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Abstract 

Matrix converters are frequency converters which do not contain a direct current link circuit 
with passive components, unlike conventional frequency converters. Thus, matrix converters 
may provide a solution for applications where large passive components are not allowed or a 
purely semiconductor-based solution provides an economically more efficient result than 
conventional frequency converters. However, the lack of a link circuit may also be a drawback 
in non-ideal operation conditions and the direct structure also places restrictions on converter 
capability. 

This thesis concerns two space-vector-modulated matrix converter topologies. The topologies 
are a direct and indirect matrix converter, which are compared in low-power applications. The 
comparison is based on the space vector analysis and modelling of the matrix converter 
topologies concerned. The comparison is confirmed both in the simulations and in the 
experimental tests with the prototypes built. In addition to the comparison, the thesis also 
contains the space vector form analysis of the matrix converter operation under distorted 
supply and load conditions. 

The space vector theory is used for the explicit presentation of matrix converter modulation. In 
addition, some space vector modulation methods are compared from the point of view of the 
power losses and the output common-mode voltages produced. The space vector approach is 
used to analyse the migration of supply voltage distortion to output and its reflection back to 
the supply side. Three computationally simple methods for mitigation of the distortion 
migration are also compared. These new analytical results are confirmed by simulations and 
measurements: the distortion migration can be mitigated but not removed totally and the 
mitigation also increases the complexity of control and decreases supply current quality. 

The comparison of direct and indirect matrix converter topologies is based on the analyses of 
their non-ideal characteristics. Their voltage transfer characteristics, semiconductor power 
losses and supply current qualities are studied. The analyses are again tested either 
computationally or in the simulations and experiments. In addition to the passive RL load, the 
applications also contain a space-vector-controlled cage induction machine drive and a 
permanent magnet synchronous machine drive. The research shows that the two topologies are 
similar in the ideal case but after non-ideal characteristics are introduced, the direct topology 
shows better characteristics in nearly all loading situations tested, i.e. the direct matrix 
converter has more linear voltage transfer characteristics, lower power losses and higher 
supply current quality than the indirect matrix converter. 

Index terms: Frequency converter, matrix converter, space vector modulation. 
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1 Introduction 

In the modern world, the demand for controllability and efficiency has been and is still 
constantly increasing in technology. This also concerns electric drives. In the past, controllable 
electric drives were mostly constructed with rotating converters, i.e. using a combination of 
several electric machines, like the Ward Leonard drive [Leo01]. Stationary converters have 
also been studied since the early 20th century [Wyk94], [Gyu70] but the number of 
applications remained low until power semiconductors were developed in the 1950s, when 
controlled switches, i.e. power transistors and thyristors were developed [Hal52], [Mol56], 
[Mau57], [Adl84]. After that, most thyristor-based converter systems were developed in about 
ten years [Gyu70], [Pel71], [Maz73]. Thus, the invention of the thyristor can be considered as 
the birth of modern power electronics, which aims at the effective control of electric drives 
and systems. 

Power electronics also has other objectives apart from effective control. One of them is the 
enhancement of electric power quality, including e.g. current and voltage distortion, voltage 
dips and supply voltage interruptions. Primary power electronic systems such as diode and 
thyristor converters have usually been considered sources of quality problems because their 
supply current may contain high amounts of low-order harmonic components, which have 
been considered a power quality problem for nearly as long as alternating current (ac) 
networks have been in use [Owe98]. However, modern power electronics can be applied to 
solve or mitigate such power quality problems. Modern fully controllable power 
semiconductor switches such as the metal-oxide-silicon field effect transistor (MOSFET) and 
insulated gate bipolar transistor (IGBT) were introduced in the late 1970s and the early 1980s, 
respectively [Tem78], [Bal82], [Adl84]. These voltage-controlled switching devices have 
made it possible to apply switching frequencies of dozens of kilohertz with pulse width 
modulation (PWM) techniques. This enables sinusoidal supply current waveforms in the 
power electronic equipment, which can also control reactive power and compensate harmonics 
created by distortive loads. 

Power electronic converters are used for a wide power range and in various applications, i.e. 
wherever electric power has to be converted. The number of such systems is large and still 
growing. Thus, there are no reasons to assume that the need for power converters will decrease 
in the future: the electric power will still be converted from ac (alternating current) to direct 
current (dc), from dc to ac, from dc to dc and from ac to ac. The last is used especially in 
industrial adjustable-speed motor drives. As an example of the significance of motor drives, 
industry and construction accounted for 54% of electricity consumption in 2006 in Finland 
[Ene07]. Since the proportion of motor drives in industrial electricity consumption is 
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approximated to be roughly 70%, industrial electric motors consume about 38% of the total 
electric energy. When agriculture, the public and service sectors and households are also taken 
into account, electric motor drives consume approximately 50% of the total electricity in 
Finland. In the European Union, industry consumed about 41% of the total electricity in 2004 
[Eur05]. In 2003, industry consumed about 39% of the total electricity in the OECD 
(Organisation for Economic Co-operation and Development) countries and about 61% in the 
non-OECD countries [EIA06]. Thus, the improvements in electric drive efficiency and control 
are key issues in focusing on energy savings for sustainable development. This is already 
reality because most new industrial motor drives are ac drives and the proportion of 
adjustable-speed ac drives is increasing. 

The state-of-the-art ac to ac converter has a dc link. Thus, conventional PWM frequency 
converters incorporating passive dc link components are introduced briefly. After that, the 
development of frequency converters without a dc link is presented in brief. Finally, the 
objectives and the outline of the thesis are described. The contribution of the thesis is 
summarised at the end of the chapter. 

1.1 Overview of PWM Frequency Converters with dc Link 

In most cases, the term ‘frequency converter’ refers to a two-level voltage source inverter 
(VSI) whose dc link is supplied by a three-phase diode bridge, as presented in Figure 1.1a, 
where the inverted bridge consists of IGBTs. The frequency converter presented in Figure 1.1a 
is called a two-level voltage source converter (VSC). For the load side (A, B and C) currents, 
it is a quite optimal solution, but its supply side (a, b and c) currents are highly distorted, 
containing high amounts of low-order harmonics [Kaz02]. Via the impedance of the mains, the 
low-order current harmonics may distort the voltage of the point of common coupling (PCC), 
which may further interfere with the other electric systems in the network [Arr03]. 

A conventional solution for the problem caused by VSC diode bridges is to use a similar IGBT 
bridge as a supply bridge, too, i.e. back-to-back converter (BBVSC), which is presented in 
Figure 1.1b. The BBVSC was introduced in the late 1970s [Wil78]. A PWM BBVSC produces 
sinusoidal supply current waveforms. 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. The BBVSC contains a 
dc link capacitor which separates the supply- and load-side bridges, making their separate 
control possible. Thus, the BBVSC can control the dc link voltage, compensate reactive power 
in the supply and supply the load at the same time [Lip88], [Moh95]. 

The dc link capacitor of the VSCs and the BBVSCs is a bulky component with a limited 
lifetime. In addition, conventional capacitors cannot be used in some special applications, such 
as in aeronautics and deep-sea or space systems [Whe03], [Bha05]. In the BBVSCs, supply 
filter inductors are also required, which can be considered a severe problem because the 
inductors are bulkier and heavier than the dc link capacitor in low and medium power 
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converters. However, VSI-based converters are well-known and widely used, so that the 
commercial advantages due to mass production remain undeniable. 

A theoretical option to voltage source converters is the PWM current source converter (CSC), 
presented in Figure 1.2 [Enj91], [Tuu93], [Sal02]. According to [Lip88], the CSC was first 
suggested in the 1980s. It produces sinusoidal supply current waveforms like the BBVSC and 
can also compensate the reactive power of the supply. 

Instead of a dc link capacitor, the CSC contains a dc link inductor, which is generally bulkier 
and heavier than the link capacitor in voltage source converters. The supply filter of the CSC 
consists of capacitors and inductors, i.e. an LC-type filter. Supply filter capacitors provide a 
current path for high frequency components. Thus, the inductance value and the physical size 
of CSC supply filter inductors can be smaller than those of BBVSC filter inductors, which 
have to filter high frequency components alone. The capacitance value and physical size of 
CSC ac capacitors are also small compared to the dc link capacitor of the BBVSC. 

In addition, the CSC usually requires series-connected diodes with every IGBT. This increases 
semiconductor on-state losses and the complexity of the main circuit. Both losses and 
additional components increase the price of the system, too. A reverse blocking IGBT 
(RBIGBT), introduced in the early 2000s, makes serial diodes unnecessary [Lin01], but the 
RBIGBT is still quite a new device so that its development is still not complete and its 
availability is limited, too. 

(a)

A

B

C

a

b

c

 (b)

a

b

c

A

B

C

 
Figure 1.1 Two-level voltage source frequency converter: (a) conventional topology with diode bridge on 

supply side (VSC), (b) back-to-back converter (BBVSC). 

A

B

C

a

b

c

 
Figure 1.2 Two-level current source frequency converter (CSC). 

The PWM-controlled VSI produces phase voltages whose instantaneous sum is not zero, i.e. 
common-mode voltage is generated. This may cause undesired high frequency currents in the 
load system, e.g. bearing currents in electric machines and load mechanics [Che96], [Bus97], 



4  Chapter 1 
 
[Oll97]. A conventional mitigation strategy for common-mode voltages is to increase the 
number of voltage levels [Hol03]. A three-level voltage source inverter supplied by a diode 
bridge, i.e. a three-level voltage source converter (3LVSC), is presented in Figure 1.3. The 
common-mode voltage produced by the 3-level VSI has lower voltage steps and a lower peak 
value than the VSI [P2]. The 3LVSC is also commercially available. However, lower voltage 
stresses of the semiconductors compared to the VSC is a more conventional reason to apply 
the 3LVSC, so that it has conventionally been used in applications where voltages exceed the 
limits of the semiconductors [Hol03]. Compared to the conventional VSI, the number of active 
switches is double in the 3-level VSI. The total number of switches reaches 18 when the 2-
level rectifier of the BBVSC is applied as the supply bridge. If the supply-side bridge is based 
on the 3-level VSI, i.e. 3-level BBVSC (3LBBVSC), the system requires 24 switches. The 
number of voltage levels can be increased beyond three by increasing the number of series-
connected switches and capacitors [Hol03]. This leads to smoother output voltages and 
decreases the voltage stress of the switches. However, the complexity of the system increases. 

a

b

c

A

B

C

 
Figure 1.3 Three-level voltage source frequency converter with diode bridge on the supply side (3LVSC). 

1.2 History of Direct Frequency Converters 

Section 1.1 introduced converters containing either dc link capacitor(s) or inductor(s). They 
both are physically large and/or heavy in most cases. In addition electrolytic capacitors are 
subject to ageing, for example, and cannot be used in all applications as presented. The passive 
components also cause power losses. Moreover, the converters presented do not fulfil the idea 
of a purely semiconductor-based converter. Thus, direct frequency converters, converting ac 
power to ac power directly without dc link passive components, have been studied, too. 

According to [Gyu70] and [Wyk94], the idea of direct frequency conversion was originally 
presented in the 1920s and even applied in the 1930s. The first semiconductor-based direct 
frequency converters were developed in the 1960s after the invention of the thyristor [Pel71], 
[Maz73], [Gyu76]. A possible main circuit of a phase-controlled thyristor-based three-to-three 
phase cycloconverter is presented in Figure 1.4. The circuit presented is a six-pulse 
cycloconverter, which assumes isolated loads so that a supply transformer is not necessary. 
For simplicity, the cycloconverter in Figure 1.4 does not include circulating current reactors 
either, which are sometimes used to enhance load power quality with discontinuous load 
current [Pel71]. Although reactors and supply transformers are sometimes avoided, they are 
necessary in many cases to make the cycloconverter system possible in practice, e.g. the 
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supply transformer is not avoided with non-isolated load because in this case all the supplies 
of all three bridges are required to be isolated from each other. In addition, the six-pulse three-
to-three phase cycloconverter requires 36 and a twelve-pulse version requires 72 thyristors. 

The load voltage and input current waveforms of the cycloconverter are heavily distorted and 
the fundamental power factor of the input is quite poor, too, irrespective of the fundamental 
power factor of the load [She04]. In practice, its load frequency is also usually limited to half 
of the supply frequency because normal loads cannot tolerate the voltage distortion produced 
with higher input-to-output frequency ratios [Pel71]. Thus, the advantages remaining are 
robustness of the thyristor technology and low losses. Considering the drawbacks and 
limitations mentioned, the cycloconverter cannot be seen as an optimal solution for medium 
power converters, but it is nowadays applied mostly with higher power levels where fully 
controllable semiconductor devices, like IGBTs or MOSFETs, cannot be used yet.  

Load
A

Load
B

Load
C

a
b
c

 
Figure 1.4 Six-pulse cycloconverter with isolated load phases without circulating current reactors. 

The idea of the silicon-based forced commutated cycloconverter was presented and analysed 
first in [Gyu70] and later in [Gyu76], the latter being known more widely due to its easier 
availability. Over the decades, matrix converter (MC) has become established as the name of 
this kind of direct frequency converter. The principle of a three-to-three phase MC is presented 
in Figure 1.5, where each ideal switch describes a bidirectional switch which can conduct 
current and block voltage in both directions depending only on the control signal of the switch.  

a b c

A B C  
Figure 1.5 Principle of matrix converter (MC). 

Compared to Figures 1.1–1.4, the circuit in Figure 1.5 may appear simple. However, it 
presents only the principle. In practice, the ideal switches assumed are not available and a 
supply-side filter is also necessary. Thus, a more realistic circuit of a direct matrix converter 
(DMC) is presented in Figure 1.6a, where the ideal switches are replaced by IGBTs and 
diodes. The circuit has no dc link, but it still requires passive ac filter components, so that the 
MC cannot be based on semiconductors purely in practice. 
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A theoretically identical choice for the DMC is the indirect matrix converter (IMC), presented 
in Figure 1.6b, where p and n are the dc link bars. The idea of the IMC for MC analyses was 
introduced in the 1980s [Zio85] and an actual IMC circuit was proposed in the 1990s [Min93]. 
Below, the terms direct and indirect matrix converters, i.e. the DMC and the IMC, 
respectively, are restricted to mean a three-to-three phase version with the same power transfer 
capability as the circuits in Figure 1.6 have. 

A rough comparison between the PWM converters discussed above is presented in Table 1.1. 
A more extensive comparison between VSC and MC can be found e.g. in [Ber02]. 

 (a)

B

a

b

c
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C   

(b)
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c

n

p
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C

 
Figure 1.6 (a) A direct matrix converter (DMC). (b) An indirect matrix converter (IMC). 

Table 1.1 A rough comparison of the PWM frequency converters reviewed in Sections 1.1 and 1.2. 

 2-level converters 3-level converters Direct converters 
 VSC BBVSC CSC 3LVSC 3LBBVSC Cycloconv. DMC/IMC

Number of 
diodes 12 12 12 24 36 None 18 

Number of 
active devices 6 12 12 12 24 36 

thyristors 18 

Dc link 
components Capacitor(s)Capacitor(s) Coil Capacitors Capacitors None None 

Supply current  Distorted Sinusoidal Sinusoidal Distorted Sinusoidal Distorted Sinusoidal
Input-to-output 

voltage ratio 0–1  0– 3/2  
(or more) 

0–1  
(or more) 0–1  0– 3/2  

(or more) 
0– π/33  0– 2/3  

Supply filter 
inductor Usually Necessary Depends on 

application Usually Necessary Usually 
transformer 

Depends on 
application 

Supply filter 
capacitor None Depends on 

application Necessary None Depends on 
application None Necessary
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The MC has no natural freewheeling paths for inductive current as has a VSC. On the other 
hand, the MC may short-circuit the supply, unlike the CSC.  Thus, the commutation of 
semiconductor switches was a problem, too, until late the 1980s when the first safe 
commutation method was introduced [Bur89]. On the other hand, modern active 
semiconductors with fast switching capabilities were introduced just couple of years before as 
presented at the beginning of this chapter. First modulation methods for MCs were also 
presented in 1980s [Ven80a], [Ven80b], [Zio85] [Ale89], [Hub89], [Oya89], [Wie90], 
[Whe02]. Thus, the main problems with MCs were mainly overcome until 1990. In addition, 
an MC system recovers faster after a power grid failure than conventional BBVSC systems 
containing dc link capacitor requiring charging and causing inrush currents [Kan02]. The 
RBIGBTs may also provide some improvements for the MCs in the future as with the CSC. 
Thus, it is possible that MCs will become common in practical applications. 

1.3 Objectives and Outline of the Thesis 

The general motivation for this thesis was provided by the desire to determine the suitability of 
matrix converters for different electric drives and to compare direct and indirect matrix 
converters, i.e. the DMC and the IMC. Thus, the objectives of the thesis are 

1. to adapt the space-vector-based modelling of matrix converters (MCs) to match the 
modelling of conventional voltage and current source converters 

2. to examine the most significant sources of non-ideal behaviours in MCs and their 
effects on current distortion, on control accuracy of output voltage and on power loss 

3. to compare the characteristics of the DMC and the IMC in ideal and in non-ideal 
conditions 

4. to compare the effects of non-ideal MCs on the operation of motor drives 

5. to examine the effects of modulation methods on the common-mode voltages in the 
MC output 

6. to examine the effects of supply voltage distortion and non-ideal load on output voltage 
and output and supply currents  

7. to compare the capability of different control methods to prevent the migration of 
distortion through a converter. 

The study has been performed mainly using the same procedure: 1) the problem is analysed 
and equations predicting behaviour are derived; 2) the system is studied applying numerical 
solving of the derived equations or simulations, or of both in some cases; 3) the analysis and 
the calculation or simulation results are confirmed by experimental tests applying the DMC 
and IMC prototypes built in the course of the research. 

This thesis consists of an overview and seven Publications [P1]–[P7] which are arranged to 
form a progressive presentation of the scientific contribution. The introduction in Chapter 1 is 
followed in Chapter 2 by a presentation of the basic matrix converter circuits and technologies. 
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Chapter 3 presents the modulation of the matrix converters and a brief review of different 
methods. That is followed by the presentation of space vector modulation and the comparison 
of the common-mode voltages produced by different space vector modulation methods [P1]–
[P2]. Chapter 4 introduces the models of the MC circuits and machine drive control systems 
with their simulation models. Prototypes and experimental setups are described in Chapter 5.  
Chapter 6 presents the modelling of the distortion migration in MCs and simple distortion 
mitigation methods together with the simulations and the experiments [P3]–[P4]. Chapter 7 
summarises the comparison between the topologies and presents the analyses of the non-ideal 
characteristics together with their verification [P4]–[P7]. Chapter 8 summarises Publications 
[P1]–[P7] and their scientific contribution. Chapter 9 concludes the overview part of the thesis. 

1.4 Contribution of the Thesis 

The main contributions of the thesis are 

• The space vector modulation method, which was introduced in [Hub95] and developed 
in [Nie96b], is derived purely in space vector form and is applied in the real indirect 
matrix converter [P1]. 

• The common-mode voltages produced by different matrix converter space vector 
modulation methods are analysed and compared. In addition, the common-mode 
voltages produced by the matrix converter modulation methods are compared to the 
common-mode voltages produced by a space-vector-modulated three-level voltage 
source converter [P2]. 

• The true characteristics of matrix converters with supply voltage distortion and load 
current distortion, which are not commonly considered in the literature, are presented. 
The space-vector-based analysis and illustration of the effects of supply voltage 
harmonic distortion on the load current of matrix converters and related migration of 
the load current distortion back to supply are presented [P3]–[P4]. Compared to the 
previous work presented in [Nie96b], the analysis of [P3] includes all harmonics in 
addition to the negative sequence fundamental component considered in [Nie96b]. 
Also, the main concern in [Nie96a], [Cas98a] and [Cas98b] has been the supply current 
quality, which cannot be the main concern in practice. The migration of load current 
disturbance has not been presented before [P4]. 

• The non-ideal characteristics of direct and indirect matrix converters are analysed and 
compared. The non-ideal characteristics considered are power losses, supply current 
distortion and input-to-output voltage transfer characteristics [P4]–[P7]. The analytical 
DMC and the IMC power loss models have not been presented before. The analytical 
model of input-to-output voltage transfer characteristics of the IMC has not been 
presented before and the input-to-output voltage transfer characteristics model of the 
DMC is simpler than the previously presented model in [Lee04] and [Lee05a]. 

The contributions of Publications are presented separately and more precisely in Chapter 8.  
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2 Matrix Converter Systems 

Gate-controlled semiconductor-based matrix converters (MCs) have been found an interesting 
research topic ever since their invention. However, its commercial applications are still few. 
To the best of the author’s knowledge, only a single Japanese manufacturer is marketing MCs 
at the moment.  

This chapter is a literature review which presents the basic MC technology and MC protection 
issues as a background for [P1]–[P7]. First, the basic switch configurations and optional 
single- and two-stage MC topologies are presented. After that, the methods and the systems 
providing safe operation of the MCs are considered briefly. 

2.1 Topologies 

The ideal three-to-three phase MC circuit presented in Figure 1.5 can be implemented in many 
ways. The basic two MCs are direct MC (DMC) and indirect MC (IMC), as shown in Figure 
1.6. Their other bidirectional switch configurations are dealt with in this section, which also 
presents optional single- and two-stage MC topologies as a background for [P1]–[P7]. 

2.1.1 Bidirectional Switches 
The possibilities to implement the bidirectional switch with IGBTs are presented in Figure 2.1. 
Any other fully controllable semiconductor switches could also be used instead of the IGBT. 

The configuration in Figure 2.1a contains only one active switch and is the simplest choice. 
However, it cannot be used in MCs with most safe commutation methods, as will be presented 
in Section 2.2. In addition, it has more conducting components in a supply-to-load current path 
than the configurations in Figures 2.1b–f. However, it could be used with some two-stage MC 
topologies presented in Section 2.1.3 and it was applied with MOSFET in one of the first 
experimental verifications of MC drives in 1988 [Nef88]. 

Conventionally, the most popular MC switches have been common-emitter and -collector 
configurations (Figures 2.1b–c) and their combinations [Nie99], [Whe02], [Jus05]. They both 
always have a single active switch and a single diode conducting per output phase. In practice, 
their only difference is the number of required isolated emitter potentials. For example, a 
common-collector switch-based DMC requires only six isolated gate control units, whereas 
the common-emitter-based DMC, shown in Figure 1.6a, requires nine. The common-collector-
based IGBT modules containing all switches of the DMC have been available for low power 
range [Bru01] and IGBT modules with a common-emitter-connected bidirectional switch are 
also available [Sem04]. 
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(a)
(b) (c)

(d) (e) (f)  

Figure 2.1 Bidirectional switch configurations in practice: (a) switch and diode bridge, (b) common-
emitter, (c) common-collector, (d) diode and switch in series, (e) diode and switch in series 
and (f) antiparallel RBIGBT configuration. 

The separated serial combinations (Figures 2.1d–e) are not as commonly used as the previous 
two and they have similarities with the switches required in the current source converter 
(CSC). However, differences arise with the number of isolated gate drivers: with the DMC, the 
configuration in Figure 2.1d requires eighteen isolated gate drivers, whereas the configuration 
in Figure 2.1e requires only six, as in the common-collector configuration. 

The similarity between the MCs and the CSCs continues with the benefits provided by the 
RBIGBTs (Figure 2.1f) [Ber96], [Lin01]: there is only a single RBIGBT conducting per 
output phase. However, they are still quite new and their switching characteristic is not 
necessarily comparable to that of conventional IGBTs yet [IXY05], [Fri06], [Klu06a], 
[Zho07]. On the other hand, contrary results have also been presented in [Tak04], [Nai04], 
[Jia05], [Lut05] and [Bla04], but all of these sources consider only a simplified circuit, a 
single switch, or a pair of switches. The same holds for [Mot04], even though it introduces an 
RBIGBT module containing DMC switches. Most experimental results for a full DMC system 
with eighteen RBIGBTs are presented with voltage levels lower than European 400 V, e.g. in 
[Ito05b], [Bal06], [Sun06] and [Zho07]. In addition, there seem to be differences which 
depend on the manufacturer whose RBIGBT is applied in each case. 

2.1.2 Single-Stage Topologies 
The DMC, i.e. a single-stage three-to-three MC, presented in Figures 1.5 and 1.6a is not the 
only possible single-stage MC; rather, the number of phases can be arbitrary, as presented e.g. 
in [Ten92]. The DMC in Figure 1.6a consists of three output-phase-specific switch groups (a 
single switch group is presented in Figure 2.2b). Compared to the DMC, the principles of the 
modification are: 1) adding/removing switches to/from the switch group when the number of 
input phases varies, 2) adding/removing switch groups when the number of output phases 
varies, 3) combining 1) and 2) when the number of both input and output phases varies. 

A single-to-single or single-to-two phase MC is presented in Figure 2.2a and studied e.g. in 
[Kho88], [Zuc97] and [Idr06]. As can be seen, it is a H-bridge with bidirectional switches. The 
simplest three-to-single phase MC is presented in Figure 2.2b, where the supply and load have 
a common neutral [You99]. Another three-to-single phase MC is presented in Figure 2.2c, 
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where two switch groups are used [Ten92], [Pac03], i.e. the circuit has two output phases so 
that it can be called a three-to-two phase MC, too. The circuit in Figure 2.2c can also serve as 
a four-quadrant buck-type rectifier, as suggested in [Hol92]. Due to its four-quadrant 
operation, it can be applied to a dc motor drive, as presented in [RP5]. Functionally, the four-
quadrant rectifier in Figure 2.2c equals the combination of two antiparallel-connected rectifier-
side bridges of the CSC (Figure 1.2), which also holds for the control system, as shown in 
[RP5].  

(a)  (b) 

Switch
group

 

(c)  
Figure 2.2 Some single-stage MC circuits: (a) single-to-single or single-to-two phase MC, (b) three-to-

single phase MC with common neutral, i.e. single switch group of output phase, and (c) three-
to-single or three-to-two phase MC or four-quadrant buck-type rectifier. 

In the case of single-stage MCs with more than three output phases, the only one studied 
experimentally is a three-to-four phase or a four-wire single-stage MC, presented in Figure 
2.3, suggested in [Whe05] and applied in [Kat05]. In both [Whe05] and [Kat05], the fourth 
output phase N is neutral, i.e. the system connects a four-wire system to a three-wire system. 
The circuit requires 24 IGBTs and diodes. 

A B C

a b c

N  
Figure 2.3 Three-to-four phase single-stage MC. 
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2.1.3 Two-Stage Topologies 
In the single-stage MC circuits presented, every output phase can be connected to any input 
phase without restriction. However, the same performance can be achieved in practice even 
when the possibility to connect input and output phases is restricted. An ideal two-stage MC is 
presented in Figure 2.4. The two-stage or indirect approach to MC analysis and modulation 
was introduced already in the 1980s [Zio85], [Oya89], [Hub89], [Whe02], whereas two-stage 
MC topologies as real converters came to be studied slightly later [Hol89], [Min93].  

a

b

c
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B

C

udc

p

n

idc

 
Figure 2.4 Ideal two-stage matrix converter, i.e. ideal indirect MC. 

The two-stage MC topology proposed in [Hol89] consists of a conventional VSI bridge 
(Figure 1.1) and a rectifier stage, where each bidirectional switch consists of a pair of 
antiparallel thyristors. [Hol89] proposes a control system where VSI is controlled by such a 
PWM method that causes dc link current idc to become zero once in a modulation period. 
Thus, the thyristors of the rectification stage require no auxiliary commutation circuits and can 
still be controlled by PWM control. However, the system has not been verified in experimental 
tests to the best of the author’s knowledge. A more primitive system, presented in Figure 2.5, 
is proposed in [Kim00], where a conventional back-to-back converter (BBVSC, Figure 1.1b) 
without a dc link capacitor and with an LC-type supply filter is introduced. The supply-side 
bridge, i.e. the rectifier stage of this simplified two-stage MC, is controlled so that its IGBTs 
are turned on at the same time as its diodes turn on [Kim00]. Thus, the rectifier stage allows 
the dc link current idc to change direction without restriction. Due to the rectifier stage control, 
the dc link voltage udc follows the envelope of the supply line-to-line voltages and the supply 
current waveform is roughly a four-step-square wave if the link current idc is assumed 
constant. The inverter stage may again be controlled like the VSI. 
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Figure 2.5 Simplified two-stage matrix converter. 
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As presented in Chapter 1, one of the main motivations in MC research has been the 
possibility to attain sinusoidal supply current waveforms. That is not possible with the 
simplified two-stage MC. Thus, the most studied three-to-three phase two-stage MC is the 
indirect matrix converter (IMC), presented in Figure 2.6, where common-emitter-configured 
switches are applied in the IMC supply bridge (ISB) and PWM control is possible. The IMC 
load bridge (ILB) is again the conventional VSI. Due to the ISB configuration, the IMC can 
produce sinusoidal supply current waveforms. Generally, the IMC in Figure 2.6 should 
provide performance identical to that of the DMC when modulated with the same strategy. 
This is discussed more extensively in Chapters 3–7 and in [P2] and [P4]–[P7]. 
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Figure 2.6 Indirect matrix converter (IMC). 

To the best of the author’s knowledge, the IMC was first proposed and also confirmed 
experimentally in [Min93] and then researched further e.g. in [Iim97], [Wei01], [Zwi01] and 
[Iim04]. As with the DMC, the ISB switches may also be implemented with all configurations 
presented in Figure 2.1, e.g. with RBIGBTs as in [Fri06]. In the ISB, the poor switching 
characteristics of the RBIGBTs are not necessarily a problem because they can be switched 
with zero current, as suggested in [Hol89], when a suitable modulation method is applied for 
the IMC [Fri06]. That kind of modulation also allows the configuration in Figure 2.1a to be 
used in the ISB [Wei01], [Kol02]. This would decrease the number of active devices to twelve 
and increase the number of diodes to thirty, whereas the IMC in Figure 2.6 has eighteen 
IGBTs and diodes. However, that kind of converter would have four conducting devices in the 
current path, whereas the IMC in Figure 2.6 has only three conducting devices in the current 
path. 

The total number of semiconductor devices can also be reduced using an approach where the 
modulation is not restricted [Kol02], [Wei02]. Figure 2.7 presents a three-to-three two-stage 
MC with the same operation as the IMC, but the ISB contains only nine active devices and 
thus it is only a reduced IMC. The reduced IMC in Figure 2.7 contains fifteen IGBTs and 
eighteen diodes and has four devices in the current path. If the rectifier bridge is reduced 
further, as presented in the three-to-three phase two-stage MC in Figure 2.8, the dc link current 
idc can no longer flow in the negative direction. Thus, the fundamental output power factor 

may range only between unity and 2/3  and its maximum output fundamental displacement 
angle is 30°. However, the two-stage MC in Figure 2.8 contains only nine IGBTs and 18 
diodes.  
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As can be seen in comparing the two-stage circuits in Figures 2.6–2.8 to the DMC circuit in 
Figure 1.6a, the DMC has always less semiconductor devices on the current path from supply 
to load. However, the two-stage MC offers a possibility to decrease the number of active 
semiconductor devices, as presented above. The decrease is greater when the number of load 
phases is increased, i.e. with a three-to-four phase two-stage MC, which was suggested in 
[Yue06] and is presented in Figure 2.9. As can be seen, the three-to-four phase two-stage MC 
in Figure 2.9 requires only two additional active devices and diodes, i.e. twenty IGBTs and 
diodes. That is four less compared to the respective single-stage MC in Figure 2.3. In addition, 
the reduced ISB presented in Figure 2.7 could be used instead of the full ISB without 
limitations on operation, which decreased the number of active devices to seventeen. 
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Figure 2.7 Two-stage MC with 15 active devices, i.e. reduced IMC. 
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Figure 2.8 Two-stage MC with 9 active devices and reduced displacement power factor of the output. 
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Figure 2.9 Three-to-four phase two-stage MC. 

The two-stage MC contains also a possibility to attain three-level operation with an auxiliary 
circuit, which is impossible in the single-stage MCs. A three-level two-stage MC, introduced 
in [Klu06b], is presented in Figure 2.10. In the three-level two-stage MC, both link bars can be 
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connected to the supply neutral point. Thus, three voltage levels are available for the load, 
which can be used to decrease common-mode voltage steps. As discussed in Chapter 1 and in 
[P2], a three-level inverter system can decrease common-mode load voltage steps, which can 
be seen as a possible benefit. The circuits presented in Figures 2.2, 2.3, 2.5 and 2.7–2.10 are 
examples only. Their deeper analysis and specific features are beyond the scope of this thesis, 
but they are presented to show the MC circuit variety. 
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Figure 2.10 Three-level two-stage MC. 

2.2 Ensuring Safe Operation  

In all MC topologies, some basic operational limitations exist. Due to the voltage source type 
input, i.e. supply filter capacitor, load must be resistive or inductive. If the path of the 
inductive load current is cut abruptly, high load voltage spikes may arise. Thus, the load 
current path must always be ensured because purely resistive circuits do not exist in practice. 
On the other hand, input phases should never be short-circuited to avoid input current spikes. 
In the MCs, every output phase must always be connected to a single input phase. 

This section is mainly a literature review of commutation methods and auxiliary circuits 
applied in the MCs to ensure safe operation as a background for [P1]–[P7]. First, safe 
commutation methods are reviewed, after which overvoltage protection is discussed. Neither 
of the issues is presented in [P1]–[P7]; they are only used there. 

2.2.1 Switch Commutations 
Problems with short-circuiting of the input phases or cutting of the output current path can be 
avoided in normal conditions by controlling the turn-on and turn-off switchings of every 
device separately. These methods are called commutation methods. Their basic idea is to 
perform the commutations in steps, avoiding short- and open-circuit situations, and they are 
always applied separately for each output phase switch group, as presented in Figure 2.11a. In 
addition, they require such bidirectional switch configuration that the direction of current flow 
through the switch can be controlled. Thus, the configuration presented in Figure 2.1a 
containing a single active device cannot provide safe commutation methods. 

Both basic commutation methods of the DMC were suggested in the late 1980s [Bur89], 
[Oya89]. One is based on output current direction information and the other on input voltage 
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polarities. They and their variations are presented next. All of them were originally developed 
for the DMC, but they all can be used in the IMC, too. The commutation of the IMC is 
presented at the end of this section. 

Output-Current-Direction-Based Commutation 

The method suggested in [Bur89] is based on output current direction and its principle is 
presented in Figure 2.11. Figure 2.11a  presents the switch group SA(a,b,c)(1,2) of output phase A, 
whose current is iA, and Figure 2.11b presents the gate control signals uSA(a,b)(1,2) of the 
switches SA(a,b)(1,2) , respectively, when positive output current commutes from input phase a to 
input phase b. Before the commutation procedure, both devices SAa1 and SAa2, forming switch 
SAa, are on and SAa1 conducts. The procedure starts with the first step at instant t1 when the 
non-conducting device of the conducting switch (SAa2) is turned off. The second step is 
performed at instant t2 when the device SAb1, which conducts in the direction of the current iA, 
is turned on. The third step is to turn off the originally conducting device SAa1 at instant t3. The 
fourth step is to turn on the non-conducting device SAb2 of the new switch, in which the device 
SAb1 is conducting, at instant t4. The sequences with both current directions are presented in 
Figure 2.12 in part ‘4-step’. 

(a) A

a b c
SAa1

SAa2

SAb1

SAb2 SAc2

SAc1

iA

uiab

 (b)

uSAa1

uSAa2

uSAb1

uSAb2

t1 t2 t3 t4 t  
Figure 2.11 (a) Switch group of output phase A. (b) Control signals uSAa(1,2) and uSAb(1,2) of devices SAa(1,2) 

and SAb(1,2), respectively, in current-sign-based four-step commutation, when output current iA 
commutes from input phase a to input phase b and iA > 0, i.e. flows in direction 1. 

In the situation shown in Figure 2.11, the commutation occurs at t2 if uiab < 0 and at t3 if 
uiab > 0, where uiab is the input line-to-line voltage. When the commutation occurs at t2, the 
turn-off of SAa1 is soft, and both the turn-on of SAb1 and the turn-off of the antiparallel diode of 
SAa2 are hard because of the reverse recovery current in turn-off of power diodes [Moh95]. 
When the commutation occurs at t3, only the turn-off of SAa1 is hard and other switchings are 
soft because the positive uiab is blocked by the non-conducting antiparallel diode of SAa1, 
whose currentless turn-off does not cause reverse recovery current [Bla03]. In the modulation 
method applied in [P1]–[P7], both commutation types occur equally in a modulation period. 
Thus, it can be said for simplicity that one type of commutation is totally hard and the other is 
totally soft. The total number and energy losses of the commutations match even though their 
parts are distributed in reality as shown above. 

The four-step commutation method allows the change in output current direction automatically 
because after the commutation procedure both devices of the switch are on as presented above. 
However, the turn-on and turn-off operations of the non-conductive devices are mostly 
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useless. Thus, the second output-current-direction-based strategy is a commutation with two-
steps, where only the conducting device is turned on and all switchings of the devices are 
unnecessary [Emp98]. The output-current-direction-based two-step commutation contains 
steps 2 and 3 of the four-step method, i.e. the instants t2 and t3 in Figure 2.11b [Emp98]. Both 
possible sequences are presented in Figure 2.12 in part ‘2-step’. 

In the two-step commutation method, the change in the current direction has to be taken into 
account separately. The detection of output current zero crossing, which contains PWM ripple, 
is not a fault-free task. Start-up is also a problem because the current direction is then 
undefined. In practice, two-step commutation requires additional logic to take care of the zero 
current and start-up situations. The solution is based on threshold levels on both sides near 
zero value [Emp98]. When the current crosses the threshold level, the conducting device is 
turned off and the device conducting in opposite direction is turned on after a blanking time. 
The same logic takes care automatically of the start-up, changing the device turned on after the 
blanking time if the current does not start to flow via the first device turned on. Thus, the 
current-based two-step commutation requires more complex logic than the four-step method. 
In addition, it requires information on current magnitude, unlike the four-step method. 
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off SAa2  
Figure 2.12 Block diagram of the devices turned on with both current directions in current-sign-based 

commutation methods when output current iA commutes from input phase a to input phase b. 
The leftmost blocks present the initial states and the rightmost blocks present the target state. 

The current-direction-based commutation methods can be reduced to a three-step or single-
step commutation method, both presented in Figure 2.12 in parts ‘3-step’ and ‘1-step’, 
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respectively  [Whe04]. In the three-step commutation method, the target device and the 
originally conducting device are turned on and off, respectively, at the same instant, i.e. t2 = t3 
in Figure 2.11b. This can be done with the semiconductor devices that have longer turn-off 
than turn-on delay in all possible conditions. Then, the overlapping caused by the difference in 
delays is long enough to secure the current path, i.e. the originally conducting device turns off 
after turn-off delay. The same can be applied in the case of the two-step current-direction-
based commutation method where this means that only a single step occurs, thus leading to the 
single-step commutation method. The reduced commutation methods do not require as long a 
time as even-numbered commutation methods [Whe04]. Thus, they could lead to more ideal 
voltage transfer characteristics than the characteristics analysed in [P5] using the four-step 
method. 

Input-Voltage-Polarity-Based Commutation 

The four-step commutation method suggested in [Oya89] is based on the information on the 
input line-to-line voltage polarities, which is the other method that can be used to ensure safe 
commutation. In the four-step voltage-polarity-based method, the devices are turned on and 
off in different order compared to the four-step output current direction based method. The 
sequences with both possible voltage polarities are presented in Figure 2.13 when the current 
commutes from SAa to SAb in the circuit presented in Figure 2.11a. 
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Figure 2.13 Block diagram of the devices turned on in all situations with voltage-polarity-based 

commutation methods when output current iA commutes from input phase a to input phase b. 
The leftmost blocks present the initial states and the rightmost blocks present the target state. 

As with the current-direction-based four-step method, the commutation of current occurs after 
step 2 or after step 3 with the voltage-polarity-based method because at step 1 the device 
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turned on is always reverse-biased and the device turned on at step 3 is always forward-biased. 
Thus, the commutation is soft at step 2, i.e. when iA > 0, and hard at step 3, i.e. when iA < 0, 
when the definitions presented above for current-based methods are used. 

The input-voltage-based two-step commutation method presented in [Zie98] and [You99] does 
not have the same analogy with the input voltage polarity based four-step voltage 
commutation as the current-direction-based four- and two-step methods. The basic solution of 
[Zie98] and [You99] is that 1) the negative direction conducting device of the input phase, 
which forms the positive envelope of the input phase voltages instantaneously, is always 
turned on and 2) the positive direction conducting device of the input phase, which forms the 
negative envelope of the input phase voltages instantaneously, is always turned on, too. Thus, 
the current path always exists without short-circuit so that safe commutation with two steps is 
possible. Possible combinations when output current iA commutes from input phase a to b are 
presented in Figure 2.13 in part ‘2-step’, which is based on the method presented in [You99]. 
In certain situations, the voltage-based two-step commutation leads to an intermediate state 
where current commutates to the input phase which is neither the initial nor the target phase. 
That causes an additional commutation, which is hard with the other output current direction. 
This is a drawback compared to the other methods presented above. 

In both voltage-based commutation methods, the commutation occurs either after the turn-off 
of the initially conducting device or after the turn-on of the target device. The simultaneous 
turn-off and turn-on of those devices would short-circuit input phases because the operation 
would create two bidirectional switches turned on simultaneously. Thus, the input-voltage-
based commutation methods are safe as four- and two-step versions only. However, single-
step commutation can be achieved when current direction detection is combined with voltage-
based two-step commutation [Zie01]. The advantages of that kind of system are quite limited 
because safe operation can be achieved with the current direction only as presented above. 

Comparison of Current- and Voltage-Based Commutation Methods 

Unlike the current-direction-based commutation methods, the bidirectional current path 
always exists in all the voltage-based commutation. However, the input is short-circuited if the 
input voltage signs or order is detected wrongly. This can be fatal due to the discharge of the 
supply filter capacitors, which can be detected by neither output nor supply current sensors. In 
the current-direction-based commutation methods, an incorrectly detected current sign opens a 
current path, creating an overvoltage condition which can be handled with an overvoltage 
clamp circuit. In addition, a current sign detection error is likely to occur near zero and the 
energy to be dissipated is low. Voltage detection errors occur near zero, too, but the short-
circuiting of the input capacitors may still be fatal.  

In all cases, problems may arise if either current sign or voltage polarity information changes 
during the commutation. In the two-step current-based method, the additional logic for zero 
crossing solves the problem automatically. The latching of current sign information until the 
on-going commutation is fulfilled can also be applied in the four-step current-based 
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commutation. This causes only a short interruption of the current path with zero current, 
causing no problem. In the voltage-based methods, the latching of the polarity information 
short-circuits the input. Thus, a more secure method could be to change the voltage polarity 
information immediately when the polarity changes. This results in cutting off the current path 
and causes an overvoltage situation, which is easier to handle than overcurrent, as discussed 
above.   

The delays in all the commutation methods do not need to be equal. Their values depend on 
the semiconductors used and the three- and single-step methods can be seen as ultimate 
situations. The delays can also be adaptive, depending on the output current level [Kaz02]. 

Input voltage measurement in voltage-based methods can be considered easier and more cost-
effective than output current measurement with current sensors. However, when the output 
current direction is the only information required, it can be defined by measuring voltages 
across the semiconductor devices of the switches [Emp98]. That leads to several voltage 
measurements which should detect zero crossing accurately and have the ability to handle the 
peak-value of input line-to-line voltage, too. Another method is to add an antiparallel-
connected diode pair to each output phase and measure voltage across the diodes, which 
requires only a single narrow voltage band measurement per output phase [Ker00]. However, 
the diode pair causes power losses, decreases voltage transfer ratio and is an additional cost. 

Safe Commutation in IMC 

In the IMC, the commutation methods of the bridges separated are different. As presented, the 
commutation methods of the MCs are used separately for each output phase switch group. 
Thus, all methods presented above are directly suitable for the ISB, which consists of two such 
groups. The only exception is that dc link bars p and n define the switch group instead of 
output phases, as presented in Figure 2.6. All methods can also be applied in the rectifier 
bridge of the reduced IMC in Figure 2.7. However, the IMC structure also offers a benefit 
which is not provided by DMC [Hol89], [Wei01]: When the IMC is modulated so that the ISB 
always changes its state during the zero output voltage state of the ILB, i.e. all output phases 
are connected either to p or to n bar of the dc link (Figure 2.6), there is no need for the special 
commutation method in the ISB because its devices are switched with zero current. Thus, a 
conventional blanking time between the turn-off and -on is enough to avoid the short-
circuiting of the input phases. The method also decreases the ISB switching losses to zero. 
Naturally, the method can be applied only when the sum of the output currents is zero. In 
addition, this is the only way to make it safe to use the type of switches in Figure 2.1a in the 
ISB.  

The ILB is identical to the VSI and thus their safe commutation is also identical, i.e. the ILB 
requires dead or blanking time between turn-off and turn-on in a leg [P5]. Simultaneous 
turning on of both the devices in the same leg would short-circuit the input phases. In the 
experiments in [P1]–[P7], the ILB is commutated by applying blanking times with fixed 
values.  
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The four-step current-sign-based method with fixed times between the steps is applied both in 
the DMC and the ISB in [P1]–[P7]. For the DMC commutation, all three output current 
directions are required, whereas only the dc link current direction is required for the ISB.  

2.2.2 Overvoltage Protection 
The commutation methods presented above lead to safe operation under normal conditions. 
However, commutation failures are still possible as a result of electromagnetic interference, 
power failure, etc. In addition, the commutation methods may cut the output current path in 
some situations, leading to overvoltage due to leakage inductances, as presented above. 
Overvoltage from a supply grid should not be ignored either [Nie99]. As a result, the lack of a 
natural freewheeling path leads to the need for an additional circuit providing energy storage 
and preventing overvoltage in the error cases [Nef88]. 

The danger of overvoltage situations can also be decreased when the modulation method and 
physical device placement are combined so that every commutation always occurs between 
physically adjacent switches [Sch04]. This minimises the effects of leakage inductance in 
bonding wires so that the magnitude of commutation voltage spikes diminishes. 

Overvoltage Protection in DMC 

In terms of current path and overvoltage, the MC is similar to the CSC. Thus, the overvoltage 
clamp circuit of the DMC, suggested in [Ale89] and presented in Figure 2.14, is quite the same 
as that used with the CSCs [Put01]. The clamp circuit contains a varistor, which limits the 
maximum voltage without a large capacitor. The configuration presented in Figure 2.14 is also 
that applied in [P2] and [P4]–[P7]. Another solution is to use the clamp circuit capacitor 
without the parallel varistor, but then the capacitor has to be capable of storing the maximum 
possible energy alone without overvoltage, as suggested e.g. in [Nef88] and [Nie99]. The latter 
also suggests a reduction in the number of separate clamp circuit diodes from twelve to six, as 
shown in Figure 2.15. This reduction is possible only if all switch groups contain both the 
common-emitter and common-collector connected switches. 

Instead of using a varistor, the voltage of the clamp circuit capacitor can also be controlled 
with an active semiconductor switch and resistor, as suggested in [Tuu92], or with a 
semiconductor switch gated so that the overvoltage drives it to the linear operation region, 
where it dissipates the energy, as suggested in [Ito05b]. In addition, the capacitor can supply 
power to auxiliary converter control circuits, as presented in [Nef88], where the auxiliary 
power supply consumes the capacitor energy and controls the clamp capacitor voltage. 

The overvoltage protectors presented above are based on a common circuit structure. Another 
approach is to use a separate protection circuit or device for every switch, as proposed in 
[Nef88] and [Mah02]. The latter reference suggests delta-connected varistors both for the 
input and the output side of the DMC, mounted directly on the terminals. In the case of 
overvoltage, the varistors turn on and dissipate the energy of the voltage spike. According to 
[Mah02], single devices may also require separate protection by a gate control system, which 
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drives the device to the linear operation region to dissipate voltage spike energy when 
required. Due to the limited energy dissipation capability of varistors, they can be used alone 
in low-power applications only [Mah02]. With higher power, other solutions must be used. 

When a varistor is used to protect the converter in parallel with a capacitor, as e.g. in [Put01], 
[Sal02] and [P1]–[P7], some design issues should be noted. The varistor voltage should be 
chosen so that the semiconductors are not damaged. On the other hand, the varistor voltage 
should not be too low because the clamp capacitor should store the amount of energy that the 
varistor voltage is exceeded only when the malfunction of the converter is serious. In any case, 
the clamp circuit should be capable to dissipate the energy stored in the leakage inductances of 
the load together with the resistive components of the load [Nie99], [Mah02]. The maximum 
ratings for the pulse magnitude and duration of the varistor current should also be taken into 
account and they both are affected by the circuit time constant parameters [Mah02]. Thus, the 
use of varistors requires careful design and their usability depends on the application. 

A B C

a b c

 
Figure 2.14 DMC with overvoltage clamp circuit. 

A B C

a b c

 
Figure 2.15 DMC with reduced overvoltage clamp circuit. 

Overvoltage Protection in IMC 

Everything said about the overvoltage protection of the DMCs above is also valid for the IMC. 
Natural freewheeling current paths do not exist in IMCs, so that overvoltage clamp circuits are 
required. The clamp circuit configuration applied in [P1]–[P7] is presented in Figure 2.16. In 
theory, the supply-side clamp circuit in Figure 2.16 is adequate to secure the current paths 
alone. In practice, the dc link bars contain leakage inductance, which separates the supply-side 
and load-side ends of the dc link bars. Thus, there is also a clamp circuit on the load side for 
the load-side ends of the bars. For the leakage inductance, the IMC circuit in Figure 2.16 also 
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contains the small dc link capacitor Cdc, which minimises the effects of leakage inductance in 
dc link bars and semiconductor module bounding wires [Kim00], [P4]. 

[Klu05b] suggests that the IMC overvoltage clamp circuit can be considerably reduced 
because the freewheeling path of the ILB can be provided by series connection of a diode and 
a capacitor in the dc link, as presented in Figure 2.17. However, that solution does not take 
into account the effects of the supply grid and does not protect the ISB, so that protection has 
to be provided in some other way. A solution based on reduced clamp circuit of the DMC and 
simultaneous protection of both bridges is presented in Figure 2.18 [Klu05b]. However, the 
clamp circuit configuration presented in Figure 2.18 ignores the possible effects of the leakage 
inductance in dc link bars, unlike the full clamp circuit in Figure 2.16. 
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Figure 2.16 IMC with two overvoltage clamp circuits. 
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Figure 2.17 IMC with reduced overvoltage clamp circuit of ILB and unprotected ISB. 
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Figure 2.18 IMC with reduced overvoltage clamp circuit. 
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2.3 Conclusion  

The basic MC technology and MC protection issues have been presented in this chapter. First, 
the basic switch configurations and optional single- and two-stage MC topologies have been 
presented. After that, the commutation methods and the systems providing safe operation of 
the MCs have been considered briefly. 

It has been found that the switches of the MCs can be implemented with different 
configurations. RBIGBT technology would provide benefits in MCs. However, they are not 
mature technology yet. Different single-stage and two-stage MC topologies with different 
number of input and output phases have been suggested in the literature. In theory, the number 
of combinations of input and output phases is unlimited. In this thesis, three-to-three phase 
DMC and IMC are the only topologies researched further. Other topologies have been 
introduced as a background for [P1]–[P7]. 

The bidirectional switch configurations of the MCs do not provide safe operation 
automatically. Thus, several multi-step commutation methods have been suggested in the 
literature. Some of them are based on output current direction information and the others on 
input voltage polarities. After introducing the basic commutation methods they have been 
compared. It has been found that the methods based on output current direction are safer than 
the commutation methods based on input voltage polarities because the misdetection of the 
output current direction does not have as serious consequences as the misdetection of the input 
voltage polarity. In addition, the detection of current direction is more robust than the 
detection of voltage polarity. Thus, the four-step output current detection commutation has 
been chosen to be used in this thesis for the DMC and the ISB [P1]–[P7]. The commutation of 
the ILB has been found to be identical to the commutation of the VSI, i.e. blanking times are 
used between switchings. 

In addition to the safe commutation methods, the MCs require overvoltage protection because 
the commutation failures are still possible. It has been found that several different methods for 
the overvoltage protection have been suggested. In most cases, a separate circuit to store or 
dissipate the energy have been used. For simplicity, the diode-bridge-based circuit the dc link 
of which contains capacitor and varistor in parallel has been chosen to be used in the 
experimental setups of this thesis because only the low-power applications are considered 
[P1]–[P7]. 
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3 Matrix Converter Control 

There are several different open- and closed-loop control methods suitable for matrix 
converters (MCs). The open-loop methods can be considered pure modulation strategies if 
load control systems are ignored. In addition, the closed-loop control systems do not usually 
control the converter itself, but rather the load, so that they also contain a modulator. Thus, 
modulation is one of the key issues with MCs. 

This chapter seeks to present an extensive coherent of the modulation method applied in [P1]–
[P7]. First, the space vector theory is introduced briefly as background. After that, the basics 
of MC modulation are presented. That is followed by a brief review of MC modulation 
schemes presented in the literature. After that, the derivation of the space vector modulation 
(SVM) method for the MCs applied in [P1]–[P7] is presented, based mostly on [P1], but in 
more coherent and extensive form. Then, four SVM methods are compared, concentrating on 
the common-mode voltages based on [P2]. At the end of the chapter, also the synchronisation 
of the MC operation to the supply applied in [P1]–[P7] is described, with a brief comparison 
with other methods suggested in the literature. 

3.1 Space Vector Theory 

The presentation of modulation and control methods is based on space vectors. Space vectors 
present a three-phase system of time-variant quantities such as voltage, current or flux in a 
complex plane and were originally used to model the dynamic behaviour of ac machines 
[Kov62]. However, they can be used to describe any kind of three-phase system, e.g. three-
phase power electronic converters and their modulation, as presented in power electronic 
literature, e.g. in [Aka84], [Bro88], [Hol89], [Hol03] and [Nov96]. In addition, space vector 
theory is used in the control of ac machines, as presented e.g. in [Nov96], [Vas90], [Vas92] 
and [Kaz02]. Next, a definition and some transformation equations of the space vector applied 
in [P1]–[P7] and below are given.  

Let xa, xb and xc be the instantaneous values of arbitrary three-phase variables forming the 
space vector x [Kov62]: 

( )c
2

ba3
2 xaxaxx ++= , (3.1-1a) 

where a = ej2π/3. When quantities are purely sinusoidal and symmetric, and they have constant 
angular frequency, the space vector x can be presented as 
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tt xxx xx jj eˆe ωω == , (3.1-1b) 

where  |x| is the magnitude of the space vector x, which is equal to the amplitude of the phase 
magnitudes: xxxxx ˆˆˆˆ|| cba ==== , ωx is the angular frequency of x(a,b,c) and t is time. For the 

sake of simplicity, time is not presented in parentheses after variables x even though they are 
time-variant. When the three-phase system considered contains a zero sequence component or 
an average x0, it has to be taken into account separately: 

x0 = (xa + xb + xc)/3 (3.1-2) 

It is often useful to present x using two-axis components, i.e. to separate it into the projections 
of the real- and imaginary-axis, Re and Im, respectively:  

x = Re{x}+jIm{x} = xα + j xβ. (3.1-3) 

In a stationary reference frame, the transformation from a three-phase to the two-axis and zero 
sequence components can be performed as follows [Kov62]: 
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Thus, the inverse transformation is 
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Sometimes it is advantageous to use some other reference frame instead of the stationary one. 
Let θk be the instantaneous angle of an arbitrary reference frame, let θx be the angle of the x in 
the stationary reference frame at the same instant as θk, i.e. θx = ωx t, and let xk be the space 
vector x transformed from the stationary to the arbitrary reference frame: 

kkxkx jjj)j(
k eeee θθθθθ −−− === xxxx t  (3.1-6) 

The transformations are then in matrix form 
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and the inverse transformations are, respectively, 
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It is possible to express the instantaneous active power p of a three-phase three-wire system 
having phase voltages u(a,b,c) and currents i(a,b,c) using the space vector theory [Kov62], 
[Aka84], [Vas92]: 

{ } ( ) ( )kqkqkdkdββααccbbaa 2
3

2
3Re

2
3 iuiuiuiuiuiuiuiup +=+==++= ∗ , (3.1-9) 

where i*denotes the complex conjugate of i, the space vectors u and i are formed by u(a,b,c) and 
i(a,b,c), respectively, and  u(α,β), i(α,β), u(kd,kq) and i(kd,kq) are the two-axis components of u and i, 
following (3.1-4) and (3.1-7). 

Sometimes the relations between sine and cosine and their exponent forms are useful in the 
analysis with space vectors: 
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Finally, the input phase voltage and current and the output voltage and current space vectors of 
an MC are denoted by ui, ii, uo and io, respectively: 
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where ui(a,b,c) refer to the input phase voltages, ii(a,b,c) to the input currents, u(A,B,C) to the output 
phase voltages and i(A,B,C) to the output currents. When phase quantities are purely sinusoidal 
and symmetric, and they have constant angular frequency, the space vectors in (3.1-11)–(3.1-
14) can be presented as 

tt uuu ii j
i

j
ii eˆe ωω == , (3.1-15) ( ) ( )1,ii1,ii j

i
j

ii eˆe ϕωϕω −− == tt iii , (3.1-16) 

tt uuu oo j
o

j
oo eˆe ωω == , (3.1-17) ( ) ( )1,oo1,oo j

o
j

oo eˆe ϕωϕω −− == tt iii , (3.1-18) 

where ω i refers to the input angular frequency, ωo to the output angular frequency, ϕ (i,o),1 are 
the fundamental displacement angles between voltage and current of the input and the output, 
respectively, and ûi, îi, ûo and îo are the magnitudes of the respective quantities.  



28  Chapter 3 
 

3.2 Overview of Matrix Converter Modulation 

This section deals with the modulation of MCs in a general manner and also presents a brief 
review of different modulation and control methods suggested for MCs in the literature. Thus, 
this section serves as an introduction for the derivation of the space vector modulation (SVM) 
method presented in Section 3.3 and used in [P1]–[P7]. 

In theory, an ideal direct three-to-three phase MC (DMC) as in Figure 3.1 has 512, i.e. 29, 
different switching states. However, short-circuiting of the input phases (a, b, c) is not allowed 
and the output current path cannot be opened. Thus, every output phase (A, B, C) must always 
be connected to a single input phase. This reduces the number of switching states to 27, as 
presented in Table 3.1. Thus, when the switching functions sw(A,B,C)(a,b,c) are used to present the 
state of the switches S(A,B,C)(a,b,c) (Figure 3.1), respectively, the system always has to follow  

swAa + swAb + swAc = 1,    swBa + swBb + swBc = 1,    swCa + swCb + swCc = 1, (3.2-1) 

where sw(A,B,C)(a,b,c) has values 0 or 1 describing on-state and off-state, respectively. Thus, the 
output phase voltages u(A,B,C) are instantaneously 
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where ui(a,b,c) are the input phase voltages. Respectively, the input currents ii(a,b,c) are 
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where i(A,B,C) are the output currents. As a result, equations (3.2-1)–(3.2-3) describe the state of 
the DMC in all 27 states permitted. 
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Figure 3.1 Ideal DMC with notations. 
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In Table 3.1, the 27 switching states permitted are divided into three groups, each of which has 
different characteristics. Group I contains switching state connecting every output phase to a 
different input phase, which produces voltage space vectors rotating with the input angular 
frequency ω i. Below, it is assumed that the input voltages are sinusoidal and symmetric with 
constant magnitude ûi and angular frequency ω i. For example, the value of the switching state 
matrix SW with State I-iii is  
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whose angle varies with time and whose magnitude is constant. In Table 3.1, the switching 
states of Group II use only two input phase voltages at a time.  Thus, the switching states of 
Group II produce voltage space vectors with constant angle and varying magnitude with the 
assumption of ideal input voltages made above. For example, State IIB-i means 

Table 3.1 Permitted switching states of DMC. 

Phase Output voltage Input current Switching function values Group  
State A B C uAB uBC uCA iia iib iic swAa swAb swAc swBa swBb swBc swCa swCb swCc

i a b c uab ubc uca iA iB iC 1  0  0  0  1  0  0  0  1  
ii a c b –uca –ubc –uab iA iC iB 1  0  0  0  0  1  0  1  0  
iii b a c –uab –uca –ubc iB iA iC 0  1  0  1  0  0  0  0  1  
iv b c a ubc uca uab iC iA iB 0  1  0  0  0  1  1  0  0  
v c a b uca uab ubc iB iC iA 0  0  1  1  0  0  0  1  0  

I 

vi c b a –ubc –uab –uca iC iB iA 0  0  1  0  1  0  1  0  0  
i a c c –uca 0 uca iA 0 –iA 1  0  0  0  0  1  0  0  1  
ii b c c ubc 0 –ubc 0 iA –iA 0  1  0  0  0  1  0  0  1  
iii b a a –uab 0 uab –iA iA 0 0  1  0  1  0  0  1  0  0  
iv c a a uca 0 –uca –iA 0 iA 0  0  1  1  0  0  1  0  0  
v c b b –ubc 0 ubc 0 -iA iA 0  0  1  0  1  0  0  1  0  

IIA 

vi a b b uab 0 –uab iA -iA 0 1  0  0  0  1  0  0  1  0  
i c a c uca –uca 0 iB 0 –iB 0  0  1  1  0  0  0  0  1  
ii c b c –ubc ubc 0 0 iB –iB 0  0  1  0  1  0  0  0  1  
iii a b a uab –uab 0 –iB iB 0 1  0  0  0  1  0  1  0  0  
iv a c a –uca uca 0 –iB 0 iB 1  0  0  0  0  1  1  0  0  
v b c b ubc –ubc 0 0 –iB iB 0  1  0  0  0  1  0  1  0  

IIB 

vi b a b –uab uab 0 iB –iB 0 0  1  0  1  0  0  0  1  0  
i c c a 0 uca –uca iC 0 –iC 0  0  1  0  0  1  1  0  0  
ii c c b 0 –ubc ubc 0 iC –iC 0  0  1  0  0  1  0  1  0  
iii a a b 0 uab –uab –iC iC 0 1  0  0  1  0  0  0  1  0  
iv a a c 0 –uca uca –iC 0 iC 1  0  0  1  0  0  0  0  1  
v b b c 0 ubc –ubc 0 –iC iC 0  1  0  0  1  0  0  0  1  

IIC 

vi b b a 0 –uab uab iC –iC 0 0  1  0  0  1  0  1  0  0  
i a a a 0 0 0 0 0 0 1  0  0  1  0  0  1  0  0  
ii b b b 0 0 0 0 0 0 0  1  0  0  1  0  0  1  0  III 
iii c c c 0 0 0 0 0 0 0  0  1  0  0  1  0  0  1  
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whose angle is 5π/3 and whose magnitude varies. The last group in Table 3.1 is Group III, 
where all output phases are connected to the same input phase, producing zero output voltages. 
For example, State III-iii means 
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3.2.1 Review of Modulation Methods 
Next, different ways to define the values of switching function matrix SW are reviewed 
briefly. Below, it is again assumed that input voltages are sinusoidal and symmetric with 
constant magnitude and angular frequency. 

The first modulation method presented for the DMC is the Venturini method suggested in 
1980 [Ven80a], [Ven80b]. In this original Venturini method, every output phase voltage is 
formed separately and fundamental wave voltage references are always between the negative 
and positive envelope of the input voltage. Thus, the maximum attained input-to-output 
voltage transfer ratio (υ) is ½. The method was further developed in the late 1980s to attain the 

full voltage transfer ratio of MCs, i.e. 2/3  [Ale88], [Ale89]. The increase in the voltage 
transfer ratio was achieved by adding two frequency components to the fundamental output 
phase voltage reference. The frequencies of the additional components are the third-order 
harmonic of the input frequency and the third-order harmonic of the output reference 
frequency. When the magnitudes of those third-order components are chosen correctly, the full 
voltage transfer ratio is achieved. The approach in the Venturini method is direct and thus the 
totally independent control of each output phase leads to the unrestricted use of the switching 
states, i.e. all states presented in Table 3.1 are possible. This can be an advantage when the 
number of output phases is increased or the separate control of output phase voltages is 
preferable otherwise. However, it is not easy to avoid the combinations producing high 
common-mode voltages, i.e. zero sequence as in (3.1-2). To do so would require a much more 
complex modulation system. 

MCs were analysed applying the ideal indirect MC (IMC) circuit in Figure 3.2 already in the 
1980s [Zio85], [Hol89], [Hub89], [Oya89], [Whe02]. The indirect modulation approach 
always leads to the limitation of possible switching states because the states of Group I cannot 

be formed with the IMC. Despite that, the full input-to-output voltage ratio of 2/3  is still 
always achieved. 
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The indirect approach also made it possible to apply the space vector modulation (SVM) with 
MCs as introduced in [Hub89]. With this first SVM method, the ISB is controlled so that the 
fictitious dc link voltage udc is the positive envelope ui,LL,env+ of the input line-to-line voltages: 

udc = ui,LL,env+, whose average π/ˆ3 LLi,dc uU = , (3.2-7) 

where ûi,LL is the magnitude of the ideal input line-to-line voltage. The method uses only two 
input phases during the modulation period Tm. Thus, it could be implemented with the 
simplified two-stage MC presented in Figure 2.5 if a two-stage topology were used. However, 
a full DMC circuit is required if a single-stage MC topology is used.  

The SVM was extended to produce sinusoidal supply currents in the early 1990s [Hub91], 
[Wie90], [Cas93], [Hub95]. With the more developed SVM introduced in [Hub91], the 
fictitious IMC supply bridge (ISB) is modulated using all three input phases during Tm. That 
produces sinusoidal supply currents and a PWM-shaped link voltage udc, whose average Udc is 

Udc = dγ ui,LL,env+ + dδui,LL,med+, (3.2-8) 

where dγ and dδ are the duty ratios of two ISB switching states used in the modulation period 
and ui,LL,med+ is the line-to-line voltage nearest below the positive envelope, as shown in Figure 
3.3. An extensive comparison of the SVM and Venturini methods can be found in [Zha98]. 
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Figure 3.2 Ideal IMC with notations. 
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Figure 3.3 Input line-to-line voltages and the forming of the dc link voltage udc with notations. 

The indirect approach also makes it possible to apply the carrier-wave-based modulation 
strategies of conventional dc link converters in the modulation of the MCs. [Oya89] introduces 
a carrier wave modulation method that cannot produce a sinusoidal supply current waveform, 
i.e. the result is equal to the first SVM of the MCs. If the method suggested in [Oya89] were 
applied to the IMC, its fictitious dc link voltage udc would follow (3.2-7). [Oya93] and 
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[Oya96] present developed versions with sinusoidal supply currents like the developed SVM. 
The same holds for the carrier-based method suggested in [Ito05a]. The modulation method 
for the real IMC suggested in [Min93] leads to basically similar waveforms as the developed 
SVM and carrier wave modulation methods [Hub91], [Oya93].  

A totally opposite approach for the modulation of the MCs is presented in [Mil00], where a 
direct switching matrix approach is used to derive a modulation method, applying only the 
switching states of Groups I and III presented in Table 3.1. However, that kind of modulation 
does not have any benefits compared to the methods considered above. 

3.2.2 Compound Control and Modulation Strategies 
All the modulation methods described above were based on a conventional scheme where the 
modulator is a separate part getting reference values from a higher level system, e.g. a motor 
controller. However, other kinds of methods to define the switching state matrix have also 
been presented in the literature and a brief review is given here as background information.   

[Mül03] and [Mül05] suggest a compound method which uses all switching states presented in 
Table 3.1. The state is chosen so that it generates the optimum operation for both the load and 
supply sides. The calculation is based on the space vector model containing the whole system, 
whose condition is predicted for every switching state and then the state generating the 
optimum conditions for the next calculation period is chosen. Compared to the methods above, 
the system requires fast measurements from the supply and output currents and the input 
voltages, none of which are required in pure modulators, which require synchronisation with 
the input only in the simplest case [P3]. In addition, the calculation of the whole system model 
for all 27 switching states is computationally heavy with a high-performance drive. 

A supply power control approach has been suggested in [Nog06], where the system is based 
on the indirect approach and the separate control of the fictitious IMC load bridge (ILB) and 
the ISB. The ILB control is based on the load current feedback control giving output voltage 
references for a carrier-based modulator. Active and reactive supply powers are defined by 
measured supply voltages and currents. These actual power values are then subtracted from 
their references, which are the load active power based on measured load quantities and the 
reactive supply power reference given by a higher-level system. The error components of the 
supply power are then used together with the measured supply voltage to define the optimum 
state for the fictitious ISB. The system measures all supply and output currents and voltages. 

Both [Ham06] and [Pin06] propose the use of sliding mode control to define the optimum 
switching state in MCs. In [Ham06], the sliding mode control is applied in the IMC to control 
the ISB, whose switching states are then set in a synthesis with the ILB, using the SVM. In 
[Pin06], the DMC is controlled with a sliding mode controller which defines the optimum 
switching state by applying space vectors. Both sliding mode controllers contain a system 
model and thus they can be considered computationally heavy compared to modulators. On 
the other hand, the controller proposed in [Pin06] automatically contains the load control 
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system. That reduces the difference compared to modulator systems, which in practice often 
require an additional control system for the load. 

The separate control system can be applied purely to the load control, too, as suggested in 
[Cas98c] and verified in [Cas01b]. In these, the direct torque control of a load machine is 
applied to define the optimum state of the fictitious ILB, whereas the switching state of the 
fictitious ISB is chosen so that the input power factor becomes unity. The states of both 
bridges are constant for a calculation period. Thus, the switching frequency is variable, which 
causes resonance in the supply-side LC filter. A modified version of the direct torque control 
in MCs is presented in [Cas01a] and [Ort05], where two ISB states are taken in every 
calculation period. Thus, the switching frequency becomes constant and can be taken into 
account in the design of the supply LC filter. Another direct control method without separate 
modulator is presented in [Mut02]. The method is based on the measurements of both the 
supply and load currents. A closed-loop system controls the load currents, whereas the supply 
currents are used to define an optimum switching state.  

3.3 Space Vector Modulation 

This section presents the space vector modulation (SVM) method for the MCs applied in [P1]–
[P7]. The section deals with the derivation of the duty cycles and the optimum pulse patterns, 
both based on [P1]–[P2]. In addition, the section deals with the synchronisation of the MC to 
the supply voltage, extending the presentation given in [P3]. 

3.3.1 Derivation of Duty Cycles 
The SVM method applied in [P1]–[P7] has been suggested in [Hub95]. The derivation of the 
SVM has usually been presented in matrix form, as e.g. in [Hub95] and [Zwi01]. In addition, 
the derivation has been presented conventionally using the space vector of the output line-to-
line voltages, as e.g. in [Cas93], [Hub95], [Nie96b] and [RP3]. This is a natural approach with 
the DMC having no dc link midpoint, which is a common reference point in the SVM of the 
VSI, where the space vector of the output phase voltage is commonly used. To show the 
similarity of conventional VSCs and CSCs to MCs, the phase voltage space-vector-based 
approach has been used in [P1]. That is also the approach used in this section, which is mostly 
the extended presentation of [P1]. Below, ideal sinusoidal and symmetric input and output 
quantities with constant frequencies and magnitudes are assumed. It is also assumed that the 
input and output quantities remain constant during the calculation period. The notations are 
based on the ideal IMC circuit presented in Figure 3.2. 

Supply Bridge (Fictitious ISB) [P1] 

It is possible to describe the switching states of the input phases a, b and c shown in Figure 3.2 
by switching functions swa, swb and swc, respectively. As presented in (3.2-1), the short-
circuiting of the input phases is not allowed. Thus, the phase switching functions can have 
three values: 1, 0 and –1, denoting a connection to the dc link bar p (the upper switch on), the 
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unconnected state (both switches off) and a connection to the dc link bar n (the lower switch 
on), respectively. As a result, the input switching functions always fulfil 

swa + swb + swc = 0. (3.3-1) 

Thus, the input currents are: iia = swa idc, iib = swb idc and iic = swc idc, which can be substituted 
into (3.1-12) and (3.1-16) due to the ideal sinusoidal currents assumed: 

( ) ( )1,iij
idcdcidcc

2
bai e

3
2 ϕω −==++= tswiiswiswaswaswi , (3.3-2) 

where swi is the space vector of the input-side switching functions and idc is the dc link current.  

The substitution of the allowed switching function values into (3.3-2) produces the current 
vectors presented in Figure 3.4a when idc > 0. When idc < 0, the directions of the current 
vectors are reversed, as presented in Figure 3.4b. In Figure 3.4, ix(swa,swb,swc) denotes current 
vectors when x ∈ ℵ and x ∈ [1,6]. For example, vector i1 is the switching state where swa = 1, 
swb = 0 and swc = –1; thus iia = idc, iib = 0 and iic = –idc, i.e. the phase a is connected to the dc 
link bar p, the phase b is unconnected and the phase c is connected to the dc link bar n. 
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Figure 3.4 Input current space vectors produced by allowed switching function values when (a) idc > 0 
and (b) idc < 0. (c) Synthesis of the input current reference vector ii,ref. 

Figure 3.4c presents the synthesis of the input current reference vector ii,ref in the modulation 
period as an average of the two adjacent current vectors: 

ii,ref = dγiγ + dδiδ, (3.3-3) 

where the duty ratios of the current vectors iγ and iδ are dγ and dδ, respectively. The angle of 
ii,ref inside the sector is θ i. As shown in Appendix A, the duty cycles dγ and dδ are 
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When the fictitious ISB is assumed lossless, the instantaneous dc link power udcidc is equal to 
the instantaneous input active power pi following (3.1-9): 



Matrix Converter Control  35 

{ } dcdc
*
iii Re

2
3 iuiup == . (3.3-5) 

After substituting (3.3-2) into (3.3-5) and then dividing the result by idc, we get udc: 
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As presented in (3.3-3), two switching states are used in every modulation period Tm to 
synthesise the reference current vector. The switching function vector swi gets the two values 
swγ and swδ respective to the current vectors iγ and iδ, and their duty cycles dγ and dδ. Thus, the 
dc link voltage udc gets two values in the modulation period Tm and its average value udc,av in 

Tm is 
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where udc,γ and udc,δ are the two dc link voltage values during Tm. According to (3.3-7), the dc 
link voltage udc,av gets the maximum value when the current ratio |ii,ref| / |idc| is the maximum, 
which is unity, when sinusoidal currents are aimed at. This means that the fictitious ISB does 
not restrict the input current; that depends only on the load and required input fundamental 
phase angle ϕ i,1. Thus, equation (3.3-4) reduces to 
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Load Bridge (Fictitious ILB) [P1] 

It is possible to describe the switching states of the output phases A, B and C, shown in Figure 
3.2, by switching functions swA, swB and swC, respectively. As presented in (3.2-1), the open 
circuit of the load is not allowed. Thus, the phase switching functions can have two values: 1 
and –1, denoting a connection to the dc link bar p (the upper switch on) and a connection to 
the dc link bar n (the lower on), respectively. As a result, they always fulfil 

swA + swB + swC ≠ 0. (3.3-9) 

Thus, the output phase voltages with respect to the midpoint of the fictitious dc link are: 
uA = swAUdc/2, uB = swB Udc/2 and uC = swC Udc/2, which can be substituted into (3.1-13): 
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where swo is the space vector of the output-side switching functions and the ideal output 
voltages are assumed, i.e. (3.1-17) holds. 

The substitution of the allowed switching function values into (3.3-10) produces the voltage 
vectors presented in Figure 3.5a, where ux(swA,swB,swC) denotes voltage vectors when x ∈ ℵ 
and x ∈ [1,6]. For example, vector u1 refers to the state where swA = 1, swC = –1 and swC = –1, 
i.e. the phase A is connected to the dc link bar p and both the phase B and the phase C are 
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connected to the dc link bar n. Thus, the instantaneous line-to-line voltages are uAB = udc, 
uBC = 0 and uCA = –udc. The zero vectors u0+, u0– are produced by connecting all output phases 
to the bar p and to the bar n, respectively. 

Figure 3.5b presents the synthesis of the output phase voltage reference vector uo,ref in the 
modulation period as an average of the two adjacent voltage vectors: 

uo,ref = dκuκ + dλuλ, (3.3-11) 

where the duty ratios of the voltage vectors uκ and uλ are dκ and dλ, respectively. The angle of 
uo,ref inside the sector is θo. With the basis of the derivation for (3.3-4) in Appendix A: 
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because |uκ| = |uλ| = 2udc,av/3. In (3.3-12), m denotes the modulation index of the ILB, ranging 
from zero to unity. 
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Figure 3.5 (a) Output phase voltage space vectors produced by allowed switching function values, where 
uo+ is state (1,1,1) and uo– is state (–1,–1,–1). (b) Synthesis of the output voltage reference 
vector uo,ref. (c) Synthesis of uo,ref with the resulting active voltage vectors. 

Synthesis of Fictitious Supply and Load Bridges [P1] 

As presented in Figure 3.2, the fictitious ISB and ILB are connected to each other directly in 
the ideal IMC. Thus, equation (3.3-7) can be substituted into (3.3-10), from which we get the 
average uo,av of the output phase voltage vector in the modulation period Tm: 

( )δdc,δγdc,γavo,avo, 2
1 ududswu += , (3.3-13) 

which takes into account that the average output switching function vector swo,av in Tm is 

swo,av = dκ swκ + dλ swλ. (3.3-14) 

Thus, we get for the average output phase voltage vector uo,av in the modulation period Tm: 
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 (3.3-15) 

Equation (3.3-15) illustrates that in the modulation period Tm the output voltage is synthesised 
by applying both ILB states during both ISB states, i.e. four active voltage vectors uγκ, uδκ, uγλ 
and uδλ are used, as shown in Figure 3.5c. The duty cycles of the active voltage vectors are got 
with (3.3-8) and (3.3-12): 
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)sin()sin( ioδλδλ θθmddd == . (3.3-16d) 

The rest of the modulation period Tm, not used for the active duty cycles, is used for the zero 
state or the zero vectors u0(+,–), whose duty cycle is d0: 

d0 = 1 – (dγκ +dδκ + dγλ + dδλ). (3.3-16e) 

Non-relative duty cycle times Tγκ, Tδκ, Tγλ, Tδλ and T0 are got by multiplying the duty cycles in 
(3.3-16) by the modulation period Tm. The modulation index m in (3.3-16) is the same as in 
(3.3-12), where it is in the link-voltage-based form. However, it may also be expressed as a 
direct relation between the output and input voltages as presented next. 

As presented above, it is assumed that the input voltages are sinusoidal and symmetric, so that 
the input voltage does not contain any components other than the fundamental wave, i.e. 
ui = ui,1. That is also assumed for the input current reference ii,ref. It is also assumed that 
ii = ii,ref. As presented in (3.1-15) and (3.1-16), the fundamental displacement angle between 
the input current and phase voltage is ϕ i,1. Thus, the switching function vector swi follows ii,ref, 
as presented in (3.3-2). In addition, the magnitude of the instantaneous switching function 
vector swi has to be equal to the magnitude of the average input switching function vector 
swi,av, which contains only the fundamental component. As a result, it is possible to write (3.3-
7) for the average dc link voltage Udc in polar coordinates: 
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As presented above (3.3-8), |ii,ref| / |idc| = 1, leading to  |swi| = 1 by (3.3-2). Thus, 

1,ii,1dc cos
2
3 ϕuU = , (3.3-18) 
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which can be substituted into the equation of the modulation index m obtained from (3.3-12): 
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where υref is the reference of the input-to-output voltage transfer ratio and it is assumed that 
output voltage reference uo,ref contains only the fundamental component. In the linear 
modulation range, m ∈ [0,1]. The maximum value of the voltage transfer ratio reference υref 

for the ideal MC is 2/3 ≈ 0.866, which is attained when cosϕ i,1 is unity, i.e. ϕ i,1 = 0. 

The results obtained above are the same as the results obtained e.g. in [Hub95]. However, the 
derivation is based here purely on the space vectors, which offers a possibility for easy 
analysis of MC characteristics, e.g. when distortion migration is analysed as in [P3] and [P4]. 

Originally, the SVM was developed for the DMC by applying the concept of the fictitious 
IMC [Cas93], [Hub95], [Nie96b]. However, the SVM presented is also directly suitable for the 
real IMC presented in Figure 2.6 because (3.3-19) together with m ∈ [0,1] limits the input 
fundamental displacement angle: ϕ i,1 ∈ [–π/2, π/2], and the dc link voltage udc produced by the 
permitted ISB switching states, presented in Figure 3.4, is always positive. Thus, the diodes of 
the ILB are always reverse-biased and the dc link is not short-circuited. 

3.3.2 Switching Pattern Optimisation 
Above, the voltage transfer ratio and the SVM duty ratios for the MCs were derived, but final 
switching patterns were not considered. There are several possibilities for arranging the 
switching pattern of the duty cycles presented in (3.3-16), as considered e.g. in [Hub95], 
[Nie96b], [Wei02], [Apa03], [Cha03], [Lee05b]. 

Conventional SVM Method (CSVM) 

The modulation method applied in [P1]–[P7] is a conventional SVM (CSVM), which is based 
on the optimisation rules presented in [Nie96b]. In the CSMV, the switching patterns are 
arranged to minimise the number of commutations. As a result, only one switching is 
performed for every duty cycle change. 

For example, when both the output voltage and input reference vectors uo,ref and ii,ref lie in 
sector I, the correlations between active output voltage vectors and switching states, according 
to Figures 3.4 and 3.5 and Table 3.1, are 

uγκ ∼ IIA-vi: abb,  uγλ ∼ IIC-iii: aab, uδκ ∼ IIA-i: acc, uδλ ∼ IIC-iv: aac  (3.3-20) 

An order minimising the state transitions in (3.3-20) is 

abb → aab → aac → acc, i.e. uγκ →  uγλ → uδλ → uδκ. (3.3-21)  

To achieve symmetric switching patterns in the modulation period Tm and operation without 
switchings when the modulation period changes without simultaneous sector change, a 
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double-sided symmetrical pattern with zero vector u0, i.e. u0(+,–), in the middle of Tm is used 
leading to 

uγκ → uγλ → uδλ → uδκ→ u0 → uδκ → uδλ → uγλ → uγκ, (3.3-22a) 

whose duty cycles fulfil, respectively, 

Tm = (dγκ + dγλ + dδλ + dδκ+ 2d0 + dδκ + dδλ + dγλ + dγκ) Tm / 2. (3.3-22b) 

According to (3.3-21)–(3.3-22) and Table 3.1, the suitable zero vector is the state III-iii: ccc. 
The optimum switching patterns can be defined for all 36 combinations of input and output 
sectors, as presented in Appendix B. As a result, the rules for optimum pattern generation 
presented in [Nie96b] combined with the approach in Section 3.3.1 lead to the following rules, 
where the notations of the subscripts are used for clarity: 

• The pattern on the input side is always γ-δ-γ. 

• The pattern of the output side is κ-λ-0-λ-κ if the sum of the numbers of the sectors in 
which the input and output references lie, is even. 

• The pattern of the output side is λ-κ-0-κ-λ if the sum of the numbers of the sectors in 
which the input and output references lie, is odd. 

• If the input reference lies in an even-numbered sector, i.e. II, IV or VI, the zero vector 
uo+, i.e. (1,1,1) as presented in Figure 3.5, is used. 

• If the input reference lies in an odd-numbered sector, i.e. I, III or V, the zero vector uo–, 
i.e. (–1,–1,–1) as presented in Figure 3.5, is used. 

The duty cycle patterns of the CSVM are shown in Table 3.2 and some examples are shown in 
Table 3.3, both in the row ‘CSVM’. 

Table 3.2 Duty cycle patterns of the modulation methods considered. 

Method Sum of 
sectors State 1 State 2 State 3 State 4 State 5 State 6 State 7 State 8 State 9 

Even dγκ/2 dγλ/2 dδλ/2 dδκ/2 d0 dδκ/2 dδλ/2 dγλ/2 dγκ/2 CSVM 
Odd dγλ/2 dγκ/2 dδκ/2 dδλ/2 d0 dδλ/2 dδκ/2 dγκ/2 dγλ/2 
Even dγκ/2 dγλ/2 dδλ/2 dδκ/2 d0 dδκ/2 dδλ/2 dγλ/2 dγκ/2 θi < π/6 Odd dγλ/2 dγκ/2 dδκ/2 dδλ/2 d0 dδλ/2 dδκ/2 dγκ/2 dγλ/2 
Even d0/2 dγκ/2 dγλ/2 dδλ/2 dδκ dδλ/2 dγλ/2 dγκ/2 d0/2 

ISVM 
θi ≥ π/6 Odd d0/2 dγλ/2 dγκ/2 dδκ/2 dδλ dδκ/2 dγκ/2 dγλ/2 d0/2 

Even dγκ/2 dγλ/2 d0/2 dδλ/2 dδκ dδλ/2 d0/2 dγλ/2 dγκ/2 ECSVM 
Odd dγλ/2 dγκ/2 d0/2 dδκ/2 dδλ dδκ/2 d0/2 dγκ/2 dγλ/2 

  State 1 State 2 State 3 State 4 State 5 State 6 State 7 State 8 State 9 State 10 State 11
Even d0/4 dγκ/2 dγλ/2 dδλ/2 dδκ/2 d0/2 dδκ/2 dδλ/2 dγλ/2 dγκ/2 d0/4 NZSVM 
Odd d0/4 dγλ/2 dγκ/2 dδκ/2 dδλ/2 d0/2 dδλ/2 dδκ/2 dγκ/2 dγλ/2 d0/4 

  ←–––––––––––––Tm/2–––––––––––––→ ←–––––––––––––Tm/2–––––––––––––→
 
Instead of the zero state, any other state could also be taken in the middle if the sequence were 
organised differently. However, the minimum duty cycle duration is limited in real converters 
due to the limited operation speed of semiconductors. Thus, if the zero state is divided 



40  Chapter 3 
 
between some of the States 2–4 and 6–8, the limitation takes place with double as long duty 
cycle duration as in the middle of the CSVM presented. According to [Apa03], the lack of 
zero states during the modulation period increases the modulation frequency output voltage 
distortion. If the total number of zero states is increased by dividing the zero duty cycle into 
several parts, e.g. adding zeros to the beginning and the end of the CSVM sequence, the 
number of switchings increases by two, leading to higher switching losses than in the CSVM. 
On the other hand, the modulation methods with only one or two zero states generate more 
output voltage distortion at very low modulation depths than the methods with three or more 
zero states as presented in [Apa03]. However, that cannot be considered as important as low 
power losses under nominal operation point. In addition, the modulation method can be 
changed depending on the instant requirements for modulation, which is the state-of-the-art 
solution in commercial frequency converters, i.e. more zero states could be used at low 
modulation depths only.  

Table 3.3 Examples of supply phases connected to output phases with the modulation methods. 

Sector of State 1 State 2 State 3 State 4 State 5 State 6 State 7 State 8 State 9 Method ii,ref uo,ref ABC ABC ABC ABC ABC ABC ABC ABC ABC 
I I abb aab aac acc ccc acc aac aab abb CSVM II  I aac acc bcc bbc bbb bbc bcc acc aac 
I I abb aab aac acc ccc acc aac aab abb θi < π/6 II  I aac acc bcc bbc bbb bbc bcc acc aac 
I I bbb abb aab aac acc aac aab abb bbb ISVM 

θi ≥ π/6 II  I aaa aac acc bcc bbc bcc acc aac aaa 
I I abb aab aaa aac acc aac aaa aab abb ECSVM 
II  I aac acc ccc bcc bbc bcc ccc acc aac 

  State 1 State 2 State 3 State 4 State 5 State 6 State 7 State 8 State 9 State 10 State 11
  ABC ABC ABC ABC ABC ABC ABC ABC ABC ABC ABC 

I I cbb abb aab aac acc bcc acc aac aab abb cbb NZSVM 
II  I aab aac acc bcc bbc bba bbc bcc acc aac aab 

  ←–––––––––––––Tm/2–––––––––––––→ ←–––––––––––––Tm/2–––––––––––––→

Comparison of Common-Mode Voltages Produced by Different SVM Methods 

In addition to switching losses and distortion, the modulation method also affects the 
common-mode voltage of output as discussed in [Cha03], [Lee05b] and [P2]. The common-
mode voltage is the average value of the instantaneous output phase voltages and it is seen 
between the load neutral point and the ground. Thus, it is the zero sequence component of the 
output voltage and its instantaneous value is defined by (3.1-2). 

The correspondence between vector sectors shown in Figures 3.4–3.5 and input and output 
waveforms are presented in Figure 3.6, where it is assumed that the input displacement power 
factor is set at unity (ϕ i,1 = 0). In Figure 3.6, ui,max, ui,med and ui,min are the maximum, the 
middlemost and the minimum input phase voltage, respectively, and θ (i,o) are the angles of the 
input current and the output voltage reference vectors inside the sector, respectively. 

With active voltage vectors, two input voltages are connected to output phases, as shown in 
Tables 3.1 and 3.3. For example, when both reference vectors lie in sector I, State 2 of the 
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CSVM is aab according to Table 3.3. When symmetric input voltages are assumed, that 
produces common-mode voltage u0 by (3.1-2) 

u0 = (uia + uia + uib)/3 = (2uia – uia – uic)/3 = uiac/3.  (3.3-23) 

Line-to-line voltage uiac has peak value when θ i = π/3 in input sector I. Thus, the maximum 
possible u0 in (3.3-23) is ûi,LL/3 ≈ 190 V with the 400-V line-to-line supply voltage. With the 
CSVM, the zero states are also used and during them all output phases are connected to the 
same input phase, as shown in Tables 3.1 and 3.3. For example, when both reference vectors 
lie in sector I, the zero state, i.e. State 5 in Table 3.3, is ccc, which produces 

u0 = (uic + uic + uic)/3 = uic.  (3.3-24) 

As shown in Figure 3.6a, the maximum absolute value of uic in input sector I is 
ûisin(π/3) ≈ 280 V with the 400-V supply. As can be seen in Figure 3.6a, input phase voltage 
uic has the lowest absolute value, i.e. it is ui,med, in sector I when θ i < π/6. When θ i ≥ π/6, uic is 
ui,min in input sector I. Analysing the CSVM with ϕ i,1 = 0 as in Figure 3.6a, it can be found that 
the situation is similar for every input sector, i.e. ui,min and ui,max are used during the zero 
vector. The common-mode voltage step occurs at every switching. For example, the transition 
from State 1 to State 2 when both reference vectors lie in sector I causes  

u0,1 – u0,2 = (uibc – uiac)/3 = uiba/3. (3.3-25) 

Line-to-line voltage uiba has peak value when θ i = 0 in input sector I. Thus, the maximum 
possible step of the common-mode voltage is ûi,LL/3 ≈ 190 V with the 400-V supply. As a 
result, the maximum common-mode voltage in the CSVM is ±ûisin(π/3) (≈ ±280 V) and the 

maximum common-mode voltage step is ûi 3/3 (≈ ±190 V) [P2]. 

uicuia uib

ωi t

IVIV II III IV V

uC,refuA,ref uB,ref

ωot

IVIV II III IV VSectors of ii

whenϕi = 0.
IVSectors

of uo,ref

ui,med

ui,max

ui,min

θi θi θi θi θi θi θo θo θo θo θo θo  
(a) (b) 
Figure 3.6 Correspondence between sectors and waveforms: (a) input phase voltages ui(a,b,c) and the 

sectors of Figure 3.4a when cosϕ i = 1, (b) output phase voltage references u(A,B,C),ref and the 
sectors of Figure 3.5a. 

In [Cha03], an improved space vector modulation method (ISVM) based on the CSVM is 
introduced. The principle of the ISVM is presented in Tables 3.2 and 3.3 in the row ‘ISVM’: 
the operation is the same as with the CSVM when the angle θ i is below π/6. When the angle θ i 
is greater than π/6, the zero state is divided into States 1 and 9 and the principle of single 
switching per vector change is retained. Thus, the zero state used in the ISVM is always 
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formed by ui,med, as can be seen in Figure 3.6a. For example, with both reference vectors lying 
in sector I, uic is the output voltage used during the zero states only when θ i < π/6 and uib is 
used instead when θ i ≥ π/6, as can be seen in Figure 3.6a and Table 3.3. As a result, the 
common-mode voltage maximum is no longer attained during the zero states, producing the 
maximum of ±ûisin(π/6) (≈ ±160 V), but rather during the active states, leading to the 

maximum of ûi 3/3  (≈ ±190 V). Thus, it is equal to the maximum step, which is the same as 
in the CSVM, as can be seen by comparing the state transitions in Table 3.3 and Figure 3.6a. 
In addition to common-mode voltage minimisation, the ISVM also decreases switching losses 
compared with the CSVM because the average voltage involved in the switchings at the edges 
of the zero duty cycle is minimised. 

The other possibility to limit the common-mode voltage to the maximum voltage during the 
active states is to use the active states only [Lee05b], [P2]. The method is called the non-zero 
space vector modulation method (NZSVM) and its principle is described in Tables 3.2 and 3.3 
in the row ‘NZSVM’. Just like the ISVM, the NZSVM is also based on the CSVM. The zero 
duty cycle is now divided into three parts: d0/2, d0/4 and d0/4. As presented in Tables 3.2 and 
3.3, the active state taken during both d0/4 cycles, i.e. in States 1 an 11, produces opposite 
voltage compared to the voltage produced by the state during d0/2 in State 6. Thus, these 
voltages compensate each other and the total effect is zero when the whole modulation period 
is considered. At the same time, the rule is that there is again only one switching allowed for 
every normal state transition. For example, when both reference vectors lie in sector I, the 
modulation period is started and finished using the state cbb in States 1 and 11, producing the 
voltage which is compensated by the voltage produced by state bbc in State 6. This means, 
that the sum of the voltages produced by States 1, 6 and 11 in the modulation period is zero. 
The main drawback of the NZSVM is the greater number of switchings compared to the 
CSVM and the ISVM. Thus, it is also more sensitive to the limitation of duty cycle duration in 
the case of the division of the zero state, as presented above. 

The division of the zero states into two or three parts as suggested e.g. in [Apa03], generates 
non-minimised common-mode voltages: the use of all three zero vectors in a modulation 
period evidently leads to the maximum common-mode voltage of ûi, i.e. ±326 V. 

All methods presented above are directly suitable for both the DMC and the IMC. However, 
they do not tap all the possibilities provided by the IMC. As discussed in Chapter 2, the IMC 
can be modulated so that the special commutation methods are not required in the ISB. This is 
brought about in such a way that the state of a real ISB, i.e. duty cycle change from dγ to dδ 
and vice versa, is performed in the middle of the duty cycle d0 performed by the ILB [Hol89], 
[Wei01], [Kol02]. The method is called the easy commutation space vector modulation 
method (ECSVM) and its principle is presented in Tables 3.2 and 3.3 in the row ‘ECSVM’. 
Comparing the ECSVM pulse patterns in Table 3.3 with the input phase voltages in Figure 
3.6a and deriving the patterns for all sector combinations, it can be found that the ECSVM 
produces the zero states which connect the input voltage with the highest magnitude, i.e. ui,max 
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when |ui,max| > |ui,min| and ui,min when |ui,max| < |ui,min|, to every output phase, resulting always in 
the maximum common-mode voltage of ûi, i.e.  ±326 V. Thus, the ECSVM is not an optimum 
solution for common-mode voltages. In addition, the ECSVM does not provide safe 
commutation when the duration of the zero duty cycle is not long enough for the commutation 
of the ISB. Thus, the ECSVM must always contain a zero state, which limits the attainable 
maximum output voltage. 

To illustrate the common-mode voltage waveforms, simulated common-mode voltages of all 
four methods are presented in Figures 3.7–3.8 when input frequency fi = 50 Hz, supply voltage 
is 400 V, output frequency fo = 40 Hz and input-to-output voltage ratio υ = 0.8 [P2]. The 
simulation models are ideal Matlab Simulink models, presented more extensively in Chapter 
4. Because of the ideal models, the DMC and the IMC are not presented separately [P2]. The 
simulation results show that the methods produce the common-mode voltages expected. The 
common-mode voltages in the ISVM and in the NZSVM are between ±190 V, whereas the 
CSVM produces a common-mode voltage between ±280 V, as can be seen in Figures 3.7a and 
3.8a. As expected, the common-mode voltage of the ECSVM is between ±326 V.  

 (a)    (b)  

(c)    (d)  
Figure 3.7 Common-mode voltages of matrix converter space vector modulation methods when 

fo = 40 Hz and υ = 0.8: (a) CSVM, (b) ISVM, (c) NZSVM, (d) ECSVM. 

 (a)    (b)  

(c)    (d)  
Figure 3.8 Common-mode voltages of matrix converter space vector modulation methods when 

fo = 40 Hz and υ = 0.8: (a) CSVM, (b) ISVM, (c) NZSVM, (d) ECSVM. 
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Despite the possible advantages of the other methods, the CSVM was chosen to be the 
modulation method in the research presented in [P1] and [P3]–[P7], whereas in [P2] the 
different modulation methods were compared. The CSVM can be implemented with simpler 
logic than the other methods, thus making the use of simple logic circuits possible. 

Table 3.4 shows the switching function space vectors for the DMC and the IMC when they are 
modulated with the CSVM, i.e. it presents the rows ‘CSVM’ of Tables 3.2 and 3.3 in 
switching function vector form. If the average dc link voltage were measured from an IMC 
circuit modulated with the CSVM in practice, it would not be the same as in (3.3-7) or (3.3-
17). The reason for this is presented in the rules above and it can be seen in Table 3.4, too. To 
avoid unnecessary switchings, the state swδ is taken during the zero output voltage state and 
thus a zero voltage is not present in the link voltage even though it is present in the output, i.e. 
uAB = uBC = uCA = 0, and the dc link current is zero during the zero state. Thus, the average dc 
link voltage of the practical IMC circuit is achieved when dδ in (3.3-7) is replaced by (1 – dγ) 
or by (dδ + d0), both signifying the same.  

Table 3.4 Switching state vector patterns with the CSVM for the DMC and the IMC. 

MC States State 1 State 2 State 3 State 4 State 5 State 6 State 7 State 8 State 9
Even sum 
of sectors swγκ swγλ swδλ swδκ sw0 swδκ swδλ swγλ swγκ 

DMC Odd sum of 
sectors swγλ swγκ swδκ swδλ sw0 swδλ swδκ swγκ swγλ 

Input state swγ swδ swγ 
Even sum 
of sectors swκ swλ swκ sw0 swκ swλ swκ IMC Output 

state Odd sum of 
sectors swλ swκ swλ sw0 swλ swκ swλ 

 ←––––––––––Tm /2––––––––––→ ←––––––––––Tm /2––––––––––→

3.3.3 Angle Detection of Input Reference Space Vector 

The last issue concerning space vector modulation is the method used to define the angle θ swi 

of the input current reference space vector ii,ref or input switching function space vector swi 
defined in (3.1-12) and (3.3-2), respectively. As discussed after (3.3-19), input fundamental 
displacement angle values ϕ i,1 ≠ 0 lead to the limited voltage transfer ratio. Thus, it is again 
assumed that ϕ i,1 = 0, so that the aim is to generate the input reference angle θ swi synchronised 
to supply voltage, i.e. θ swi = ω it. 

The synchronisation method used in [P1]–[P7] is based on the zero crossing detection of 
supply phase voltage ua fundamental component ua,1 and a phase-locked loop (PLL). The 
system is discussed briefly in [P3] and its basics are presented more extensively e.g. in 
[Kau97]. The block diagram of the angle detection system is presented in Figure 3.9. 

As presented in Figure 3.9, the input reference vector angle θ swi is based on the phase angle 
θua,1 of the fundamental supply phase voltage ua,1. The fundamental component ua,1 is attained 
by low-pass filtering the supply phase voltage ua. The difference between the zero crossing 
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times of the fundamental voltage ua,1 and its estimated phase angle θua,1 is controlled by a 
discrete-time proportional-integral (PI) controller tending to produce zero error. The output of 
the PI controller is the angle increment Δθua,1, which is also the reference for the angular 
frequency of the input reference vector. At every sample time, the increment Δθua,1 is added to 
the previous sample time value of angle θua,1. A new value of increment Δθua,1 is got after 
every zero crossing. 

Zero crossing
detection

Zero crossing
detection

ua

+
PI

+
Δθua,1

Sample
delay

+ θua,1

++

π
2

θswi

Low pass
filter

Σ Σ Σ
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Time of zero
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Figure 3.9 Detection of supply phase angle θua,1 using phase-locked loop (PLL) and forming of input 

reference angle θ swi. 

 
The angle θua,1 contains the delay or phase displacement caused by low-pass filtering of ua. 
However, that delay or phase displacement can be compensated with a constant value θ f , as 
shown in Figure 3.9, because the filter parameters and the fundamental supply frequency are 
known. The final input reference angle θ swi is got after the subtraction of π/2 to compensate 
the difference between the phase angles of the fundamental voltage ua,1 and the supply voltage 
fundamental space vector. After that, it is possible to take into account the input displacement 
angle ϕ i,1 later in the control system whenever required. 

The PLL-based system presented is basically similar to the synchronisation methods suggested 
in [Nie96a], [Cas98b], [Bla02], [Liu03] and [Liu04]. In all of them, the input voltages are 
measured and used as the basis of the input reference vector angle instead of the supply 
voltage as here. This choice has been made to secure the synchronisation because the supply 
voltages are evidently less distorted than the input voltage and it is also the method used with 
the current source converters in [Sal02]. In addition [Nie96a], [Cas98b], [Bla02], [Liu03] and 
[Liu04] deal with the DMC, where the loss of synchronisation is not as fatal as in the IMC, in 
which the loss of synchronisation reverses the polarity of the dc link voltage, which short-
circuits the input capacitors via the ILB diodes. 

Compared to methods which measure the supply or input voltages and calculate the voltage 
space vector, the PLL-based system is simpler and, as shown in [Liu03] and [Liu04], the MC 
system is also stable in all operation conditions, unlike a system in which the input vector 
angle follows the input voltage angle directly [Cas02], [Cas04], [Cas05]. Thus, the PLL-based 
input current reference angle θ swi always tends to produce sinusoidal input currents [Cas98b], 
[Bla02]. However, this relates to the angle θ swi only. The input current produced depends on 
the load current, as shown in (3.2-3) and in [P4]. 
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3.4 Conclusion 

The basics of MC modulation and the derivation of the SVM method for the MCs have been 
presented in this chapter. The space vector theory has also been introduced briefly as 
background. In addition, different SVM methods have been compared, concentrating on the 
common-mode voltages. At the end of the chapter, the synchronisation of the MC operation to 
the supply has been described with a brief comparison with some other methods suggested in 
the literature. 

The basic operation of the MCs can be modelled and analysed with switching matrices. Due to 
the requirement of reasonable and safe operation, the number of possible switching states is 
reduced from the theoretical maximum of 512 to 27 in the MCs. These allowed switching 
states have conventionally been arranged in three main groups, of which two, including 21 
switching states, are used in the SVM modulation. It has been found that several different 
modulation methods for the MCs have been suggested. The modulation methods can be 
divided basically into the carrier wave based methods, the SVM methods and the methods 
combining modulation and the control of load. On the other hand, the modulation methods can 
be divided into the methods in which the MC is considered to have separate rectification and 
inverter stages, i.e. the IMC approach, and the methods in which the dependences between the 
input and the output are defined directly, i.e. the DMC approach. 

The basic modulation method used in this thesis is the CSVM, the derivation of which has 
been presented applying the ideal IMC [P1]–[P7]. The order of the CSVM pulse pattern has 
been set to minimise the number of switchings with as simple modulator logic as possible. The 
CSVM has been used as a basic method and three other SVM methods have been presented so 
that the pulse patterns of the CSVM are arranged and divided differently in the modulation 
period. The comparison of the common-mode voltages produced by different SVM methods 
has shown that the CSVM is not the most optimal SVM method but its switching losses should 
be the second smallest and it can be implemented using the simplest logic among the 
compared methods. 

It has been found that the synchronisation of the input current reference vector of an MC to the 
input or supply voltage has been studied using different approaches. Those studies have been 
presented that the synchronisation methods based on the PLL are robust and they can also be 
implemented easily. Thus, the PLL-based synchronisation has also been used in this thesis 
[P1]–[P7]. 
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4 Matrix Converter Modelling 

This chapter presents the basics of modelling and simulations for the specific issues presented 
in Chapters 6–7 and in [P1]–[P7]. First, the circuit modelling and simulation systems are 
presented. After that, converter models also containing the modulator are introduced with a 
brief simulation model comparison. The induction machine control system and its modelling 
are discussed briefly at the end of this chapter. 

4.1 Main Circuit Models 

This section presents the modelling of the matrix converter main circuits and introduces 
briefly simulation environments. In [P2]–[P7], the matrix converters are simulated with 
several different models, depending on the results aimed at. The models have been 
implemented in Matlab [P6], Matlab Simulink [P2]–[P5], [P7] or Simplorer software [P3]–
[P4]. The combination of Matlab Simulink and Simplorer has also been used [P3]–[P4], [P6]. 
All the Simplorer and Matlab Simulink models and their combination models have a basically 
similar structure, which is presented in Figure 4.1. In Figure 4.1, usup, ui and uo are the supply, 
input and output voltage vectors, respectively, uS1…uS9 are the control signals of the switches, 
uo,ref is the reference vector of output voltage and isup, ii and io are the supply, input and output 
current vectors, respectively. 

Modulator

Reference

Supply Supply filter Load

Control

MC bridge
usup

isup ii

ui

io

uo

θswi

uo,ref

uS1...S9

 
Figure 4.1 Basic simulation model structure. 

As shown in Figure 4.1, the basic simulation model contains the modulator and the DMC or 
IMC main circuits presented in Figure 4.2, except that ideal switching devices are used. In 
Figure 4.2, PCC denotes the point of common coupling, Zsup is the supply impedance, Lf and 
Cf are the supply filter inductor and capacitor, respectively, and Lo and Ro are the load inductor 
and resistor, respectively. 

The supply was an ideal voltage source having 400 V line-to-line voltage and 50 Hz 
frequency. The supply impedance Zsup between the voltage source and the PCC was neglected 
in [P2] and [P5]–[P7]. In [P3]–[P4], Zsup was modelled by series-connected resistance and 
inductance having values of 0.03 Ω and 0.1 mH, respectively. 
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Three-phase RL load was used in [P2]–[P4] and [P6]. In all cases, the value of the load 
inductance Lo was 10 mH. The value of load resistance Ro depends on the case. With a 5-kVA 
load, a 20-Ω Ro was used. 

(a)

Lf

Cf

PCC

Supply Supply filter

uc

DMC Bridge Load

ia

ib

ic

Lo Ro

iA

iB

iC

uA

uB

uC

uAB

uia

SCa1

SCa2 SCb2

SCb1

SCc2

SCc1

SBc1

SBb1

SBa1

SBc2

SBb2

SBa2
SAc1

SAc2SAb2

SAb1

SAa2

SAa1

uBC

uic

ua

iia

iib

iic

Zsup

 

(b)
n

p

udc

idc

Lf

Cf

PCC

Supply filter
IMC Supply
Bridge (ISB)

 IMC Load
Bridge (ILB)

 Dc LinkSupply

iia

iib

iic

Load

Lo Ro

uA

uC

uAB

iA

iB

iCuBC

SAp SBp SCp

SAn SBn SCn
Sna1 Snb1 Snc1

Sna2 Snb2 Snc2

Spa2 Spb2 Spc2

Spa1 Spb1 Spc1

uc

ia

ib

ic

uia

uic

ua

Zsup

 
Figure 4.2 Modelled matrix converter circuits with RL-type load: (a) DMC, (b) IMC. 

Supply Filter Model 

The supply filter design was based on the procedure presented in [Zar94] for the supply filter 
of a current source rectifier aiming to fulfil the requirements for modulation frequency 
distortion approximately [P3]. The maximum optimisation of component values was not 
considered, but the filter was designed to have a reasonable implementation cost. The 
resonance frequency was set at 1049 Hz and the rated output apparent power was set at 
5 kVA. The filter inductance Lf is then 2.3%, i.e. 2.3 mH, and the filter capacitance 10%, i.e. 
10 μF, in Y-connection. A real inductor component has damping in practice. In the models, 
that is taken into account with the equivalent circuit presented in Figure 4.3, where usup and isup 
describe supply phase voltage and current, as e.g. ua and ia, and ui and ii describe input phase 
voltage and current, as e.g. uia and iia. The circuit contains resistances RP and RS, which 
describe the natural damping of the filter inductor. The parameters used are presented in Table 
4.1, where rms denotes root-mean-square value [P1]–[P7]. The parameters are based on the 
components used in the DMC and IMC prototypes described in Chapter 5. The transfer 
function Gf,ui(s) = Ui(s)/Usup(s) describes the dependence of the input voltage ui on the supply 
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voltage usup, whose Laplace transformations are Ui(s) and Usup(s), respectively. As a result, the 
voltage transfer function Gf,ui of the LC filter is 

( ) ( ) PffSP
2

ffSP

Pf
uif, RsLCRRsCLRR

RsLG
++++

+= , (4.1-1) 

the Bode diagram of which is presented in Figure 4.4. The Bode diagram in Figure 4.4 shows 
that the LC filter amplifies the distortion components between 550 and 1400 Hz harmfully. 
For the fundamental voltage component, the LC filter causes no noticeable changes, which 
confirms the usability of the synchronisation method presented in Section 3.3.3. 

Cf
Lf

isup ii

usup

RP

RS

ui

 
Figure 4.3 Supply LC filter of a single phase including damping resistances. 

Table 4.1 Supply filter and system parameters. 

Parameter Value 
Rated power 5 kVA 

Supply line-to-line rms voltage, Usup,LL 400 V 
Fundamental supply frequency, fi 50 Hz 

Filter inductance, Lf 2.3 mH (2.3%) 
Filter capacitance, Cf 10 µF (10%) 

Approximated serial resistance, RS 55 mΩ 
Approximated parallel resistance, RP 88 Ω 

Load inductance, Lo 10 mH 

 
Figure 4.4 Bode diagram of LC filter transfer function Gf,ui in (4.1-1). 

Bridge Models 

In [P2]–[P4] and [P7], the characteristic of individual switches was ideal both when the 
switches were implemented in the Simplorer, as in [P3]–[P4], and when they were 
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implemented in Matlab Simulink, as in [P2] and [P7]. Exception was [P6], in which real IGBT 
and diode models with real switching delays and times and on-state losses were used.  

With ideal switching characteristics models [P2]–[P4], [P7], the switches were controlled 
directly by the control signals uS1…uS9, as shown in Figure 4.1. In [P6], the real device models 
required safe commutation. This was generated in an additional block placed between blocks 
‘Modulator’ and ‘MC bridge’, which is not shown in Figure 4.1. The safe commutation 
method used in the DMC and ISB was the four-step commutation and the blanking times were 
used in the ILB, as described in Section 2.2. 

In theory, the DMC and the IMC behave identically with ideal switches, i.e. their behaviour is 
identical only in ideal conditions, which are not present in practice [P4]. When the DMC and 
IMC circuits are compared, it is seen that the semiconductor switches are placed differently 
and that the IMC has a real dc link. As shown in Figure 4.5, the dc link contains stray 
inductance Ldc, the effects of which are minimised by connecting a capacitor Cdc to the ILB 
terminals, as presented in Section 2.2. The Ldc value has been estimated to be 1 μH and a 0.1-
μF capacitor has been used as Cdc. The real dc link is included in the Simplorer models of the 
IMC main circuit [P3]–[P4], [P6]. Its undamped transfer function Gdc from the voltage udc to 
the voltage over the capacitor Cdc is 

1
1

2
dcdc

dc +
=

sCL
G , (4.1-2) 

thee Bode diagram of which is presented in Figure 4.6. The diagram shows that the dc link has 
no effect on the frequency components of the voltage below 150 kHz. Other effects of the dc 
link are analysed and illustrated in Section 7.1. 

Cdc

Ldc

Supply
bridge

 Load
bridge

idc,i idc,o

udc

 
Figure 4.5 IMC with non-ideal dc link. 

 
Figure 4.6 Bode diagram of the IMC dc link transfer function Gdc by (4.1-2). 
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Simulation Environments 

With ideal switch models, the simulation step was set at 1 μs in Simplorer and was allowed to 
range between 0.1 and 1 μs in Matlab Simulink simulations. These values are slightly 
inaccurate when the PWM waveform of the output voltage is considered, but the difference 
between shorter simulation step and the step sizes used was not found to be significant despite 
considerably longer simulation durations. Simplorer version 7.0 was used in Simplorer 
simulations. In Matlab simulations, Matlab version 6.5 and Simulink version 5.0 were used. 

4.2 Converter Models 

This section presents the modelling of all matrix converter system. Thus, this section 
complements the block diagram shown in Figure 4.1, which also contains a modulator in 
addition to the circuit models. Depending on the converter and simulation program, different 
modulator models were applied. In all modulator models, the parameters used in the 
simulations are the same as in the prototype implementations, which are presented in 
Chapter 5, and they are identical in both the DMC models and the IMC models. All modulator 
models considered here are based on the CSVM presented in Section 3.3. In all cases, the 
modulation period Tm is 200 μs, i.e. the modulation frequency is 5 kHz. The modulator is 
updated twice in Tm, i.e. the duty cycles are updated in the beginning and in the middle of a 
modulation period, as presented in Tables 3.2–3.4. Thus, the calculation time TC (= Tm / 2) is 
100 μs. Due to the different main circuits, the structures of the modulators are different in the 
DMC and IMC models. This also holds for the modulator implementations in the prototypes, 
as described in Chapter 5.  

4.2.1 Models of Direct Matrix Converter 
The block diagram of the basic DMC simulation model in Simplorer environment is presented 
in Figure 4.7 [P3]. The system presented in the block diagram represents the implementation 
of the CSVM presented in Section 3.3. The same holds for the basic DMC simulation model in 
Matlab Simulink presented in Figure 4.8 [P2], [P4], [P6]–[P7]. Thus, the basics of the block 
diagrams in Figures 4.7 and 4.8 are similar. Modulation index m is determined with (3.3-19). 
The angle of output voltage reference uo,ref inside the sector θo is determined after the sector of 
the output voltage reference is determined using the absolute angle of uo,ref.  The angle of input 
current reference inside the sector θ i is determined after the sector of the input reference angle 
θ swi has been determined. The exception is that θ swi is not defined in the simulations using the 
PLL-based system, as presented in Section 3.3.3, but rather by using directly the supply 
voltage fundamental component, which is easily available in the simulation models. Thus, the 
resulting θ swi is identical to what the PLL-based system would yield, even with distorted 
supply voltages. The angles θ (o,i) and the modulation index m are used in calculating the duty 
cycle, i.e. in determining u((γ,δ)(κ,λ),0), following (3.3-16). Sector numbers of the output and 
input reference vectors, i.e. ‘Sector information’, are used to define the pulse pattern according 
to the CSVM, which is presented in Tables 3.2–3.4. 



52  Chapter 4 
 

Output voltage reference
and supply voltage

Modulation index, 
reference vector sectors

and angles determination
Duty cycle calculation

 Pulse pattern
determination

Synthesis of duty cycles
and pulse pattern

Output phase switch
group state determination

Control voltage
generation

uo,ref

usup m

d((γ,δ)(κ,λ),0)

swo(1,2,3,4,5)

phase A

phase B

phase C

uSA(a,b,c)(1,2)

usup

θ(o,i)

Sector information

uSB(a,b,c)(1,2)

uSC(a,b,c)(1,2)

Switching state
            number

Main circuit
(E.g. Figure 4.2a)

 
Figure 4.7 Block diagram of basic DMC Simplorer model. 
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Figure 4.8 Block diagram of basic DMC Matlab Simulink model. 

In the Simplorer model (Figure 4.7), the pulse pattern determination produces five switching 
state vectors swo(1,2,3,4,5), which are combined with duty cycles according to the sector 
information. That determines the switching state number for each instant. This number defines 
the switching state of each output phase group. These phase state signals are the basis for the 
generation of gate control voltages uS(A,B,C)(a,b,c)(1,2). 

The coding system used in the Simulink model (Figure 4.8) and in the DMC prototype 
implementation is presented in Appendix B. The synthesis of the duty cycles and phase state 
coding system produces the switching state signals sw(A,B,C)(a,b,c), which are then used as 
switches to connect the correct input voltage to each output phase and to connect the correct 
output current to each input phase, as in [P2] and [P7]. The main circuit part of the Simulink 
model (Figure 4.8) can also be implemented in Simplorer using the component-based main 
circuit, as in [P4] and [P6]. In that case, the switching state signals sw(A,B,C)(a,b,c) in Figure 4.8 
are to be transformed to gate control voltages uS(A,B,C)(a,b,c)(1,2), as in Figure 4.7. 
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4.2.2 Models of Indirect Matrix Converter 
The block diagram of the basic IMC simulation model in Simplorer environment is presented 
in Figure 4.9 [P3]. The block diagram of the basic IMC simulation model in Matlab Simulink 
environment is presented in Figure 4.10 [P4], [P6]–[P7]. Both systems presented represent the 
implementation of the CSVM presented in Section 3.3. The similarity between the DMC and 
IMC block diagrams in Figures 4.7–4.10 is obvious. The only differences compared to what 
presented in Section 4.2.1 for the DMC are those related to how the gate control signals are 
generated. The control signals of the ISB and the ILB are separated in the synthesis of pulse 
pattern and duty cycles. Thus, the two-stage structure decreases the number of intermediate 
blocks both in the Simplorer and Simulink models compared with the DMC models.  
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Figure 4.9 Block diagram of basic IMC Simplorer model. 
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Figure 4.10 Block diagram of basic IMC Matlab Simulink model. 

As with the DMC, the main circuit of the IMC Simulink model can also be in the Simplorer 
model using the component-based main circuit, as in [P4] and [P6]. In that case, the switching 
state signals sw(A,B,C)(p,n) of the ILB and sw(p,n)(a,b,c) of the ISB in Figure 4.10 must be converted 
to gate control voltages uS(A,B,C)(p,n) and uS(p,n)(a,b,c)(1,2), respectively, as in Figure 4.9. 
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The basic Simplorer model of the IMC contains the dc link components presented in Figure 
4.5, but they are not included in the IMC Matlab Simulink model.  

The feedback control in simulations is applied in [P3] with IMC and in [P7] with the ideal MC 
model. In both cases, it has been implemented in Matlab Simulink. 

4.2.3 Comparison of Simulation Models 
Different DMC models were simulated with a three-phase Y-connected RL load consisting of 
series-connected 20-Ω resistance and 10-mH inductance. Simulated spectra produced by 
different models are presented in Figures 4.11–4.12, where input-to-output voltage transfer 
ratio reference υ ref is 0.8 and output frequency fo is 40 Hz. The spectra are plotted up to 2 kHz 
with the frequency resolution (fres) of 10 Hz and the total harmonic distortion (THD) is 
calculated up to 2 kHz, which is the maximum harmonic frequency taken into account in 
[IEC00]. In this thesis, the THD for a quantity x is defined as shown in [Moh95]: 

1

2
1

2

THD
X

XX −
= , (4.2-1) 

where X is the rms value of x and X1 is the rms value of the fundamental component. In the 
spectra plots, capital letter A followed by a number denotes the amplitude of the frequency 
component multiple for frequency resolution fres, e.g. when fres = 10 Hz, A4 denotes the 
amplitude of 40-Hz component and A5 denotes the amplitude of 50-Hz component. 

The Simplorer results with ideal switches are presented in Figure 4.11. The results with the 
same ideal Simplorer main circuit but with the modulator in Simulink are presented in Figure 
4.12. The difference between the spectra in Figures 4.11 and 4.12 is considerable. It is found 
that the Simplorer modulators produce more distortion than the Simulink modulators. 
Simplorer models produces e.g. second harmonics to the quantities and an output voltage 
fundamental component lower than its reference. With reasonable modulation steps, the 
situation was not found to improve significantly. The exact reason for this is unknown, but it 
relates to the different numerical solver algorithms because Simplorer results became more 
ideal when simulation step was reduced significantly leading to impractical long simulation 
times. This should be noted when the results of Simplorer-modulator-based models are 
considered below and in [P3]. The same inaccuracy also exists in the IMC models, the results 
of which are presented in Figures 4.13–4.14, attained without dc link model. In other words, in 
the ideal case the results should be identical with the respective DMC results. 

With ideal switches, the different modulator models should produce identical results because 
the IMC dc link in Figure 4.5 is not included in the IMC model. That similarity holds for 
Simplorer and Simulink models, as can be seen by comparing the results in Figures 4.11 and 
4.13 with each other and the results in Figures 4.12 and 4.14 with each other. Thus, it is 
possible to conclude that the simulations with the same simulation programs are comparable 
but the results obtained by different programs are not. In addition, the Simplorer-modulator-
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based simulations give more realistic total THD values even though their frequency 
distributions differ from real distributions. 

 
Figure 4.11 Simulated spectra of DMC model in Simplorer with the ideal switches, υ ref = 0.8, fo = 40 Hz: 

(a) output line-to-line voltage uAB, (b) output current iA, (c) supply current ia. 

 
Figure 4.12 Simulated spectra of DMC model where modulator is in Simulink and main circuit in 

Simplorer with the ideal switches, υ  ref = 0.8, fo = 40 Hz: (a) output line-to-line voltage uAB, (b) 
output current iA, (c) supply current ia. 

 
Figure 4.13 Simulated spectra of IMC model in Simplorer with the ideal switches and without dc link 

components, υ ref = 0.8, fo = 40 Hz: (a) output line-to-line voltage uAB, (b) output current iA, (c) 
supply current ia. 

 
Figure 4.14 Simulated spectra of IMC model where modulator is in Simulink and main circuit in Simplorer 

with the ideal switches and without dc link components, υo,ref = 0.8, fo = 40 Hz: (a) output line-
to-line voltage uAB, (b) output current iA, (c) supply current ia. 

4.3 Induction Machine Modelling and Control System  

This section describes briefly the modelling of an induction machine (IM) and presents the 
control systems of the IM drive applied in [P1]–[P2] and [P7]. In this thesis, a cage induction 
machine is the only type of induction machine considered and thus the abbreviation IM 
denotes purely the cage induction machine below. 

4.3.1 Cage Induction Machine Model 
The next presentation is based on [Kov62], [Vas90], [Vas92] and [Nov96] and is applied in 
[P7]. The stator and rotor voltage space vectors of a cage induction machine are us and ur, 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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respectively. The machine voltages in the general reference frame, rotating at angular speed 
ωk and denoted by subscript k, are  
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where Rs and Rr are stator and rotor resistances, respectively, ψ s and ψ r are the stator and rotor 
flux linkages, respectively, is and ir are the stator and rotor currents, respectively, and ω r is the 
electric rotor angular speed. 

Flux linkages ψ (s,r) depend on the stator and rotor self inductances Ls and Lr, respectively, and 
on the magnetising inductance Lm: 

( ) kr,mks,sσmkr,mks,sks,
iLiLLiLiL ++=+=ψ , (4.3-2a) 

( ) ks,mkr,rσmks,mkr,rkr,
iLiLLiLiL ++=+=ψ , (4.3-2a) 

where Lsσ and Lrσ are the leakage inductances of the stator and the rotor, respectively. 

The equivalent circuit of an IM, based on (4.3-1)–(4.3-2), is presented in Figure 4.15. 
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Figure 4.15 Space vector equivalent circuit of a cage induction machine (4.3-1)–(4.3-2). 

The IM produces electromagnetic torque Te, which can be expressed with space vectors and 
two-axis presentation, introduced in Section 3.1 [Kov62], [Vas90]: 

( )kαs,kβs,kβs,kαs,pks,ks,pe 2
3

2
3 iipipT ψψψ −=×= , (4.3-3) 

where pp denotes the number of pairs of poles. In the ideal case, the electromagnetic torque Te 
is equal to the mechanical torques of the rotating system: 

mechr,
mechr,

loade d
d

ω
ω

B
t

JTT ++= , (4.3-4) 

where Tload is the mechanical load torque, J is the moment of inertia, ω r,mech is the mechanical 
rotor angular speed and B is the friction constant. 

The IM model following (4.3-1)–(4.3-4) is implemented in Matlab Simulink. The space 
vectors of the model are employed in a stationary reference frame using two-axis presentation. 
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The parameters used are presented in Table 4.2 and they are based on the IM drive used in the 
experimental tests and described in Chapter 5. 

Table 4.2 Induction motor and IM drive parameters used in simulations. 

Parameter Value  Parameter Value 
Rated shaft power 2.2 kW  Magnetisation inductance, Lm 155 mH 

Rated rotor rotation speed 940 rpm  Stator leakage inductance, Lsσ 7.2 mH 
Rated stator frequency 50 Hz  Rotor leakage inductance, Lrσ 7.2 mH 

Number of pairs of poles, pp 3  Stator resistance, Rs 2.3 Ω 
Rated stator line-to-line rms voltage 380 V  Rotor resistance, Rr 2.16 Ω 

Rated stator rms current 6.2 A  Moment of inertia, J 0.116 kgm2

Rated shaft torque 22 Nm  
Drive 

parameters Friction constant, B 0.011 Nm/s

4.3.2 Cage Induction Machine Control System 

Control System 

The IM control is implemented by rotor-flux-oriented control, which can be considered a 
standard IM control method [Vas90], [Kaz02]. It is applied in simulations in [P7] and in the 
experiments in [P1]–[P2] and [P7]. The block diagram of the control system with converter 
system and IM is presented in Figure 4.16, where the two-axis components of the rotor-flux-
oriented reference frame are denoted by subscripts x and y and: stator current is,mr = isx + jisy, 
their reference is,mr,ref = isx,ref + jisy,ref and stator voltage reference us,mr,ref = usx,ref + jusy,ref. 
ωr,mech,ref denotes the reference of the mechanical rotor angular speed ωr,mech. Due to the 
reference frame chosen, Im{ψr} = 0, i.e. ψr = Re{ψr} and the rotor flux linkage can be 
considered to be simply a real value |ψr|. The outer control loops are speed and flux controllers 
and the inner loops are the controllers of current components isx and isy. 
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Figure 4.16 Block diagram of rotor-flux-oriented control system of MC-supplied IM drive. 

The PI (proportional-integral) controllers have been chosen as IM controllers because they can 
be considered to be the basic control strategy in electric drives. In all cases, the feedback 
control loop is based on discrete-time anti-windup PI controllers, which are transformed to 
discrete form using backward Euler approximation [Åst97]: 
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where y is the controller output variable, e is the error variable, KP is the proportional action 
coefficient, TI is the integral action time, Ts is the sampling time and k is the present sample. 
The block diagram of the PI controller is presented in Figure 4.17 where 1/z describes the 
delay of single Ts. The PI controller described by (4.3-5) is also used in the PLL system for the 
synchronisation presented in Section 3.3.3. 
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Figure 4.17 The block diagram of a discrete-time anti-windup PI-type controller. 

The block “Flux model” in the block diagram in Figure 4.16 estimates the angle θmr of the 
rotor-flux-oriented reference frame and the magnitude |ψ r| of rotor flux linkage [Vas90] by 
applying the magnitude |imr| of magnetisation current: 
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where the rotor time constant Tr = Lr/Rr and ωslip denotes electric angular slip speed. Electric 
angular rotor speed ωr in (4.3-9) can be calculated from the measured mechanical rotor angular 
speed ω r,mech when the number of pairs of poles pp is known: ωr = ppω r,mech. Equations (4.3-6) 
and (4.3-9) are used in the simulations and experiments in discrete form given by backward 
Euler approximation [Åst97]: 
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)1()()()( mrrCslipCmr −++= kkTkTk θωωθ , (4.3-11) 

where TFM and TC are the sample times. 

4.3.3 Induction Motor Drive Simulations 

Simulation Model 

The system presented in Figure 4.16 has been simulated with the ideal Matlab Simulink IM 
model. As shown in Section 4.2.3, there is no sense in using different DMC and IMC 
simulations in the case of ideal circuits. Thus, simulations presented here are performed using 
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only the IMC Simulink model due to its slightly faster computation compared to the DMC 
Simulink model with IM load, and the general abbreviation MC is used instead of the DMC or 
the IMC in this section. 

All controllers of the system are discrete-time PI-type controllers, as presented above (4.3-5). 
As presented in Section 4.2, the modulation period Tm is 200 μs and the modulator is updated 
twice in it so that the calculation time TC is 100 μs. Current control is executed before every 
modulator updating so that its sampling time is TC, i.e. 100 μs. Speed and flux controls are 
performed alternately every 400 μs, i.e. both are executed every 800 μs. That part of the block 
“Flux model” which contains (4.3-7)–(4.3-8) and (4.3-10) is updated every 1.6 ms, which is 
the value of sample time TFM. The rest of the block “Flux model”, i.e. (4.3-11), is calculated 
before current control at every TC. Controller parameters are presented in Table 4.3 and the 
current controllers of both the x and y components are equal. 

The model parameters are presented in Table 4.2. The rotor flux linkage reference |ψr,ref| is set 
at 0.9 Wb, which is the flux linkage value calculated assuming rated conditions, i.e. it is the 
rated flux linkage without field weakening. Thus, the rated rotation speed of 940 rpm cannot 
be achieved because the maximum stator line-to-line voltage in an MC drive is 346 V with 
400 V supply voltage. The starting speed of the field-weakening operation has been set at 
800 rpm, which is achieved when the input-to-output voltage transfer ratio υ ≈ 0.85, i.e. 
0.85 ⋅ 940 rpm ≈ 800 rpm. 

Table 4.3 Induction motor controller parameters. 

Controller Parameter Value –3 dB cut-off frequency
Proportional action coefficient, KP 10 

Integral action time, TI 2.85 ms 
Sample time, TC 100 μs Current controller 

Output limit ±280 V 

120 Hz 

Proportional action coefficient, KP 0.25 
Integral action time, TI 65 ms 

Sample time 800 μs Speed controller

Output limit ±13.15 A 

2 Hz 

Proportional action coefficient, KP 11 
Integral action time, TI 80 ms 

Sample time 800 μs Flux controller 

Output limit ±13.15 A 

10 Hz 

Simulation Example 

The CSVM-modulated IM model with the control system presented above has been 
implemented in Matlab Simulink. Steady state simulation results are presented in Figure 4.18, 
where the load torque Tload is rated 22 Nm and the mechanical rotation speed nr is 800 rpm, 
resulting in the output frequency fo ≈ 42 Hz. The frequency resolutions fres of spectra in Figures 
4.18d–4.18f are the fundamental frequencies of each quantity, so that their fundamental 
component magnitudes are denoted by A1. The results in Figure 4.18 are the same as 
presented in [P7]. 
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The MC drive dynamics is shown by Figures 4.19–4.21, where the operations with nominal 
load torque of 22 Nm are presented. The simulated cases in Figures 4.19–4.21 are speed 
reference step, speed reference ramp and acceleration using the field weakening, respectively. 
The waveforms in Figures 4.19a, 4.20a and 4.21a are the same as presented in [P7]. 

   

 
Figure 4.18 Steady state simulation results of IM drive when Tload = 22 Nm and nr = 800 rpm: (a) supply 

voltage ua and current ia, (b) output/stator line-to-line voltage uAB, (c) output/stator current iA, 
(d) spectrum of ia, (e) spectrum of uAB, (f) spectrum of iA. 

  
Figure 4.19 Speed reference step simulation when Tload = 22 Nm: (a) rotation speed nr and its reference 

nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator current component 
isy and its reference isy,ref. 

   
Figure 4.20 Speed reference ramp simulation when Tload = 22 Nm: (a) rotation speed nr and its reference 

nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator current component 
isy and its reference isy,ref. 

   
Figure 4.21 Field-weakening acceleration simulation when Tload = 22 Nm: (a) rotation speed nr and its 

reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator current 
components isx and isy and reference isy,ref. 

As can be seen, the MC does not restrict the IM drive dynamic operation and the MC-fed IM 
drive with rotor-flux-oriented control produces the waveforms assumed. In the field 
weakening, the flux linkage reference |ψr,ref| is decreased from the rated 0.9 Wb inversely 
proportionally to the speed reference nr,ref via the stator current x-direction component ix in 
Figure 4.21. The acceleration from 800 to 1200 rpm applying the field weakening shows that 
the rated operation speed of 940 rpm and higher can be achieved with the rated torque. 
However, the rated conditions of machines designed for a direct grid connection cannot be 

(a) (b) (c) 

(a) (b) (c)

(d) (e) (f) 

(a) (b) (c) 

(a) (b) (c) 
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achieved without field weakening. Thus, the stator currents increase, leading to increased 
machine losses compared with the VSI because stator current increase means increased copper 
loss. However, that does not necessarily lead to increased drive losses in total and the results 
depend e.g. on the modulation frequency [Ber02], [Bla03]. A more extensive comparison of 
MCs and conventional converters is beyond the scope of this thesis. 

4.4 Conclusion 

The basics of modelling and simulation models of the DMC and the IMC have been presented 
in this chapter. In addition, the modelling and the control system of the MC supplied IM drive 
have been presented. 

The modelling of the DMC and IMC main circuits has included the introduction of the system 
parameters and the design and the modelling of the LC-type supply filter, which is identical in 
both converters. The LC filter model contains resistances, which models the natural damping 
of inductors in practice. The modelling of the IMC dc link has also been presented so that the 
stray inductances of the link bars are taken into account together with the capacitor used to 
minimise the effects of the stray inductance. As a result, it has been found that the IMC dc link 
has no effects on the frequency components of the voltage below 150 kHz. 

The structures of both the Simplorer and the Simulink modulator models of both the DMC and 
the IMC have been presented. In all cases, the CSVM modulator presented in Chapter 3 has 
been applied but the structures of the models are slightly different due to the different main 
circuits and simulation programs. The Simulink models of the DMC and IMC modulators 
produces identical results in ideal case and the same holds also for the Simplorer models. 
However, the modulator models in different programs produce different results: the modulator 
models in Simplorer produce more distorted output voltages than the modulator models in 
Simulink. Thus, it has been concluded that the analyses based on the comparison of the results 
produced by different simulation programs are not reliable and they are never used to compare 
the DMC and the IMC in this thesis [P1]–[P7]. 

The modelling of the IM has been based on the space vector equivalent circuit. The space 
vector model of an IM has also been the basis for the rotor-flux-oriented space vector control 
system used to control the MC-supplied IM drive. The parameters of the IM drive have also 
been introduced and an ideal MC circuit has been used in the simulations. The simulation 
results have shown that the MC does not restrict the IM drive dynamic operation and the MC-
fed IM drive produces sinusoidal output and input current waveforms as assumed. In addition, 
the simulations have shown that the rated rotation speed and load torque of the IM can be 
achieved with the MC when field weakening operation has been used. The use of field 
weakening increases the stator currents which increases the losses in the IM compared with 
the conventional VSI supplied IM drive. However, that does not necessarily increase the total 
losses of the drive when the converter losses are also taken into account. 
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5 Experimental Setup 

This chapter presents the basics of prototype implementations and experimental test setups 
applied in [P1]–[P7]. The prototype of the IMC was built in 2002 [RP2] and the prototype of 
the DMC in 2004 [RP8], [Jus05]. The IMC prototype has been used in [P1]–[P7] and the 
DMC prototype in [P2] and [P4]–[P7]. First, their hardware and software implementations are 
described briefly. After that, measurement equipment and practices are introduced. Finally, the 
prototypes are confirmed with some experimental results. More extensive presentation of the 
prototype implementations can be found in [Jus05]. 

5.1 Prototype Implementations 

The block diagrams of the MC prototypes are presented in Figure 5.1. The main circuit 
structure of the IMC prototype is the same as in Figure 2.16. The ISB consists of Semikron 
SKM75GAL123D IGBT modules containing an IGBT with an antiparallel connected diode 
(rated current 75 A and voltage 1200 V). The ILB consists of a Semikron SKM40GD123D 
IGBT module containing a VSI bridge (rated current 40 A and voltage 1200 V), i.e. a six-pack 
module. The main circuit of the DMC prototype is basically as in Figure 2.14 with the 
exception that all switches are not common-emitter-connected but some of them are common-
collector-connected, as presented in Figure 5.2. The reason for this DMC structure is the 
minimised number of IGBT modules when conventional inverter leg IGBT modules 
SKM75GB123D by Semikron are applied. These modules are circled in Figure 5.2. The 
switches not consisting of them are formed with Semikron SKM75GAL123D modules, of 
which the IGBTs and diodes are identical to those in SKM75GB123D modules [Sem97]. 
Photographs of the prototypes are presented in Figure 5.3. 

The parameter values of the supply filter and the overvoltage clamp are identical in the DMC 
and the IMC prototypes, and the filter parameters are the same as those presented in Section 
4.1. The supply filter inductor value is 2.3 mH (rated rms current 10 A, manufactured by 
Trafomic) and the supply filter capacitor value in Y-connection is 10 μF (rated ac rms voltage 
250 V, manufactured by Arcotronics). The DMC has a single overvoltage clamp circuit with 
twelve diodes, as in Figures 2.14 and 5.2. The IMC has two overvoltage clamps, both having 
ten diodes as shown in Figure 2.16. The diodes in the clamp circuits are type RHRG50120 by 
Fairchild Semiconductor (rated current 50 A and voltage 1200 V). The clamp capacitor value 
is 7.3 μF with 1200 V rated voltage (three 22-μF and 400-V capacitors in series). The varistors 
used are type V480LA80B by Littelfuse with 750 V varistor voltage. As presented in Sections 
2.1 and 4.1, the main difference between the DMC and the IMC is the dc link, the inductance 
of which was approximated [Kre98] and measured to be around 1 μH. It was attempted to 
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minimise the effects of that inductance by mounting a 0.1-μF capacitor in the ILB terminals 
(rated dc voltage 750 V, manufactured by Arcotronics). 
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Figure 5.1 Block diagrams of the prototypes: (a) DMC, (b) IMC. 

A B C

a b c

 
Figure 5.2 The main circuit of the DMC prototype where six inverter leg IGBT modules and six single 

IGBT modules are applied. 

In the DMC, all load currents are measured to define their directions for the four-step 
commutation, as presented in Figure 5.1a. Both in the DMC and the IMC, two supply and two 
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load currents are measured for overcurrent protection. The load currents are also used for the 
current control in [P1]–[P3], [P5] and [P7]. In addition, the dc link current is measured for 
overcurrent protection in the IMC and the direction of the dc link current is also the basis for 
the four-step commutations of the ISB. All current measurements in the prototypes are 
performed with LA55-P current sensors by LEM-Heme. Both prototypes contain the 
differential measurements of clamp capacitor voltages for overvoltage protection. The supply 
voltage ua is measured by applying resistance scaling for the synchronisation with the PLL, 
described in Section 3.3.3. Resistance scaling is also used for the supply voltage magnitude 
measurement in [P3]. Measurement of the rotor speed nr by tachometer is used in [P1]–[P2] 
and [P7] with the IM and with the PMSM in [P5], in which the rotor position angle is also 
measured. 

   (a)  

   (b)  
Figure 5.3 Prototypes (a) DMC with IM drive and (b) IMC. 

The microcontroller boards of both prototypes are identical. In addition to the Motorola 
MPC555 microcontroller, the board contains auxiliary circuits as overcurrent and overvoltage 
sensing and protection, logic circuits and measurement signal processing circuits. The board 
has been designed in the Institute of Power Electronics at Tampere University of Technology 
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for the control of three-phase converters in general. The same holds for the driver boards, each 
of them containing seven voltage supplies for the electronics (–15, –12, 8, 12, 15 and 24 V and 
regulated 8 V) and six isolated gate control voltages (levels ±15 V). Thus, three driver boards 
are required in both prototypes. 22-Ω gate resistors are used with all IGBTs [Sem97]. 

In addition to the identical microcontroller boards, the software of the microcontrollers is the 
same in both prototypes. The software is based on the interruption service program performed 
after every 100 μs. The only task of the main program is to communicate with the personal 
computer via serial bus RS-232. The main program reads the commands given by the user via 
Matlab and writes the values of chosen variables into the bus when required by the user. The 
flow chart of the interruption service program is presented in Figure 5.4. 

Check faults
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  Set up flag
Converter fault

Update phase angle θua
of the supply voltage ua 

Set up flag 
Angle control

    Check flag
Converter fault

Prevent converter
operation

Define the angle of output
voltage reference frame

Update modulator

Check time level 12 ms
and flag Angle control

Control θua
increment

[Fault]

[not Fault]

[angle > 3600]

 [time > 12 ms 
 and flag up] 

[no control]

[flag up] [flag down]

 Read command line
(if required)

 
Figure 5.4 Flow chart of interruption service program used in the prototypes. 

The interruption service program presented in Figure 5.4 1) monitors the converter state and 
performs a protection operation, 2) defines the angle of supply voltage ua, i.e. synchronises the 
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system with the PLL, presented in Section 3.3.3, and 3) calculates the variable values of the 
modulator executing the CSVM, presented in Section 3.3.2. In more complex applications, the 
software also performs feedback control, etc. The data reading possibility of the 
microcontroller is used only in applications which are more complex than the basic modulator.  

5.1.1 Modulator Implementations 
Next, the modulator implementation including the modulator logic in addition to the software 
is presented. The flow chart of the software performing the calculations required in the CSVM 
implementation is presented in Figure 5.5 and it is the same in both prototypes. The system is 
based on the CSVM presented in Section 3.3.2 and the structure is quite similar to the 
simulation models presented in Section 4.2. In the flow chart, TPUA and TPUB are the time 
processor unit (TPU) A and B of the microcontroller. TPU outputs change their states as ruled 
by the values of their registers. TPU output voltage levels are 0 and 5 V. 

The block diagrams of the modulator implementations are presented in Figure 5.6. The system 
is designed so that eight TPUA outputs are the inputs of GAL1 (GAL, gate array logic), the 
logic of which creates five on-time signals of the five states (Tables 3.2–3.4, Appendix B) in 
each half of the 200-μs modulation period Tm and a signal summing the first and the second 
time. The latter is used only in the IMC modulator (Table 3.4), as shown in Figure 5.6. TPUB 
outputs define the sectors of the reference vectors (Figures 3.4–3.5) and are the inputs of 
GAL2, which forwards them to the logic board(s) if neither overcurrent nor overvoltage is 
detected in the block ‘Fault detection’. The voltage levels of the GAL circuit inputs and 
outputs are 0 and 5 V. 

The differences between the prototype modulators occur in logic boards. The DMC has three 
logic boards, each of them generating the control signals of a single output phase. The board 
circuits are identical and the different logics in GAL3 are the only differences. Circuit GAL3 
generates the sequence codes, which are presented in Appendix B. The same number code 
denotes the same state with every output phase so that the logics in GAL4s are identical. In the 
IMC, only a single logic board is used and it contains both the ISB and ILB control signal 
generations. The even parity of the sectors is defined in GAL4 with the help of the input 
reference sector and the last bit of the output reference sector, which denotes its own even 
parity. As a result, the DMC modulator generates nine and the IMC modulator generates 
twelve switch control signals, so that both modulators generate theoretically equal output 
voltages. 

In the DMC and in the ISB, the four-step commutation is used to generate the individual IGBT 
gate control signals from the switch control signals. The four-step commutation is 
implemented by generating three differently delayed signals from the original signals using 
RC circuits and Schmitt triggers. The correct outputs are then chosen by means of a 
multiplexer controlled by the current direction signal and the non-delayed control signal of the 
switch. As a result, fixed delays of 400 ns between each step are generated (Figure 2.11). The 
blanking times of 1 μs for the ILB IGBTs are generated using RC circuits and Schmitt triggers. 
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Figure 5.5 Flow chart of modulator update program. 
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Figure 5.6 Modulator implementations in (a) the DMC prototype, (b) the IMC prototype. 
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5.1.2 Induction Motor Drive 
The flow chart of the IM control system implementation is presented in Figure 5.7. As can be 
seen, it is basically the same as the chart in Figure 5.4 but has additional blocks for IM control. 
The control system implements the rotor-flux-oriented control of IM drives, presented in 
Section 4.3. The controllers are discrete PI controllers, presented in (4.3-5) and in Figure 4.17. 
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Figure 5.7 Flow chart of the IM control system software implementation. 
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The IM drive is shown in Figure 5.3a with the DMC prototype. The IM is HXA 112 6 B3, 
manufactured by ABB. That is a 2.2-kW IM the parameters of which were presented in Table 
4.2. The load machine of the test bench is a 6-kW separately excited dc machine 
GNA 3210 33, manufactured by Strömberg and driven by a four-quadrant dc drive Simoreg 
D400/30, manufactured by Siemens. The dynamo tachometer used is a Radio-Energie REO-
444 producing 0.06 V/rpm. The tachometer signal is scaled to range between 0 and 5 V with a 
separate board for the A/D (analogue to digital) converters of the microcontrollers. 

5.2 Measurement Equipment 

In all experiments, a four-channel digital oscilloscope LeCroy LT554M has been used. The 
currents have been measured with Tektronix TCPA300 probes with 1 A → 0.1 V measurement 
range. Voltage measurements from phase to ground have been performed with LeCroy 
PPE 2kV probes having the attenuation of 1:100. Output line-to-line voltage measurements 
have been performed with Tektronix P5200 differential voltage probes with the attenuation of 
1:500. In most cases, Finnish 400-V supply was used, but in [P3]–[P5] ideal sinusoidal or 
distorted supply voltage is generated by voltage source Elgar SW5250A. 

In more complex applications than those in the basic modulator, measurement data has also 
been gathered by reading microcontroller variable values via the serial bus, as presented e.g. in 
Figures 5.1 and 5.7. The total length of the data vector is always 1000 samples, but its duration 
depends on the case, i.e. on how long a time is needed. The maximum sampling frequency 
with the microcontroller is 10 kHz. With the IM drive, the sampling frequency ranges from 
500 to 1000 Hz, depending on the sequence duration. In the oscilloscope measurements, the 
sampling frequency has been 1 MHz in [P2]–[P7] and 50 kHz in [P1]. 

5.3 Experimental Results 

This section presents the experimental results from the operation of both prototypes both with 
passive RL-type load and with IM drive. RL load results have been presented originally in 
[Jus05] and IM drive results in [P7]. 

5.3.1 Passive Load 
Experiments, the results of which are presented in this section, were performed with an RL 
load of 20 Ω and 10 mH and a 400-V network served as supply voltage [Jus05]. The 
measurement accuracy of the supply voltage was ±1.6 V, the accuracy of the current 
measurement was ±0.16 A and the sampling frequency was 50 kHz. Measurement results with 
input-to-output voltage transfer ratio reference υ ref = 0.8 and output frequency fo = 40 Hz are 
presented in Figures 5.8–5.9. Waveforms show that both the DMC and the IMC produce 
sinusoidal supply currents and PWM output voltages, which do not contain significant 
frequency distortion. However, the supply current distortion is slightly higher in the IMC, 
which is considered further in Section 7.1. The supply voltage THD up to 2 kHz was about 1% 
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in all cases. The results with fixed output frequency (fo = 40 Hz) and different output voltage 
values are presented in Tables 5.1–5.2. The results with fixed input-to-output voltage transfer 
ratio reference (υ ref = 0.8) and varying output frequency are presented in Tables 5.3–5.4.  

   

 
Figure 5.8 Experimental results of the DMC with RL load when υ ref = 0.8 and fo = 40 Hz: (a) supply 

voltage ua and current ia, (b) output voltage uAB, (c) output current iA, (d) spectrum of ia, (e) 
spectrum of uAB, (f) spectrum of iA. 

 

 
Figure 5.9 Experimental results of the IMC with RL load when υ ref = 0.8 and fo = 40 Hz: (a) supply 

voltage ua and current ia, (b) output voltage uAB, (c) output current iA, (d) spectrum of ia, (e) 
spectrum of uAB, (f) spectrum of iA. 

Table 5.1 Experimental results of the DMC with RL load when fo = 40 Hz. 

ûo,ref  (V) ûa,1 (V) îa,1 (A) THD-ia (%) îA,1 (A) THD-iA (%) ûo,1 (V) THD-uAB (%) υ ref υ 
20 335 0.9 6.5 0.9 6.6 21 41.1 0.06 0.06 
40 335 1.0 4.9 1.9 3.1 40 21.4 0.12 0.12 
80 334 1.3 4.3 3.8 1.7 80 11.5 0.25 0.24 
120 334 2.4 2.0 5.8 1.4 120 10.6 0.37 0.36 
160 334 3.9 2.2 7.8 1.2 161 5.4 0.49 0.48 
200 334 6.0 2.3 9.7 1.0 201 5.7 0.61 0.60 
220 334 7.2 1.6 10.7 1.0 220 5.7 0.67 0.66 
240 336 8.6 1.6 11.7 1.1 242 5.6 0.74 0.72 
260 335 10.1 1.4 12.6 1.1 264 4.2 0.80 0.79 
280 334 11.7 1.4 13.6 1.0 283 4.5 0.86 0.85 
300 334 13.1 3.8 14.3 2.0 300 4.8 0.92 0.90 

As can be seen, the phase voltage magnitude of the supply is from 6 to 9 V higher than the 
ideal. Thus, neither the DMC nor the IMC attain the voltage transfer ratio reference υ ref. The 
voltage loss in the DMC is lower than in the IMC, as shown in Figure 5.10 with the ratio 
υ /υ ref. In Figure 5.10, the two lowest transfer ratio values signify such low output voltages 
that the measurement accuracy and the rounding of the results together lead to an identical 

(a) (b) (c) 

(d) (e) (f) 

(a) (b) (c) 

(d) (e) (f) 
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situation for the DMC and the IMC. Voltage transfer characteristics are considered further in 
Section 7.2. 

Table 5.2 Experimental results of the IMC with RL load when fo = 40 Hz. 

ûo,ref  (V) ûa,1 (V) îa,1 (A) THD-ia (%) îA,1 (A) THD-iA (%) ûo,1 (V) THD-uAB (%) υ ref υ 
20 334 1.0 14.2 0.9 3.3 20 46.9 0.06 0.06 
40 334 1.1 15.4 1.8 2.8 40 26.9 0.12 0.12 
80 334 1.4 13.2 3.7 2.2 78 14.0 0.25 0.23 

120 333 2.4 8.1 5.6 1.6 118 8.7 0.37 0.35 
160 333 3.9 5.4 7.6 1.6 157 7.0 0.49 0.47 
200 332 5.9 4.0 9.5 1.5 197 5.6 0.61 0.59 
220 332 7.1 3.5 10.4 1.4 217 5.7 0.67 0.65 
240 332 8.4 3.2 11.4 1.4 236 4.9 0.74 0.71 
260 332 9.8 2.9 12.3 1.3 255 4.3 0.80 0.77 
280 331 11.4 2.9 13.3 1.3 275 4.4 0.86 0.83 
300 331 12.8 4.1 14.1 2.1 292 4.4 0.92 0.88 

Table 5.3 Experimental results of the DMC with RL load when ûo,ref = 260 V, i.e. υ ref = 0.8. 

fo  (Hz) ûa,1 (V) îa,1 (A) THD-ia (%) îA,1 (A) THD-iA (%) ûo,1 (V) THD-uAB (%) υ 
5 335 10.5 1.7 13.0 4.1 264 8.2 0.79 

10 335 10.5 1.4 12.8 1.4 263 3.9 0.79 
20 334 10.3 1.5 12.8 1.0 263 3.7 0.79 
30 335 10.3 1.5 12.7 1.4 264 3.8 0.79 
40 335 10.1 1.4 12.6 1.1 264 4.2 0.79 
50 335 9.9 1.6 12.5 1.4 264 4.6 0.79 
60 335 9.7 1.6 12.3 1.0 264 4.4 0.79 
70 334 9.5 1.6 12.1 1.6 264 4.4 0.79 
80 334 9.2 1.7 11.9 1.1 263 4.5 0.79 
90 335 9.0 2.2 11.8 1.9 264 4.7 0.79 

100 335 8.8 2.0 11.6 1.4 263 3.8 0.79 

Table 5.4 Experimental results of the IMC with RL load when ûo,ref = 260 V, i.e. υ ref = 0.8. 

fo (Hz) ûa,1 (V) îa,1 (A) THD-ia (%) îA,1 (A) THD-iA (%) ûo,1 (V) THD-uAB (%) υ 
5 332 10.0 3.0 12.6 4.2 258 9.9 0.78 

10 332 10.0 3.0 12.5 2.2 256 4.7 0.77 
20 332 9.9 3.1 12.4 1.4 256 4.2 0.77 
30 332 9.9 2.9 12.4 1.9 256 4.8 0.77 
40 332 9.8 2.9 12.3 1.3 255 4.3 0.77 
50 332 9.7 3.3 12.2 1.8 256 4.1 0.77 
60 332 9.6 3.0 12.1 1.2 256 4.5 0.77 
70 332 9.4 3.1 12.0 1.9 256 4.6 0.77 
80 332 9.3 3.3 11.9 1.2 256 4.2 0.77 
90 332 9.1 3.1 11.8 1.9 256 4.3 0.77 

100 332 9.0 3.3 11.7 1.2 256 4.2 0.77 
 

 
Figure 5.10 Measured voltage transfer ratios (υ) of DMC and IMC compared with their reference value 

(υ ref), i.e. values of υ /υ ref as a function of υ ref with RL load when fo = 40 Hz. 
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5.3.2 Induction Motor Load 
This section presents the experiments performed with the 2.2-kW IM drive described in 
Section 5.1. The controller parameters are shown in Table 4.3. The results were originally 
presented in [P7]. The stationary measurement results with nr = 800 rpm and Tload = 22 Nm are 
presented in Figures 5.11–5.12. Basically, the DMC and the IMC are identical with identical 
controller parameters. However, the same controller parameters lead to slightly different 
behaviour because of the different gain of the processes [Esk06], i.e. the converter prototypes 
have different voltage losses, as presented above with RL load [P7]. As above, the IMC 
waveforms are slightly more distorted than the DMC waveforms. 

 

 
Figure 5.11 Experimental results of the DMC-supplied IM drive when nr = 800 rpm and Tload = 22 Nm: 

(a) supply voltage ua and current ia, (b) output voltage uAB, (c) output current iA, (d) spectrum 
of ia, (e) spectrum of uAB, (f) spectrum of iA. 

 

 
Figure 5.12 Experimental results of the IMC-supplied IM drive when nr = 800 rpm and Tload = 22 Nm: 

(a) supply voltage ua and current ia, (b) output voltage uAB, (c) output current iA, (d) spectrum 
of ia, (e) spectrum of uAB, (f) spectrum of iA. 

The dynamic situations with full load torque Tload of 22 Nm, presented in Figures 5.13–5.18 
and originally in [P7], are speed reference step, speed reference ramp and acceleration using 
the field weakening, respectively. These dynamic results do not show any significant 
differences between the DMC and IMC. In addition, both prototypes operate as in the ideal 
simulations presented in Figures 4.19–4.21. Unlike the acceleration using field weakening 
with the IMC in [P1], the results here show that the field weakening works with both the DMC 
and the IMC [P7]. The reason for this is that different rotor resistance values are used in the 
flux model. The value of 1.8 Ω, used in [P1], describes the resistance of the cold rotor, which 
does not hold true long after start-up in practice. As presented in Table 4.2, the rotor resistance 
value of 2.16 Ω, used in [P7], describes the value of a warm machine but is too low with a hot 

(a) (b) (c) 

(a) (b) (c) 

(d) (e) (f) 

(d) (e) (f) 
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machine. This shows clearly the importance of parameter tolerance with the flux model, and a 
more robust and complex model should be applied in commercial applications [Kaz02]. 

 
Figure 5.13 Measured speed reference step operation of the DMC when Tload = 22 Nm: (a) rotation speed nr 

and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current component isy and its reference isy,ref. 

 
Figure 5.14 Measured speed reference step operation of the IMC when Tload = 22 Nm: (a) rotation speed nr 

and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current component isy and its reference isy,ref. 

 
Figure 5.15 Measured speed reference ramp operation of the DMC when Tload = 22 Nm: (a) rotation speed 

nr and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current component isy and its reference isy,ref. 

 
Figure 5.16 Measured speed reference ramp operation of the IMC when Tload = 22 Nm: (a) rotation speed nr 

and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current component isy and its reference isy,ref. 

 
Figure 5.17 Measured field-weakening acceleration of the DMC when Tload = 22 Nm: (a) rotation speed nr 

and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current components isx, isy and reference isy,ref. 

 
Figure 5.18 Measured field-weakening acceleration of the IMC when Tload = 22 Nm: (a) rotation speed nr 

and its reference nr,ref, (b) output/stator voltage references usx,ref and usy,ref, (c) output/stator 
current components isx, isy and reference isy,ref. 

(a) (b) (c) 

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

(a) (b) (c) 
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5.4 Conclusion 

The basics of prototype implementations and experimental test setups have been presented in 
this chapter. Experimental results of both prototypes with passive RL-type load have been 
presented to show that they operate as assumed. In addition, both prototypes have supplied the 
IM load in the same conditions as in the simulations presented in Chapter 4. 

The main circuit implementations of the DMC and the IMC prototypes have been based on the 
basics presented in Chapter 2. To assure a reliable comparison, the prototypes have been 
implemented as identically as possible. Thus, the control software and the first part of the 
modulator logic are identical in both prototypes. Due to the different main circuits, the second 
part of the modulator logic implementations and the generation of the safe commutations are 
different in the prototypes. The structures of the modulator implementations have been based 
on the structures of the simulation models presented in Chapter 4. As in the simulations in 
Chapter 4, the modulation method used has been the CSVM with PLL-based synchronisation 
to the supply voltage, which has been presented in Chapter 3.  

The prototypes have been tested in the laboratory and the experimental results show that they 
both produce sinusoidal supply currents and PWM output voltages, which do not contain 
significant frequency distortion. The experimental results have also shown that the DMC and 
the IMC are basically identical in practice but some differences also exist. With RL load, the 
DMC has had higher input-to-output voltage transfer ratio than the IMC. In addition, the IMC 
has produced slightly more distorted supply currents than the DMC. These differences have 
not been found in the simulations with ideal simulation models. Thus, the differences in the 
voltage transfer ratio and in the supply current distortion are caused by the non-ideal 
characteristics of real circuits, which are studied in Chapters 6 and 7. 

In the experiments with the IM load, the control system in the DMC and the IMC has been the 
rotor-flux-oriented space vector control presented in Chapter 4. The same IM test bench and 
the same tachometer system have been used with both converters. In addition, the software 
implementations and the control parameters have been identical. The measurement results of 
stationary and dynamic operations of both converters have also been presented. The 
experimental results are in agreement with the simulation results presented in Chapter 4 and 
they verify again that the DMC and the IMC operate as assumed. However, the similar 
differences between the DMC and the IMC as in the experimental test with the RL load have 
also been found to occur in the experimental tests with the IM load. 
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6 Matrix Converter under Distorted Conditions 

The MC modulation presented in Chapter 3 assumed ideal operation conditions, i.e. sinusoidal 
supply voltage and load current waveforms. However, that is not the case in practice. Neither 
matrix converters (MCs) nor their operation environments are ideal. Thus, it is important to 
have knowledge of MCs under non-ideal operation conditions. The literature concerning non-
ideal operation conditions has concentrated mostly on unbalanced supply voltages or load 
currents, as e.g. [Nie96a], [Nie96b], [Cas98a], [Bla02] and [Kan02], whereas other distortion 
frequencies are taken into account more rarely, as e.g. in [Cas98b], [Zha01], [Ohg04] and 
[P3]–[P4]. However, the unbalanced situation is only a special case of a harmonic distortion, 
as shown in [P3]. 

This chapter presents the analysis of the migration of supply voltage distortion to load, which 
has been presented in [P3], and the analysis of the migration of load current distortion to 
supply, which has been presented in [P4]. This chapter also compares how four simple control 
methods mitigate the migration of supply voltage distortion, which has been presented in [P3].  

6.1 Space Vector Analysis of Distortion Migration in Matrix Converters 

As presented in [P3], supply voltage distortion is carried through MCs to the load, even though 
not necessarily entirely. The same holds also for the other input-to-output and output-to-input 
disturbances. Compared to random temporary disturbances, continuous repetitive distortion 
can be considered a more severe and general problem. The block diagram of distortion 
migration in the MCs is presented in Figure 6.1. 

Output voltage distortion Output current distortion

Input current distortion

Distorted supply voltage Supply current distortion

(With weak mains)

Distortive load

Filter capacitor
voltage distortion

 
Figure 6.1 Block diagram of distortion migration in MCs. 
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The possible distortion sources are distorted supply voltage and distortive load. Supply voltage 
distortion can be caused by e.g. non-linear loads such as thyristor and diode rectifiers or the 
asymmetric loading of the supply, which all cause voltage distortion in the point of common 
coupling (PCC) of the MC. The distortive load can be any load distorting currents or requiring 
non-sinusoidal currents. As presented in Figure 6.1, it is possible that the load current 
distortion alone can cause voltage distortion in the PCC if the impedance of the mains is high, 
i.e. Zsup in the DMC and IMC circuits in Figure 4.2. 

6.1.1 Input Voltage Distortion Migration 
In [P3], the harmonic distortion in balanced three-phase supply voltages was considered. That 
kind of voltage contains only odd-order harmonics not divisible by three. Instead of that, the 
distortion migration analysis is presented here in general form to attain the maximum 
usability. Thus, the analysis presented next is an extension of the analysis presented in [P3]. 
As in Section 3.3, the modulation frequency distortion is also ignored here and only low-
frequency components are considered. In addition, the effect of a supply filter is taken into 
account separately later and the analysis begins from input voltage, i.e. the filter capacitor 
voltage in Figure 6.1. 

The input voltage space vector ui consists of fundamental component ui,1 and the sum of the 
distortion components: 
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where subscript x describes the individual components of each distortion frequency, i.e. ω i,x is 
the distortion angular frequency and ϕ i,x is the respective displacement angle. It is noteworthy 
that (6.1-1) is not limited to multiple harmonic distortion components;  rather, it contains all 
possible repetitive voltage components. 

Average dc link voltage udc,av in (3.3-7) was obtained assuming ideal conditions where the 
only frequency component was the fundamental component. Use of (6.1-1) instead of the ideal 
input voltage leads to the dc link voltage, which has low-frequency components. Thus, it is 
denoted with udc instead of udc,av: 
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in which ϕ i,x includes also the fundamental displacement angle ϕ i,1 for simplicity and |swi| = 1, 
as shown in Section 3.3.1. Substitution of udc from (6.1-2) into (3.3-10) instead of ideal udc,av 
gives for the output voltage space vector uo: 
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which can be transformed to a more informative form using (3.1-10b):  
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Thus, the absolute values of output voltage distortion frequencies are | fi – fi,x ± fo|. 

As presented in Section 4.1, the value of the supply frequency fi is 50 Hz in this thesis. Thus, 
when the input voltage contains 5th, 7th, 11th and 13th –order harmonics, i.e. distortion 
frequencies –250, 350, –550 and 750 Hz, the output voltage contains four distortion 
components: 300 Hz ± fo and 600 Hz ± fo according to (6.1-3). The amplifying effect of the 
supply LC filter, presented in Section 4.1 with (4.1-1) and Figures 4.3–4.4, should not be 
forgotten either because the origin of the low-frequency distortion can be considered to be 
more likely the supply voltage than the input voltage. 

A supply voltage containing 5th, 7th and 11th –order harmonics, the magnitudes of which were 
the maximum magnitudes defined in [CEN99], was considered in [P3]. Simulated supply 
voltage waveforms and spectrum are presented in Figures 6.2a and 6.2b, respectively. The 
magnitude ûa,1 of the supply voltage fundamental component is 326 V. Input voltage spectra 
both without and with load are presented in Figures 6.2c and 6.2d, respectively. The frequency 
resolution fres is 10 Hz and, as above, A65 denotes the amplitude of a 650-Hz component, etc. 

The symmetric supply voltage waveform in Figure 6.2a has distortion frequencies of 250, 350 
and 550 Hz, as found in Figure 6.2b. The same frequencies are found in Figure 6.2c, but 
especially a 550-Hz component is amplified by the supply filter, as assumed. The input 
voltage spectrum in Figure 6.2d presents the situation where an ideal MC has a 3.9-kVA RL 
load with fo = 40 Hz and ûo,ref = 260 V and the system is supplied by the voltages of Figure 
6.2a. Compared to Figure 6.2c, the spectrum in Figure 6.2d has an additional 650-Hz 
component and lower THD. The reason for this and complete results are presented next.  

 (a)   (b)  

(c)   (d)  
Figure 6.2 (a) Supply voltage waveforms, ûa,1 = 326 V relates to 100%. (b) Spectrum of supply voltage 

ua. (c) Spectrum of input voltage uia without load. (d) Spectrum of uia with 3.9-kVA load. 
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6.1.2 Output Current Distortion Migration 
As presented in Figure 6.1, the origin of the distortion in an MC system can be output current 
in addition to the supply voltage. The block diagram in Figure 6.1 also shows that the supply 
voltage distortion affects supply current via the load system and the output currents [P4]. 
Thus, the complete distortion analysis also requires the analysis of current distortion 
migration. This analysis has been presented in [P4] and a summary of it is presented in this 
section. 

The output current space vector io consists of fundamental component io,1 and the sum of the 
distortion components: 
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where subscript x describes the individual components of each distortion frequency, i.e. ωo,x is 
the distortion angular frequency and ϕo,x is the respective displacement angle. Just like (6.1-1), 
equation (6.1-4) contains all possible repetitive current components [P3]. In fictitious IMC, the 
instantaneous active power of the input, the dc link and the output are equal. Thus, as shown in 
[P4], the input current vector ii is 
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in which the angle ϕo,1 is included in the angle ϕo,x for simplicity. Equation (6.1-5) shows that 
the absolute values of input current distortion frequencies are | fo – fo,x ± fi |. It should also be 
noted that the multiple harmonic distortion of supply voltage causes multiple output harmonics 
only if fo = fi / n when n is a positive integer or fo = nfi when n is a positive integer less than two 
plus the lowest order of supply harmonics. Otherwise, the output voltage distortion 
components are not a multiple of output harmonics;  rather, they have other frequencies. In 
addition, asymmetric load currents of an MC cause a subharmonic to supply current when 
fo < fi. 

As assumed, the input frequency fi is 50 Hz and let the fundamental output frequency fo be 
40 Hz. When the distortion current component fo,x is e.g. 260 Hz, the distortion causes both 
170-Hz and 270-Hz components in the input current. On the other hand, with the load 
distortion current frequency –260 Hz, the input distortion frequencies are 250 and 350 Hz. The 
distortion can also cause subharmonics in the input current. For example, fo,x = 80 Hz causes 
the input distortion frequencies of 10 and 90 Hz. When the load is not symmetric, i.e. 
fo,x = –40 Hz, the input current includes 30-Hz and 130-Hz components. 

Just as with the voltage harmonics, the supply filter also affects supply current, as discussed in 
[P4]. As shown in Figures 4.2–4.3, the supply current ia is the sum of the input current iia and 
the current of the capacitor Cf. When the supply is assumed to act as an ideal voltage source, it 
is possible to derive for the equivalent circuit in Figure 4.3: 
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where Ia(s), Iia(s) and Ua(s) are Laplace transformations of ia, iia and ua, respectively. In (6.1-6), 
Gf,ii is the transfer function describing the effect of the input current Iia(s) on the supply current 
Ia(s) and Gf,iu describes the effect of the supply voltage Ua(s) on Ia(s). Equation (6.1-6) shows 
that the effects of Iia(s) and Ua(s), i.e. Gf,ii and Gf,iu, are independent of each other. This is also 
the reason for the differences between spectra in Figures 6.2c and 6.2d. Gf,ii does not affect in 
the unloaded case, but it affects the input voltage uia via the supply current in the loaded case. 
Bode diagrams of the transfer functions Gf,ii and Gf,iu are presented in Figure 6.3 with the 
parameters presented in Table 4.1. 

 
Figure 6.3 Bode diagrams of the LC filter transfer functions by (6.1-6): (a) Gf,ii, (b) Gf,iu. 

6.1.3 Confirmation of Migration Analyses 
Figure 6.2 presented the correspondence between the supply and input voltages, but neither 
output quantities nor supply currents were presented. Simulated waveforms with the supply 
voltages of Figure 6.2a are presented in Figure 6.4 and experimental results with the IMC are 
presented in Figure 6.5 [P3]–[P4]. The supply voltage fundamental magnitude ûa,1 was 326 V 
in the simulations and 305 V in the measurements. In both cases, the supply voltage had the 
same relative harmonic content [P3]. Respectively, the load resistors were 30 Ω and 27 Ω, and 
thus îo/υ ref was equal in both cases. The IMC modulator was implemented in Matlab Simulink 
and the ideal IMC main circuit with the dc link components (Ldc = 1 μH, Cdc = 0.1 μF) and the 
supply impedance (Zsup: 0.03 Ω and 0.1 mH in series) in Simplorer, as presented in Section 
4.1. The IMC prototype and the measurement environment were described in Chapter 5. 

Figures 6.2 and 6.4–6.5 show the validities of the distortion migration analyses. 5th and 7th  
–order supply harmonics are reflected in output as 260 and 340 Hz and 11th –order harmonic is 
reflected as 560 and 640 Hz, i.e. the system fulfils | fi – fi,x ± fo |. These output distortion 

(a) (b) 
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frequencies are then reflected in supply as 250, 350, 550 and 650 Hz following |fo,x – fo ± fi |, so 
that 260 and 560 Hz of the output are negative frequencies. As shown in Figure 6.5d, the 
measured load current also has a low-magnitude 5th-order harmonic, i.e. 5 ⋅ 40 Hz = 200 Hz, 
which is reflected as 190 and 290 Hz in the input, but these components are so small that they 
are barely observable in Figure 6.5b.  

(a)   (b)  

(c)   (d)  
Figure 6.4 Simulated waveforms and spectra (fres = 10 Hz) with distorted supply voltages when fo = 40 Hz 

and υ ref = 0.8: (a) supply voltage ua and current ia, (c) spectrum of ia, (c) load current iA, (d) 
spectrum of iA. 

 (a)   (b)  

(c)   (d)  
Figure 6.5 Measured waveforms and spectra (fres = 10 Hz) with distorted supply voltages when fo = 40 Hz 

and υ ref = 0.8: (a) supply voltage ua and current ia, (c) spectrum of ia, (c) load current iA, (d) 
spectrum of iA. 

6.2 Mitigation of Voltage Distortion Migration 

The analysis and results in Section 6.1.1 were based on the MC system, which was purely 
open-loop controlled by the CSVM with the PLL-based synchronisation, as presented in 
Section 3.3.3. Thus, the supply voltage distortion migrated to the load according to (6.1-3). 
However, that is not the only way to control the MC system. In this section, three simple 
control methods for mitigating the migration of supply voltage distortion are compared. The 
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methods and a comparison of them have been presented in [P3], a summary of which is 
presented in this section. 

The distortion migration of MCs has been considered e.g. in [Nie96a], [Nie96b], [Cas98a], 
[Cas98b], [Zha01], [Bla02], [Kan02], [Ohg04], [Oli06], [Sat07] and [P3]. In most cases, 
mitigation is based on measurement of the supply or input voltage magnitude. The method 
based on closed-loop load current control without measurement of supply voltage magnitude 
was suggested in [RP7] and [P3], and was also applied in [Oli06]. 

A mitigation system based on supply or input voltage feedforward is easy to implement and 
does not increase the system complexity significantly, as shown in [Nie96a], [Nie96b], 
[Cas98a], [Cas98b], [Zha01], [Bla02] and [P3]. However, the use of measured voltage 
waveforms as the basis of the input synchronisation leads easily to an unstable MC system, as 
also discussed in the case of synchronisation in Section 3.3.3 [Cas02], [Liu03], [Liu04], 
[Cas04], [Cas05]. There are three options for avoiding the problem: 1) [Sat07] suggests a 
complex control system that also contains the possibility to compensate input reactive power. 
2) The use of passive damping of the MC supply filter increases the stable operation region, as 
shown e.g. in [Mut02] and [Cas02], but it increases the system complexity and cost in practice. 
3) The last option is a system in which the input current reference is synchronised to the zero 
crossing points of fundamental supply or input voltage, as recommended in [Liu03] and 
[Liu04], and the measured waveforms of supply or input voltages are used in a separate 
control system, as in [Kan02], or simply in the calculation of the modulation index, as in 
[Nie96a], [Cas98b] and [P3]. In a system following the last option, the PLL-based input 
reference synchronisation as presented in Section 3.3.3 is a usable method. Thus, the last 
option was chosen to be used in [P3] for supply voltage measurement. 

6.2.1 Control Methods 
On the grounds of the brief review above, four different control methods have been presented 
in [P3]. Three of the methods aim to mitigate the supply voltage distortion. The aim has been 
to develop methods that are easy to implement and to calculate with and that provide robust 
operation [P3]. The block diagram of the methods is shown in Figure 6.6, in which io(α,β), 
io(α,β),ref and uo(α,β),ref are the two-axis components of the output current vector io and the output 
current and voltage reference vectors io,ref and uo,ref, respectively, as defined in (3.1-3)–(3.1-4). 
In [P3], it was assumed that cosϕ i,1 = 1, which provides the maximum voltage transfer ratio. 
However, cosϕ i,1 could also be controlled if required and if the voltage ratio reference 
allowed. The PLL-based input reference synchronisation is used in all methods, as shown in 
Figure 6.6. 
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Figure 6.6 The block diagram of the MC control methods. 

As presented in [P3], the first control method (Method I) contains only the CSVM modulator, 
which was described in Section 3.3.2, and reference values |uo,ref| and fo, which are used to 
produce the two-axis components uo(α,β),ref of the output voltage reference vector uo,ref, as 
presented in Figure 6.6. The modulation index in (3.3-19) is calculated assuming both 
sinusoidal and balanced input voltages, i.e. it is assumed that ui = ui,1, which produces an ideal 
condition modulation index mideal. Thus, the produced output voltages include all the distortion 
presented in (6.1-3). Considering only the magnitudes with (3.3-19): 
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which shows simply that the output voltage magnitude produced does not follow its reference. 

As presented in [P3], the second control method (Method II) presented in Figure 6.6 is the 
CSVM where the calculation of the modulation index uses measured supply voltages, the 
fundamental component of which is usup,1 and the sum distortion is ∑usup,x: 
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Considering again the magnitudes and assuming usup ≈ ui by (4.1-1) and Figure 4.4, it is 
possible to get 
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which shows that the output voltage magnitude follows its reference. It has not been discussed 
in [P3], but it is possible that better results could be attained if the input voltages (ui) were 
measured instead of the supply voltages (usup). However, the voltage measurement always 
requires filtering, which produces phase error in voltages, and this cannot be compensated 
easily for unknown distortion frequencies. Thus, the measurement of the input voltages instead 
of the supply voltage would also produce incomplete results. The input-voltage-based 
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feedforward compensation with SVM has been presented in [Nie96a], [Nie96b], [Cas98a], 
[Cas98b] and [Bla02] and it has been used with the Venturini method in [Zha01], whereas the 
supply voltage feedforward has been applied in [Kan02] and [Sat07]. With Method II, the 
migration of supply voltage distortion to the load voltages should be mitigated, compared to 
the case with Method I. The drawback with the method is that the supply current waveforms 
become distorted due to the power balance between the input and output if the supply voltages 
are distorted.  

As presented in [P3], the third control method (Method III) has a load current feedback loop 
which is added to the open-loop control system of Method I, i.e. pure CSVM, as presented in 
Figure 6.6. The supply voltage magnitudes are not measured and thus the ideal modulation 
index mideal in (6.2-1) is used. The two-axis voltage reference components are generated in 
Method III by current controllers, as shown in Figure 6.6. Thus, the length |uo,ref| of the output 
voltage reference is not constant as in Method I and the result should be less distorted output 
voltages than with Method I. The method applies separate PI controllers for the errors between 
measured two-axis output current components io(α,β) and their reference values io(α,β),ref. The 
load is assumed symmetric and only two output currents i(A,B) are measured. Both current 
controllers are identical discrete time anti-windup PI controllers, which were presented in 
Section 4.3 with (4.3-5) and Figure 4.17. To attain the output current reference with distorted 
voltages, the current controllers should be able to damp the output voltage frequency 
components caused by the supply voltage. Thus, the capability of Method III depends on 
controller tuning, which cannot always necessarily be done with an adequate bandwidth. Just 
like in the case of Method II, Method III should also produce more distorted supply currents 
than Method I due to the instantaneous active power balance between the input and the output. 

The fourth control method (Method IV) is a combination of Methods II and III, as presented in 
Figure 6.6. Thus, it contains both the supply voltage and load current measurements. Of these 
four methods, Method IV should prevent the reflection of supply harmonics to the load most 
effectively. It should also produce the most distorted supply currents. 

6.2.2 Comparison of Control Methods 
This section presents a summary of the comparison of the four control methods presented in 
[P3]. In the simulations, the IMC Simplorer model contained the modulator, the ideal main 
circuit and the supply impedance, as presented in Sections 4.1–4.2. The PI controllers of 
Methods III and IV were implemented in Matlab Simulink. 

Methods II and IV required the supply voltage measurement where the modulation frequency 
components were filtered out using the first-order digital low-pass filter with the cut-off 
frequency of 3.18 kHz. All parameter values were the same in the experiments. 

As presented in [P3], the Y-connected RL load of 30 Ω and 10 mH in series was used in the 
simulations so that the time constant of the load was 0.33 ms. That was also the value of the 
integral action time TI of the PI controller, presented in (4.3-5), in Methods III and IV. The 



84  Chapter 6 
 
proportional action coefficient KP of the PI controller was set at 50 so that the theoretical 
bandwidth of the closed-loop current control was 800 Hz. The same tuning was also used in 
the experiments where the RL load consisted of a 27-Ω resistor and 10-mH inductor. The 
supply voltage waveform followed Figure 6.2a. The fundamental supply voltage magnitude 
ûsup,1 was 326 V in the simulations and 305 V in the measurements. As a result, the rms value 
of fundamental load current was about 6.0 A in the simulations and in the measurements.  

Simulated and measured THD values of output and supply currents are presented in Figure 6.7 
and the results are the same as those presented in [P3]. In Figure 6.7, columns ‘Meth. I’–
‘Meth. IV’ show results of Methods I–IV with distorted supply, whereas column ‘Ideal’ shows 
results of Method I with ideal sinusoidal supply. The simulation results and the measurement 
results agree quite well. 

It should be noted that the waveforms and spectra for Method I in Figure 6.4 were produced 
by the simulations where the modulator was implemented in Matlab Simulink. Thus, the THD 
values in Figures 6.4b and 6.4d are different than the THD values of Method I in Figure 6.7, 
the simulation results of which are from the simulations with the Simplorer modulator. The 
differences between modulator models of Simplorer and Simulink were described in Section 
4.2.  

(a)    (b)  
Figure 6.7 Simulated and measured current distortions with ideal supply voltage and Method I ‘Ideal’ and 

with distorted supply voltage and Methods I–IV ‘Meth. I’–‘Meth. IV’: (a) output current iA 
and (b) supply current ia. 

Comparing the output current iA distortions in Figure 6.7a, it was found that the mitigation 
methods with the supply voltage feedforward (Methods II and IV) produce less distorted load 
currents than the methods without it (Methods I and III). The capability of the load current 
control without voltage feedforward (Method III) is quite limited although it produces heavily 
distorted supply currents. In the simulations, the current control had higher capability than in 
the experimental tests, which also affected the supply current quality inversely.  
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7 Comparison of Non-Ideal Characteristics of Direct 
and Indirect Matrix Converter 

In the previous chapters, the matrix converters were assumed ideal or the non-ideal 
characteristics were not the main concern. However, there are several different sources for 
non-ideal performance and they affect the MCs in practice. These effects become more 
important when the DMC and the IMC are compared because they are identical in ideal 
circumstances, as shown in Section 4.2. 

This chapter presents the comparison of the non-ideal characteristics of the DMC and the 
IMC. First, the supply current quality of the DMC and the IMC are compared and analysed, 
which has been presented in [P4] and [P7]. After that, the voltage transfer characteristics of the 
DMC and the IMC are analysed and compared, which has been presented in [P5] and [P7].  
Finally, the semiconductor power losses of the DMC and the IMC are analysed and compared, 
which has been presented in [P6] and [P7]. 

7.1 Supply Current Quality 

In theory, the DMC and the IMC produce identical supply currents with identical load 
currents. However, this holds only under ideal conditions which are not available in reality, as 
shown in [P4]. This section presents the comparison of the supply current distortion of the 
DMC and the IMC. That has been presented in [P4], a summary of which, covering distortion 
comparison, is presented in this section. 

7.1.1 Comparison of DMC and IMC Current Distortions 
The measured and simulated supply current THD percentages of the DMC and the IMC are 
presented in Figure 7.1 and they are the same as those presented in [P4]. The simulations were 
performed both with and without dc link with an otherwise ideal model. The same data is 
presented in Figure 7.2 for the load current. The voltage transfer ratio reference υ ref ranges 
from 0.06 to 0.9, i.e. υ ref exceeds the upper limit 0.866 of the linear modulation region, 
fo = 40 Hz and the symmetric Y-connected RL load consists of a series-connected 20-Ω 
resistor and 10-mH inductor [P4]. In the simulations, the modulator was in Matlab Simulink 
and the ideal main circuits with the supply impedance were in Simplorer, as presented in 
Sections 4.1, 4.2 and 6.1.3. The prototypes and measurements were described in Chapter 5 and 
the measured THD values in Figure 7.2 are the same as those presented in Tables 5.1–5.2. 

When the THD graphs in Figure 7.1 are compared, it can be found that the IMC supply current 
has more distortion in the measurements than the DMC supply current. In addition, it can be 
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found that the ideal simulation model without dc link (Sim.I) produces distortion with the 
same levels as the DMC in the measurements, whereas the ideal simulation model with the dc 
link (Sim.L) produces distortion with the same levels as the IMC. The differences between 
measured load current distortions in Figure 7.2 are barely observable and differences arise 
only with low υ ref region where the dc link decreases output current distortion. However, the 
ideal simulation models overemphasise the difference, which is decreased in practice by non-
ideal circuits and control systems not taken into account in the simulations. 

 
Figure 7.1 Comparison of supply current THD%: (a) DMC and IMC in the measurements. (b) Measured 

IMC (Meas.), ideal simulation with dc link (Sim.L) and ideal simulation without dc link 
(Sim.I). (c) Measured DMC (Meas.) and ideal simulation without dc link (Sim.I). 

 
Figure 7.2 Comparison of load current THD%: (a) DMC and IMC in the measurements. (b) Measured 

IMC (Meas.), simulation with dc link (Sim.L) and ideal simulation without dc link (Sim.I). (c) 
Measured DMC (Meas.) and ideal simulation (Sim.I). 

As shown in [P4], the dc link, shown in Figure 4.5, should have no effects on the behaviour of 
the supply current below-2-kHz. However, the transfer functions do not take into account that 
the dc link capacitor Cdc of the IMC is switched from a supply line-to-line voltage to another 
twice in every modulation period Tm, which causes a current spike on the input-side dc link 
current idc,i of the IMC (Figure 4.5) due to the relatively small link inductance Ldc, as shown in 
[P4]. Thus, the IMC input current also contains current spikes causing distortion via the 
gaining band of the supply filter around the 1049-Hz resonance frequency. The waveforms of 
the dc link currents are presented in Figure 7.3. The input current of the DMC does not contain 
spikes because it has no dc link. The effects of the dc link on supply current are shown in 
Figures 7.4–7.7, which show load current spectra of two load currents and a supply current 
with asymmetric RL load (Y-connected 2×20 Ω and 1×33 Ω, 3×10 mH, fo = 40 Hz). Figures 
7.4–7.7 are the same as presented in [P4] and they complete the presentation of load current 
distortion migration presented in Section 6.1: –40 Hz load current component results in 30-Hz 
and 130-Hz supply current components. 

 
Figure 7.3 IMC dc link currents: (a) simulated dc link output-side current idc,o (5 A/div), (b) simulated dc 

link input-side current idc,i (15 A/div), (c) measured idc,i (15 A/div). 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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As described in [P4], the only difference between the ideal simulation models is the dc link. 
Thus, it is the only reason for the differences between supply current spectra in Figures 7.4c 
and 7.5c. Similar differences can also be found when the measured spectra in Figures 7.6c and 
7.7c are compared. The similarity between the simulations with dc link and the IMC results 
measured is obvious and the same holds for the simulations without the link and the DMC 
measurements. The differences between the simulation and measurement results can be 
explained by the non-ideal behaviours not taken into account in the simulations and by the 
slight distortion of supply network voltage, e.g. 5th-order multiple harmonic (250 Hz). The 
higher supply current distortion of the IMC compared with the DMC drive has also been 
shown with the IM in [P7]. The IM drive measurements also confirmed that there are no 
significant differences between the distortion levels of DMC and IMC load currents. 

 
Figure 7.4 Current spectra in ideal simulations without the dc link with asymmetric load: (a) load current 

iA, (b) load current iB, (c) supply current ia.  

 
Figure 7.5 Current spectra in ideal simulations with the dc link with asymmetric load: (a) load current iA, 

(b) load current iB, (c) supply current ia. 

 
Figure 7.6 Measured DMC current spectra with asymmetric load: (a) load current iA, (b) load current iB, 

(c) supply current ia. 

 
Figure 7.7 Measured IMC current spectra with asymmetric load: (a) load current iA, (b) load current iB, 

(c) supply current ia. 

7.2 Voltage Transfer Characteristics 

Above, the switches have been assumed to be ideal. However, that is not true in practice. 
Rather, the semiconductor switches and their commutations cause non-linear behaviour in the 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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voltage transfer characteristics. As a result, the output voltage uo produced does not follow its 
reference uo,ref. This may be a problem especially in the sensorless control systems, as in [RP6] 
and [Esk06], where machine speed is estimated and thus the error between the reference and 
produced voltages causes speed error. 

This section presents the analysis and comparison of voltage transfer characteristics in the 
DMC and in the IMC. The presentation is a summary of [P5] with some additional illustration 
at the end of the section. The non-linear voltage characteristic of the converters has been 
considered conventionally mainly with VSCs, as e.g. in [Hol02] and [Muñ99]. The non-linear 
voltage characteristic of MCs has been considered in [Lee04], [Lee05a], [Wan05], [RP8], [P5] 
and [Lee06]. The non-linear voltage characteristic of the IMC has been considered in [RP8] 
and [P5], which also compare the DMC and IMC characteristics.  

As shown in [P5], the simplified forward characteristics of an IGBT or diode or their serial 
connection has been used, as presented in Figure 7.8. The non-linear curve is approximated 
with the help of threshold voltage Uth and on-state resistance Ron, as suggested in [Hol02]. 
That is illustrated in Figure 7.8 with average emitter current IE and collector-emitter voltage 
UCE. In this case, the maximum load current Io,max is lower than the rated semiconductor 
currents of the 5-kVA prototypes [Sem97]. Thus, the approximation with Line 1 cannot be 
used as with higher currents, and instead Line 2 has to be used. More accurate approximation 
could be obtained if the low current range was modelled adaptively with two or three lines 
instead of single Line 2. However, that would increase the system complexity, which is not 
permitted when the objective is to develop a practical model for the compensation. 

Uth,1Uth,2 UCE/V

IE/A

Io,max

IE,max
 Line 1
slope Ron,1

 Line 2
slope Ron,2

 
Figure 7.8 Simplified forward characteristics and linear approximations for IGBTs and diodes. 

7.2.1 IMC Voltage Transfer Characteristics 
As presented in [P5], the average dc link voltage udc,av does not follow (3.3-7) in a real IMC. 
Instead, the link voltage udc,av in one modulation period is  

{ } { }( ) i
*
δiδ

*
γiγavdc, ΔReRe

2
3 uswudswudu ++= , (7.2-1) 

where Δui is the voltage component produced by the non-ideal ISB when the CSVM is used. 
In (7.2-1), the voltage Δui includes both the effects of the commutations with the CSVM and 
the on-state losses, as shown in [P5]:  
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( )[ ]dcion,ith,medLL,i,ISBdci )sgn(Δ iRUudiu +−= , (7.2-2a) 
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where ui,LL,med is the middlemost of the input line-to-line voltages uiab, uibc and uica, Ron,i is the 
combined resistance, Uth,i is the combined threshold voltage of a common-emitter-connected 
switch having diode and IGBT in series (Figure 4.2b), sgn() implies a sign having values ±1 
and dISB describes the average effect of switch delays and safe commutation. Tm is the 
modulation period, Tcm is the overlapping time of the four-step commutation and Tton and Ttoff 
are the turn-on and turn-off times of a switching device, respectively. 

The on-state losses and commutation have also effects in the ILB. Thus, equation (3.3-10) is 
not valid for an average output voltage space vector uo,IMC of the real IMC. Rather, the output 
voltage is  
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avdc,
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u
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as shown in [P5]. In (7.2-3), the space vector of output voltage difference Δuo,ILB is 

( )ooon,oth,obl,ILBo,Δ iRuuu ++−= , (7.2-4) 

where ubl,o is the voltage vector caused by safe commutation of the ILB switches, uth,o is the 
voltage vector caused by threshold voltages of the power devices and Ron,o denotes the average 
on-time resistance of the diode and IGBT used in the conventional inverter bridge type ILB. 
As shown in [P5], 
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3
2

CCbl,
2

BBbl,AAbl,obl, iuaiuaiuu ++= , (7.2-5) 

where ubl,(A,B,C) are the error voltages caused by safe commutations to each output phase. The 
dependence of ubl,(A,B,C) on the sector of the output voltage reference uo,ref is presented in Table 
7.1 in column ‘IMC’. In Table 7.1, Ubl,o is the average error voltage caused by switchings: 

dcILBobl, UdU = , (7.2-6a) 
m
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where dbl describes the average effect of switching delays and blanking times and Tbl is the 
blanking time between the switchings. As presented in [P5], the uth,o in (7.2-4) describes the 
effect of the threshold voltage: 
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where Uth,o denotes the average threshold voltage of an inverter leg, which means the average 
of threshold voltages of diode and IGBT used in the inverter bridge. 

When (7.2-1)–(7.2-2) and (7.2-4)–(7.2-7) are substituted into (7.2-3), it is possible to see that 
the output voltage produced depends on both the overlapping and blanking times of the IGBT 
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bridges and characteristics of semiconductor devices. When the fundamental displacement 
angle ϕo,1 of the load is 0…π/6, the link current idc is positive over the whole fundamental 
period so that the overlapping times of the ISB increase the average dc link voltage. When 
idc is negative over the whole fundamental period, the overlapping times decrease the average 
dc link voltage. When the sign of idc alternates, the total effect of the overlapping on the link 
voltage depends on the displacement power factor of the load. The effect of the ILB depends 
on the load current signs. In motor operation, the ILB decreases the output voltage on average. 
In generator operation, the ILB increases the output voltage on average. Thus, the non-ideal 
switching and on-state characteristics always generate voltage losses in the ILB. 

Table 7.1 Voltages involved in commutations. 

IMC DMC Sector of uo,ref ubl,A ubl,B ubl,C ucms,A ucms,B ucms,C 
I Ubl,o 2 ⋅ Ubl,o 0 u1 u3 u2 
II 2 ⋅ Ubl,o Ubl,o 0 u3 u1 u2 
III 0 Ubl,o 2 ⋅ Ubl,o u2 u1 u3 
IV 0 2 ⋅ Ubl,o Ubl,o u2 u3 u1 
V 2 ⋅ Ubl,o 0 Ubl,o u3 u2 u1 
VI Ubl,o 0 2 ⋅ Ubl,o u1 u2 u3 

7.2.2 DMC Voltage Transfer Characteristics 
As shown in [P5], the average effects of the output voltage non-linearity in a real DMC can be 
analysed using space vector notation and taking into account commutating supply voltages, i.e. 
as with the IMC above. The output voltage vector of the real DMC is 
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4
3 uswuswu += , (7.2-8) 

where Δuo,DMC describes the non-ideal voltage component: 

oonthcmDMCo,Δ iRuuu −−= , (7.2-9) 
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where Ron and Uth denote the combined resistance and threshold voltage of the series-
connected IGBT and diode forming the bipolar switch (Figure 4.2a), i.e. Ron = Ron,i and 
Uth = Uth,i when the same type of semiconductor devices are used in the DMC and in the ISB. 
In (7.2-9)–(7.2-10), ucm describes the effect of commutations and ucm,(A,B,C) are the error 
voltages caused by commutations to each output phase. In (7.2-9) and (7.2-11), uth describes 
the effect of threshold voltages. As shown in [P5], general rules for the voltages ucm,(A,B,C) are 

( ) Acms,DMCAAcm, sgn udiu = , (7.2-12a) ( ) Bcms,DMCBBcm, sgn udiu = , (7.2-12b) 

( ) Ccms,DMCCCcm, sgn udiu = , (7.2-12c) 
m

tontoffcm
DMC T

TTTd −+= , (7.2-12d) 
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where the voltages ucms,(A,B,C) are defined using commutation voltages u1, u2 and u3 as 
presented in Table 7.1 in column ‘DMC’.  The voltages u1, u2 and u3 are presented in Table 
7.2, where ui,LL,min, ui,LL,med and ui,LL,max are the minimum, the middlemost and the maximum, 
respectively, of the input line-to-line voltages uiab, uibc and uica. Table 7.2 is based again on the 
assumption that the fundamental displacement angle of the input is ϕ i,1 = 0. 

Table 7.2 Commutation voltages in DMC. 

Sector of ii,ref u1 u2 u3 
odd (I, III, or V) |ui,LL,min| |ui,LL,med| ui,LL,max – ui,LL,min 

even (II, IV, or VI) |ui,LL,med| ui,LL,max ui,LL,max – ui,LL,min 
 
When (7.2-9)–(7.2-12) are substituted into (7.2-8), it is found that the inaccuracy of output 
voltage generation depends on the commutation times and semiconductors used. The DMC 
has two on-state voltage drops and the inaccuracies generated by overlapping times. The IMC 
has three on-state voltage drops, the inaccuracies generated by overlapping times in the ISB 
and the blanking times, which decrease output voltage, in the ILB. Thus, the voltage drop in 
the DMC should be lower than in the IMC if the DMC and the IMC were both implemented 
with similar power devices and overlapping times.  

7.2.3 Comparison of DMC and IMC Voltage Transfer Characteristics 
The simulation models were based on the analysis presented above in (7.2-1)–(7.2-12) and 
were implemented and solved numerically with Matlab Simulink using the parameters 
presented in Table 7.3 [P5], [Esk06]. Simulation and measurement results with different 
voltage transfer ratios are presented in Figure 7.9 and they are the same as presented in [P5]. 
The measurements were performed with a permanent magnet synchronous motor (PMSM) 
drive having a rated power of 3.5 kW and a rotational speed of 1500 rpm [P5], [RP6]. In the 
simulations, the respective measured values of the voltage transfer ratio reference υ ref, 
fundamental load displacement angle ϕo,1 and fundamental load current magnitude îo have 
been used. Pure sinusoidal supply voltages have been used in the simulations and in the 
measurements, where controllable voltage supply was used [P5]. The loading situations are 
with no load and a rated load of 22 Nm with three different rotational speeds: 5% 
(fo = 3.75 Hz), 50% (fo = 37.5 Hz) and 100% (fo = 75 Hz). As presented in Chapters 4 and 5, 
the modulation frequency fm was 5 kHz so that modulation period Tm was 200 μs. 

The modelled and measured results agree quite well except in the IMC with a 5% speed 
situation, i.e. the low output voltage. The reason is that the models assume that the number of 
commutations remains constant over the whole output voltage range. However, that is not true 
in practice because the minimum duration of duty cycles is limited so that the number of 
commutations decreases with low output voltage values. The relative effect of the ILB 
blanking times on the output voltage is more significant than the relative effect of the DMC 
overlapping times. In addition, the error caused by the threshold voltages described at the 
beginning of Section 7.2 above Figure 7.8 has nearly double effect in the IMC compared with 
the DMC, and the error becomes  considerable with low output voltages. 
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Table 7.3 Parameter values in simulations. 

IMC Uth,i Ron,i dISB Uth,o Ron,o dILB 
DMC Uth Ron dDMC - - - 
Value 1 V 0.3 Ω 2.0 ⋅ 10–3 0.5 V 0.2 Ω 3.5 ⋅ 10–3 

(a) (b) (c)  
Figure 7.9 Simulated (Sim.) and measured (Meas.) percentual fundamental voltage losses (>0) and boost 

(<0): (a) relative speed 5%: no load ûo,ref,DMC ≈ 11 V and ûo,ref,IMC ≈ 13 V, rated load ûo,ref,DMC ≈ 
25 V and ûo,ref,IMC ≈ 28 V, (b) relative speed 50%: no load ûo,ref,DMC ≈ 119 V and ûo,ref,IMC ≈ 
122 V, rated load ûo,ref ≈ 134 V and ûo,ref,IMC ≈ 137 V, (c) relative speed 100%: no load 
ûo,ref,DMC ≈ 238 V and ûo,ref,IMC ≈ 243 V, rated load ûo,ref,DMC ≈ 254 V and ûo,ref,IMC ≈ 260 V. 

Illustration of Non-Linear Behaviour of Output Voltage 

As an extension to [P5], the dependences of the fundamental output voltage loss magnitudes 
on the load current Io, on the fundamental power factor ϕo,1 and on the voltage transfer ratio 
reference υ ref are illustrated in Figure 7.10 when fo = 40 Hz. In Figure 7.10a, υ ref = 0.8 and 
ϕo,1 = π/18. In Figure 7.10b, Io = 7 A and υ ref = 0.8. In Figure 7.10c, Io = 7 A and ϕo,1 = π/18. 
The voltage loss magnitudes shown in Figure 7.10 consist mostly of the on-state voltage 
losses. Voltage components depending on the commutations, i.e. on blanking and overlapping 
times, are nearly constant when it is assumed that the number of switchings remains constant 
over the whole operation range. Figure 7.10c shows the same as (7.2-1)–(7.2-12): the voltage 
losses of the DMC are constant with steady output current, whereas the voltage losses of the 
IMC depend on the output active power. Figure 7.10 also confirms that the threshold voltages 
in the IMC are overemphasised with low output current and power values, as presented above. 

   
Figure 7.10 Fundamental output voltage loss magnitudes of the DMC and the IMC: (a) load current ranges 

when υ ref = 0.8 and ϕo,1 = π/18, (b) load displacement angle ranges when υ ref = 0.8 and 
Io = 7 A, (c) input-to-output voltage transfer ratio υ  ranges when Io = 7 A and ϕo,1 = π/18. 

As an extension to [P5], the waveforms of the non-linear voltage components of the output 
phase A produced by the average modelling are presented in Figure 7.11 when îo,1 = 10 A, 
υ ref = 0.8 and ϕo,1 = π/18. Comparing the waveforms in Figure 7.11, it is possible to see that 
not only the fundamental voltage loss caused by on-state losses is higher in the IMC but the 
variation, the effects of which depend on the sectors of output and input voltages, i.e. the 

(a) (b) (c)
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variation caused by the commutations and threshold voltages, is also considerably higher: the 
notches in Figure 7.11b are deeper than those in Figure 7.11a. Thus, the effect of the ILB 
blanking times can be considered significant. The spectra of the simulated output line-to-line 
voltages produced by the average models are presented in Figure 7.12. It is found that the 
difference clearly visible in the waveforms in Figure 7.11 is not very significant compared 
with the total output voltage.  In practice, it is even more difficult with the PWM waveforms. 
Measured output voltage line-to-line voltages and their spectra are presented in Figure 7.13 
[P5]. The difference between THD’s is minor and barely inside the accuracy limits. Slightly 
different voltage ratio references υ ref in the DMC and in the IMC, 0.41 and 0.42, respectively, 
are caused by the feedback control of the PMSM drive used in the experiments. A comparison 
of both the MCs and the VSI can be found in [Esk06], the MC part of which is based on [P5]. 

(a) (b)  
Figure 7.11 Non-linear voltage component waveform of the output phase A when fo = 40 Hz, Io = 7 A, 

υ ref = 0.8 and ϕo,1 = π/18 in (a) DMC and (b) IMC. 

(a) (b)  
Figure 7.12 Simulated average non-linear-model-based output line-to-line voltage uAB spectra when 

fo = 37.5 Hz, Io = 7 A and ϕo,1 = π/18: (a) uAB spectrum of DMC when υ ref = 0.41, (b) uAB 
spectrum of IMC when υ ref = 0.42. 

(a)  (b)  

(c) (d)  
Figure 7.13 Measured output line-to-line voltages uAB and their spectra when fo = 37.5 Hz, Io = 7 A and 

ϕo,1 = π/18: (a) uAB of DMC when υ ref = 0.41, (b) uAB of IMC when υ ref = 0.42, (c) uAB 
spectrum of DMC when υ ref = 0.41, (d) uAB spectrum of IMC when υ ref = 0.42. 
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As presented in [P7], the higher voltage losses of the IMC compared with those with the DMC 
were also observable in the IM drive experiments. The voltage transfer characteristics models 
presented above also give reasonable results with the IM drive, the implementation of which 
was presented in Section 5.1.2. When the fundamental output phase voltage magnitude of 
272 V was required, the approximation by the non-linear models yielded 276 V and 279.5 V 
as the magnitudes of the output voltage reference vector uo,ref in the DMC and the IMC, 
respectively. In the experimental tests in similar conditions, the reference voltage magnitudes 
of 275 and 280 V in the DMC and in the IMC, respectively, were required to produce a 272-V 
fundamental output phase voltage magnitude. The different voltage losses also affected the 
parameter variation tolerance, as shown in [P7]: the DMC allowed 12% underestimation of 
rotor resistance value Rr in the flux model of the control system, whereas the IMC allowed 
only 10% underestimation. 

7.3 Semiconductor Power Losses 

In addition to the non-linearity of the voltage transfer ratio, the semiconductors and their 
commutations cause power losses. Power losses of the DMC and different 2-stage MCs have 
been studied e.g. in [Sün98], [Bla03], [Sch03], [Oda04], [Sch05] and a comparison of the 
DMC with the IMC has been presented in [P6].  

This section introduces the average power loss models of both the DMC and the IMC. The 
presentation is a summary of [P6]. The aim has been to approximate and compare the total 
semiconductor losses of both MCs. The computationally easy average loss models, which are 
based on the analysis of a space vector modulation method, semiconductor device 
measurements and datasheets, are compared with the results of the simulations with real 
semiconductor models and the experimental tests.  

7.3.1 On-State Losses 
In the MC main circuits, power losses are mainly caused by semiconductors, as discussed in 
[P6]. As shown in Section 7.2, the on-state characteristic model in Figure 7.8 is inaccurate 
with low currents. The power loss model is an analysis tool and it does not aim at a 
compensation system as do the voltage transfer characteristics models in Section 7.2. Thus, a 
more accurate model is used with the on-state loss modelling of the semiconductor devices: 
the model is based on the measured on-state characteristics of each device or device pair. As 
shown in [P6], purely symmetric and sinusoidal load currents have been assumed: 

)sin(ˆ
ooo tii ω= , (7.3-1a) aavC),B,(A,oaavo, πˆ2 IiI == , (7.3-1b) 

C)B,(A,
aavo,o

o 22
π

2

ˆ
I

IiI === ,  (7.3-1c) 

where Io,aav is the average current of the output current io absolute value and Io the output 
current rms value. The on-state voltage uon is defined by fitting a third-degree curve in the set 
of measured uon(ion) values with different on-state current ion values: 
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uon = K3ion
 3 + K2ion

 2 + K1ion + K0, (7.3-2) 

where coefficients K(0,1,2,3) describe the third-degree curve. The measured on-state 
characteristics of the semiconductor switches used are presented in Figure 7.14 with the fitted 
third-degree curves. The curve fitting has been performed with Matlab using a ‘polyfit’ tool 
which finds the coefficient for the data by the least-squares method. Figure 7.14a presents the 
combined on-state voltage of a series-connected IGBT and diode of the module 
SKM75GAL/GB123D used in the DMC and in the ISB (Chapter 5). When it is assumed that 
output current is divided evenly between IGBT and diode in the ILB, the on-state voltage 
curve is got by calculating the average of the IGBT and diode on-state voltages of the module 
SKM40GD123D (Chapter 5), which is presented in Figure 7.14b. 

(a)                   (b)  
Figure 7.14 Measured on-state voltage characteristics (X) and fitted third-degree curve of (a) series-

connected IGBT and diode of SKM75GAL/GB123D, (b) average of IGBT and diode of 
SKM40GD123D. 

As shown in [P6], the average on-state power loss Pon,DMC of the DMC is 
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where uon,DMC is defined by (7.3-2) and K(3,2,1,0),7.14a are K(3,2,1,0) presented in Figure 7.14a. 

In the IMC, the situation is different than in the DMC due to its two-stage structure. Thus, the 
total on-state power loss Pon,IMC of the IMC is 

Pon,IMC = Pon,ISB + Pon,ILB, (7.3-4) 

where Pon,ISB is the on-state power of the ISB and  Pon,ILB is the on-state power of the ILB. 

In the ISB, it has been assumed that the short time spikes after every commutation in the input 
side link current idc,i in Figure 7.3 does not cause notable losses and the waveform of the 
output side link current idc,o can be used instead. Thus, Pon,ISB becomes, as shown in [P6]: 
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where uon,ISB is defined by (7.3-2), K(3,2,1,0),7.14a are K(3,2,1,0) in Figure 7.14a, Idc is the average dc 
link current Idc and Ii,aav is the average of the absolute value of input current fundamental 
component, PILB is the total loss power in the ILB and Udc is the average dc link voltage. 

As presented in [P6], the average on-state loss power in the ILB is: 
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where uon,ILB is defined by (7.3-2) and coefficients K(3,2,1,0),7.14b are as K(3,2,1,0) in Figure 7.14b. 

7.3.2 Switching Losses 
As discussed in [P6], switching losses depend on the modulation method and the CSVM was 
used. In the general case, the switching power loss Psw is 

Psw = fmEsw, (7.3-8) 

where Esw is the average loss energy per single modulation period Tm. As shown in [P6], the 
total loss energy Esw contains all turn-on and -off losses, Eton and Etoff respectively, of the 
IGBTs and turn-off losses Edoff of the diodes involved in commutations in Tm. The loss 
energies are based on the equations and the values given in the datasheet [Sem97]: 

Esw = Eton + Etoff + Edoff , (7.3-9a) 

Eton = Eton,S (Usw/Usw,S)(Isw/Isw,S), (7.3-9b) 

Etoff = Etoff,S (Usw /Usw,S)(Isw/Isw,S), (7.3-9c) 

Edoff = Etoff,Sd (Usw /Usw,S)(Isw/Isw,Sd), (7.3-9d) 

where E(ton,toff),S and Etoff,d are the basic IGBT and diode loss energies, respectively, with the 
basic voltages and currents Usw,S, Isw,(S,Sd), respectively, given by the manufacturer for each 
semiconductor device separately [Sem97]. In (7.3-9), Usw and Isw are the average voltage and 
current, respectively, taking part in hard commutations. Equation (7.3-9) shows that the total 
switching loss is defined when the semiconductor switching characteristics and average 
switched voltages and currents are known. 

In the DMC loss model, Isw,DMC replaces Isw and Usw,DMC replaces Usw in (7.3-9), and its total 
switching loss power Psw,DMC is defined by (7.3-8) when Psw,DMC replaces Psw. As shown in 
[P6], Isw,DMC = Io,aav and 

Usw,DMC = 3⋅ Ucm1,DMC + Ucm2,DMC, (7.3-10a) 
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where ûsup,LL is the magnitude of the supply line-to-line voltage. 

As shown in [P6], the switching loss power of the IMC is also modelled using (7.3-8) when 
Psw,IMC replaces Psw, and the ISB and the ILB are studied separately using (7.3-9): 

Psw,IMC = Psw,ISB + Psw,ILB. (7.3-11) 

As presented in [P6], Icm,ISB replaces Isw and Usw,ISB replaces Usw in (7.3-9) when the switching 
losses of the ISB are considered and Usw,ISB = Ucm2,DMC. Because the current spikes of the input 
side dc link current idc,i in Figure 7.3 occur after the commutations in the on-turning device 
and the spikes do not participate on the commutations, Icm,ISB is, as shown in [P6], 

( )oaavo,ISB cm, cos
4

33 ϕII = . (7.3-12) 

As presented in [P6], Icm,ILB replaces Isw and Usw,ILB replaces Usw in (7.3-9) when the switching 
losses of the ILB are considered and Usw,ILB = 6 ⋅ Ucm1,DMC and Isw,ILB = Io,aav.  

Equations (7.3-9)–(7.3-12) are valid only with the CSVM. For other modulation schemes, the 
average commutated voltages and the number of commutations are different. When PISB and 
PILB are the total losses of the ISB and the ILB, respectively, the total power losses are 

Ptot,DMC = Pon,DMC + Psw,DMC, (7.3-13a) 

Ptot,IMC = Pon,IMC + Psw,IMC = PISB + PILB. (7.3-13a) 

7.3.3 Comparison of DMC and IMC Power Losses 
The average total DMC and IMC power loss models based on (7.3-2)–(7.3-13) were 
implemented as Matlab scripts, which were solved numerically. The values of E(ton,toff),S, Etoff,d, 
Usw,S, Isw,(S,d) in (7.3-9) are presented in Table 7.4, where the subscripts S75 and S75d denote 
the values used instead of S and Sd subscripted values, respectively, with the DMC and the 
ISB (IGBT: SKM75GAL/GB123D), and S40 and S40d are the values used instead of S and Sd 
subscripted values, respectively, with the ILB (IGBT: SKM40GD123D). The calculations 
were performed assuming the constant RL load (Y-connected 20 Ω and 10 mH in series) and 
the full number of switchings per modulation period, i.e. a high value of voltage transfer ratio. 
Figure 7.15 presents both the total semiconductor power losses and their distributions as a 
function of output rms current value in the case of both the DMC and the IMC. 

Table 7.4 Semiconductor datasheet parameters [Sem97]. 

Usw,S75 600 V Eon,S75 8 mJ Switching voltage 
basic values Usw,S40  

Turn-on loss energy
basic values Eon,S40 3 mJ 

Isw,S75 50 A Eoff,S75 5 mJ 
Isw,S75d 20 A Eoff,S75d 1.3 mJ 
Isw,S40 25 A Eoff,S40 2.1 mJ 

Switching current 
basic values  

Isw,S40d 10 A 

Turn-off loss 
energy 

basic values 
Eoff,S40d 0.8 mJ 
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 (a)   (b)   (c)  
Figure 7.15 Calculated semiconductor power loss distributions: (a) DMC on-state vs. switching losses, (b) 

IMC on-state vs. switching losses, (c) IMC ILB vs. ISB. 

As shown in [P6], the losses were also simulated with the modulators implemented in Matlab 
Simulink and main circuits in Simplorer using real component models instead of the ideal 
switches used in Section 4.2. The real switch models required the safe commutation methods 
to be used as presented in Section 2.2.1. The safe commutations were implemented in the 
Simulink models with 400 ns time between the steps in the four-step commutations in the 
DMC and in the ISB and with 1 μs blanking time in the ILB, as described in Section 5.1 with 
the prototypes. In real switch simulations, a simulation time step was set to range from 15 to 
20 ns. The calculated and simulated semiconductor power losses and the measured total power 
losses are presented in Figure 7.16. In the experiments, the load and supply power of the DMC 
and IMC prototypes were measured with the power analysers Yokogawa WT1030 and LEM 
Norma D6000. In the simulations and measurements, the RL load consisted of Y-connected 
20 Ω and 10 mH in series and the output frequency fo was 40 Hz. 

(a)            (b)  
Figure 7.16 Calculated (curve) and simulated (*) semiconductor loss powers and measured (x) total loss 

powers of (a) the DMC and (b) the IMC. The Y-connected load impedance was 20∠7° Ω and 
fo = 40 Hz. 

Figure 7.16 shows that the average semiconductor loss models give realistic results so that the 
power loss distributions shown in Figure 7.15 can also be considered realistic because the LC 
filter losses are negligible compared to the semiconductor losses, as presented in [P6]. The 
comparison of calculated, simulated and measured losses also shows that the simulations with 
real component models do not give as realistic results as the numerically solved average 
models in the low-current range studied. However, a single simulation required an extremely 
long time (from 6 to 8 hours) with a modern personal computer, whereas the solving of the 
average models over the whole current range, i.e. calculation, required a couple of seconds. 
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Figures 7.15–7.16 show that the IMC produces more losses in the operation conditions set. 
The reason for this is the hard commutations in the ILB and the increased number of switches 
in series. However, the total load current does not flow through the ISB, but the ISB current 
depends on the active load power and the ILB losses as shown in (7.3-6) and (7.3-12) [P6]. 
When the output active power is low so that voltage ratio υ is low and load current is high, the 
difference between the DMC and the IMC diminishes because the ISB losses decrease 
significantly. In addition, the number of commutations per modulation period decreases if 
output voltage is low so that the ILB switching losses decrease, too [P6]. For example, the 
calculated results with Y-connected load impedance of 3∠18° Ω (fo = 40 Hz) with a 0.4-fold 
reduction in the commutations are presented in Figure 7.17 where the IMC losses are lower 
than the DMC losses. A quite similar situation can be achieved with highly inductive load 
impedance and e.g. with the standstill operation of IM drive with full load torque, as presented 
in [P7]. However, that kind of situation in ac machine drives can be considered less common 
than the operation conditions where the IMC has higher losses than the DMC. It cannot be 
considered common in long-time operation with IM drives, and PMSM drives never have that 
kind of situation in practice. The calculated semiconductor loss powers for both the DMC and 
the IMC are presented in Figure 7.18. The curves in Figure 7.18a are the same as the 
calculated total loss power curves in Figure 7.16 and the curves in Figure 7.18b are the same 
as the total loss power curves in Figure 7.17. 

(a)   (b)   (c)  
Figure 7.17 Calculated semiconductor power loss distributions with low load impedance of Y-connected 

3∠18° Ω, fo = 40 Hz, and with a 0.4-fold reduction in the commutations: (a) DMC on-state vs. 
switching losses, (b) IMC on-state vs. switching losses, (c) IMC ILB vs. ISB. 

(a)  (b)  
Figure 7.18 Calculated semiconductor loss powers of the DMC and the IMC, fo = 40 Hz: (a) with basic load 

impedance of Y-connected 20∠7° Ω and (b) with low load impedance of Y-connected 3∠18° 
Ω and with a 0.4-fold reduction in the commutations. 
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7.4 Summarised Comparison of Direct and Indirect Matrix Converter 

The analyses, modelling and experimental results presented in Sections 7.1–7.3 show that the 
DMC has better characteristics than the IMC in most cases studied. Supply current quality is 
better in the DMC than in the IMC, and the effects of non-ideal voltage transfer characteristics 
and power losses are smaller in the DMC than in the IMC. 

One of the IMC benefits could be provided by the currentless commutation of the ISB with a 
suitable modulation method, i.e. the ECSVM in Section 3.3.2. Then, multi-step commutation 
methods would not be needed in the ISB and the number of active devices could also be 
reduced without restrictions on power flow using the configuration in Figure 2.1a instead of 
the configuration in Figure 2.1b in the ISB [Wei01], [Kol02]. However, the ECSVM is not an 
optimum modulation method when the common-mode voltages of the load are considered, as 
presented in Section 3.3.2. The reduced IMC topology presented in Figure 2.7 would not 
require special modulation and it could also transfer power without restrictions, unlike the 
two-stage MC in Figure 2.8. However, the reduced IMC and other two-stage MC circuits have 
more semiconductors on the current path than the basic IMC, which would increase their non-
ideal behaviour and especially on-state power losses. Naturally, the reduced IMC and two-
stage circuits could have benefits in the economic sense. As a result, the general benefits of 
two-stage MC circuits are more likely found in drives with multiple load phases as presented 
in Section 2.1 [Yue06] or in drives where a single supply side bridge supplies several parallel 
ILB-type load side bridges [Klu05a]. In addition, the three-level MC is possible only with the 
two-stage MC structure as presented in Section 2.1 [Klu06b]. However, these two-stage 
topologies are beyond the scope of this thesis, which concentrates on the DMC and the IMC 
only. 
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8 Summaries and Contribution of the Publications 

This chapter presents the summaries of the publications and their scientific contribution. 
Publications [P1]–[P2] present the modulation scheme and Publications [P3]–[P4] present the 
analysis of the distortion migration in matrix converters (MCs). Those publications are the 
basis for the comparison between the direct MC (DMC) and the indirect MC (IMC) presented 
in Publications [P2] and [P4]–[P7]. Next, the publications are summarised and what is new in 
them emphasised in italics. 

Publication [P1] 
Publication [P1] presents the conventional space vector modulation (CSVM) method using the 
output phase voltage space vector approach. It also presents the vector control of a cage 
induction motor (IM) in a rotor-flux-oriented reference frame, which is applied in the IMC 
prototype supplying a 2.2-kVA IM drive. The measurement results confirm that the IMC 
operates in motor drives as assumed: the currents are sinusoidal, but the nominal operating 
point of the standard motor cannot be achieved because of the limited voltage transfer ratio of 
the MCs. Incomplete experimental results in field-weakening speed-range operation show the 
importance of parameter variation when the MCs are operating near voltage limits. To the best 
of the author’s knowledge, Publication [P1] is the first publication presenting the CSVM 
applying the output phase voltage vector approach and the first publication presenting 
experimental results of the vector-controlled IM drive, supplied by the IMC. In addition, 
Publications [P1], [RP2] and [RP3] are the first publications in which a digitally 
implemented space vector modulator is applied in the IMC and in which a modulation scheme 
of the DMC is directly applied in the IMC. 

Publication [P2] 
Publication [P2] presents two comparative analyses concerning common-mode voltages. First, 
four different space vector modulation schemes of MCs are considered. Second, the DMC, the 
IMC and the three-level voltage source inverter with a supply-side diode bridge (3LVSC) are 
compared with the different MC modulation schemes. The analysis is verified in the Matlab 
Simulink simulations and partly in combined Matlab Simulink and Simplorer simulations.  
The basic methods were also tested with both the MC prototypes and a 3LVSC apparatus, 
which confirmed the simulated results. As assumed, the maximum common-mode voltages of 
the converters can be minimised using a suitable modulation method. With a suitable method 
an MC produces a lower common-mode voltage maximum, but the voltage steps in the 
3LVSC are always lower. No noticeable differences were found between the common-mode 
voltages produced by the DMC and the IMC. To the best of the author’s knowledge, 
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Publication [P2] is the first publication to compare space vector modulation methods for MCs 
to each other and to 3LVSC by minimising the common-mode voltage. 

Publication [P3] 
Publication [P3] presents the space-vector-based analysis of the migration of symmetric 
supply voltage harmonics to the output voltage in MCs. It also presents four computationally 
simple control methods based on the CSVM with and without supply voltage magnitude 
measurement and with and without load current closed-loop control. The methods are tested 
both by simulating with Simplorer models or models combining Simplorer and Matlab 
Simulink and by the measurements with the IMC prototype. The simulation and experimental 
results confirm the analysis and the analytical comparison of the control methods: the methods 
with measured supply voltage based modulation index calculation mitigate the distortion 
migration from the supply to the output more effectively than methods assuming ideal supply 
despite output current control. To the best of the author’s knowledge, Publication [P3] is the 
first publication to analyse the migration of the supply voltage distortion in MCs simply with 
space vectors and compares different methods extensively. It also introduces the IMC with 
distorted supply voltage and considers for the first time the capability of output current 
closed-loop control alone to mitigate the distortion migration. 

Publication [P4] 
Publication [P4] presents the analysis of migration of load current distortion to supply current 
in MCs in space vector form. The analysis also includes the passive elements of the main 
circuits. The analyses are verified by the simulations and experiments with the DMC and IMC 
prototypes, which are also the basis for the comparison between the DMC and the IMC. It is 
shown that the supply current distortion of the MC depends on the output current distortion, as 
assumed, and the real dc link of the IMC increases supply current distortion compared to the 
DMC. To the best of the author’s knowledge, Publication [P4] is the first publication to 
analyse the migration of the load current distortion in MCs with space vectors. It also 
compares the supply current quality between the DMC and the IMC for the first time. 

Publication [P5] 
Publication [5] presents an analysis of the voltage transfer characteristics of both the CSVM 
modulated DMC and IMC. The analysis is based on the modelling of the non-ideal 
characteristics caused by real semiconductor devices and safe commutation methods. The 
analysis is verified by the numerical solving of the average equations derived in Matlab 
Simulink and the experimental results of the permanent magnet synchronous motor drive 
supplied by both the DMC and IMC prototypes. As assumed, the DMC follows the output 
voltage reference more accurately than the IMC. Thus, the DMC is also found to be a more 
suitable converter solution for sensorless motor drives if no methods of compensating voltage 
inaccuracies are used. To the best of the author’s knowledge, Publication [P5] is the first 
publication to analyse the IMC voltage transfer characteristics and to compare these 
characteristics to the DMC. 
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Publication [P6] 
Publication [P6] presents the analysis and comparison of total semiconductor power losses in 
the DMC and the IMC. The average total loss models are derived on the basis of the 
semiconductor characteristics and the CSVM. The replacement of conventional IGBTs by 
reverse blocking IGBTs in the DMC is also considered. The calculated results of the loss 
models developed are compared to both the simulations with real semiconductor models in 
combined Matlab Simulink and Simplorer models and to the power loss measurements. The 
numerical solving of models gives more accurate results than the simulations. As assumed, the 
DMC losses depend mainly on the load current magnitude and the IMC losses depend on the 
active load power. Thus, the DMC has lower losses than the IMC in most cases. To the best of 
the author’s knowledge, Publication [P6] is the first publication to analyse and model the 
DMC and the IMC losses using simple but still accurate average loss models. It also presents 
the first comparison between DMC and IMC power losses. 

Publication [P7] 
Publication [P7] presents a comparison of the CSVM-modulated DMC and IMC in IM drive. 
It also describes the implementation of the IM control system introduced in [P1] and 
introduces briefly the basis of the analyses in [P5]–[P6]. The operational simulations are 
performed with an ideal MC model in Matlab Simulink and their results are compared to the 
experimental results of both the DMC and IMC prototypes, which all also show satisfactory 
operation in field-weakening speed range unlike [P1]. The non-ideal behaviours are modelled 
as in [P5]–[P6]. As assumed, the effects of non-ideal characteristics are more severe in the 
IMC than in the DMC with most loading situations tested. To the best of the author’s 
knowledge, Publication [P7] is the first publication to compare the DMC and the IMC 
supplying an IM drive. For the first time, it also illustrates clearly the requirement to operate 
in field-weakening speed range with MC drives when it is required to attain the rated speed 
and load torque of the IM. 
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9 Conclusions 

In this thesis, space-vector-modulated direct and indirect matrix converters have been studied. 
Matrix converters are direct frequency converters, which are considered a solution for the 
input power quality, regeneration and dc link capacitor problems of the conventional diode-
bridge-supplied two-level voltage source inverters. However, there are some problems with 
matrix converters: they contain more semiconductor components than conventional solutions 
and due to the lack of a dc link they are considered sensitive to supply and load disturbances. 
The regeneration and the input power quality problems can also be solved with the active 
voltage source PWM rectifier bridge supplying the dc link capacitor instead of the diode 
bridge. In addition, an indirect matrix converter, which can be used to replace a conventional 
direct matrix converter, has not been studied much and has never been compared with the 
direct matrix converter. 

One of the main objectives of the thesis, presented in Section 1.3, was to compare direct and 
indirect matrix converters. The comparison was based on the review of the matrix converter 
technology in Chapter 2 and on the space vector modulation in Chapter 3 based on [P1]–[P2]. 
Chapter 3 also presented a brief comparison of different space vector modulation methods 
concerning mostly common-mode voltages, which are a severe problem in PWM converter 
drive applications and could not be ignored [P2]. The general modelling of the matrix 
converters was presented in Chapter 4. The simulation results confirmed that in the ideal case 
there are no differences between direct and indirect matrix converters. The experimental setup, 
i.e. the prototypes of the direct and indirect matrix converters and measurement conditions, 
were presented in Chapter 5, in which the correct operation of both prototypes was also 
confirmed.  

The second main objective of the thesis, presented in Section 1.3, was to study the effects of 
supply and load disturbances on matrix converter operation and how these effects could be 
mitigated. That was presented in Chapter 6, which comprised a summary of [P3]–[P4]. 
Chapter 6 presented the space-vector-form analyses of supply-to-load and load-to-supply 
distortion migrations and also included a comparison of computationally easy methods for 
mitigating the migration of supply voltage distortion to the MC output. It was found that the 
distortion migrates from supply voltages to load voltages and from load currents to supply 
currents as assumed by the space vector analyses. Thus, the distorted circumstances affect the 
capacity of matrix converters to generate undistorted output voltages and currents. It was also 
found that the migration of voltage distortion from the supply to the load can be mitigated 
significantly using measured supply voltage magnitudes in the calculation of the modulation 
index. 
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The third main objective of the thesis, presented in Section 1.3, was to analyse and compare 
the non-ideal characteristics of direct and indirect matrix converters. These were presented in 
Chapter 7, which comprised a summary of [P4]–[P7]. Firstly, the supply current distortions of 
direct and indirect matrix converters were compared and the reason for the difference was 
studied [P4]. Secondly, the average voltage transfer characteristics of direct and indirect 
matrix converters were analysed and compared [P5], [P7]. Thirdly, the semiconductor power 
losses of direct and indirect matrix converters were modelled and compared, taking into 
account both the effects of the modulation and the characteristics of the semiconductors [P6], 
[P7]. The main results of the comparison between the non-ideal direct and indirect matrix 
converter were 

• The indirect matrix converter has lower supply current quality due to the small dc link 
capacitor set at the terminals of the load-side bridge in the indirect converter, whose 
voltage collides with the supply filter capacitor voltage in the switchings of the supply-
side bridge [P4]. 

• The indirect matrix converter has higher voltage losses than the direct matrix converter 
in most operation conditions because real semiconductor components have different 
effects due to the different main circuit structures and safe commutation methods [P5]. 

• The indirect matrix converter has higher power losses than the direct matrix converter 
in most loading conditions, but when the output active power is low and output current 
is near the rated value, the indirect matrix converter has lower losses. However, the 
situation changes, depending on the semiconductors used in each case [P6]–[P7]. 

As presented above, the direct matrix converter was found to be more suitable than the indirect 
matrix converter for most operation conditions. However, the differences can be considered 
significant only in the case of semiconductor power losses. This thesis did not consider the 
possible economic advantages obtainable from using conventional voltage source inverter 
bridges in indirect matrix converters.  

For future research, extended studies on matrix-converter-supplied machine drives are 
recommended. Above all, the question of the total optimum solution with a matrix converter 
and a machine should be solved. After that, it would be possible to design an optimum matrix 
converter drive for each case, which could then be compared with an optimum converter drive 
incorporating conventional technology. Thus, the optimum drive system for each specific case 
could be found. Future research in the field of semiconductor technology can also be expected 
to provide improvements on the current state-of-the-art. For example, reverse-blocking IGBT 
components could be an optimum semiconductor device for matrix converters, but they are 
still immature technology and need to be developed. 
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Appendix A 

Duty Cycle Derivation 

The derivation of duty cycle equation (3.3-4) is presented in Figure A.1, which is copied from 
Figure 3.4c in the main text. Ideal conditions are assumed. 

Equation (3.3-4) is 
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Figure A.1 Copied from Figure 3.4c. Synthesis of 
the input current reference vector ii,ref. 

According to Figure A.1, the current space-vectors are γj
γγ e|| θii = and δje θ

δδ |i|i = , where 

θ δ – θ γ = π/3. In addition, ( )iγj
refi,refi, e|| θθii += . Thus, equation (3.3-3) can be written as 
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The angle θ γ can be chosen arbitrarily because the sectors are considered separately. The 
simplest case is: θ γ = 0 when the real part of (A-3) is 

3
πcos||||cos|| δδγγiiref ididθi +=  (A-4a) 

and the imaginary part is 

3
πsin||sin|| δδiiref idθi =  (A-4b) 
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When (A-5) is substituted into (A-4a), 
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It is possible to transform ⎟
⎠

⎞
⎜
⎝

⎛ −
3

sincos i
i

θθ  into exponent form with (3.1-10): 
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The substitution of (A-7) into (A-6) produces 
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Next, the maximum magnitude |swi,max| of the input switching vector swi is derived. It can be 
shown that the substitution of swa = 1, swb = –1 and swc = 0 into (3.3-2), i.e.  
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holds for all six active input switching vectors allowed by (3.3-1). Thus, the equation (3.3-2) 
gives 

|iγ| = |swi,max| idc = ( )32 idc = |iδ|.  (A-10) 

When (A-10) is substituted into (A-8) and (A-5), the results are (A-1a) and (A-1b), 
respectively, i.e. (3.3-4). 
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Appendix B 

Modulator Implementation 

The switching states of all sector combinations are presented in Table B.1 for the first half of 
the modulation period. Table B.1 also contains the output phase sequence coding used in the 
DMC Simulink modulator model and in the DMC prototype. 

Table B.1 The switching patterns of the conventional space-vector modulation for the first half period. 

State 1 State 2 State 3 State 4 State 5 Modulator code for DMC uo,ref sector ii,ref sector ABC ABC ABC ABC ABC A-phase B-phase C-phase 
I abb aab aac acc ccc 401 212 023 
II aac acc bcc bbc bbb 230 122 014 
III bcc bbc bba baa aaa 140 221 302 
IV bba baa caa cca ccc 023 212 401 
V caa cca ccb cbb bbb 014 122 230 

I 

VI ccb cbb abb aab aaa 302 221 140 
I bab aab aac cac ccc 212 401 023 
II aac cac cbc bbc bbb 122 230 014 
III cbc bbc bba aba aaa 221 140 302 
IV bba aba aca cca ccc 212 023 401 
V aca cca ccb bcb bbb 122 014 230 

II 

VI ccb bcb bab aab aaa 221 302 140 
I bab baa caa cac ccc 023 401 212 
II caa cac cbc cbb bbb 014 230 122 
III cbc cbb abb aba aaa 302 140 221 
IV abb aba aca acc ccc 401 023 212 
V aca acc bcc bcb bbb 230 014 122 

III 

VI bcc bcb bab baa aaa 140 302 221 
I bba baa caa cca ccc 023 212 401 
II caa cca ccb cbb bbb 014 122 230 
III ccb cbb abb aab aaa 302 221 140 
IV abb aab aac acc ccc 401 212 023 
V aac acc bcc bbc bbb 230 122 014 

IV 

VI bcc bbc bba baa aaa 140 221 302 
I bba aba aca cca ccc 212 023 401 
II aca cca ccb bcb bbb 122 014 230 
III ccb bcb bab aab aaa 221 302 140 
IV bab aab aac cac ccc 212 401 023 
V aac cac cbc bbc bbb 122 230 014 

V 

VI cbc bbc bba aba aaa 221 140 302 
I abb aba aca acc ccc 401 023 212 
II aca acc bcc bcb bbb 230 014 122 
III bcc bcb bab baa aaa 140 302 221 
IV bab baa caa cac ccc 023 401 212 
V caa cac cbc cbb bbb 014 230 122 

VI 

VI cbc cbb abb aba aaa 302 140 221 
Even sector sum dγκ/2 dγλ/2 dδλ/2 dδκ/2 d0/2    Duty 

cycles Odd sector sum dγλ/2 dγκ/2 dδκ/2 dδλ/2 d0/2    
  ←––––––––––––––Tm/2––––––––––––––→    
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Induction motor drive fed by a vector modulated indirect matrix converter 

Proceedings of the 2004 IEEE Power Electronics Specialists Conference 
PESC’04, Aachen, Germany, June 20–25, vol. 4, pp. 2862–2868. 



Errata 
i The sector numbering in Fig. 2b on page 2863 is incorrect. The correct sector numbering 

is presented e.g. in Figure 3.4b in Chapter 3. 

ii The coefficients on the right sides of equations (19) on page 2864 should be (3/4) instead 
of (3/2). 

iii The line between equations (24) and (25) on page 2865 is incorrect and unnecessary and it 
should be removed. 

iv The first sentence in the second last paragraph on the left-side column on page 2865 in 
Section III is incorrect. It should be: “The measured current components are compared to 
the respective references and their differences are the inputs of PI-type current 
controllers.” 
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Jussila, M., Alahuhtala, J. and Tuusa, H. 

Common-mode voltages of space-vector modulated matrix converters compared 
to three-level voltage source inverter 

Proceedings of the 2006 IEEE Power Electronics Specialists Conference 
PESC’06, Jeju, Korea, June 18–22, pp. 923–929. 



 

Errata 

i Table I on page 925, line ECSVM-Odd: column State 6 is dδλ/2, but it should be dδκ /2 and 
State 7 is dδκ/2 but it should be d0/2. 

ii Table II on page 925, line NZSVM-II-I columns State 1 and State 11 are ‘cac’ but they 
should be ‘aab’ and State 6 is ‘cbc’ but it should be ‘bba’ 

iii Figs. 12g–12i on page 928 are incorrect because the ECSVM model used was incorrect. 
Correct Figs. 12g–12i representing the waveform of the common-mode voltage uCMV and 
the spectrum of output line-to-line voltage uAB with ECSVM when fo = 40 Hz and 
|uo,ref| = 260 V are presented below. The caption of Fig. 12 is correct. 

(g) (h)  

(i)  
Fig. 12. (g)–(i). 

iv The caption of Fig. 13 on page 928 is incorrect. It should be “Simulation results of the 
3LVSI with O3SVM when fo = 40 Hz and |uo,ref| = 260 V in (a)–(c): (a) and (b) common-
mode voltage uCMV, (c) spectrum of output voltage uAB; and when fo = 17 Hz and 
|uo,ref| = 120 V in (d)–(f): (d) and (e) uCMV, (c) spectrum of uAB.” 

v The second sentence in the second last paragraph in Section IV is incorrect because the 
CMV does not depend on the output frequency. The sentence should be “The same holds 
for the NZSVM and ECSVM, where the latter seems to be the poorest of the MC SVMs 
considered because it produces output voltages as distorted as the ISVM, the highest 
maximum CMV and higher power losses than the CSVM.” 

vi The name of reference [15] on page 929 should be “A study on reduction of common-
mode voltage…” instead of “A study on reduction nof common-mode voltage…”. 
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Jussila, M. and Tuusa, H. 

Comparison of simple control strategies of space-vector modulated indirect 
matrix converter under distorted supply voltage 

IEEE Transactions on Power Electronics  

TPEL, vol. 22, January 2007, pp. 139–148. 



 

Errata 
i The third sentence in the first paragraph in Section I on page 139 should be “The main 

reason for the interest in MCs is that they provide a compact solution for a four-quadrant 
frequency converter, which produces sinusoidal input and output currents without passive 
components in dc link.” 

ii Equations (12) and (13) on page 141 are incorrect if cosϕ i,1 ≠ 1. They should be 
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where the angle ϕ i,1 is included in ϕ i,6h±1 for simplicity. 



 

Publication [P4] 

Jussila, M. and Tuusa, H. 

Illustration of relation between load and supply current distortions in direct and 
indirect matrix converters 

Proceedings of the 2007 IEEE Power Electronics Specialists Conference 
PESC’07, Orlando, USA, June 17–21, pp. 2522–2528. 



 

Errata 
i Figure caption of Fig. 22 on page 2527 should be “Measured current vector loci from a 

single period with Case 6 –type supply voltage with IMC: (a) load current, (b) supply 
current.” 



 

Publication [P5] 

Jussila, M., Eskola, M. and Tuusa, H. 

Characteristics and comparison of output voltage non-idealities of direct and 
indirect matrix converters 

International Review of Electrical Engineering  

IREE by Praise Worthy Prize, vol. 0, no. 0, February 2006, pp. 74–82. 



 

Errata 

i The expression (dγ + d0) between equations (11) and (12) on page 76 is incorrect. The 
expression should be (dδ + d0). 

ii The second and third last lines (lines 10–11) on column ‘State 5’ in Fig. 5 on page 76 are 
incorrect. They should be d0Tm instead of d0. 

iii In equation (23d) on page 78, the denominator should be Tm instead of Ts. 

iv (Fig. 11) on lines 10-11 on the right-side column on page 80 is incorrect. It should be 
(Fig. 12). 

 



 

Publication [P6] 

Jussila, M. and Tuusa, H. 

Semiconductor power loss comparison of space-vector modulated direct and 
indirect matrix converter 

Proceedings of the 2007 IEEE Power Conversion Conference 
PCC 2007, Nagoya, Japan, April 2–5, pp. 831–838. 



 

Errata 
i In equation (5b) on page 832, the left side should be Pon,ISB instead of Pon,DMC and the 

latter coefficient of 2
dcI  should be K1 instead of K2: 

( )dc0
2
dc1

3
dc2

4
dc3ISBon, 2 IKIKIKIKP +++⋅=   (5b) 

ii In Table II on page 833, rows ‘ABC’ describe directly the switching states of the DMC. 

iii In equation (18) on page 834, in the last form, the current should be Io,aav instead of Io,rec: 
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 (18) 

iv The second sentence in the second paragraph in Section VIA on page 836 is incorrect. It 
should be “For example, the generation of both calculated power loss curves presented in 
Fig. 11 required a couple of seconds whereas the simulation of a single operating point 
required several hours with modern high performance personal computer.” 

v The first sentence in the last paragraph in Section V on page 837 is incorrect. It should be 
“As assumed, the IMC has higher power losses than the DMC in most operating points but 
its losses depend on the active power unlike the losses of the DMC, where losses depend 
on the load current.” 



 

Publication [P7] 

Jussila, M. and Tuusa, H. 

Comparison of direct and indirect matrix converters in induction motor drive 

Proceedings of the 2006 IEEE Industrial Electronics Conference 
IECON’06, Paris, France, November 6–10, pp. 1621–1626. 



 

Errata 
i Equation (15) on page 1623 is only an approximation of the accurate equation presented in 

[P6]. However, the approximation gives quite accurate results in this case. The comment 
about the approximate nature of equation (15) should be included in Section IIC on page 
1623. 
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