching. Hence, the capacitor serves as a snubber to eliminate the
voltage spike. The inductor current will fall to zero and the capacitor will be charged
ready for the another turning on process.

In the solution with the presented soft switch cells the switching losses are
decreased but the conduction losses are increased due to the extra devices in the main
conduction path. Another disadvantage of this switch configuration is the increase
in the number of components.

The second soft commutation idea is to use auxiliary resonant components on each
output phase of the matrix converter in the attempt to force the current or voltage to
zero during commutation [18]. The proposed circuit using auxiliary resonant switches
is shown in Fig.2.34 [18]. Two such switches are used for each output phase, one
for positive load current and one for negative load current as shown in Fig.2.35.

The circuit operation of Fig.2.34 is similar to that of the circuit in Fig.2.33b. The
auxiliary resonant switch in the configuration shown in Fig.2.35 is to conduct the
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Fig. 2.35 Single phase of MC with the auxiliary resonant components

load current during commutation allowing ZCS of the main switches. Because of
this, the conduction loss will not be significantly increased compared to a converter
using non-resonant techniques. Auxiliary resonant circuits will also increase the
component count but not to the same extent as circuits using soft switching cells.
An advantage of this type of circuit is that the auxiliary resonant components can
be disabled when operating at low voltage or current. Another concept of auxiliary
resonant components on each output phase of the MC is presented in [57].

Another concept of soft switching with auxiliary resonant components is the aux-
iliary resonant commutated pole structure (ARCP), which has been fully analysed in
[14, 30, 131]. Three different ARCP-MC topologies previously proposed are shown
in Fig.2.36. Unfortunately, the control complexity of the ARCP-MC is significantly
higher than that of the MC. The number of elements is also increased.

All these soft switching circuits (Figs.2.33, 2.34, 2.35, Fig.2.36) significantly
increase the component count in the MC, and increase conduction losses. Further-
more, a modification of the MC control algorithm is required.

Protection Issues

In the previous subsection a convenient manner of commutating the IGBTs was
discussed. It was noted that in some cases there are over-voltages that should be
managed appropriately to avoid semiconductor destruction [95, 105]. Other sources
of over-voltages are grid perturbations and fault states in the load and, therefore, it
is important to have a method of dealing with these phenomena. An effective and
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Fig. 2.36 MC auxiliary resonant commutated pole (MC-ARCM), a concept I, b concept II,
c concept 111 [131]

robust protection scheme is an important element in the implementation of a stable
and reliable power stage in MCs.

In [135] the first protection circuit was proposed, consisting of input and output
diode bridges, an electrolytic capacitor and its charge and discharge circuit.
Figure2.37 shows this over-voltage circuit [94, 95], which is the most common
solution for avoiding over-voltages coming from the grid and from the motor. This
clamp configuration uses 12 fast-recovery diodes to connect the capacitor to the
input and output terminals. Then a capacitor takes the commutation energy and the
resistor can discharge the capacitor. When over-voltage occurs, (in the case of a hard
commutation and abnormal operation of the motor) the diode conducts and the RC
circuit maintains the voltage level at a safe value. In normal operation, the diodes



2.3 Frequency Converters Without DC Energy Storage Element 45

~l
=t

~i
=1
[
=

ll>l
l'>
a
i
-
=
=4

~
=t

Fig. 2.37 Matrix converter with a 12-diode protected clamp circuit

are off and the clamp circuit has no influence on the MC operation. In the case of a
drive system, when all the switches are turned off, the current in the load is suddenly
interrupted. The energy stored in the motor leakage inductance has to be discharged
without creating dangerous over-voltages. Then, a shut-down of the converter can
be made by reducing the power to the machine, causing no interruption of the motor
current.

The energy stored in DC capacitors is discharged in the resistor [5, 6, 75] or is
used to feed the control electronics and to magnetise the motor-ride-through capabil-
ity [74]. This over-voltage protection circuit has the advantages of being very simple,
it has low hardware requirements and simple control strategies. However, this circuit
(Fig.2.37) has some drawbacks, such as the high number of required semiconductor
devices (12 fast-recovery auxiliary diodes). The reduction of diodes to six is possi-
ble in the over-voltage protection circuit, depicted in Fig. 2.38. In this topology six
additional diodes for the power bi-directional switches are used [101]. In both these
protected circuits the electrolytic capacitor has a large volume which constrains the
lifetime of the system. The discharge circuit by a DC chopper increases the number
of power devices.

On the other hand, a varistor protection and a suppressor diode protection were
proposed in [95]. Figure 2.39 shows the varistor location. Varistors are connected at
the input and at the output terminals of MC. These protections are very useful for a
small capacity system, but not suitable for a large capacity system. The protection
strategy with varistor over-voltage protection allows the removal of the large and
expensive diode clamp. The input varistor has to protect the converter switches
from the voltage surges coming from the AC mains. At the output side, the varistor
protect the MC power stage devices from a hard converter shut-down or a converter
error during a commutation process. During normal operations the losses caused
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Fig. 2.38 Matrix converter with a 6-diode protected clamp circuit

Fig. 2.39 Matrix converter with varistor protection

by the varistors are not worth mentioning. Unfortunately, the varistor triangles by
themselves are not sufficient to guarantee during a converter shut-down a reliable
protection of the IGBTs. Then a simple extra circuit to protect each IGBT is required.
A problem occurs when a turning off bi-directional switch achieves its blocking
capability with a certain delay in respect to the others. The neighbouring IGBT
having its full blocking capability may get the maximum clamping voltage of the
varistor, causing damage to this device. In order to protect the single IGBT, a circuit
made up with a suppressor diode is added to any IGBTs. Figure 2.40 shows the IGBT
with a suppressor diode. To ensure a good performance and lifetime of the MC a
combination of both varistor and suppressor diode protection is required [95].
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Fig. 2.41 Classification of MC modulation techniques [126]

As shown in Fig. 2.40, the protection IGBT circuit with suppressor diode uses the
Zener diode, with a high breakdown voltage [95]. But the Zener breakdown voltage
has to be lower than the maximum blocking voltage of the IGBT. Then, the operation
of the suppressor diode is as follows: if the collector—emitter voltage of the IGBT
increases to a value higher than that of the breakdown voltage of the suppressor diode,
this diode becomes conductive. The gate of the IGBT is charged again. Each IGBT
can be protected in this way because the IGBT becomes conductive and destructive
voltage is eliminated.

Modulation techniques
The complexity of the matrix converter topology makes the study and the determina-
tion of suitable modulation strategies a hard task. A review of the well-known modu-
lation techniques is presented in this paragraph. From this unitary point of view, some
modulation techniques are described and compared with reference to maximum volt-
age transfer ratio. Several modulation strategies have been proposed in previous work
[3, 4, 17, 21-28, 54, 55, 61, 62, 65, 106, 108-113, 133135, 142, 148, 155, 156].
These modulation strategies give different voltage conversion ratios and the number
of commutations employed in each modulation strategy is different. A modulation
strategy can be broadly classified into three categories, depending upon the type of
calculation of switch states. Figure2.41 shows the tree of such classification of MC
modulation techniques [126].

The MC bi-directional power switches work with a high switching frequency. A
low frequency load voltage of variable amplitude and frequency can be generated by
modulating the duty cycle of the switches using their respective switching functions
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Fig. 2.42 Matrix converter averaged-switching-cycle representation

s jk - A modulation duty cycle should be defined for each switch in order to determine
the average behaviour of the MC output voltage waveform [110, 135, 142]. The
modulation duty cycle is defined by:

t.
dig(t) = 2%

) (2.8)
TSeq

where ¢k represents the time when switch Sk is turned on and Tseq represents the
time of the complete sequence in the PWM pattern, and 0 < d;jg < 1. Based on the
switch duty-ratios, the averaged output voltages and the averaged input currents can
be related to the input voltages and the output currents, respectively, as [142]:

a, = M@ug, is =M )iz, (2.9)

where:

dan(t) dap(1) dac (1)
M(2) = | dpa(t) dpp(t) dpc (1) | . (2.10)
dea(t) dep(t) dec (1)

The matrix M(#) is known as the modulation matrix or low-frequency transfer
matrix. Based on these relationships in (2.9) and (2.10), a matrix converter on a
switching-cycle averaged basis can be represented by nine ideal transformers with
varying turn-ratios, as shown in Fig.2.42 [115].
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Venturini Modulation Techniques

In 1980, Venturini and Alesina presented a PWM modulation method for the control
of MCs [135]. The proposed method by these authors is known as the classical Ven-
turini modulation or the direct transfer function approach. The modulation problem
assumes that a set of sinusoidal load voltages, u; = [ur1(?), ura(t), ur3(®)]7 and
source currents, is = [isi (7), is2(7), is3(t)]7 are required:

cos(wrt) cos(wt + @)
ur = qUpy | cos(wpt —120) |, is = qlsy | cos(wt —1204+¢) |. (2.11)
cos(wpt + 120) cos(wt + 120 4 ¢)

A set of input voltages and an assumed set of output currents are described as
follows:

cos(wyt) cos(wt + @)
us = Usy, | cos(wpt —120) |, ip =Ipm | cos(wt —120+¢) |, (2.12)
cos(wrt + 120) cos(wt + 120 + ¢)

where: g is the voltage transfer ratio, w and w;, are the input and output pulsation,
respectively, and ¢g and ¢ are the input and output phase displacement angles,
respectively. The low-frequency transfer matrix proposed by Venturini is described
in [135] as:

M(t) =M1 (1) + M (1), (2.13)

where:

1+2gm™(0) 1+ 2gm™ (=) 14 2gm™*(—)]
M* (@) = 2 1 2gmt (—22) 1+2gm™(0) 1+2gmt(—2) |, (2.14)
L1+ 2gmT (—F) 1+ 2gm™ (=) 1+ 2gm™(0) _

. 14+2gm=(0) 1+ 2gm~(—&) 1 +2gm~(—4)T
M~ ()= — | L+2gm~ (=&)L +2gm~(=%) 1+2gm=(0) |, (2.15)
LL+2gm= (=) 142gm=(0) 142gm=(—F)_

mt = cos(wmt +x), m~ = cos(—(wm + 2w)t +x), ©n =ow —w, (2.16)
1 t 1 t
o = L (14 B0 (- tanles) ) 2.17)
2 tan(er) 2 tan(er)

Considering only the solution (2.14) (a1 = 1, ap = 0), the phase displacement
at the input is the same as at the output because ¢s = ¢, whereas the solution
(2.15) (¢1 = 0, p = 1), yields ¢ = —¢@r giving reversed phase displacement
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at the input. If both solutions are combined (2.13), the result provides the means
for input displacement factor control [142]. If «; = a3 the input displacement
factor at the converter terminals is unity, regardless of the loads character (load
displacement factor). Through the choice of o1 and a2, there are the possibility to
input displacement factor control [110, 142].

The solution presented by Eqgs. (2.13)—(2.17) is characterised as a limitation of
voltage transfer ratio g. In this approach, during each switch sequence time (Tseq),
the average load voltage is equal to the target voltage. For this to be possible it is
clear that the target voltages must fit within the source voltage envelope for any load
frequency (Fig.2.43). Then, the voltage ratio is limited to gmax = 0.5 [3, 4].

An improvement in the achievable voltage ratio to 0.866 (v/3/2) is possible by
adding common mode voltages to the target load voltages, as defined by Eq. (2.18)
and as shown in Fig.2.44. The matrix u, of the target output voltages includes third
harmonics of the source and load voltages. This new strategy is known as Venturini’s
optimum or improved method. The general conception of the improved Venturini
control strategy is presented in research papers [3] and [4].

ULl COS(a)LZ) + USlcos(fwt) _ ULlcos(36th)
u;, = | Uprcos(wpt + ZT”) + Us2 cos(jwt) —Up» 005(36th) . (2.18)

UL3 cos(a)Lt + 4771) + US3 cos(jwt) _ UL3 cos(?:éth)

According to [3] and [4] the transfer matrix in Venturini’s improved modulation
is described as follows:

m(0, 0, 0, 0, 0, 0O) m(2, 4, 2, 4, 2, )y m@4, 2, 4, 2, 4, 2)
M) =|m2,2,0,0,0, 00m@&,0,2, 4,2 4mQ, 4, 4, 2,4,2) |,
m4, 4,0, 0,0, 0)m(, 2, 2, 4,2, HYm2, 0,4, 2, 4,2)
(2.19)
U [pu]
0.5 ko= 2R - o e e s
0 L
05K >—~"-- e
'10 0.004 0.008 0012 0.016 0.02

Fig. 2.43 Illustrating maximum voltage ratio of 0.5 for classical Venturini modulation
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Fig. 2.44 Illustrating maximum voltage ratio of 0.866 for Venturini’s improved modulation for
frL = 100Hz

Fig. 2.45 Voltage transfer
ratio in MC with Venturini’s
optimum modulation as a
function of input displacement
factor

m(xy, X2, X3, X4, X5, X¢)
1{ V3

_ 1 1__
= 1+—p[2}(x1>+z] 1<x2)—52§(x3)—gz31(x4)

3 2
+ sign(p) (_ng()@) + LZ%(Xa)) } +aZi(n) +az;! (Xz)],
6v/3 6v/3
(2.20)
Zf(y, 1) = cos ((oza)L + Bw)t + y%) , (2.21)
1 tan(ps)
=26|qg, = —@2qg —a), = , 2.22
a=2l0lq b4 ﬁ( q—a) ran(or) (2.22)

and: (a1 = aiay = 0) where 0 < 0, (ap = aia; = 0) where 6 > 0, (a1 =
ar) where 0 = 0.

An input displacement factor can be a control which uses Egs. (2.18)—(2.22).
Unfortunately, if the input displacement factor is different from unity, the voltage ratio
limit will be reduced from 0.866 to a small value, which depends on the displacement
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factor achieved in the input site. The maximum voltage ratio is described by Eq. (2.23)
and is shown in Fig.2.45.

2q|:|9|(1 — Sigj(gp)) n Sigf/lép)] <1, (2.23)
where: sign(p) = [1_1 ﬁ E(l) .

Scalar modulation methods

A second type of MC modulation based on a low-frequency transfer matrix is the
scalar method. The basic rules of this control were first proposed by Roy, in 1987
[113]. In the proposed modulation method the switch actuation signals are calculated
directly from measurements of the source phase voltages. According to [111-113],
the value of any instantaneous load phase voltage may be expressed by the following
equations:

uyp = Upycos(wpt) = (tkug +trup +tyup), (2.24)

Seq
tk + 1t + 1ty = Tseqs (2.25)

where K-L—M are names of subscripts which change according to the rules below:

Rule I: At any instant, the source phase voltage which has a polarity different from
both others is assigned to “M”.

Rule 2: The two source phase voltages which share the same polarity are assigned
to “K” and “L”, the smallest one of the two (in absolute value), being “K”.

Then tx and t; are chosen such that:

154
T T UKUL = PKL 0<pkr <1 (2.26)
L

In a balanced three-phase system, the pulse duty factors are given as:

153 (j —upur
A e
Tseq 1.5U5,
K (wj —upug
mig = — = —+——— , (2.27)
Tseq 1.5U5,,
154 tx +11
miy = =1- =1—-(mjL+mjk)
TSeq TSeq

where: j = {a, b, c} which is the name of load phase.
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Fig. 2.46 Synthesising of output line-to-line voltages by three line-to-line source voltages in MC
witch scalar modulation

The presented MC scalar modulation provides a voltage transfer ratio equal to
0.5 similar to Venturini modulation. Again, common mode addition is used with the
target output voltages, to achieve a 0.866 voltage ratio capability.

Development of the Roy concept is presented by Ishiguro et al. in [65]. In the
proposed modulation method the switch actuation signals are calculated directly
from measurements of the line-to-line source voltages and from the demands of
the load line-to-line voltages. The requirements of the output line-to-line voltages
uj , and u7j |5 are synthesised in each sequence period Tseq by using the three input
line-to-line voltages u g2, us23, ug3) and zero voltage ug as follows (Fig.2.46):

uj 15 = brougi1z + bazusaz + bizugiz + biug (228)
Uy 13 = Craus12 + €23us$23 + €13U513 + Cludo

where:

bia+bxy+biz+b =1

, (2.29)
ci2t+cn+cezte=1

and0<b;p<1,0<b3<1,0<b;3<1,0=<h1 =1,0<c2=<1,0=<cp3 <1,
0<c;3<1,0<c <1.

The values of coefficients are defined by (2.30)—(2.32). In this MC scalar modu-
lation method the achieved voltage transfer ratio is equal to 0.75.

US23UT 15
5] 2 7
Ugpy + Usyz + 53

uSlZ”?]z

b1y = , by =

2 2 2
Ugpp T Uz +ug3
uSlS”zlz
2 2 2
Ugpp + Uz +ug3

biz = (2.30)
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US12UT 13 US23UT 13
Ugyy gy + Uss Ugy T gy + U3
*
Us13uy 13
S12 T Ugo3 T Usi3
by =1—bip—by3—b13, c1=1-c12—c23—c13. (2.32)

When only two line-to-lines are taken into account for calculation of control
signals the achieved voltage transfer ratio is equal to 0.866, and according to [65]
the control strategy is described as follows:

*

uj 1, = baugio + bzusiz + brug
L : (2.33)

Uy 3 = C2us12 + c3usi3 + C1uo

by +by+b3=1, c1+c+c=1, (2.34)
where: 0 <b; <1,0<bh)<1,0<bh3<1,0<¢1 <1,0<2<1,0<c3<1.

The values of coefficient are defined by Egs. (2.35) and (2.36). Synthesis of the output
line-to-line voltages in sample sequence period Tseq, are shown in Fig.2.47.

(us12 — Us23)U} 15 (us23 — Us31)UT 15
by = — 2 5 by=— 2 5 bi=1-by—bs,
Uiy gy + U3 Uy gy +ugs
(2.35)
(us12 — us23)uj (us23 — us3)uj
bz: LI3 s by = L13 , C1 = 1_62_C3'

5} 2 p 3 5} p
Ugpy T Uz +ugp3 Ugpy T Uz +ug3

(2.36)

These scalar methods have limitations in input displacement factor control (input

power factor). A comprehensive treatment of both voltage transfer ratio and input

power factor aspects of the scalar method is contained in [106]. The maximum voltage

transfer ratio is also equal to 0.866, but with a wider range of input displacement
factor control.

Indirect modulation

The idea of an undirected control of a matrix converter makes the series connection
of rectifier and inverter an equivalent circuit to a matrix converter, and is shown
in Fig.2.48. This technique, proposed in 1983 [109], consists of a simple control
strategy where the most positive and the most negative input voltages, called here
u, and u,, respectively, are used to synthesize the output reference voltage. In this
equivalent circuit model, all kinds of significant pulse width modulation (PWM)
algorithms for the rectifier and inverter can contribute to the control of the matrix
converter. This concept is also known as modulation with “fictitious DC link™ [142].
Then, the modulation with indirect transfer function was developed by Ziogas et al.
[155, 156] and Huber et al. [61, 62].
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The modulation process is divided into two steps. To attain the above features, a
mathematical approach is employed as indicated in (2.37) [142].

u; = (Auy)B, (2.37)
where:
T
cos(wt) cos(wrt)
A = K4 | cos(wt —120°) | B =Kp | cos(wpt —120°) |. (2.38)
cos(wt — 240°) cos(wpt — 240°)

According to (2.38) and (2.38), after some rearranging there is:

cos(wpt)
cos(wpt — 120°) |, (2.39)
cos(wrt — 240°)

— 3KsKp Usm
Uy, = ———"
2
where K 4 and K p are modulation indexes. In a simple way, the technique operation
is the following. First multiplication Aug in (2.37) corresponds to “rectifier transfor-
mation”. A “fictitious DC-link” is obtained as a result of this multiplication. Then,
the second step is generally referred to as the “inverter transformation”. A practi-
cal realisation of this mathematical approach is discussed in detail in [155, 156].
Generally, in the indirect modulation approach, the maximum voltage transfer ratio
is equal to ¢ = 6+4/3/7% = 1.053. The voltage ratio obtainable is obviously greater
than that of other methods. Unfortunately, this achievement comes with low-order
harmonics (low frequency distortion) of source currents, or load voltages or both.
For g < 0.866, the indirect method yields very similar results to the direct methods.

Space vector modulation
The space vector modulation (SVM) technique is based on the instantaneous space
vector representation of source and/or load voltages and/or currents in power

Ug Usi2 Ugi3 Up Usiz Usis
A A
* x
U 2 U3
t t
> >
b, by bs C1 (&) C3
TSEq TSeq

Fig. 2.47 Synthesizing of output line-to-line voltages by two line-to-line source voltages in MC
with scalar modulation
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Fig. 2.48 Indirect equivalent structure of MC

converters [50, 59]. The SVM is a control technique that has been widely used in
adjustable speed drives. Generally, in conventional DC-link VSI, the SVM technique
is used to provide the reference output voltage vector W Lref- This vector is obtained
by basic voltage vectors generated by the different inverter configurations. The SVM
modulation for MCs is able to synthesize the reference output voltage vector W Lref
and due to the direct source voltages connection, it can also control the source cur-
rent displacement angle [22, 121]. The SVM is probably the most used modulation
strategy for MCs. Several control strategies based on the SVM technique for MCs
have been proposed in the literature [17, 21-28, 54, 55, 61, 62, 121]. Basically, two
methods for the implementation of SVM for MCs are used. The first one is defined
as the “indirect method,” because the MC is described as a two-stage system with
virtual DC-link [61, 62]. The second approach to SVM for MCs is based on a direct
approach [17, 21-28, 54, 55, 121]. The basic principles of direct SVM for MCs are
described below.

For the space-vector modulation of the matrix converter it is convenient to define
the following four space vectors [23]:

2
up = 3(ur +aury +a*urs)

ug = %(um + ausy + a’us3) 2 40
R (2:40)
igp=350L1 +airy+a%ir3)

ig=3(is1 +aisy + d’is3)

where ug is the space-vector representation for the input phase voltage, u o is the
space-vector representation for the output phase voltage, i is the space-vector rep-
resentation for the input phase current and i is the space-vector representation for
the output phase current and g = ¢/ 7/,

Taking into account that in MCs the input phases must never be short-circuited
and the output currents must never be interrupted, there are 27 possible switching
configurations [21]. These switching states and the resulting output voltages and
source current are tabulated in Table 2.5. These combinations are depicted in Fig. 2.49
[54, 55].
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Table 2.5 Switching configuration for a MC and resulting output voltages and source current
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Fig. 2.49 Allowed switch combinations in a MC

Analyzing the Table2.5, the switch configuration may be categorised as one of
the three groups [21].

Group 1 — 3 combinations giving null output voltage and input current vectors,
will be named “zero configurations”. All three output phases are connected to the
same input phase in these combinations.

Group 2 — 6 combinations in which each output phase is connected to a different
input phase, will be named “synchronous configurations”. In this case, the output
voltage and input current vectors have variable directions and cannot be usefully
used to synthesise the reference vectors.

Group 3 — 18 combinations where the output voltage and the input current vectors
have fixed directions and will be named “active configurations.” The magnitude
of these vectors depends upon the instantaneous values of the input line-to-line
voltages and output line currents, respectively. In this case, two output lines are
connected to the same input line.

In Fig.2.50 the output voltage and input current vectors corresponding to the 18
active configurations are shown. In this figure, the scheme of how the complex space
vector plane is divided into sectors is also presented. S denotes the sector containing
the output voltage vector and S; denotes the sector containing the input current vector.
The active configurations are split into three sub-groups as shown in Table 2.5 and
Fig.2.50. The configurations in each sub-group produce a space voltage and current
vectors in a defined direction, which change every 120°. The amplitude and polarity
of the space vectors along the defined direction depend on which of the line-to-line
voltages is used.

The SVM algorithm for an MC is able to synthesize the reference output voltage
vector and to control the phase angle of the input current vector selecting four non-
zero configurations, which are applied for a suitable time period within each sequence
Tseq as is determined by the following equation [27]:

ug =dpu; +dyuy +dyrugy +dvuyy, (2.41)

where u;, uy, uy; and uy,, are the output voltage vectors corresponding to the four
selected configurations, and dj, dyy, dpyy and dyy are their duty cycles, defined as:
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Im A

(a)

Fig.2.50 Graphical interpretation of: a sectors and direction of the output voltage vectors, b sectors
and directions of the input line current vectors

Tk
dy =
TSeq

, k=1,1,111V. (2.42)

Finally, the zero configurations are applied to complete Tseq, where:
dy=1—d;—dy—dy —d. (2.43)

The rotating vectors of Group 3 are not used in SVM.

The main task of the SVM technique is to calculate the duty cycles and define
the switching pattern. Several control strategies based on the SVM technique for the
MC with a different sequence of the switches have been proposed in the literature
[22-24, 27, 28, 54, 55, 102]. The presented types of switching sequences have been
mainly focused on the possibility of reducing the number of commutations in each
switching period Tseq [102] and the power losses [54, 55], to improve the waveform
of the output voltage and to eliminate the current distortion [22—24, 27] or to extend
the operating region [28].

In order to explain the basic SVM algorithm, an example of synthesis of the
reference output voltage vector and input current vector, with both lying in Sector 1,
is shown in Fig.2.51. Figure 2.51 clearly shows that the reference output voltage u
is resolved into the components u/, and u;, along the two adjacent vector directions.
The vector of source currents ig is also resolved into components, along the two
adjacent current directions [23]. The u/, component can be synthesised using two
voltage vectors having the same direction of u o, whereas the u/, component can be
synthesised using two voltage vectors having the opposite direction, as follows [28]:
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Wy = diuy +dyuy = 2/+/3U¢ cos(ag — 7/3)e/lSo=Dx/3+7/3] (2.44)
W)y = diuyy + dvugy, = 2/+/3U0 cos(ap + m/3)e/So=D7/3] ’ .

where d;, dy, diy and djy are the on-time ratios of individual switch combinations
corresponding to vectors u;, uy, gy and upy,, o is the angle of the output voltage
vector measured from the bisecting line of the corresponding sectors and is defined
by (2.51) [23]. The requirements of the reference input current displacement angle
are defined [28]

(dri; + dllill)jejﬁiej(si—l)ﬂ/:S =0

(ditigy + divipy) jelfielS=D7/3 = 0 (249
where B; is the angle input current vector measured from the bisecting line of the
corresponding sectors and is defined by (2.51) [23], where iy, iy, iy, iy are the
source current vectors corresponding to the four selected configurations.

For example from Fig.2.51 (S; = 1, Sp = 1), possible switching states that can
be utilised to synthesise the resolved voltage and current components are

u' i £7,48, 49, u?:£1,+2, £3,

B 5 (2.46)
il £4,£7, i° 43, £6, £9.
Then, to simultaneously synthesise the output voltage and the input current vec-
tors, common switching states +9, &7, 1and + 3 are selected. From two switching
states with the same number but opposite polarity, only one should be used. If the duty
cycle is positive, the switching state with a positive polarity is selected; otherwise,
the one with a negative polarity is selected. The required modulation duty cycles for
the switching configurations I, II, IIl and IV are given by Eqgs. (2.47)—(2.50) [23]:

ZSL

+1 -7
(a) (b)

Fig. 2.51 Synthesis of: a reference output voltage vector, b reference input current vector
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d] _ (_1)(SO+Si+l)i COS(OlO - %) COS(IBi - %)

i Soston) , (2.47)
i (_1)(50+Si)%q cos(a —C(;%S)(;?)S(ﬂi + %), (2.48)
i - (_1)<so+s,->%q cos(co +C§S)(;?)S(ﬂi - %)’ (2.49)
i - (_1)(So+si+1>%q cos(ao +C§S)((:))S(/3i +3) (2.50)

In (2.44)—(2.50) ¢; is the input phase displacement angle, oo and B; are the angles
of the output voltage and input current vectors measured from the bisecting line of
the corresponding sectors, and are limited as follows [23]:

~Z<pi= (2.51)

a4

Equations (2.47)—(2.50) have a general validity for any combination of the output
voltage sector Sp and the input current sector S;. Table 2.6 provides the four switch
configurations to be used within the cycle period Tseq [23]. The sectors are defined
as shown in Fig.2.50.

Subject to the constraints:

ldi| + |du| + dm| + |dv| < 1, (2.52)

the voltage ratio is defined by

V3| cos(gi)|

<\ (2.53)
2 cos(B;) cos(xp)

In the particular case of balanced supply voltages and balanced output voltages, the
maximum voltage transfer ratio is equal

3
q =< %_I cos(;)]. (2.54)

This means that the maximum voltage transfer ratio of MC is equal to 0.866 if the
unity input power factor is set [142].

Current source matrix converter

As mentioned previously, the MC depends on the power supply (with voltage
or current character) which is used—a voltage source matrix converter (VSMC)
or current source matrix converter (CSMC), respectively. In the ideal case, the cur-
rent source matrix converter consists of current at the input side and voltage source
at the output side. In the practical realisation of CSMC, the converter includes nine
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Fig. 2.52 Current source matrix converter

bidirectional switch cells and three AC capacitors that are located at the load-side
of the converter. The current source realization includes a three-phase ideal voltage
source (us1, Us2, us3) in series with an R-L impedance per phase. Figure2.52 shows
the topology of a CSMC. In the literature, the CSMC is not often considered. Only
a few papers present the principle of CSMC [48, 49, 70, 87, 88, 103].

The relationship between the converter source-side and load-side currents and volt-
ages is

ia(t) SaA(t) spa(t) sca(t) iq(t)

ip(r) saB(t) spB(t) scp(t) ip(t) |, (2.55)
ic(t) | | sac(t) spc(t) scc@) | | ic(t)

uq (1) Saa(t) sqap(t) sac(t) u(t)

up(t) spA (1) spB(t) spc (1) up(t) (2.56)
uc(t) | [ sca(t) sep@) scc(t) | | uc()

The main objective of CSMC is to control directly the magnitude, frequency
and phase-angle of the load current. Furthermore, indirectly, the output voltage is
controlled. It is possible to obtain a voltage gain greater than one. The voltage gain
strictly depends on the load. The CSMC also controls the phase-angle of the voltages
(uq, up and u.) at the input side of the matrix switches. In this way, it is possible to
control the input power factor.

The major disadvantage of the CSMC is the realisation of a practical current
source—a large inductance value is needed. Moreover, the energy accumulated in
source inductors is dangerous in the case when turning-off all converter switches. An
additional circuit to discharge this energy is required. Another drawback of CSMC is
that the voltage gain is dependent on load change. In large loads, the output voltages
can be much smaller than the source one.
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On the load side, the CSMC can be considered as a voltage source MC. Due
to this fact, in the CSMC there can be used, with small modifications, all of the
modulation methods, commutation strategies and protection strategies which are
used in the VSMC. An exemplary solution of a CSMC with a Venturini control
strategy is presented in [87], in which the low-frequency modulation matrix is
transposed in accordance with classical Venturini modulation [135]. In the solu-
tion of a CSMC with SVM [48], the voltage sectors are dependent on input
voltages (u,, up and u.), and current sectors are calculated from output current,
inversely, as in the VSMC. The commutation method is based on input current
measurements [48].

The matrix of nine bi-directional switches with capacitors connected on the input
side terminals is versatile. Depending on the source character—voltage or current—
the source can be connected to the input or output sides of the matrix switches.
In this way, we obtain the universal converter which is connected between voltage
and current sources, and which can transfer energy in both directions. These ben-
eficial properties of matrix-connected switches are introduced in a new family of
matrix-reactance frequency converters, which are the main goal of this book and are
presented in the following chapters.

Multilevel matrix converter

As mentioned in the introduction, the multilevel concept of a direct matrix converter
is also proposed. It is well-known that multilevel technology is a good solution in
medium or high voltage power conversion [59]. The multilevel matrix converter
(MLMC) is obtained by replacing each switch in a direct MC by two or more series
connected switches, and flying capacitors which are introduced to clamp the volt-
age over the switches as shown in Fig.2.53 [120, 143, 147]. Similarly to a MC,
the MLMC must fulfil the same constraints on the switching pattern to avoid short
circuit on the input side or open circuits on the output side. An additional prob-
lem is voltage control across the flying capacitor which changes periodically in
line with the input voltage. The voltages must be controlled to keep a sinusoidal
shape. Because of this, the modulation methods and commutation strategies are
complex. This kind of converter is not a classical direct AC-AC frequency converter
without DC energy storage elements, because the flying capacitors are used as a
local energy storage. The advantages of MLMC is the possibility to apply it in high
voltage range systems with low maintenance costs and few voltage device compo-
nents. Furthermore, the MLMC gives an improved output voltage waveform quality.
The maximum voltage transfer ratio in a MLMC is less than one. In the case with
Venturini modulation, it is equal to 0.5 [120, 147] and with SVM it is equal to 0.8
[91, 114, 146].
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Fig. 2.53 Three level matrix converter

2.3.3 Indirect AC-AC Frequency Converters Without DC
Energy Storage Elements

The second group of frequency converters without DC energy storage elements is
the indirect converter with fictitious DC link (Fig.2.2). This converter is obtained
from the classical matrix converter structure. Systems with MC modulation schemes
can be classified under direct frequency conversion schemes [21, 126, 135, 142] and
indirect frequency conversion schemes [61, 62, 155, 156]. In the latter modulation
concept, the converter is divided into two parts with fictitious DC link. There is a
fictitious voltage-fed rectifier on the input side and a fictitious voltage source inverter
on the output side. The input rectifier and output inverter are directly connected on
the DC side. The indirect matrix converters with fictions DC link is a hardware imple-
mentation of this basic idea. Such a converter was suggested in [64] and investigated
in more detail in [63, 68, 69, 76]. Figure2.54 shows the circuit of indirect matrix
converters (IMC). The main circuit consists of the PWM rectifier section (CSR—
current source rectifier), PWM-inverter section (VSI) and the AC source filter. The
cascaded connection of two bridge converters (CSR and VSI) provides separation
of the modulation process on the input and output sides. The synchronisation of the
modulation process of CSR and VSl is necessary for system balance with sinusoidal
supply current because of the absence of the DC energy storage element. The IMC
offers the same benefits and disadvantages as the classical direct MC, and is also
called a two-stage matrix converter.
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MC:s are inherently bi-directional and therefore can regenerate energy back into
the mains from the load side. However, the DC voltage in an IMC has only positive
polarity. In order to allow bi-directional current flow (four-quadrant operation), in
the input bridge of the IMC bi-directional active switches are needed as shown in
Fig.2.54. On the output side, the classical voltage source inverter (Fig.2.3) [59, 72]
is used to form output voltages. The IMC employs 18 IGBTs and 18 diodes similar
to those in the classical direct MC. However, the physical realisation is much easier,
because the inverter stage could be realised by a conventional six-pack power module
as compared to a fully discrete realisation of a direct MC.

Similarly as in the conventional MC, commutation methods are needed to avoid
shorting of input phases without cutting load current path. The four-step commutation
is commonly used in the IMC. The modulation strategies are based on an indirect
concept which is presented in [61, 62, 155, 156]. Both vector and triangular wave
modulation have been developed and are presented in [63, 64, 68, 69, 76]. In the
modulation strategies, the 72 basic switch configurations are used. In Table 2.7, output
voltages and source currents resulting from the different switch combinations are
tabulated [81].

In Ref. [81] the authors show new topologies of IMC with reduced number of
active switches on the line bridge. The input stage of the IMC is realised with
four-quadrant switches, as shown in Fig.2.54. In this circuit configuration, the
bi-directional power flow could in principle be obtained with positive and negative
DC link voltage. If assumed that the DC link voltage is positive polarity, a reduction
in the number of active switch devices is possible. The derivation of a simplified
bridge branch structure of the IMC is shown in Fig. 2.55. The new topology is called
by the authors a sparse matrix converter (SMC), and is shown in Fig. 2.56. A detailed
description of derivation is presented in [81, 83, 84, 116]. SMC are functionally
equivalent to IMC, but are characterised by a lower realisation effort and a lower
control complexity. The SMC topology employs 15 IGBTs and 18 diodes.

If a unidirectional power flow is required, a more simplified version of the system
is possible. Such a circuit is shown in Fig.2.57 [81, 83, 84, 117]. This converter is

Fig. 2.54 Indirect matrix converter
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Table 2.7 (continued)
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Fig. 2.56 Sparse matrix converter (SMC)

named as an ultra sparse matrix converter (USMC). The source bridge consists of
only three IGBTS and 12 diodes.

The structures of IMC, SMC and USMC require the use of the multistep switch
commutation method to fulfil commutation rules. In another topology previously
presented in paper [138], a simplified commutation is possible. This converter is
named a very sparse matrix converter (VSMC) and is shown in Fig. 2.58. The rectifier
bridge consists of bi-directional switches with IGBT and diode bridge configuration.
This switching connection provides the zero DC-link current commutation strategy
[81]. In VSMC, only a safety interval dead time is required between switch-off of
one four-quadrant switch and the switch-on of the next four-quadrant switch. This
topology provides an option to reduce the number of IGBTs, but the number of power
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Fig. 2.59 Inversing link matrix converter (ILMC)

diodes is increased. In the VSMC structure, the 12 IGBTs and 30 diodes is employed.
This topology is functionally similar to IMC.

Zero DC link current commutation and bidirectional power flow also would allow
the employment of the circuit topology of the inverting link matrix converter (ILMC)
presented in [81] and shown in Fig.2.59. Here, the bidirectional current carrying
capability of the input stage is achieved by connecting an input rectifier and a voltage
inverter through two power transistors and two diodes. Unfortunately, the inversion
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of the voltages has to be performed with high frequency. Then the switching losses
are high. Additionally the modulation process is complex. Therefore, the literature
on the ILMC will not be considered in more detail.

The topologies of the sparse, very sparse, ultra sparse and inverting link matrix
converter are characterised by a voltage transfer ratio also less than one, with its
maximal level equal to 0.866.

Indirect matrix converters have also been extended into multilevel structures.
Multilevel indirect matrix converters (MIMC) is an emerging topology that inte-
grates the multilevel concept into the indirect matrix converter topology. Having the
ability to generate multilevel output voltages, the MIMC is able to produce better
quality output waveforms than IMC in terms of harmonic content, but at the cost
of a higher number of power semiconductor devices requirement and more compli-
cated modulation strategy. In the literature there are presented two main topologies, a
three-level-output-stage indirect matrix converter [81, 90, 92] and an indirect three-
level sparse matrix converter [89]. The first one applies the three-level neutral-point-
clamped voltage source inverter concept [59] to the inversion stage of an indirect
matrix converter topology and is shown in Fig. 2.60. The rectified DC-link voltage,
upc is transformed into dual voltage supplies, +upc and —upc, by connecting the
DC link middle point of the three-level neutral-point-clamped voltage source inverter
to the neutral-point “N” of the star-connected input filter capacitors. Then, there are
three voltage levels at the DC links: +upc, 0V and —upc. Based on these voltage
levels, the inversion stage can be modulated to generate the multilevel output voltage
waveforms.

The second MIMC applies simplified three-level neutral-point-clamped voltage
source inverter concept with neutral-point chopper, to the inversion stage of an IMC
topology (Fig.2.61) [89]. This converter topology has a simpler circuit configuration
than converter from Fig. 2.60 and is also able to generate three-level output voltages.
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Fig. 2.60 Three-level-output-stage indirect matrix converter
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In this circuit, two additional unidirectional switches are connected as an additional
inverter leg. The main task of this leg is a device of neutral-point commutator.

2.3.4 AC-AC Frequency Converters Based
on Matrix-Reactance Chopper Topologies

The first study of topologies of frequency converters based on matrix-reactance
chopper topologies was presented in 1993 by Antic et al. in [8—10]. The proposed
topology consists of a three phase AC-AC buck-boost chopper with an integrated
matrix-converter—Fig. 2.62a. This topology has only a small regenerative AC energy
storage, and was proposed for low frequency operation in drive systems with induc-
tion motors.

Another concept of frequency converters based on a MRC, but with a differ-
ent switch realisation is proposed by Zinoviev et al. [104, 153, 154] (Fig.2.62b).
The principle of operation of this new voltage controller is similar to the operation
of a buck-boost AC-AC chopper with the possibility to change the output voltage
frequency.

Further, detailed analysis of this kind of topologies was carried out by Fedyczak
et al. in a series of papers: [36—47, 85, 86, 125-129]. As a result, the new family
of AC-AC frequency converters based on matrix-reactance chopper topologies was
presented [45, 46, 126]. Those converters are named matrix-reactance frequency
converters (MRFC) and are the main object of this book. The analysis of proper-
ties of MRFC will be presented in the following chapters. In Chap. 3, the topology
generation is presented. Chapter4 shows the modeling concept. Whereas in further
chapters, there are presented the test results of theoretical analysis, simulation and
experimental investigations. In this book, all the structures of frequency converters
based on MRC topologies are subsequently named as matrix-reactance frequency
converters.


http://dx.doi.org/10.1007/978-1-4471-4896-8_3
http://dx.doi.org/10.1007/978-1-4471-4896-8_4
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Fig. 2.62 Frequency converters with AC—AC buck-boost choppers and matrix converter proposed:
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Fig. 2.63 Frequency converters with cascade connected AC—AC boost choppers and matrix con-
verter

In recent times, another topology based on MRC has been presented, consisting
of cascade connected boost MRC and MC as shown in Fig.2.63 [66, 79, 80]. The
operation of a boost chopper is only necessary when a voltage gain factor greater than
0.866 is required. If the required voltage gain is less than 0.866, then the topology
is similar to the MC. The switches S¢; and Sc¢; are turned-off and the switches
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Sc3 and Scy4 are turned-on. The increase of conduction losses in the case when the
voltage gain is less than 0.866, is a drawback of this solution. Then, two bidirectional
switches are turned-on all the time.

All frequency converters based on AC—-AC matrix-reactance choppers offer a
voltage transfer ratio greater than one.

2.4 Hybrid AC-AC Frequency Converters

The last group of frequency converters (Fig. 2.2) includes the hybrid solution. In order
to obtain a voltage gain greater than one, the combination of AC-AC frequency
converters (without DC energy storage) and one small or several small local DC
energy storage elements or DC-DC buck-boost (boost) choppers are proposed. All
hybrid frequency converters include a DC energy storage element, but with small
dimensions. The topologies are more complex and modulation and commutation
strategies are also elaborate.

In paper [35] the authors have proposed the first hybrid topology. Figure2.64
shows a proposed circuit, which was named a modular matrix converter (MMC) [7].
The MMC is obtained by replacing each switch in the classical direct MC [135]
by single-phase H bridge inverters. Unfortunately, the number of active devices
increases, but in this topology has not a main DC energy storage elements. The main
DC energy storage element is divided into several local and small DC energy storage
elements. This approach has the advantages of reduced switching loss and elimination
of clamp circuit. The peak voltages applied to the semiconductor devices are clamped
to local capacitors. The output performance is also better than the classical solution.
The main disadvantage is the number of semiconductors and passive elements. Major
difficulties in achieving the required control is related to monitoring of DC voltages
across the capacitors. Each DC voltage in the capacitors has to be controlled via
feedback. Then the control strategies are very complex. Furthermore, this converter
can provide the buck-boost control of output voltage amplitude and can operate with
arbitrary power factors.

The next means of achieving converter hybridisation is by using an additional
small-scale DC circuit in the MC topologies. There are two types of matrix converter
configurations, the single-stage (classical MC) and the two-stage (IMC); therefore,
two ways to implant a hybrid MC are possible with MC and IMC.

The first solution is to connect an H-bridge inverter in series with each of the
MC outputs as suggested in Fig.2.65 [77]. The topology of the hybrid converter
from Fig.2.65 enables step-up or step-down voltage control. This solution has a
serious disadvantage related to the high number of power semiconductors and DC
link capacitors, which have to smooth down the power ripple (twice the output
frequency) that is characteristic of a single-phase inverter [77]. Moreover, these
converter topologies again have energy storage elements (e.g., electrolytic capacitor)
which reduce their life time.
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Fig. 2.65 Hybrid frequency converter with series connected MC and small scale H-bridge inverter
on each output phase

The second solution is related to IMCs and solves the two most important draw-
backs of the IMC—uvoltage transfer ratio equal to 0.866. It consists in introducing
an auxiliary voltage supply in the form of an H-bridge inverter in the intermediary
link of the IMC, with the purpose of compensating the voltage deficit. In this way, an
increase of output voltage is obtained. The structure of an hybrid IMC with H-bridge
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Fig. 2.67 Categories of hybrid IMC topologies employing: a an auxiliary high-voltage DC source;
b low-voltage DC source

inverter is shown in Fig.2.66 [73, 77, 78, 81, 144]. However, these converter topolo-
gies also have energy storage elements and their construction requires considerable
work.

Another concept of hybrid IMC is proposed in [73], where hybrid structures are
based on combined auxiliary voltage source in the intermediate DC link of the IMC.
These converter topologies may be classified into two main groups depending on DC
voltage level, as shown in Fig.2.67. In the topology with an auxiliary high-voltage
DC source, this source is used in parallel connection with a DC link, whereas in the
topology with an auxiliary low-voltage DC source, in series connection with a DC
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Fig. 2.68 Hybrid IMC structures: a with high-voltage auxiliary voltage source and reversible boost
converter; b with low-voltage auxiliary voltage source and reversible flyback converter

link. The practical realisation of these concepts from Fig.2.67, is shown in Fig.2.68
[73, 144]. Unity voltage transfer is also obtained in these solutions.

In summary, hybrid concepts enable the enlargement of the voltage control range.
To obtain these advantages, however, there is a higher complexity in the power stages
and in their control. Furthermore, the DC energy storage element is still needed.

2.5 Summary of Topology Review

This section has dealt with a comprehensive review of AC-AC frequency con-
verter topologies. This chapter has focused on inverter technologies with special
attention to AC—AC conversion without DC energy storage elements. The potential
converter topologies may be classified into three main groups depending AC-AC
conversion (Fig.2.2). Various inverter topologies have been presented, compared
and evaluated against demands, lifetime, component ratings and voltage gain control
capabilities.
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Table 2.8 Summary of comparing frequency converter topologies

Name of converter Modulation strategy Voltage gain
With DC energy storage element
Frequency converter with VSI Space vector modulation (SVM) >1
Frequency converter with CSI Space vector modulation (SVM) >1
Without DC energy storage element
Voltage source matrix converter Classical Venturini 0.5
Improvement Venturini 0.866
Scalar 0.866
Indirect with fictitious DC link 1.05
Space vector modulation (SVM) 0.866
Duty-cycle SVM 1.155
Current source matrix converter Classical Venturini >1
Space vector modulation (SVM) >1
Indirect matrix converter (IMC) Space vector modulation (SVM) 0.866
Sparse matrix converter (SMC) Space vector modulation (SVM) 0.866
Very sparse matrix converter (VSMC) Space vector modulation (SVM) 0.866
Ultra sparse matrix converter (USMC) Space vector modulation (SVM) 0.866
Matrix-reactance frequency converters Classical Venturini >1
Cascaded connected MRC and MC Space vector modulation (SVM) >1
Multilevel indirect matrix converter Space vector modulation (SVM) >0.866
Multilevel direct matrix converter Space vector modulation (SVM) >0.8
Hybrid with small DC energy storage element
Modular matrix converter Space vector modulation (SVM) >1
Hybrid direct MC with H bridge in Space vector modulation (SVM) >1
output
Hybrid IMC with H bridge in DC link Space vector modulation (SVM) >1
Hybrid IMC with high-voltage Space vector modulation (SVM) >1
auxiliary voltage source
Hybrid IMC with low-voltage Space vector modulation (SVM) >1

auxiliary voltage source

The continual development of power electronic converters, for a range of appli-
cations, is characterised by the requirements for higher efficiency, lower volume,
lower weight and lower production costs [82]. Frequency converters with DC energy
storage have these desirable properties, but the voltage gain ratio is less than the one
in most topologies and modulation strategies. For the topologies with modulation
strategies with voltage gain ratio greater than one, there is low frequency defor-
mation of output/input waveforms. Only on a few topologies without DC energy
storage is buck-boost regulation of output voltages possible [8-10, 45, 46, 66, 79,
80, 87, 104, 153, 154]. Such topologies are not widely discussed in the literature.
More interesting are topologies of matrix-reactance frequency converters, which will
be analysed in detail in the following chapters. Finally, to complete this chapter, it is
presented in Table 2.8, a summary comparison of the voltage gain ratio of frequency
converter topologies.
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Chapter 3
Concept of Matrix-Reactance Frequency
Converters

3.1 Introduction

There has been some discussion to improve the voltage transfer ratio of the matrix
converter, which is presented in Chap. 2. One of the proposed solutions is the matrix-
reactance frequency converter (MRFC). The first study of MRFCs (with only one
topology) was published in 1993 by Antic et al. in [3-5]. Later, in 2000, Zinoviev et al.
continued the research on the same MRFC topology [28, 40, 41]. This converter was
based on the buck-boost matrix-reactance chopper (MRC) [7, 14, 15] with source
switches connected as in a matrix converter [38]. In 2003 Fedyczak published a
paper [7], which shows that the idea of matrix-reactance choppers with source or load
switches connected as in a matrix converter is technically possible for all unipolar
PWM AC matrix-reactance choppers [7, 14, 15]. Another series of papers were
published concerned with the MRFC based on the buck-boost MRC [11-13, 16-18,
21, 24, 35-37] and the novel three structures of MRFC based on Zeta [9, 12, 17],
Cuk [8, 12, 17] and boost [25] MRC topologies. In the topologies presented in
these papers the source switches of MRFC with buck-boost and Zeta topology and
load switches of MRFC with Cuk topology are arranged as in the voltage source
matrix converter. However, in the topology presented in [25] the output switches
are arranged as in the current source matrix converter. Such an approach gives the
possibility to obtain a load output voltage much greater than the input voltage. The
conception of the MRFC was continuously developed by the authors of the latter
papers. In the papers [19, 20, 35] the generation concept for a whole family of
MREFCs based on unipolar PWM AC MRC was presented. The family of MRFCs
contains nine topologies based on buck-boost, Cuk, Zeta, SEPIC or boost MRC
structures. Generally, MRFCs are divided into two groups. The first group contains
MREFCs with switches arranged as in a voltage source matrix converter. In the second
group are MRFCs with switches arranged as in a current source matrix converter.
MREC topologies have been intensively studied during the last few years, and the
results have been widely published [8—13, 16-21, 24, 25, 34-37].
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3.2 Topology Generation

The topologies of the members of the MRFC family can be derived from the gen-
eral structure shown in Fig.3.1. The topologies of the MRFC are based on three-
phase unipolar MRC structures [7, 14, 15]. Each unipolar MRC is composed of two
synchronous-connected switch (SCS) sets. Generally, two stages occur in the steady-
state operation of unipolar chopper converters during one switching cycle. The MRFC
circuit is derived from the MRC circuit by implementing a matrix-connected switch
set (MCS) instead of one of synchronous-connected switch sets [35]. Thereby, it is
possible to use 28 state operations during one switching cycle. It gives the possibility
of obtaining load voltage frequency change, as is the case in a matrix converter, and
the possibility of obtaining a load output voltage much greater than the input voltage,
as is the case in matrix-reactance choppers.

The matrix-connected switch set can be considered a generalised voltage source
matrix converter (VSMC) and current source matrix converter (CSMC), both of
which are shown in Fig. 3.2 [26, 27].

Fig. 3.1 General structure of basic matrix-reactance frequency converter, SCS synchronous-
connected switches, MCS matrix-connected switches

(a) (b)
i 1}
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Fig. 3.2 Matrix-connected switch sets with, a voltage source matrix converter configuration, b cur-
rent source matrix converter configuration
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In the ideal case, the VSMC consists of a voltage source on the input side and
current sources on the output side (Fig.3.2a). In practice this can be realised by
connecting capacitors and inductors on the input and output sides, respectively. The
ideal CSMC consists of current sources on the input side and voltage sources on the
output side (Fig.3.2b). Similarly, as in the case of the VSMC, in practice a CSMC
can be realised by connecting inductors and capacitors on the input and output sides,
respectively.

No formal synthesis procedure is given for the derivation of the MRFC proposed
in this monograph. The conceptual diagram on the basis of which the MRFC family
is generated is shown in Fig. 3.3 [35]. The MRFC topologies are constructed on the
basis of a unipolar MRC. The switched circuit models of the whole family of unipolar
MRC:s is shown in Fig. 3.4 [19, 20, 35].

In the first step, the one-cycle switched circuit models of all MRCs are constructed
on the basis of these switched models. Since it is assumed that the two synchronous-
connected switch sets are synchronised in their operation, the assumed switching
sequence results in two modes of operation in one cycle time period. During the first
mode the source synchronous-connected switches (SSCS) are turned on and the load
synchronous-connected switches (LSCS) are turned off. During the second mode
the switches are in the inverse states. Furthermore, in these models suitable voltage
and current sources are taken into consideration instead of capacitors and inductors,
respectively. The one-cycle switched circuit models of the whole family of MRCs
shown in Fig. 3.4 for two modes, are shown in Fig.3.5.

A new family of MRFCs has been developed based on the fundamental study
of the one-cycle switched circuit models of unipolar MRCs. In the second step, the
transfer of the energy between current and voltages sources, in one-cycle switched
circuit models of unipolar MRC (Fig. 3.5), are analysed. As shown in Fig. 3.5, in each
of the switch states, the synchronous-connected switch sets take part in two types
of electrical energy transfer between the inner voltage and current sources. In the
first one, the electrical energy is transferred through the turn-on switches from the
voltage to the current sources. In the second one, the electrical energy is transferred
through the turn-on switches from the current to the voltage sources.
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Fig. 3.4 Three-phase unipolar PWM AC MRC based on topology, a boost, b buck-boost, ¢ Cuk, d
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Fig. 3.5 One-cycle switched circuit models of three-phase unipolar PWM AC MRC based on
topologies: a, b boost, ¢, d buck-boost, e, f Cuk, g, h Zeta, i, j SEPIC; a, c, e, g, i for SSCS on and
LSCS off, b, d, £, h, j for SSCS off and LSCS on

In the third step taking into account the kind of electrical energy transfer, one of
synchronous-connected switch sets can be replaced by a matrix connected switch
(MCS) set. If the electrical energy is transferred through the turn-on switches from
the voltage to the current sources, then these switches can be replaced by the MCS
set with voltage source matrix converter configuration (Fig.3.2a). For the second
kind of electrical energy transfer, when the electrical energy is transferred through
the turn-on switches from the current to the voltage sources, the turn-on switches
can be replaced by the MCS set with current source matrix converter configuration
(Fig.3.5b).

The circuit schemes of matrix-reactance frequency converters are given in
Figs.3.6, 3.7, 3.8, 3.9 and 3.10 [19, 20, 35]. On the basis of the presented proce-
dure (Fig. 3.3), nine topologies of the MRFC were generated. The family of MRFCs
contain two topologies based on buck-boost, Cuk, SEPIC and Zeta matrix-reactance
choppers and one topology based on the boost matrix-reactance chopper. The names
and abbreviations of these converters are designated as follows [35]:
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* MRFC-b—topology of MRFC based on boost MRC (Fig.3.6),

* MRFC-I-b-b—first topology of MRFC based on buck-boost MRC (Fig. 3.7a),

* MRFC-II-b-b—second topology of MRFC based on buck-boost MRC (Fig.3.7b),
* MRFC-I-c—first topology of MRFC based Cuk MRC (Fig. 3.8a),

« MRFC-II-c—second topology of MRFC based on Cuk MRC (Fig. 3.8b),

* MRFC-I-z—first topology of MRFC based on Zeta MRC (Fig.3.9a),

* MRFC-II-z—second topology of MRFC based on Zeta MRC (Fig.3.9b),

* MRFC-I-s—first topology of MRFC based on SEPIC MRC (Fig.3.10a),

* MRFC-II-s—second topology of MRFC based on SEPIC MRC (Fig.3.10b).

Furthermore, in both circuits of MRFCs based on buck-boost and Zeta topology
the input low-pass filter Ly, CF is used to reduce the source current deformation
and elimination of the current spikes [33]. Adding an input filter to a converter will
increase the complexity of the converter and has an influence on its functionality,
stability, reliability size and cost, but is necessary to obtain sinusoidal input current
waveforms.
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Fig. 3.9 Matrix-reactance frequency converters based on Zeta matrix reactance chopper, a first
topology (MRFC-I-z), b second topology (MRFC-II-z); LPF low pass filter

All of the derived matrix-reactance frequency converters comprise standard matrix
converter (with voltage or current source configuration) and the three-phase buck-
boost matrix reactance chopper converters. The matrix converter part applies the
pulse width modulation to produce a three-phase sinusoidal output voltage with the
possibility to change load voltage (current) frequency. In addition, it enables the four-
quadrant operation. A crucial fact is that all the generated MRFCs have the capability
to obtain a load output voltage much greater than the input voltage, similar to the
matrix-reactance chopper [7].

The derived MRFCs can be divided into two groups [19, 20, 35]. In the first
group are converters which comprise voltage source matrix converter configuration
(MRFC-I-b-b, MRFC-II-c, MRFC-I-z, MRFC-II-z). In the second group are convert-
ers witch current source matrix converter configuration (MRFC-II-b-b, MRFC-I-c,
MREFC-I-s, MRFC-II-s, MRFC-b). A detailed analysis of selected converter topolo-
gies from both groups will be presented in the next section.
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topology (MRFC-I-s), b second topology (MRFC-II-s)

3.3 Topologies of Matrix-Reactance Frequency
Converters with Voltage Source Matrix Converter

A voltage source matrix converter (VSMC) is an integral part of four matrix-reactance
frequency converters: MRFC-I-b-b (Fig.3.7b), MRFC-II-c (Fig.3.8b), MRFC-I-z
(Fig.3.9a) and MRFC-II-z (Fig.3.9b) [11, 35]. Figure 3.11 illustrates the description
of the control strategy of the MRFC with VSMC, in general form [19, 20, 35]. Two
stages occur (fg and 77 ) in the steady-state operation of the proposed converters over
one switching cycle Tseq.

The description of the control strategy of the MRFC-I-b-b and MRFC-I-z is pre-
sented in Fig. 3.11a, [35]. In each switching cycle Tseq, in the interval g, the matrix
connected switch sets are in the process of switching with selected switching mod-
ulation, while the load synchronous connected switch sets are turned off. The MCS
output voltages u,, up, u. are formed by setting the requested output frequency f7..
In contrast, in the time period ¢, all of the matrix connected switch sets are turned off
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Fig.3.11 General form of the control strategy, for a MRFC-I-b-b and MRFC-I-z, and b MRFC-II-c
and MRFC-II-z

and the load synchronous connected switch sets are turned on. The time interval ¢,
has an influence on the amplitude of load voltages 11, ur2, ur3. For the MRFC-II-c
and MRFC-II-z the control strategy has a different form. In each switching cycle Tseq,
in the interval zg the matrix connected switch sets switch with the selected switching
modulation and simultaneously source synchronous connected switch sets are turned
on. Similar to the MRFC-I-b-b and MRFC-I-z, the MCS output voltages u, up, U,
are formed by setting the requested output frequency fr. In contrast, in the time
period #7, all of the matrix connected switch sets are turned on and the source syn-
chronous connected switch sets are turned off. Also, time #;, has an influence on the
amplitude of load voltages ur1, ur2, ur3.

The MRFC-I-b-b is analysed in detail, in order to analyse the MRFC with VSMC
topology operations. Key idealised, theoretical waveforms concerning the opera-
tional stages in the MRFC-I-b-b converter are shown in Figs.3.12 and 3.13 [35].
The modified, simplified, classical Venturini controlled strategy [38], which will be
presented in the next subsection, is used for control of matrix connected switch sets.
Figures 3.12 and 3.13 show the operating waveforms of the circuit for 1.5 periods
of source phase voltage frequency, and zoom for two periods of switch sequence
cycle Tseq.

During the time period tg, the output voltages of matrix connected switch sets
uq, Up, U are synthesised by sequential piecewise sections of the input voltage
waveforms u 4, u g, uc. The synthesis of output voltage u, is shown in Fig. 3.12a—f.
The duration of each piecewise section of the input voltage waveforms is controlled
by the switch pulse duty factor s,a, SsB, Sac, (Fig.3.12a, b). The input voltages
of matrix connected switch sets u 4, up, uc are quasi-sinusoidal voltages of source
filter capacitances Cr1, Cr2, Cr3 (Fig.3.12c, d). Similar to the output voltages, the
input currents of matrix connected switch setsi4, i g, ic are directly generated by the
output currents iy, ip, i.. The synthesis of input current i 4, is shown in Fig. 3.13a—f.
The pieces of output current are selected on the basis of the pulse duty factor of
switches s, 4, Spa, Sca (Fig.3.13a, b). Source currents igy, is2, is3 are filtered by a
low pass LC filter. The performance of the source current is presented in Fig. 3.13c, d.
In time 75 the output voltage shape waveforms are formed with setting frequency f; .
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Fig. 3.12 Example of voltage time waveforms in MRFC-I-b-b for sequence frequency fseq =
1kHz at pulse duty factor Dg = 0.75 and with load voltage setting frequency f; = 75Hz
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Fig.3.13 Example of current time waveforms in MRFC-I-b-b for sequence frequency fseq = 1kHz
at pulse duty factor Dg = 0.75 and with load voltage setting frequency f; = 75Hz

At the same time the electrical energy is stored in the inductor L, Ls>, Lg3. The
output voltages uy 1, iy, ur3 depend on the energy stored in load capacitors Cp 1,
C12, Cr3. Only energy stored in these capacitors is transferred to the load during the

time period s.

During the time period 77, the matrix connected switch sets are turned off and
load synchronous switch sets are turned on. The energy stored in source inductors
Ls1, Ls», Lg3 is transferred to the load capacitor Cr 1, Cr», Cr3 and the loads are as
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shown in Fig. 3.13g, h, for example, for the capacitance current icr 1. Then electrical
energy is stored in the load capacitor Cr1, Cr2, Cr3. During this stage, instantaneous
values of load voltages are equal to voltages u,, up, u. (Fig.3.12g, h). It is possible
to control the amplitude of output voltages uy 1, ur, ur3 through a change in the
time interval 77. As shown in Fig.3.12g, the output voltage u is greater than the
source voltage ug.

3.4 Topologies of Matrix-Reactance Frequency Converters
with a Current Source Matrix Converter

A current source matrix converter (CSMC) is an integral part of four matrix-reactance
frequency converters: MRFC-b (Fig.3.6) MRFC-II-b-b (Fig.3.7b), MRFC-I-c
(Fig.3.8a), MRFC-I-s (Fig.3.10a) and MRFC-II-s (Fig.3.10b) [35]. In Fig.3.14 a
generalised control algorithm of the MRFC with CSMC is given. It consists of two
parts fg and 77 in each switching cycle Tseq.

The description of the control strategy of the MRFC-b, MRFC-II-b-b and MRFC-
II-s is given in Fig. 3.14a. In each switching cycle Tseq, in the interval g the matrix
connected switch sets are turned off and source synchronous connected switch sets
are turned on. The electrical energy is stored in the inductor Lgi, Ls>, Ls3. In the
time period 77, the matrix connected switch sets are switching with select switching
modulation and simultaneously source synchronous connected switch sets are turned
off. The energy stored in source inductors Lgy, Ls2, L3 is transferred to the loads
and at the same time the MCS output voltage shape waveforms u4, up, uc are
formed by setting requested output frequency fr. For the MRFC-I-c and MRFC-
I-s the control strategy is given in Fig.3.14b. In each switching cycle Tseq, in the
interval 7g the matrix connected switch sets are turned on, and load synchronous
connected switch sets are turned off. The electrical energy is stored in the inductors
L1, Lsa, Lgz. In the time period 7, the matrix connected switch sets switch with

(a) sxk=1(MCSon) & 5;xk=1(MCS on/off) &
5;=0(SCSoffy | _ s:=1(SCSon)
1,
fs - L = Next cycle
TSm - -
(b) 5;x=0 (MCS off) & sik=1 (MCS on/off) &
ss=1 (SCS on) 55=0 (SCS off)
< ; - ; .
: - =Tsj - Z Next cyie

Fig. 3.14 General form of the control strategy for, a MRFC-b, MRFC-II-b-b and MRFC-II-s, and
b MRFC-I-¢c and MRFC-I-s



3.4 Topologies of Matrix-Reactance Frequency Converters 99

(a) , (b)
SO L RN R anAnAAD, S"*(')‘F :__i
S.0) i . $,(0) — i
IIH|\HHIIII\|HHHII|\HHH|||HHHHIIIHHHIHIIH SL(”‘ 1 T
(c) c: ug, o Uer  wy : (d) Uy, ey, fi;ﬁ‘.
u(t)L < W\. M’Wﬁ . u(t) [ t

“OUN L0010l 'Em I " u] e e I
i =

045 |
(g) Ue Uy u, H : u :MS\ (h) U iy

u(r) il T A P

et =
zoom; _!

-
——
—
—
——
——
=
=

Fig. 3.15 Example of voltage time waveforms in MRFC-II-b-b for sequence frequency fseq =
1kHz at pulse duty factor Dg = 0.75 and with load voltage setting frequency f;, = 75Hz

selected switching modulation and simultaneously the source synchronous connected
switch sets are turned on. Similarly as in the MRFC-b, MRFC-II-b-b and MRFC-II-s,
the energy stored in the source inductors Lg1, L2, L g3 is transferred to the loads and
simultaneously the MCS output voltage shape waveforms u 4, u g, uc are formed by
setting output frequency fr. Studying the control strategies presented in Fig.3.14
one can say that interval time 7g has an influence on the amplitude of load voltages
Upi, Up2, uL3.

The MRFC-II-b-b is analysed in detail, in order to analyse the MRFC with CSMC
topology operations. Figures 3.15 and 3.16 illustrate the idealised, theoretical wave-
forms concerning the operational stages in the MRFC-II-b-b converter. Also, the
modified, simplified, classical Venturini control strategy is used.

From Figs.3.15 and 3.16, it can be observed that during the time period 75, when
the matrix connected switch sets are turned off and source synchronous switch sets
are turned on, the electrical energy is stored in the inductors Lgi, Lsa, Ls3. The
current of source switches is given in Fig.3.16c, d. The input voltages of matrix
connected switch sets u,, up, u. are equal to the quasi-sinusoidal voltages of source
filter capacitances Cr1, Cra, Cr3 (Fig.3.15¢, f). The output voltages w1, uro, ur3
depend on the energy stored in load capacitors Cr1, Cra, Cr3. Only energy stored
in these capacitors is transferred to the load during the time period ¢s (Fig.3.16g, h).

During the time period 77, the matrix connected switch sets are switched on
and source synchronous switch sets are turned off (Figs.3.15a, b, 3.16a, b). The
energy stored in source inductors Lgi, Lsa, Lg3 is transferred to the load capacitors
Cr1, Cr2, Cr3 and the loads. Simultaneously, the output currents i4, ip, ic are
synthesised by sequential piecewise sections of the input current waveforms i, ip, ic.
The synthesis of output current i 4, is shown in Fig.3.16e, f. The duration of each
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Fig. 3.16 Example of current time waveforms in MRFC-II-b-b for sequence frequency
fseq = 1kHz at pulse duty factor Ds = 0.75 and with load voltage setting frequency f; = 75Hz

piecewise sections of the input current waveforms is controlled by the switch pulse
duty factor s, 4, Spa, Sca, (Fig. 3.16a, b). At the same time the voltages u, up, u. are
synthesised from the output voltages u 4, up, uc (Fig.3.15g, h), controlled by the
switch pulse duty factors s, 4, SqB, Sac, (Fig.3.15a, b). In time #;, the output current
shape waveforms are formed with setting frequency f7,. From the presented figures
it can be observed that it is possible to control amplitude of output voltages uy 1,
uro, ur3. Asis visible in Fig. 3.15g, the output voltage u 1 is greater than the source
voltage ug;.

3.5 Control Strategies

The general form of the control strategy descriptions of MRFC with VSMC are
given in Fig.3.11, whereas the control strategy descriptions of MRFC with CSMC
are shown in Fig. 3.14. During each switching period, the switching pattern is divided
into two parts. In one, the matrix connected switch sets are in the process of switch-
ing, whereas during the second part all the switch sets are either turned off or turned
on. During one appropriate time period, matrix connected switch sets can be con-
trolled with all the control strategies used in a matrix converter. From among different
control techniques the best known are: classical Venturini control strategy [38], opti-
mum (improved) Venturini control strategy [1, 2, 36], indirect modulation methods
[42, 43], scalar modulation methods [30-32] and space vector modulation [6, 22,
23, 29].
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This book considers classical, simplified Venturini control strategy for use in
the control of matrix-reactance frequency converters. The proposed technique is
based on classical Venturini modulation with only one part of the low frequency
modulation matrix [29, 38, 39]. Taking into account only one basic solution defining
wy = op — ws, and with limited switching time (¢s or 7), the low frequency
modulation matrix (3.1) for an MRFC based on VSMC and CSMC has been described
by Eqgs. (3.2) and (3.3), respectively [19, 20, 35].

daA daB daC

M= | dpa dpp dpc |, 3.1
ch ch ch

D
des = dpp = doc = ?Sa + 24 cos(wpt))
Dg
dap = dea = dpc = = (1 42q cos(@nt = 27/3)) (3.2)

D
dac = dyp = dep = = (1 +2q cos(nt —47/3)),

and
(1 — Ds)
das = dy = dec = (1 + 24 cos(p1)
(I — Ds)
daB = dCA = dbC = T(l + 2q COS(([)mI — 47'[/3)) (33)
B _ _ (1= Dg)
duc = dyp = dep = ————(1 +2q cos(@nt = 27/3)),

where g—setting voltage gain (0 < g < 0.5), Ds—sequence duty factor described
by the following equation:

t
Dg = S .
Tsec

3.4)

The general forms of switching pattern for the classical simplified Venturini con-
trol strategy (3.1)—(3.4), for an MRFC with VSMC are given in Fig.3.17, whereas
for an MRFC with CSMC, they are shown in Fig.3.18. A simplified realisation of the
control strategies from Figs.3.17 and 3.18 is depicted in Figs. 3.19 and 3.20, respec-
tively [19, 20, 35]. The reference modulation wave is compared with a triangular
carrier wave and the intersections define the switching instants.
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Fig. 3.20 A simplified realisation of the control strategies from Fig.3.18: a for MRFC-b,
MREFC-II-b-b and MRFC-II-s, b MRFC-I-c and MRFC-I-s

3.6 Chapter Summary

The description of a way to generate a novel family of matrix-reactance frequency
converters (MRFC) has been presented in this chapter. These topologies are based on
matrix-reactance choppers with source or load switches arranged as in matrix con-
verter. In this way new topologies are constructed. Nine new topologies are suggested.
The modification of Venturini control strategy is proposed for converter control. Fur-
thermore, other modulation methods are indicated.

Matrix-reactance frequency topologies allow buck-boost output voltage regula-
tion (similar to that in matrix-reactance choppers) and frequency change (similar to
that in a matrix converter). In the next chapter a modelling approach and a study of
the properties of MRFCs will be presented.
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Chapter 4
Modeling of Matrix-Reactance Frequency
Converters

4.1 Introduction

In the past several years, there has been a lot of research done on power converters
modelling aspect. One well-known approach to the modelling of PWM systems is
to approximate their operation by averaging techniques. The generalised averaging
method is based on the fact that the waveforms can be approximated using a defined
time interval. This interval is determined by a switching period Ts or switching
sequence period Tseq.

In the literature there are given several average model derivations. For pulse width
modulated (PWM) power converters, the most popular approaches are known as
the state-space averaging method, the circuit averaging method and the switching
functions-based model [2, 20, 23, 27]. Issues of frequency converter modelling have
been addressed in a few papers in recent years. The papers [1, 3-19, 21, 22, 25,
26, 28-34] provide particularly valuable perspectives on these issues. There are
several analytical methods for obtaining averaged modells. These include detailed
circuit analysis using: four terminal network theory [33], signal flow graph [25, 26],
graphical phasor [1, 29] and solving mathematical equations [5, 6, 14-19, 21, 22,
30, 32]. Analytical methods for averaged models consist of some topological manip-
ulations (creating a new circuit, graph etc., and its transformation) and/or analyti-
cal manipulations of mathematical equations. In the case of complex topologies
like matrix-reactance frequency converters, the choice of analytical method is very
important. In this book the analytical approach is chosen. The circuit of Matrix-
reactance frequency converters is modelled using average state-space methods. It
should be noted that the models obtained as a result of averaging are continuously
non-stationary ones. In order to obtain a stationary averaged state-space model, a two
frequency dq transformation is used. A detailed analysis is presented in Sects.4.2
and 4.3.

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 107
Converter Topology, Power Systems, DOI: 10.1007/978-1-4471-4896-8_4,
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4.2 Averaged State-Space Model

The average state-space method was established by Middlebrook and Cuk [27], and
has been widely used for modelling DC-DC converters. However, as is demonstrated
by publications [2-17, 19, 21-23, 30-33], this method can be applied to other types
of power converters: AC-DC, AC-DC-AC. This modelling approach is based on
the fact that the time-piecewise state equations are averaged over a switching cycle
period to give a time continuous description. A theoretical foundation which provides
a rigorous mathematical justification for widely used averaging methods in PWM
converters is presented in [24, 27]. When using this approach, it is essential to have
quite accurate models of the modulation process which is being considered.

An average state-space model is obtained with the following assumptions: all
the switches are ideal (the voltage drop across the diode when forward biased is
zero and no commutation losses in the transistor nor in the diode) and inductors and
capacitors are linear. Furthermore, in the case of three phase converters an additional
assumption should be taken into account: converter and sources are symmetrical and
balanced.

The general form of the Averaged state-space equations is described by following
set of equations [27]:

dx _
5 = AR +B@), 4.1)
¥ = C@)X, 4.2)

where: X, y are the vectors of the averaged state and output variables respectively;
A(d), B(d), C(d), are the averaged state matrix, averaged input matrix and the
averaged output matrix, respectively.

The state-space averaging method formulates the dynamic equations in state-
space form for each of the switch configurations of the converter. The averaged
model is then obtained by taking a weighted average of the system matrices, where
the weighting factor for each switch configuration mode is its duty ratio defined as

follows:
1

TSeq

d; 4.3)

where ¢;-time period for ith switch configuration. From a mathematical point of view,
the mathematical model of a power converter is represented by the sum of compo-
nent for each switch configuration. Therefore, such systems can be mathematically
described by a set of continuously differential equations.

The average state-space method applied to a matrix-reactance frequency converter
is illustrated in Fig.4.1 by block diagram. The inputs for the modelling algorithm
are all subcircuits for allowed switch state combinations. In all topologies of matrix-
reactance frequency converters, 28 switch states can be used. Then, there are defined
differential equations for each of 28 switch configurations:
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Fig. 4.1 Diagrammatic representation of the state-space averaging method for MRFCs

dx =A;(O)x+B;(1) 4.4)
g~ HOxE B, '
y = C;(1)x, 4.5)

where: X, y are the vectors of the state and output variables respectively; A;(¢),
B;(t), C;(t), are the state matrix, input matrix and the output matrix for ith switch
configuration, respectively. The average state-space equations for matrix-reactance
frequency converters can be represented by the following set of equations:

dx _
- = Ald, )X+ B, 1), (4.6)
y=Cdd, nx, 4.7)
where:

28
Zdi =1, (4.8)

i=1

28

AW, 1) =D diAi(0), 4.9)

i=1

28
B(d.1) = > diBi(1). (4.10)

i=1
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28
Cd,t) = Zd,-Ci(t), 4.11)

i=1

The weight coefficient d; is the degree of occurrence of all the possible configu-
rations, and depends on the switch control strategy. Not all 28 switch configurations
occur in each switch sequence period Tseq. Equations (4.6)—(4.11) define the general
form of the mathematical average state-space model for matrix-reactance frequency
converters. It should be noted that defining modells from Eqgs. (4.6)-(4.11) is very
complex.

For Venturini control strategies, which are presented in this book for the con-
trol of MRFCs, matrices (4.9)—(4.11) are simplified. Considering that the power
switches work with a high switching frequency, a low-frequency output voltage can
be generated by modulating the duty ratio d k of the switches using their respective
switching functions, as is presented in Chap. 2.3 and defined by the Egs. (2.8)—(2.10)
and shown in Fig.2.42. Then the average duty factors of switch states in Egs. (4.6)—
(4.11) correspond to the Venturini duty factors d;g defined by relations (3.2) and
(3.3). Detailed average state-space equations are presented in Sect.4.5. As mentioned
above, the obtained model is continuously non-stationary, because coefficients d g
are varied over time. In order to obtain a stationary Averaged state-space model, a
two frequency dq transformation is used, as is presented in Sect.4.3.

State-space averaging has been demonstrated to be an effective method for the
analysis of MRFCs witch different control strategies. The popularity of the average
state-space method is due largely to its clear and rational derivation, simple method-
ology, and demonstrated practical utility. The available modelling results provide
tools for easier design and control of MRFCs.

4.3 Stationary State-Space Averaged Model:
dq Transformation

Averaging and linearisation are typically distinguished as two separate steps. In order
to obtain a stationary averaged state-space model (time-invariant), it is useful to intro-
duce a dq transformation in a two frequency form (4.12)-(4.14) [5, 21, 22, 28-30].
It should be noted that the input and output system models have to be developed in
their respective dq frames, which are defined for different pulsation w and w; . This
transformation is summarised by the diagram in Fig.4.2.

Ks... 0
K=| : -~ : |, (4.12)
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Fig. 4.2 Diagram representation of the two frequency dg transformation method

where:
5 cos(wt) sin(wt) %2
K = \/; cos(wt + 2”) sin(wt + 2 =) %f , (4.13)
cos(ot — Z) sin(wt — 2?”) %
cos(wrt) sin(wp.t) \/Li
2 2 . 2 1
K, = \/g cos(wrt + %) sin(wpt + ) 5| (4.14)

cos(wpt — 27”) sin(wrt — 2T”) %

where: Kg, K;—are the dg transformation matrices defined for pulsation of the
supply and load voltages, w and wy, respectively.

Furthermore, assuming that the converter circuitis symmetrical: Ry p; = Rppy =
Rip3 = Rps, Lpy = Lpp = Lp3 = Lp, Rps1 = Rpso = Rpss = Rps, Ls1 =
Ls» = Ls3 = Ls, Rpp1t = Rpsp = Rpps = Rpp, Ly = Lo = Lz = Ly,
Cr1=Cp2=Cp3=Cp,Cs51 =Csp =Cgs3 =Cs,Cp1 =Cpp =Cp3 =Cy,
Rr1 = Rr> = Rr3 = Ry and taking into consideration substitution (4.15) to (4.6)
we obtain Eq. (4.16) with new state variables [5, 21, 22, 30].

X = KXy, (4.15)

dK dxdq
5 TK" =AW DKy +B(.0). (4.16)
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Multiplying Eq. (4.16) by inverse matrix K~! and taking into account (4.17) we
obtain a general form of a time-invariant mathematical model based on the average
state-space method for the matrix-reactance frequency converters in the dg frame
expressed by (4.18).

4K ¢ ... 0
Q=K'—/—=1| : - |, 4.17)
dt . .
. 21
dXyq
1 —(A-2)+B, (4.18)
dr
where:
0 w0 0 w0
.QS = —w 00 s .QL = |—wL 00]. (4.19)
0 00 0 00

Defining a new matrix and vector of the analysed MRFCs parameters as in (4.20),
finally we obtain a stationary averaged state-space model expressed by (4.21). The
discussed method is presented, in details, in works [5, 6, 21, 22, 30].

A=K 'AWd,nK, B=K'BWd,1). (4.20)
&5
% —(A—0Q)+B, 4.21)

4.4 Solution of Stationary State-Space Averaged Equations

Equations (4.15)—(4.21) give a general description of the stationary state-space aver-
age model including three phase matrix-reactance frequency converters. The solution
of the Eq. (4.21) as the value of vector X4, is described by (4.22).

Xag = €A DR4(0) + (A — 2) 7 [AD" — 1B, (4.22)
where: I is the unit matrix, X4, (0)—initial values of the transformed state variables.
After rearranging (4.22), according to (4.15), we obtain a final description of the
state variables in the MRFCs in the abc frame, which is expressed by (4.23) [5, 6,
21, 22, 30].

X = Ke® 9'%,,(0) + KA — 2) '[9 —1]B. (4.23)

The steady-state values of the averaged state variables obtained from (4.23) are
described by (4.24)
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X = —K(A — 2)7'B. (4.24)

The operation of the MRFC topologies given in Figs.3.6, 3.7, 3.8, 3.9 and 3.10 can
be analyzed with the help of average differential Eqs. (4.24) and (4.7). This solution
can be used for any control strategy of MRFCs.

4.5 Mathematical Models of Matrix Reactance
Frequency Converters

As explained above, the mathematical average state-space models are expressed by
Egs. (4.6) and (4.7). The stationary model of a MRFC after dg transformation is given
by Eq. (4.21). The output equations are in the same form and is defined by (4.7).

To illustrate the general principles and mathematical models so far described,
consider the simple MRFC-I-b-b circuit shown in Fig.4.3. In this figure all the con-
sidered voltages and currents are indicated. It is assumed that the converter circuit
is symmetrical and the power supply is balanced. The vector of the average out-
put values y is arbitrarily defined. Let us consider output variables described by
voltages between source star point and star point of the capacitors and inductors
y = [unt, un2, un3, un4]" as shown in Fig.4.3. The source star point is grounded
and is used as a reference potential. In this three phase three wire system (Fig.4.3),
voltages un1, Un2, UN3, UN4, can be expressed from the other voltages.

Assuming that:

upl +upr +up3 =0,
upi +up2 +up3 =0,
ucy +ucz+uc3 =0,
Ul +ugr2 +ugrz =0,

(4.25)

and
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Fig. 4.3 Voltage and current description for matrix-reactance frequency converter based on buck-
boost I topology
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ucrlt =ur1+uy1 =0, ucpr =upr +un1 =0, ucrz =up3 +un1 =0,
urst =upl +un2 =0, urso =upr+uy> =0, urss =up3 +un2 =0,
ucpt =uct +un3 =0, ucpp =ucoy +un3 =0, ucrzs =ucs +uyz =0,
upy =ur) +uns =0, wupp=upr+unys =0, upz=ugrz+uyns=0,

(4.26)
after substituting Egs. (4.26) into (4.25) becomes:
un1 = (ucr1 +ucr2 +ucr3)/3,
uny = (urst +urs2 +urs3)/3.
4.27)

unsz = (ucr1 +ucr2 +uce3)/3,

ung = (upy +urz +ur3)/3.

Equations (4.25)—(4.27) can, in the usual manner, be generalised for other MRFC
topologies [30].

The averaged state-space equations in detailed form for the discussed MRFC
(Fig.4.3) are obtained by introducing the modified Venturini control strategy
described by (3.1) and (3.2) and Fig.3.17a, to Eqgs.(4.6) and (4.7). Continuously
non-stationary equations may be described by the set Egs. (4.28). These equations
are derived from the Kirchhoff Current Law and the Kirchhoff Voltage Law. Matrix
A(d, t) has m rows and columns, and its dimensions depend on the number of con-
verter reactive elements (number of inductances and capacitances). It defines the
relationship between the state variable signals and specifies the operation of the
power switches (duty factors) in the frequency converter. These duty factors cor-
respond to the actual modulating signals sent to the control modulators. For the
presented model, duty factors are generated using the modified Venturini algorithm
presented in [30]. Matrix B(d, t) defines all the voltage and current sources in the
modelling system. Furthermore, the average output values are described by expres-
sion (4.29) [30]. Matrix C(d, t) defines the relation between state variables and an
arbitrarily defined vector of output variables. The presented model is determined
for systems of MRPC working in an open loop feedback control system, and taking
into consideration only simplify models of converter’s reactive elements. The induc-
tors are modelled as inductances with series connected resistance. Capacitors, power
switches, voltage sources and load are ideal, without parasitic capacitive, inductances
and resistances.

Thus, this averaged description can be used for any control approach if the switch-
ing functions can also be obtained. An example of modelling an MRFC-I-b-b SVM
is presented in paper [34].
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UN1 000000 1 1 1 0 0 0

Un2 _l 000000 Ds Ds Ds (1 — Dgs) (1 — Dg) (1 — Dg) X (4.29)
uyz | 3[000000 0 0 O 1 1 1 ’
una 000000 O O O 1 1 1

Knowing the continuously non-stationary equations, it is possible to obtain con-
tinuously stationary equations with the use of the algorithm shown in Fig.4.2 and
expressed by Eqs. (4.15)-(4.20). Equation (4.28) may be written by (4.32), where
the dg transformation matrix is expressed by (4.31) [30]. The construction of the
matrix K depends on the frequency of the state variables. If the frequency of capac-
itor voltages or inductor currents is equal to the frequency of source voltages then
appropriate elements of matrix K will by defined for pulsation wg. Otherwise, they
will be defined for output pulsation wy . Sub-matrices Kg, and Ky are presented by
the expressions (4.13) and (4.14) respectively.

Ks 0 0 0
0K, 0 0
K=| 0 0 ks 0 (4.30)

0 0 0 Kg
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Substituting (4.31) into (4.29), one can define the average output variables (4.32).
After rearrangement there are obtained the voltages u 1, un2, un3, U y4 equal zero.
This means that in a MRFC with modified Venturini control strategy (3.1), (3.2), the
input/output waveforms are sinusoidal. In an improved Venturini and SVM modu-
lation these relationships are different. The averaged voltages uy1, un2, U3, UN4,
do not equal zero [31, 34]. In all of the MRFC topologies with modified Venturini
modulation, the averaged voltages between source star point and star point of the
capacitors and inductors are equal to zero as shown in the work [30]. The average
output variables model for other topologies will not be shown.

UN1 Ucr1+UcrF2 +UcCF3 0
uny |_1| DsGucrp +ucrr +icrs) + (1 — Dg)(pi+iupy +urs) | _| 0
uys | 3 Upl +upy +urs 0
N4 Upy +ury +urs 0
(4.32)

The concise form of non-stationary and stationary average state-space models
described by the Egs. (4.6) and (4.21) respectively and transformation matrices K for
all MRFC topologies (Figs. 3.6, 3.7, 3.8, 3.9 and 3.10) are collected in Tables4.1,4.2,
4.3,4.4,4.5,4.6,4.7and 4.8. All submatrices are collated in Table 4.9 at the end of this
chapter. As is presented in Sect. 3.5, four switching patterns are given (Figs.3.17 and
3.18) for the family of MRFCs with modified Venturini control strategy [30]. Two low
frequency modulation matrices are used in the control of switches (3.1)—(3.3). Both
modulation matrix and switching pattern are taken into consideration in the derivation
process of the mathematical averaged state-space model. For topologies of MRFC
with voltage source matrix converter (MRFC-I-b-b, MRFC-II-c, MRFC-I-z, MRFC-
II-z), averaged duty factors of switch state functions are defined by the expressions
(3.2), whereas for a MRFC with current source matrix converters (MRFC-II-b-b,
MREFC-I-c, MRFC-I-s, MRFC-II-s, MRFC-b) there are used expressions defined by
the Eq.(3.3) [5, 30].

The determination of mathematical averaged state-space models of MRFCs in the
presented way is a simple task, which requires only a mathematical transformation
without any circuit transformation.

As shown above, the solution of stationary averaged state models is specified
by Eqgs.(4.23) and (4.24) for transient and steady state respectively. An exem-
plary solution, showing input current and output voltage symbolic expressions for
MREFC-I-b-b topology, can be expressed as (4.33)—(4.35) [30]. The relations (4.33)—
(4.35) is complicated, and its analysis is difficult. However, the dynamic development
of computer systems and mathematical software contribute to the formation of many
advanced tools which bring new perspectives to the solution of mathematical prob-
lems in the symbolic and numerical approach. The presented Averaged state-space
modelling approach is relatively easy to use in formulating the basic averaged set
equations, requires only a small number of mathematical transformations and circuit
transformation is not required. In the next chapter the analysis of MRFC properties
in steady and transient states based on theoretical analysis will be presented.
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Table 4.1 Mathematical Averaged state-space model of MRPC-II-b-b

Non-stationary average state-space set equations

dig —LrR.F 0 —Lpg 0 is Lrug
dr
digs 0 7L5RLS Lle LsDM iLS 0
dr _ i
% Cr —CrDy 0 0 Ucr 0
& 0 —C/Dj, 0 —C.R. || U 0
Two frequency dg transformation matrix
Ks 0 0 O
0 Ksg 0 O
K= S
0 0 Ks O
0 0 0 K,
Stationary average state-space set equations
di, — — _ -
dStdq LFRLF -QS 0 LF 0 lqu LFllqu
dedeq 0 —LsRrs—$2s LgsDy LSDMldq iLqu 0
t
— = +
dugmq Cr —CrD;  —2s 0 UcFdg 0
t
Q0L 0 —CDyy, 0 —CriRp —2p || Ui 0
Table 4.2 Mathematical Averaged state-space model of MRPC-I-c
Non-stationary average state-space set equations
f{‘ﬁ 7L5RLS 0 7L5DM 0 iS Lsus
t
dijL 0 —L;Ry; LpDy —Lz irr 0
t
— = _ J’_
du T
% CsD M CsD; 0 0 ucs 0
% 0 CL 0 —CrRy uy, 0
Two frequency dg transformation matrix
Ks 0 0 0
0K, 0 O
K= g
0 0 K, O
0 0 0 Ky
Stationary average state-space set equations
‘ﬁgdq —LsRpg — £2g 0 —LsDpmaq1 0 isdq Lgugag
7
dipLag 0 ~L Ry, — 2, LD -L; izLdq 0
dr
— = _ +
duitsdq CSDLMl CsD -2 0 Ucsdg 0
dULdq 0 C 0 —CIR; — 2; 14 0

dr
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Table 4.3 Mathematical Averaged state-space model of MRPC-II-c

Non-stationary average state-space set equations

dig —LsR.s 0 —LsD, 0 ig Lsug
dr -
dipg, 0 LRy, —L Dy —Lg irz 0
dr =
ducs CsD, CsDI 0 0 ucs| | o
d:;tL 0 CL 0 —C.R; || ug 0
Two frequency dq transformation matrix
Ks 0 0 O
0 Kz 0 O
K=
0 0 Kg O
0 0 0 K
Stationary average state-space set equations
i LsRps — 25 0 —LsD, 0 -
d'gf" isdq SUsdg
dig L i
d7dt . _ 0 _LLRLL — .QL —LLDqu —LL iLqu +
u
i CsD, CsDl,, — Qs 0 ucsdy
dupgy u Ldg
ai 0 Cr 0 —CLR, — 2,
Table 4.4 Mathematical Averaged state-space model of MRPC-I-z
Non-stationary average state-space set equations
gis7 [FLFRLF 0 0 -Lr O 0 Tlis7 [Lrus]
dr _
d‘ii@ 0 —LsRpg 0 LsDy LsDs 0 irs 0
t -
diy, 0 0 —L.Rpp LDy =L D1 L i 0
dt — +
< T T _
d;?" Cr *CFDM 7C1:DM 0 0 0 liCF 0
d‘[‘jfs 0 —-CsDy;  CsDy 0 0 0 ucs 0
dditL 0 0 C. 0 0 —CLRy ur 0
Two frequency dq transformation matrix
Ks 0O 0 0 0 O
0K, 0 0 0 O
K = 0 0K, 0 0 O
o 0 0 0Ks O O
0 0 0 O0Kg O
0 0 0 0 0 K
Stationary average state-space set equations
Gisi LR 25 0 0 Lr 0 0 [isag] [Lrusa)
dlf% 0 LsRis—2, 0  LgDyggLsDy 0 irsdq 0
diLag 0 0 LR —2/LDyag LDy —Lp irLdq 0
dr =
dicray Cr  —CpDl, —CpDl, 25 0 0 Gerag| |0
dr
ducsdg 0 —CsD; CsD; 0 27 0 Ucsdg 0
dr
duzqg 0 0 CL 0 0 -CLR.—£2. || ULdq 0
La | L 4L 74 L
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Table 4.5 Mathematical Averaged state-space model of MRPC-I1-z
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Non-stationary average state-space set equations

rdis 7 FLFRLF 0 0 —Lr 0 0 7 [is Lrug]
dr _
dips 0 —LsRys 0 LsD; LgD; 0 irs 0
dr -
dipp 0 0 —L;R;; LDy LDy —Lg iz 0
dr =
dﬁdCF Cr —CrDy —CFDL 0 0 0 Uucr + 0
dr
docs 0 -CsD, CsDI, 0 0 0 ucs 0
L1 | o 0 C 0 0 —CR.| |u. || 0 |
Two frequency dq transformation matrix
Ks 0O 0 0 0 O
0Ks 0O 0 0 O
K— 0 0K, 0 0 O
"1 0 0 0Kg O O
0 0 0 0 Ks O
0 0 0 0 0K
Stationary average state-space set equations
'fﬁjdrf' LR F—$25 0 0 Lp 0 0 | [isag] [Lrusag)
1 —
dizsag 0 -LsRps—2s 0 LsD;  LgD 0 iL5dq 0
dr -
dipLag 0 0 LR —2rLiDyag LiDyag i iLLdg 0
dr |
dUicrag Cr —CrDy _CFDqu —2s 0 0 UCFdq 0
dr
dﬁngq 0 —CsDy CsDqu 0 —2g 0 ucsd 0
1
_du‘fqu_ 0 0 Ce 0 0 —CrR.—2r| |ULag|| 0
Table 4.6 Mathematical Averaged state-space model of MRPC-I-s
Non-stationary average state-space set equations
Cgs —LsR;g 0 —LsDy —LsDy is Lsug
t —
df% 0 -L Ry, -L;D; L.D; i 0
1 —
dggs CsDL CsD; 0 0 Ucs + 0
ddﬁtL CLDL —C.Dy 0 —CLR, ur 0
Two frequency dq transformation matrix
Ks 0 0 O
0K, 0 0
K= 0 0 Ky O
0 0 0 Kg
Stationary average state-space set equations
digdq —LsRps — 25 0 —LsDyag1 —LsDuyagi isdq SUsdg
1 -
dizLag 0 —LiRyp — 21, —-L.Dy LD, iLLdq 0
dr
dugtqu CSDqul CsDy —£2L 0 Ucsdg * 0
dﬁst"'l CLD;/qul —C.D; 0 —CrR;, — 21 ULdg 0
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Table 4.7 Mathematical Averaged state-space model of MRPC-II-s

Non-stationary average state-space set equations

% —LSRLS 0 —LSD2 —LsDM is lels
t
dELL 0 —L;R;r. —L;D; LDy irz 0
t
_ = _ +
% CsDy CsD; 0 0 Ucs 0
u T T =
d(% CLDM —CLDM 0 —CrR. uz, 0
Two frequency dg transformation matrix
Ks 0 0 O
0 Kg 0 O
K= §
0 0 Kg O
0 0 0 K,
Stationary average state-space set equations
digdq —LgRps — 2 0 —LgDy  —LgsDaq1 isdq Lgugdq
7
difLag 0 —“LiRpp — 25 LDy LpDpagi iLLdq 0
dr
— = _ +
ducsdg CsD; CsDy —2s 0 Ucsdg 0
dr
_ T T _
d“é}dq CLDqu] 7CLDqu] 0 —CrR, — 21 Urdq 0

Table 4.8 Mathematical Averaged state-space model of MRPC-b

Non-stationary average state-space set equations

dig —LsRrs —LsDy is Lsug
i

dr | _ |+
dstL CLDL —C.R, ur 0

Two frequency dq transformation matrix
Ks O
K=|
0 Ky

Stationary average state-space set equations

df;‘dq —LsRps — 25 —LgDyag1 isaq Lsusag
1

¢ = _ +
dustdq cLDqul —CrR; — 21 ULdg 0

is1 = [Un cos(wt)(R; Ci R po*(Ds — 1)*) + Rp(Ds — 1)
x (q*D§(1 + 2R.CrCLRLFowL) + 2CE R Fo* (Rys — RLCLLsw}))
+(1+ R;Cw])(q* DsRLr + ¢°D5(RLs —2CrLsRLpowy)
+ CFRLF0* (R g + Li?})) + Uy sin(wt) R; Cro(Ds — 1)*
x (CrLpw* — 1) + RL(Ds — 1)*(=¢’D3R.Croy
+2CrLFRLs0*(CF — Rpsw + ¢*RLCLD}Lrw*® — R Cp Lsww]
X (CrLrw® — 1)) + (1 + R L2 w?)(¢*D§Lrw + ¢* D3 Lswy
x (1 =2CrLrw?) + Cro(SpLro* — 1)(Ri g + Lio?)1/A, (4.33)
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Table 4.9 Submatrices connected with non-stationary and stationary models collected
in Tables4.1,4.2,4.3,4.4,4.5,4.6,4.7 and 4.8

Matrices connected with inductances

00 =00 00
Lr = oﬁo ,Lg = 07150 J Ly = oio
004 004 004
Matrices connected with resistances
TR O 0 Ris 0 0 Riz 0 0 z 00
Ryr= 0 Rrp O |, RLS:|: 0 Rrs O |,Rrr= 0 Rz 0 |\Ry=| O RLL 0
0 0 RLr 0 0 Res 0 0 R 0 0 &
Matrices connected with capacitances
& 00 =00 00
Cr= oéo ,Cs = ociso ,CL = oﬁo
0 0 & 0 0 & 0 0 &
Matrices of duty factors
Ds 0 0 (1 — Dyg) 0 0 daa dap dac
Di=| 0 Ds O ,D2={ 0 (1 — Ds) 0 , Dy = | dpa dpp dpc |,
0 0 Dg 0 0 (1 — Dg) dep dep dec
gDs 0 0 gl—Dg) 0 0
Dyag=1| 0 ¢gDs O |,Dupaq = 0 q(1 — Dyg) 0
0 0 Ds 0 0 (1—Dy)
Voltage vectors
usi UCF1 ucsi ur1
ug = | usy |,UcF = | uUcr2 |,Ucs = | ucs2 |,uL=|ur |,
us3 UCF3 ucss ur3
\/gUm [Ucriag Ucsidg UL 14q
Ugiy = 0 ,UcFdg = | UcF2dg | > UCSdg = | Ucs2dg | > WLdg = | WL2dg
0 L UcF3dg Ucs3dg UL3dg
Current vectors
B zs1 B ZLSI B _zLLl B ismq B iLSldq B iLleq
is=| is2 |, iLs=| irs2 | ice=| L2 | isg=| is2dq | iLsdq=| iLs2dq | iLLdg=| iLL2dq
is3 iLs3 LirLs ig344 i753dg i713dq

L) = [~Uncos(wrt)gRL(Ds — 1)Ds((Ds — D*(RL.CrLpw” — RL)
— (CrLsw* = 1)(Rps + R.C Lsw}) + wor (CFLLRLF + RL.CL
(¢*D3Lr + CFRLFRLS)) — ¢*DSRLF) + Uy sin(@rt)gRL(Dg — 1)
x Ds(RLCFr(Ds — 1)*Rprw + Lswr + R.Cror(¢*DiRLF + Res
— CrLpRLs®?) + w(g*D3LF + C + FRLpRLs — CrLswy
x (Lro+ Ry CLRLrwr)))]/, (4.34)
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A= R}(Ds — D*(1 + Cre*(CrR} p + Lr(CrLFo® —2))) + 2R, (Ds — 1)°
X (q2D§(RLF + R.CLow (CFRLF + Lp(CrLro?® — 1))
+ (1 + Cro*(CFRIp + LF(CrLro® —2)))(RLs — RLCLLsw]))
+ (1 + RICI0))[q* DE(RI p + LEw?) +2¢* DI (RLFRLs — Lsowy,
X (CFR? p + L (CrLra* — 1)) + (1 + Cro*(CrR: . + Lp
X (CFLrpa* —2)))(R: ¢ + Liw?)]. (4.35)

4.6 Chapter Summary

The modelling approach based on the averaged state-space method presented in
this chapter is relatively simple and requires only a small number of mathematical
transformations. Additional circuit models (equivalent schemes, one phased basic
schemes, signal flow graphs) are not required for this method. The average set equa-
tion is obtained directly from the three-phase schematic circuit, taking into account
the sequences of switching pattern and modulation strategies. For the purpose of
obtaining stationary equations that are independent of time a two-frequency dq trans-
formation is used. Equations for both steady and transient states obtained in this way
have solutions that are well known in the literature. The difficulty in this description
is the quite complicated analytic solutions. Currently, the analytical or numerical
method of solving this problem is simple using advanced mathematical software.
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Chapter 5
Property Analysis

5.1 Introduction

In Chap. 4 the topic of matrix-reactance frequency converters mathematical modelling
is discussed. The construction of a mathematical model is described, and analytical
expressions are derived and evaluated. Using the mathematical description given by
Eq. (4.24) the steady-state characteristics and time waveforms are obtained, whereas
the transient states time waveforms are obtained from expression (4.23). The pur-
pose of this chapter is to present these analytical results in easily understandable and
readily usable graphical and tabular forms. The main objective is to provide a general
appreciation of the practical significance of, and differences between, the external
operating characteristics of the various MRFCs.

In this chapter, matrix-reactance frequency converters with balanced three-phase
supply and load are considered. Also, it is assumed that the AC source has zero
internal impedance. The circuit parameters are shown in Table5.1. The properties
of all topologies were examined for the same circuit parameters. Due to the large
number of topologies, detailed extended results were shown only for the selected
topology of MRFC-I-b-b. For this topology, the static characteristics for various
load conditions and control parameters have been plotted. Furthermore, only for this
topology is the transient state analysis presented. For other topologies, the basic static
characteristics have been drawn. In the final part of this chapter, simulation studies
of MRPC-I-b-b in the drive system with a cage asynchronous motor are presented.
At the end of the chapter, a summary of the MRFCs properties, in tabular form and
overall characteristics are presented. The practical implementation guidelines for the
design of MRFCs are also depicted.

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 127
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Table 5.1 Circuits parameters
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Parameter Symbol Values
Supply voltage Us 230V
Sfrequency of supply voltage f 50Hz
Source filter inductance Lpy,Lpy, Lp3, Ly 1.5mH
Input inductance Lsi, Lsy, Ls3, Ls 1.5mH
Output inductance Lpy, Lo, Lis, Ly, 1.5mH
Resistance of source filter inductors RLF1, RLF2, RLF3, RLF 0.01Q
Resistance of input inductors Rrsi, Rrsa, Rrss, Rrs 0.01Q
Resistance of output inductors Rrris Roro, Rors, Ror 0.01
Source filter capacitances Cr1,Cr2,Cr3,CFr 10pF
Input capacitances Cs1,Cs2, Cs3, Cs 10pF
Output capacitances Cr1,Cr2,C13,Cp 10pF
Resistance of loads Rpi, Rra, Ri3, RL 602

5.2 Steady-State Analysis

Investigations that show the properties of the matrix-reactance frequency family of
converters were carried out in a system consisting of the resistance load and the
idealised power stage elements. Detailed results are shown only for MRFC-I-b-b
topology (Fig.3.7). The first step in the analysis of this circuit is to obtain the aver-
aged output voltage waveforms (u 1) for different setting frequencies f; = 25, 50
and 75 Hz, that describe basic power-stage circuit operation—regulation of output
voltage amplitude. These time waveforms are compiled in Fig.5.1a, c, e. The wave-
forms of the output voltages were obtained using straightforward theoretical analysis
techniques, based on the solution of Eq.(4.24), which for the analysed topology is
given by (4.34) and (4.35). The presented output voltage waveforms are juxtaposed
with source voltage u7; time waveforms. The time waveforms shown in Fig.5.1
confirm that by means of the discussed MRFC-I-b-b circuit frequency conversion
and buck-boost load voltage changes are possible. For the Dg = 0.75 amplitude of
output voltage uy | is greater than the amplitude of source voltage u ;. This theoret-
ical output voltage agrees well with that obtained from real-time PSpice simulation,
as is evident in Fig.5.1b, d, f. Generally the results of the simulation experiment
confirm the results of theoretical studies. Differences between analytic and simu-
lation results are caused by higher harmonics being taking into account during the
simulation experiment (non-stationary circuit).

To illustrate the effect of the discussed output voltage control, typical characteris-
tics are shown with various sequence pulse duty factor Dg and setting output voltage
frequency. Shown in Fig.5.2 are the characteristics of voltage and current gain and
input power factor as functions of load voltage setting frequency and pulse duty factor
Dy, obtained by means of (4.24) and (4.33)—(4.35) for circuit parameters collected
in Table 5.1. From these characteristics it is also visible that both a frequency con-
version and a buck-boost load voltage change are possible. Using a simple control
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Fig. 5.1 Steady-state output voltage u;; of MRFC-I-b-b for different sequence pulse duty factor
Dy and setting output frequency: obtained by theoretical analysis a f; = 25Hz, ¢ fr = 50Hz,
e fr = 75Hz: obtained by simulation, b f;, =25 Hz,d f; = 50Hz,f f; = 75Hz

strategy, attributable to Venturini [11], for sequence pulse duty factor Dg > c.a.
0.65 a load voltage greater than supply voltage can be obtained.

It can be seen from Fig. 5.2 that the frequency of output voltage has a significant
effect on the converter properties. This chart clearly illustrates that the amplitude
of output voltage for lower output frequency f; is greater than the amplitude for
the higher frequency (Fig.5.2a). A similar influence of output setting frequency
is visible on the characteristic of current gain (Fig.5.2b) and input power factor
Ap (Fig.5.2¢). These visible differences are caused by the influence of the passive
element parameters, which are used in the MRFC circuit. The MRFCs topologies are
resonant RLC circuits. The influence of output voltage setting frequency on MRFC
properties is presented in 3D form shown in Fig.5.3.

The MRFC-I-b-b current input and output relations are nonlinear and strongly
depend on the Dy factor, as shown in Figs.5.2b and 5.3b. For the higher value of
Dy (greater than 0.8) the input currents (is1, is2, i53) and source inductor currents
(irs1, 1152, irs3) are much higher than for the lower value of Dg. The sample char-
acteristic of current amplitudes in the discussed topology are presented in Fig.5.4.
By increasing the Dy ratio above 0.8, we take a large current from the source. Also,
the amplitude of source inductor current is large. Inspection of Fig. 5.4 indicates that
application of the discussed MRFC with high Dy is disadvantageous. In this case
the magnetic saturation of the inductor cores can occur. The long-term magnetic
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Fig. 5. 2 Steady—state characteristics of MRFC-I-b-b: a voltage gain Ky = % b current gain
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Fig. 5.3 Influence of load frequency on MRFC-I-b-b properties: a voltage gain K/, b current gain
K, c input power factor A p
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Fig. 5.5 Influence of coefficient ¢ on MRFC-I-b-b properties for f; = 25Hz: a voltage gain Ky,
b current gain K/, ¢ input power factor A p

saturation of the cores usually leads to inductor or converter damage. The level of
the inductor current must be taken into consideration in the design process.

As explained above, the output voltage waveform regulation is composed of two
segments. The first is connected with the operation of matrix connected switches
(8;k) and the second with additional switches Sz, Sr2, Sz3. In MRFC topologies
there are two levels of output voltage regulation. There are additional degrees of
control freedom. The first was presented previously and concerns modulation of
sequence duty pulse Dg (Figs.5.1, 5.2, 5.3 and 5.4). The second degree of control



132 5 Property Analysis

1 N
m“\\\\\\\\\\\\\\\\

\\

. 1y
"\\\\\\\\\\\\\\\‘\\\\\‘\‘\\\\\\\\\\\\\“ .
I

Fig. 5.6 Steady-state 3D characteristics of MRFC-I-b-b: a voltage gain Ky, b current gain K,
¢ input power factor A p
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Fig. 5.7 Influence of load condition on MRFC-I-b-b properties for f; = 25Hz: a voltage gain
Ky, b current gain K, ¢ input power factor A p

freedom of output voltage in MRFC is given by the variable of matrix voltage gain
q. Coefficient ¢ is defined as a setting quotient of output and input voltages on
matrix switches. All time waveforms and static characteristic from Figs.5.1, 5.2,
5.3 and 5.4 are presented with optimum value of coefficient ¢ = 0.5 (optimum
for Venturini control strategy). Figure5.5 shows the variation in the MRFC-I-b-b
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Fig. 5.10 Steady-state characteristics of MRFC-I-c: a voltage gain Ky, b current gain K, ¢ input
power factor A p

properties for a different value of ¢ as a function of sequence pulse duty factor Dy.
All the possibilities of output voltage control are presented in 3D characteristics
in Fig.5.6. In this figure, the two levels of control with ¢ and Dg variations are
presented. The additional degree of control freedom provided by the coefficient g
can be beneficial for MRFCs control properties.

The MREFC is equivalent to an RLC resonant circuit whose values are varied by
the load character. Furthermore, the MRFC transfers energy from sources to the load,
along with their properties, such as in transmission lines. These types of systems are
characterised by characteristic impedance Zcj. Thus, maximum transfer of power
from the source to the load takes place when the load is matched to the source. The
parameters of MRFC-I-b-b circuits and characteristic impedance Zc}, are related as

follows [1]:
[LF [Ls
Ch Cr CyL G-I

The full load-matching condition is achievable if:
Zch =2 = Re. (5.2)

Efficient power transfer is possible with other converter and load impedances,
but with less capacity. In addition to the problem of matching a purely resistive
load that is not equal to Zcj, a typical practical problem includes substantial load
reactance as well. Figure 5.7 shows the influence of load conditions on MRFC-I-b-b
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Fig.5.11 Steady-state characteristics of MRFC-II-c: a voltage gain K, b current gain K, ¢ input
power factor A p

properties. The analysed MRFC is sensitive to changes in the load parameters. In this
book only the resistance load condition is analysed. For load resistance equal to or
greater than the characteristic impedance (R; > Zcj,) a voltage transfer ratio greater
than one is achieved. In the case when R; < Zcy, the output voltage is less than
source voltage. Thus in the load-matched case there are minimum power losses and
maximum efficiency. The 3D chart of Fig. 5.8 shows in detail the analysis converter’s
sensitivity of parameters to load conditions.

All the results presented in Figs.5.7 and 5.8 show the limits of load variation.
These limits are the reason that MRFCs have a potential application as a universal
frequency converter. The relationship of MRFCs LC components and load conditions
should be individually selected depending on the type of load.

The presented steady-state time waveforms and characteristics concern the MRFC-
I-b-b topology. Other topologies of MRFCs have similar properties to the MRFC-I-
b-b. The setting load frequency and load conditions, too, have an influence on output
voltages and the input power factor. Similarly, two degrees of control freedom are
given, with variations of ¢ and Dg coefficients. However, the static characteristics
are different. For the other topologies only basic static characteristics are indicated,
showing the relations of voltage, current gain and input power factor as a function
of Dg for three output frequencies f; — 25, 50, 75 Hz.

Analytical characteristics for MRFC-II-b-b were obtained using theoretical analy-
sis techniques, based on the solution of Eq. (4.24), in the form presented in Table4.1.
Figure 5.9 illustrates the obtained results. It can be seen that the obtained voltage
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Fig. 5.12 Steady state characteristics of MRFC-I-z: a voltage gain Ky, b current gain K, ¢ input
power factor A p

gain for MRFC-II-b-b is greater than the voltage gain for MRFC-I-b-b. Also, the
performance of the input power factor is better. In practical applications, when volt-
age gain of a little larger than one is needed a detailed analysis and design procedure
is required. In this topology smaller capacitances and inductor can be applied.

Similar characteristics are presented for MRFC-I-c (Fig.5.10) and MRFC-II-c
(Fig.5.11). The average stationary equations are included in the Tables 4.2 and 4.3 for
MREFC-I-c and MRFC-II-c, respectively. To illustrate the properties of Zeta MRFC
topologies similar results are presented in Figs.5.12 and 5.13 for MRFC-I-z and
MREFC-II-z, respectively. The mathematical models for these topologies are pre-
sented in Tables4.4 and 4.5.

The graphs in Figs.5.14 and 5.15 correspond to steady-state operation in SEPIC
MREC topologies, and were obtained from expressions included in Tables4.6 and
4.7. The last plot in Fig.5.16 shows the MRFC-b properties in a steady state. The
boost MRFC averaged model is presented in Table4.8.

The concluding part of the chapter is concerned with the summary of properties
of all MRFCs. The overall characteristics and tabular comparison are presented. The
practical implementation guidelines for the design of MRFCs are also outlined in
the summary of the chapter.
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Fig. 5.13 Steady-state characteristics of MRFC-II-z: a voltage gain K, b current gain K, ¢ input
power factor A p

5.3 Transient State Analysis

The performance of an MRFC is studied in terms of steady-state and transient-state
analysis. The steady-state analysis is important for selecting the converter operating
conditions, ensuring the optimum working conditions for a particular application and
for a given configuration of load and power supply. The transient-state analysis of an
MREC is vital for assessing the dynamics of the system and disturbances generated
during transients as well as to develop a protection strategy. The transient simulations
presented in the literature are used in two main groups of analyses: transient analysis
for step changes of control signals and power stage parameters. The models developed
for transient stability analysis are generally valid in longer time frames.

These studies are focused on the converter analysis of step change in control
signals, such as the sequence pulse duty factor Dg and setting load frequency f7 .
Furthermore, the supply voltage changes will be analysed. Using the mathemati-
cal description given by Eq.(4.23) the transient state time waveforms are obtained.
Similarly, as in the above subchapter only MRFC-I-b-b topology was analysed.

In Figs.5.17 and 5.18 are shown exemplary voltage and current time wave-
forms illustrating the selected cases of the transient states in the discussed MRFC.
Figure 5.17 depicts the theoretical transient responses of state variables at a step
change of the sequence pulse duty factor Dg from 0.5 to 0.7 for output frequencies
fr = 25Hz. The responses of state variables at a step change in the supply voltages
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Usy, from 150 to 230V for output frequencies f; = 25Hz at Dg = 0.75, can be
observed in Fig.5.18.

The waveforms in Figs.5.17 and 5.18 confirm good dynamic properties of such
a converter. The converter transient response is relatively short. In the case of a step
change in coefficient Dy, the transient period is approximately equal to 0.25 times the
supply voltage period, but the current distortion has a longer time response. There are
high frequency oscillations which last approximately to three periods of this current,
and afterwards the system attains steady-state condition. In the second case the time
response is also short. The main distortion lasts about 0.5 times to period of source
voltage, but the high frequency oscillations last more than 4 periods.

To verify the averaged modelling accuracy, Fig.5.19 shows the state variables’
waveforms during the transience. The waveforms obtained by switched-circuit tran-
sient PSpice simulation are shown together with the waveforms obtained by analysis
of the averaged model (4.23). As shown in Fig.5.19 the calculation and simulation
test results demonstrate good correlation which confirms the usefulness of the used
analytical averaged method.

The properties of other MRFCs in transient state are not presented in this book.
Some results can be found in [2-5, 8, 9].
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Fig. 5.17 Transient responses of states variables at step change in the sequence pulse duty factor
Dg from 0.5 to 0.7, for f; = 25Hz

5.4 Drive System Application

As an exemplary application of the MRFC devices shown above an application
in a power electric drive system with induction cage motor is shown (Fig.5.20).
Simulation of a drive system with an MRFC and cage asynchronous motor has been
carried out with the help of the PSpice computer program. A cage motor simulation
model was constructed in PSpice based on mathematical relations (5.3)—(5.14) [6],
which describe the motor operation in a coordinate system rotating with an angular
speed w, called the coordinate system oSy .

w(wsy - 1/fs,3) + d¥rsa

Usq = Ryisq + \/g dr (5.3)
w — d

ugp = Ryisp + (w“"ﬁ 52 + Z;’s , (5.4)

ey = Rty + LB Yr0) | Ty (55)

V3 dt -’
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Fig. 5.18 Transient responses of state variables at step change in the supply voltage Us,, from 150

to 230V, for f; = 25Hz at Dg = 0.75

(w;y - Wr/ﬁ)

’ 7er
Upg = erroz + (0 — o)

V3

(wrot - ry) +

/3

u;y =Rl + (v —w)

Wi = Vi)

rery

V3

Vsa = Lstisq + M(isq — iy4),
Wsp = Lsiisp + M(isp — irg),
Vsy = Lytisy + M(isy — if,),

/! /Y . ./
1pro{ = Lrllra + M(ise — er{)’
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Fig. 5.19 Comparison of PSpice simulation and averaged model results from transient responses
of state variables at step change in the sequence pulse duty factor Dg from 0.5 to 0.7, f; = 25Hz

S

Fig. 5.20 Drive system with MRFC-I-b-b and induction cage motor

Wip = Ligizg + Misp — irp), (5.13)
iy = Lyipy + MUsy =iz, (5.14)

where: usy, Usg, Usy,isa, isp, Isy—stator voltages and currents that are described in

1 1 7 g,/ / I ./ ./ ./
afy coordinates rotating with an angular speed w; u,., , Upgs Upysirgs Trgs Bry - rotor
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Fig. 5.21 Simplified model of cage induction motor described in #f8y coordinate

voltages and currents that are described in «fy coordinates rotating with an angu-

lar speed @ which are reduced to stator coordinate; R, R,—stator and rotor

resistances; Ly, L,—leakage inductance of stator and rotor windings; M =

%L ms—magnetising inductance; L,,;—magnetising inductance of the stator wind-

ing; Yo, Wyp, Wsy—rotor flux described in afy coordinates; ;. wr’ﬂ, vy, —

stator flux described in @By coordinates which are reduced to stator coordinates.
The mechanical system is described by the following equation [6]:

2 2
Te = FJw,—}—FBma), +TL, (515)
where: T,—electromagnetic torque; P—number of pole pairs; /—moment of inertia
of the mechanical system; w,—rotor angular speed; 77 —load moment; B,,,—viscous
friction coefficient. Electromagnetic torque can also be represented by the following
equation [6]:

P
T, = ﬁ;(w;ai;y — Yl iry) (5.16)

Equations (5.15) and (5.16) are implemented in the simulation model to approx-
imate the mechanical parameters of the system and the loading conditions. For the
induction machine fed from the stator circuit the rotation speed in ¢y coordinate is
set by zero w = 0. Then, a simplified model of the cage induction motor determined
by Eqgs. (5.3)—(5.16) are presented in Fig.5.21 [6].

A computer simulation was carried out using the simulation parameters of the
inverter and the motor put together in Table5.2 [7, 8]. The simulation results of
adrive system with MRFC-I-b-b topology can be observed in 5.22-5.24. In Figs.5.22
and 5.23 are presented the exemplary time waveforms of converter input and output
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Table 5.2 Simulation parameters of drive system with MRFC-I-b-b

5 Property Analysis

Parameter Symbol Value
Supply voltage Us 230V
Frequency of supply voltage f 50Hz
Switching frequency fs 5kHz
Maximum simulation step tp Ips
Source filter inductance Lri,LFy, LF3 0.5mH
Source inductance Lsy, Lsy, Ls3 0.5mH
Source filter capacitance Cr1,Cr2,Cr3 20 wF
Load capacitance Cr1,Cr2,Cr3 20uF
Motor power P, 2.2kW
Switch resistance in turn-on state Ron 0.01Q
Switch resistance in turn-off state Rorr 0.1MQ
Stator and rotor resistance Rs, R, 2.5002 Q2
Leakage inductance of stator and rotor windings Ly, L, 0.011H
Magnetizing inductance M 0.4576 H
Moment of inertia J 0.06825 kg m?
Viscous friction coefficient B, 1.024 1073
Number of pole pairs P 4

— U — Usi

(©)__ lpm]

2300

Pl
1500 rpm

(d)

Fig. 5.22 Simulation time waveforms of drive system with MRFC-I-b-b during motor starting, for
fr = 50Hz, Dg = 0.8, ¢ = 0.5: a input (ug;) and output (ur) voltage of converter, b motor

current (i), ¢ speed (n), d electromagnetic torque (7)
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Fig. 5.23 Simulation time waveforms of drive system with MRFC-I-b-b during motor starting, for
fr = 75Hz, Dg = 0.8, ¢ = 0.5: a input (ug1) and output (1) voltage of converter, b motor
current (isy), € speed (n), d electromagnetic torque (7)

voltage (us1, 11 1), motor current (i sy ), speed (n) and electromagnetic torque, during
the motor starting for output voltage frequency f; = 50 and 75Hz. Whereas, in
Fig.5.24 the same time waveforms are presented in motor start and reverse states for
output voltage frequency f; = S0Hz. All results are obtained for open loop control
for sequence duty factor Dg = 0.8 [7, 8].

All these results show that the converter voltage (11 1) is greater than the supply
voltages (Figs.5.22a, 5.23a, 5.24a). This results in a faster motor start-up to the
nominal speed than direct motor attached to the supply grid (Figs.5.22c, 5.23c,
5.24c¢). As is clear from (Figs.5.22b, 5.23b, 5.24b) during the start-up process and
reverse process the stator currents i g, are greater than in steady state. Increased motor
power consumption in transient states causes a drop in the MRFC output voltage
(ur1). This voltage is fixed after reaching the nominal motor speed n(y, ) for a given
frequency of motor supply voltage ( 7). It should be noted that MRFC output voltage
is greater than the supply voltage at any time Table 5.2 [7, 8]. In practical solutions
of drive systems with a feedback control the output voltage can be maintained at a
constant level equal to or greater than the supply voltage. Figures 5.22, 5.23 and 5.24
illustrate that the motor supply voltages have a sinusoidal shape. This property is an
advantage of using an MRFC in a drive system.
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Fig. 5.24 Simulation time waveforms of drive system with MRFC-1-b-b during motor starting and
revers, for fi = 50Hz, Dg = 0.8, ¢ = 0.5: a input (us1) and output (u7,1) voltage of converter, b
motor current (isy), ¢ speed (n), d electromagnetic torque (7,)

5.5 Chapter Summary

This chapter presented the basic steady and transient states theoretical results of
MREFCs. Due to the large number of converters, only the MRFC-I-b-b topology has
been analysed in detail. The theoretical results presented in this chapter, and the exact
match between theoretical analysis and numerical simulation that has been achieved,
indicate the correctness of the theoretical analysis.

For final comparison of all topologies, the static characteristics of voltage and
current gain and input power factor for f; = 25Hz are demonstrated in Fig.5.25
[2, 8].

In all the analysed topologies of MRFCs, for modified Venturini control strategy
and parameters listed in Table 5.1, it is possible to obtain a voltage gain greater than
unity as shown in Fig.5.25a. The voltage gain, depending on the topology, varies
widely in range, and the maximum is over 10 for the MRFC-II-c topology. The level
of reactor currents in the selected topology can be analysed based on the current
gain characteristic (Fig.5.25b). Figure 5.25¢ shows the input power factor of the
whole family of MRFCs using a modified Venturini control strategy. In converters
with this modulation strategy it is not possible to control the input power factor. The
modification of the control strategy is needed for input power factor improvement.
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Fig. 5.25 Comparison of static characteristics of: a voltage gain Ky, b current gain K, ¢ input

power factor A p
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Table 5.3 Summaries of the maximum voltage gain and input power factor of MRFCs

Topology Maximum voltage gain Range Dg, when 1, > 0.95
fL=25Hz fp =50Hz f, =75Hz f, =25Hz f; =50Hz f, =75Hz
MRPC-I-b-b 4,49 3.56 3.09 0.62-0.87  0.65-0.85  0.67-0.85
MRPC-II-b-b  5.10 5.32 5.55 0.28-0.66  0.34-0.69  0.36-0.70
MRPC-I-¢ 8.78 9.73 10.70 0.56-0.79  0.70-0.81  0.74-0.81
MRPC-II-c 11.68 11.98 12.42 0.93-0.94  0.93-094  0.93-0.94
MRPC-1-z 494 4.19 3.86 0.67-0.89  0.76-0.87  0.79-0.86
MRPC-1I-z ~ 8.24 8.54 8.80 0.89-0.92  0.90-0.92  0.90-0.92
MRPC-I-s 8.26 8.64 9.03 0.38-0.77  0.5-0.79 0.59-0.80
MRPC-1I-s  8.14 8.52 8.90 0.30-0.77  0.34-0.78  0.41-0.79
MRPC-b 8.25 8.64 9.04 0.00-0.71  0.00-0.73  0.00-0.75
u, [V] — Bukc-boost I = Cuk I = SEPICI  =ZETAI = Boost

— Buck-boost 1T -~ CukIl —SEPICTT —ZETATI

1500

1000

500

0
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Fig. 5.26 Transient responses of output voltages of MRFCs at step change of the sequence pulse
duty factor Dg from 0.5 to 0.7, for f; = 25Hz

Using SVM technique for MRFC control the improvement of their properties is
possible [10].

Table 5.3 summarises the maximum voltage gain and input power factor range of
slightly less than unity for all MRFCs with modified Venturini control strategy and
parameters in Table 5.1 [8]. From this table it can also be seen that there is significant
difference between the MRFC topologies.

Moreover, in order to compare the dynamic properties of the whole family of
MREFCs, the output voltage time waveforms in transient states for Dg changes from
0.5t0 0.7 for f; = 25Hz are presented in Fig.5.26. The time response depends on
the topology and the voltage gain for the initial steady state [2, 8].

During the practical implementation and design of the selected MRFC topology
the type of load, the maximum voltage gain and the switching frequency of power
switches should be considered. In addition, the design of reactors must take into
account their current values. To estimate the level of currents, the characteristics of
current gain may be useful.
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Based on the Obtained Results it can be Concluded that

MREFCs allow a change of the output voltage frequency and the buck-boost output
voltage regulation,

there are two degrees of control freedom in the output voltage through the coeffi-
cient g and sequence pulse duty factor Dy,

properties of MRFCs depends on the setting frequency of the output voltage,
properties of MRFCs are sensitive to load changes,

systems with MRPCs have good dynamic properties,

in MRFCs with modified Venturini control strategy the input power factor regula-
tion is not possible,

indesign process of MRFCs experimental setup the maximum voltage gain, current
level and switching frequency must be taken into account.
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Chapter 6
Experimental Investigation

6.1 Introduction

Some prototypes of different MC topologies have already been designed and
described in the literature [5, 8-11, 14—16].

The MRFC control and commutation algorithms require larger computational
capacity. This control will be realised in a DSP and FPGA device. The presented
solution uses the Analog Devices floating point processors with Sharc series and
Xilinx flexible programmable gate array (FPGA) with the Spartan 3 family. This
FPGA provides an interesting alternative for building specific DSP systems.

The modified Venturini modulation strategy has been used in the control and
implemented in DSP. Four-step current-based switch commutation is implemented
in FPGA devices. The current and voltage measurements are based on LEM trans-
ducers. Galvanic separation of power and control stages is provided by a fibre-optic
interface. Preliminary tests with an R-passive load have been performed to verify
the effectiveness of the solutions adopted. For purpose of comparison some of these
results are presented together with ones obtained by means of theoretical investi-
gations of the presented circuits. Experimental test results generally conform to the
theoretical ones. Furthermore, the simplified experimental test of a drive system with
a 0.4kW induction cage motor is presented.

6.2 Practical Implementation

The experimental schematic circuit of an MRFC-I-b-b and MRFC-II-b-b feeding
apassive load is shownin Figs. 6.1 and 6.2, respectively [7, 13]. The systems comprise
a regulated voltage supply, the MRFC, a control circuit and a load impedance.

The reconfigurable MRFC prototype, with specification of the basic components
is shown in Fig. 6.3. On the left there is the power board, mounted on a heat sink. On
the right there is the power board and computer with the DSP control unit. The MRFC

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 151
Converter Topology, Power Systems, DOI: 10.1007/978-1-4471-4896-8_6,
© Springer-Verlag London 2013
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Fig. 6.1 The experimental schematic circuit of an MRFC-I-b-b
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Fig. 6.2 The experimental schematic circuit of an MRFC-II-b-b

requires bidirectional switches with the capability to block the voltage and to conduct
the current in both directions. The MRFC prototype has been built with the discrete
module IRG4PH50KDPbF. Each module includes one IGBT and one fast recovery
diode. The diode provides the reverse blocking capability. The module parameters
are as follows: Ucgs = 1200V, Ucgon) = 2.77V, Ugeg = 15V, Ic = 24A.
The bi-directional switches are connected in the common emitter anti-parallel IGBT
configuration. Output switches in Fig. 6.1 or input in Fig. 6.2 are constructed as uni-
directional switches, and includes one IGBT and one diode. All transistor drivers are
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Fig. 6.3 View of the MRCEF set-up; / source filter inductors; 2 source filter capacitors; 3 AC-DC
power supply; 4 FPGA card (ZL9PDL); 5 optical transmitters; 6 output current measurement
circuits; 7 optical receivers and gate driver circuits; § over-voltage clamp circuit; 9 load capacitors;
10 load inductors; /1 JTAG Emulator (HPPCI-ICE); /2 DSP Card (ALS-G3-2368PCI) /3 AD-DA
Card (ALS-G3-ACA1812-1); 14 PC

Table 6.1 MRFC experimental set-up parameters

Parameters Symbol Value
Supply voltage Us MRPC-I-b-b MRPC-II-b-b
45V 20V

Frequency of supply voltage f 50Hz

Switching frequency fs 5kHz

Input filter inductance Lpi,Lgy, Lps 1.5mH

Source inductance Lsi1, Lsa, Ls3 L.5mH

Input filter capacitance Cr1,Cr2,Cp3 10F

Load capacitance Cr1,Cr2,Cr3 10wF

Load resistance Rp1, Rz, Ry3 6052

supplied by local independent insulated power supplies, in order to ensure correct
operation. A single common clamp circuit protects all the nine bi-directional switches
of the converter against over-voltages from the input and the output sides (Fig.2.37).
The small capacitor of the clamp is designed to store the energy corresponding to the
inductive load current with an acceptable over-voltage. The three-phase autotrans-
former is used to control supply voltages with an amplitude of 60 V. The frequency
of the input voltages is S0 Hz. The switching frequency was 5kHz.

A second order LC filter is inserted at the input side of the converter in order to
reduce the ripple of the line currents. It consists of three series connected inductors
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Fig. 6.4 Block scheme of control algorithm

(a) (b)

Fig. 6.5 DSP boards: a two-DSP card ALS-G3-2368PCI, b A/D-D/A converters card
ALS-G3-ACA1812-1

(1.5mH/20 A) and three shunt connected capacitors (10 wF/1200 V). The input filter
is generally needed to smooth the input currents and to satisfy the electromagnetic
interference (EMI) requirements. The disadvantages of the input filter presence is
areduction of input power factor. Additional inductors (L 51, L s2, L s3) and capacitors
(Lr1, L1o, L13) are the same values as in input filters. The output resistance was
set to 602 per phase. The system parameters of the laboratory set-up are listed
in Table 6.1, and all the symbols are given with respect to the schematic circuit in
Figs.6.1 and 6.2.

The block scheme of control algorithm is shown in Fig.6.4. The modified
Venturini modulation approach is used to control the matrix converter [6, 7, 13].
The control system of the matrix converter is constituted by two floating-point digi-
tal signal processors (DSP). The adopted DSP is the SHARC ADSP-21368 by Analog
Devices, running at 333 MHz. The DSP is mounted on an evaluation board ALS-
G3-2368PCI manufactured by Alfine P.E.P., which provides the basic interfaces for
the use of the DSP. Figure6.5a shows the DSP board view. Its basic parameters
are as follows: 2 x 16 PWM output (or 2 x 16 digital [/O), 1 Mb RAM memory and
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Fig. 6.6 Program flowcharts, a for DSP cards, b for FPGA

512kb flash memory. The presented DSP board co-operates with an additional board,
the ALS-G3-ACA1812-1 with analog to digital (A/D) and digital to analog D/A con-
verters (Fig. 6.5b), with the following specifications: 6 x 18-bit A/D Sample Rate -up
to 800kHz; input voltage range—=+2.5V, onel2-bit, 4-channel D/A converter with
output voltage range—=2.5V and settling time of —5us (the A/D-D/A board will
be using an SVM algorithm). A standard PC computer provides the user with an
interface to the DSP via conventional PCI computer bus (Peripheral Component
Interconnect). VisualDSP++4.5 software is used for DSP programming.
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Fig. 6.10 Examples of experimental time waveforms for the MRFC-I-b-b output voltages for
Ds =0.8:a fy =25Hz, b fi =50Hz, ¢ fi =75Hz

The calculation of the switch duty-cycle is performed by the presented DSP
system. The control algorithm described in the Sect.3.5 has been programmed in
C-language and Assembler. The control algorithm used 10PWM outputs, set to
5kHz frequency. The algorithm is initialised by an interrupt routine taken from a
PWM module. The interrupt is initiated when the PWM counter is reset. The PWM
counter operates in down mode. This mode allows the generation of PWM pulses that
are required in Venturini modulation, synchronised at the beginning of the switching
sequence [6, 7, 13]. The analog-to-digital converters A/D and D/A are also synchro-
nised with PWM counter. The overall structure of the DSP algorithm is shown in
Fig.6.6a.

Control signals from the microprocessor are transmitted to the FPGA (Field
Programmable Gate Array) control board—ZL10PLD. This device is based on an
XC385200 unit belonging to the Spartan 3 family of Xilinx. Its basic parameters are as
follows: 216 kb SRAM memory, 1 Mb flash memory and 61 digital I/O. The FPGA is
responsible for processing the signals produced by the DSP and generating 21 IGBT
gate drive pulses according to certain commutation methods. The four-step current
direction-based commutation is implemented for this MRFC prototype. The LEM
sensors are used to obtain the signs of output currents. The output current direction
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Fig.6.11 Spectrum of the MRFC-I-b-b output voltages for Dg = 0.8:a f;, = 25Hz,b f; = 50Hz,
¢ fL =75Hz

signal is assumed as “1” when current flows into the load and “0” for the reverse
direction. The commutation time is about 0.2 jus. The overall structure of the DSP
algorithm is shown in Fig. 6.6b. Control signals from the FPGA are transmitted to
the IGBT driver devices through a fibre-optic interface. In general, the DSP provides
fast calculations for modulation algorithms, while the FPGA is used for advanced
timing functions.

Exemplary experimental control signals from DSP and FPGA devices are pre-
sented in Figs.6.7 and 6.8 respectively. Figure 6.7 shows ten control signals of all
MREC switches, whereas Fig. 6.8 shows seven control signals for one-phase transis-
tors, taking into account the four-step commutation algorithm. The four-step switch
commutation for two bi-directional switches in experimental set-up are presented
in Fig.6.9. The one-step delay time is set to 0.2 us. The sequence of commuta-
tion process lasts 0.6 us. The commutation algorithm is applied in matrix connected
switch sets, whereas in switch sequence the dead time is set between control sig-
nals of additional switches (S71, Sr2, Sr3 for MRFC-I-b-b or Sgi, Ss2, Ss3 for
MREFC-II-b-b) and matrix connected switch sets. The IGBT drivers operate with the
level of control signal voltage 415 —5V, whereas DSP and FPGA operate with +5V
signal level.
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6.3 Experimental Results

Preliminary tests with an R-passive load have been performed to verify the properties
of MRFCs. Two topologies of MRFC-I-b-b and MRFC-II-b-b have been tested.
Experimental circuit schemes are presented in Figs. 6.1 and 6.2.

Figure 6.10 shows the MRFC-I-b-b phase load voltage for a voltage transfer ratio

= 0.5, sequence pulse duty factor Dg = 0.8 and different output voltage fre-
quencies of f; = 25, 50, 75Hz. The spectra of the presented output voltage are
shown in Fig. 6.11. As will be noticed, on the time waveforms and spectra for output
voltages there occur low frequency distortions in the sinusoidal shape. They result
from the distortion of source voltage as shown in Fig. 6.10. The system can be con-
nected directly to the public power grid in the laboratory. The voltages do not have a
sinusoidal shape in this power grid. There are low frequency distortions (3rd and 5th
order harmonics). The accuracy of all power circuit components is also very impor-
tant for good performance of output voltages. Some power circuit components such
as inductors, are made with low-precision. The implemented control strategy has
good performance only in balanced conditions and with sinusoidal source voltages.
A control strategy which reduces unbalanced input and output conditions is needed
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Fig. 6.13 Spectrum of the MRFC-I-b-b input currents for Dg = 0.8:a f; = 25Hz,b f; = 50Hz,
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to obtain better performances [1-4]. Also, high frequency distortions are visible in
output voltage time waveforms. Their cause is the switching frequency of power
transistors.

The time waveforms shown in Fig.6.10 confirm that by means of the discussed
MREC circuit (Fig. 6.1) frequency conversion and buck-boost load voltage changes
are possible. The obtained output voltages are much larger than the input one
(Fig.6.10).

Figure 6.11 illustrates the source current obtained in the experimental laboratory
model. In Fig.6.12 the harmonic spectrum for the input line current is compared
for three output setting frequencies. The wide oscillations of the input line current
are due to a resonance phenomenon which occurs between the impedance of the
MREFC passive RLC components. The best results are obtained for f; = 50Hz
(Fig.6.11b). For the other frequencies, the input currents have higher frequency
oscillations (Fig.6.11a, c), with frequencies near the input filter cutoff frequency
f = 1400Hz. Figures6.12a, c show that the current harmonic components with
higher amplitude are centred around the input filter cutoff frequency.

Similar voltage and current time waveforms and harmonic spectrums are pre-
sented for the second experimental model of MRFC-II-b-b whose experimental
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Fig. 6.14 Examples of experimental time waveforms for the MRFC-II-b-b output voltages for
Ds=0.7:a fr =25Hz,b fi =50Hz ¢ f; =75Hz

circuit scheme is indicated in Fig.6.2. The output phase voltage and source cur-
rent for a voltage transfer ratio ¢ = 0.5, sequence pulse duty factor Dg = 0.7 and
different output voltage frequencies f; = 25, 50, 75Hz are presented in Figs.6.13
and 6.15, respectively, whereas the harmonics spectrums are shown in Figs. 6.14 and
6.16. Also, the obtained time waveforms shown in Fig. 6.13 confirm that by means
of the discussed MRFC circuit (Fig. 6.2) frequency conversion and buck-boost load
voltage changes are possible (Fig.6.13). The voltage gain in a system with MRFC-
II-b-b is greater than with MRFC-I-b-b. Also, the voltage and current performance
are better than in MRFC-I-b-b. The input current time waveforms have a lower level
of distortion Fig.6.15. The low frequency distortion of source voltages also has an
influence on the obtained results of voltages and currents (Figs.6.14, 6.16, 6.17).

In order to test the behaviour of the converter after a sudden sequence pulse duty
factor Dy variation the reference Dg has been changed from 0.8 to 0.5 and from
0.5 to 0.8. Figure 6.18 shows the MRFC-I-b-b load voltage during the transient. The
transient period is very small. The load voltage variation is almost immediate. As can
be seen, the output voltage remains nearly sinusoidal. Figure 6.19 shows the output
voltage waveforms during operation in output frequency f; variation. It shows the
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Fig. 6.15 Spectrum of the MRFC-II-b-b output voltages for Dg = 0.7: a fi = 25Hz,
b f1 =50Hz, ¢ fi =75Hz

response to an output frequency rise from 25 to 75 Hz and dips from 75 to 25 Hz.
The circuit response is small.

In Figs.6.20 and 6.21 the comparison of the selected calculation and experimental
test results in the form of the voltage gain, current gain and input power factor
static characteristics for both MRFCs based on buck-boost topology is illustrated. In
Figs.6.20d and 6.21d the results of the experimental investigations of the efficiency
coefficient for both MRFCs are shown. As is visible from these figures the obtained
results are not favourable yet. There is a low value of efficiency caused by the
inaccuracy in the converter implementation and, therefore, for safety reasons there
is a reduced voltage in the constructed prototypes. In the general case the results of
the experimental investigation confirm the results of theoretical studies. Differences
between analytic and experimental results are caused by higher harmonics being
taken into account for the experimental work and low efficiency of the experimental
set-up. In theoretical analysis the parasitic capacitive inductances and connection
resistances are not taken into consideration.

A prototype MRFC-I-b-b has been tested on a three-phase 0.4kW, 2-pole, SOHz
cage induction motor [12, 13]. A view of the laboratory set-up is shown in Fig. 6.22.
To illustrate the motor start-up process the time waveforms of speed (n), motor
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Fig. 6.16 Examples of experimental time waveforms for the MRFC-II-b-b input currents for Dg =
0.7:a fr =25Hz,b fi, =50Hz, ¢ fi =75Hz

current (ig1) and converter output voltage (u71) for two frequencies f; = 25 and
50 Hz are shown in Fig.6.23. All the results are obtained for open-loop control for
sequence duty factor Dg = 0.8.

The converter output voltage uy | is greater than the supply voltages as shown in
the voltage time waveforms zoom presented in Fig. 6.24. As can be seen in Fig. 6.23
during the start-up process the stator currents igj are greater than when in steady
state. Increased motor power consumption in transient states causes a drop in the
MREC output voltage (u11). This voltage is fixed after reaching the nominal motor
speed n(y, ) for a given frequency of motor supply voltage. It should be noted that
MREFC output voltage is greater than the supply voltage at any time, similar to that
shown in simulation results (Figs.5.21, 5.22, 5.23).

6.4 Chapter Summary

The design and implementation of two MRFCs which are based on an MRC with
buck-boost topology have been presented in this chapter. Furthermore, the experi-
mental test results for passive R load and induction cage motor have been shown.


http://dx.doi.org/10.1007/978-1-4471-4896-8_5
http://dx.doi.org/10.1007/978-1-4471-4896-8_5
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Fig. 6.18 Experimental output voltage time waveforms of MRPC-I-b-b at change of sequence
pulse duty factor Dg for fL = 25Hz, ¢ = 0.5; a from 0.8 to 0.5Hz, b from 0.5 to 0.8 Hz

Overall, the experimental test results of the discussed MRFCs confirm the theoretical
ones presented in Chap. 5.

This chapter has been mainly focused on the technical solutions adopted to obtain
good performance of the converters. Some practical implementation issues have been
presented. The MRFC prototypes work, for safety reasons, with a reduced supply
voltage. Future research dealing with the discussed MRFCs will focus on design and
implementation of devices using the full range of the power supply. The experimental
laboratory models that have been built serve primarily to verify the MRFC concept.


http://dx.doi.org/10.1007/978-1-4471-4896-8_5
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Fig. 6.21 Experimental and theoretical MRFC-II-b-b static characteristics of: a voltage gain,
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Fig. 6.22 Laboratory model of drive system with MRFC-I-b-b and 0.4kW cage motor; /
MRFC-I-b-b, 2 0.4 kW cage motor, 3 autotransformer, 4 oscilloscope, 5 PC computer with control
circuit
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Chapter 7
Summary of Book

This monograph concerns frequency converters without DC energy storage elements.
Such converters are an alternative solution to commonly used converters in industrial
application with either voltage or current DC energy storage elements. Improvements
in power semi-conductor switches over the last few years have resulted in the devel-
opment of many AC—AC converters structures without DC electric energy storage
elements. Therefore, the first part of this book is dedicated to a general review of
such converters. Several frequency converter topologies have been presented. Special
attention has been given to the matrix converter topology, which is the most widely
known. From the structure of the matrix converter, the majority of topologies of
frequency converters without DC energy storage elements have been obtained. The
matrix converter switch configuration, switch commutation, protection issue and
modulation strategies have been presented in detail.

The second part of this book concerns anew type of converter, which is amajor area
of author’s research interest. There has been presented a description of the family of
matrix-reactance frequency converters. With these converters, it is possible to control
the output voltage with buck-boost mode and frequency change. These properties
are the advantages of frequency converters without a DC storage element. In most
of such converters, the fact that the output voltage is less than the supply voltage has
already been noted in the second chapter.

Some analysis of the results of matrix-reactance frequency converter properties
has been presented. This analysis is based on the results of the author’s own simulation
investigations, which constitute a point of departure for theoretical deliberations and
experimental investigations. The monograph includes the following within the scope
of its theoretical analysis:

e adescription of the modelling procedure based on the average state-space method;

e a construct of the average state-space models for the whole family of MRFCs for
modified Venturini control strategy;

e the generalised expressions describing the average state-space models in stationary
conditions when using the two-frequency based dg transformation;

P. Szczesniak, Three-Phase AC-AC Power Converters Based on Matrix 169
Converter Topology, Power Systems, DOI: 10.1007/978-1-4471-4896-8_7,
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e the generalised expressions describing the solution of the stationary average state-
space equations in steady and transient states;

e adetermination of the static characteristics of the basic properties of the converters;

e a determination of the static and transient time waveforms;

e comparison of MRFC properties.

Within the scope of simulation research:

e a comparison of the theoretical and simulation results and determination of the
usefulness and accuracy of the obtained mathematical models;
e simulation research of MRFC-I-b-b in drive system with induction cage motor.

Within the scope of experimental research:

e experimental verification of the matrix-reactance frequency converter concept for
passive load;

e comparison of theoretical and experimental results;

e experimental verification of MRFCs usefulness in a drive system with induction
cage motor.

All the obtained results have confirmed that matrix-reactance frequency converters
have some interesting properties, such as buck-boost output voltage regulation, and
that they can be used in practical implementation in industry.

The literature lists an increasing number of potential applications for frequency
converters without DC energy storage elements, as:

drive systems [13, 17, 19, 22, 24, 25, 27, 28],

power interfaces of distributed energy sources [1, 3, 6, 7, 12, 18, 20, 23, 28];
flexible alternating current transmission system applications [6, 9-11, 15, 16];
plasma control power supplies [14, 21];

aircraft and deep-sea or space system applications [2, 4, 5, 8, 26].

The analysis of matrix-reactance frequency converters for potential applications
should be the subject of ongoing further research. Moreover, such further studies
will be focused on:

e implementation of the modified space vector modulation in order to improve the
discussed MRFCs properties;

implementation of other control strategies;

implementation of advanced switch commutation methods and protection methods;
implementation of new power switch devices;

comparative research of other frequency converters, with and without DC storage;
experimental application on a full range of power supplies;

efficiency coefficient improvement in experimental models.
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