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Abstract

Matrix converter is a direct AC-AC converter topology that is able to directly convert
energy from an AC source to an AC load without the need of a bulky and limited
lifetime energy storage element. Due to the significant advantages offered by matrix
converter, such as adjustable power factor, capability of regeneration and high quality
sinusoidal input/output waveforms, matrix converter has been one of the AC — AC
topologies that receive extensive research attention for being an alternative to replace
traditional AC-DC-AC converters in the variable voltage and variable frequency AC

drive applications.

Multilevel matrix converter is an emerging topology that integrates the multilevel
concept into the matrix converter topology. Having the ability to generate multilevel
output voltages, the multilevel matrix converter is able to produce better quality output
waveforms than conventional matrix converter in terms of harmonic content, but at the
cost of higher number of power semiconductor device requirement and more

complicated modulation strategy.

In this research work an indirect three-level sparse matrix converter is proposed. The
proposed converter is a hybrid combination between a simplified three-level neutral-
point-clamped voltage source inverter concept and an indirect matrix converter
topology. This multilevel matrix converter topology has a simpler circuit configuration
and is able to generate three-level output voltages, making this topology an attractive

option in industrial applications.

In this work a comprehensive simulation study is carried out to investigate the operation
of the proposed converter. The performance of the proposed converter is compared to
the conventional indirect matrix converter topology and a multilevel neutral-point-
clamped matrix converter in order to identify the advantages and disadvantages offered
by the proposed converter. A study of the semiconductor losses in the indirect three-
level sparse matrix converter is also included. Finally, the operation of the proposed

converter is experimentally validated using a laboratory prototype.
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Chapter 1

Introduction

1.1 Power Electronics

Power electronics is a technology that facilitates electrical energy conversion between
source and load based on the combined knowledge of energy systems, electronics and
control. Due to the different in nature of supply voltage and frequency (source) and the
varying requirements of modern applications (loads), power conversion is essential in
order to ensure a proper and energy efficient operation of equipment. As shown in
Figure 1.1, a power electronic interface consists of a converter and a controller. The
converter is an electronic circuit that is formed with high power handling semiconductor
devices, energy storage elements and magnetic transformer. The conversion process
begins when the controller, which is a low-power digital or analog electronic circuit,
operates the switching devices in the converter according to a strategy that is
specifically derived to control the stability and response characteristics of the overall

system.

The development of power electronics has been closely related to the development of
power semiconductor devices that capable of handling higher powers. The invention of
the thyristor or silicon-controlled rectifier (SCR) by Bell laboratory in 1956, which was
later commercially introduced by General Electric in 1958, marked the beginning of the
modern power electronic era [3]. The rapid development of solid-state devices in terms
of power rating, improved performance, cost and size has triggered the transition of
power electronic from a ‘device-driven’ field to an ‘application-driven’ field [1]. This
transition facilitates the extensive use of power electronics in a variety of electrical
applications in industrial, commercial, residential, aerospace, military, utility,

communication and transportation environments.
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Figure 1.1: The power electronic interface between the source and the load [2]

Power conversions can be classified into four types, according to the input and output

characteristics:

DC — DC power conversion

¢ for example, to convert an unregulated DC input voltage to a regulated

variable DC output voltage.

AC — DC power conversion (referred to as a rectifier)

s for example, to convert an AC input voltage to a regulated, variable DC

voltage.

DC — AC power conversion (referred to as an inverter)

s for example, to convert a fixed DC input voltage to a regulated AC

voltage with variable amplitude and frequency.

AC — AC power conversion

s for example, to convert an AC input voltage to a regulated AC voltage

with variable amplitude and frequency
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To achieve a high energy efficiency and high power density, modern power electronic
systems often requires hybrid conversion; such as AC — DC — AC, DC — AC — DC, AC
— AC — AC etc. Since the DC — AC and AC — AC power conversions constitute the
foundation of this work, the following sections describe the concepts of these

conversion techniques before discussing the motivation and objectives of this project.

1.2 DC — AC Power Conversion

As discussed earlier, a DC — AC power converter is referred to as an inverter. The
distinctive feature of this converter is the ability to produce controllable sinusoidal AC
output waveforms in terms of magnitude, frequency and phase from a DC power
supply. Figure 1.2(a) shows the schematic diagram of a conventional three-phase two-
level inverter. According to the type of DC power supply, the inverters can be classified
into two types: voltage source inverter (VSI) and current source inverter (CSI). The
power supply for a VSI is a voltage source while a CSI is supplied with a current

source.

To generate AC output waveforms from a DC supply, switches of the inverter are
turned on and off according to a sequence specified by a modulation strategy; such as
carrier-based pulse-width modulation, space vector modulation or selective-harmonic-
elimination modulation [1]. The output waveforms generated by the inverter are
composed of discrete values with fast transition, as shown in Figure 1.2(b). Even though
the output waveform is not sinusoidal, the fundamental component of the output
waveform behaves as such. In order to generate sinusoidal output waveforms, the load
characteristic for the inverter is a vital criterion. As an example, a VSI generates the
output voltage waveforms composed of discrete values with fast transitions of dv/dt. To
generate sinusoidal output currents, the loads for the VSI must be inductive. Capacitive
loads should not be directly applied to the VSI because the fast transition of dv/df can

cause unwanted large current spikes.

The use of inverters is widely seen in medium voltage industrial applications; such as
adjustable speed drives (ASD), uninterrupted power supplies and induction heating,
where high quality output waveforms are required. In high voltage and high power

applications, inverters can also be used to control reactive power and improve system

_3-
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Figure 1.2: (a) A conventional three-phase two-level inverter (b) The output voltage
waveform generated by a voltage source inverter based on a pulse-width modulation
(sinusoidal reference voltage is included)

stability [6]. However, the fast transition of dv/dt in the output voltage waveforms
generated by the VSI has been reported causing motor bearing and winding isolation
breakdown problems in ASD applications [4, 5]. Furthermore, due to the lack of
semiconductor device with suitable power ratings, devices have to be series-connected
in order to achieve the required high voltage operation. This connection creates
difficulties in obtaining static and dynamic sharing of voltage stress across the

semiconductor switches [9].

As a result, multilevel converter topologies have been developed to overcome the
deficiencies of two-level VSI in medium and high voltage applications [6,7,8].
Multilevel converters are able to construct the output voltage waveforms with smaller
voltage steps. Figure 1.3 shows the output voltage waveforms from a conventional two-
level VSI and a five-level VSI. The output voltage waveform generated by a five-level
VSI consists of multiple voltage steps with lower A4V, which obviously imposes a lower
stress than a two-level VSI on motor bearing and winding isolation. Besides that, by
constructing the output waveforms with multiple voltage steps, the output waveforms
clearly resemble the desired sinusoidal waveforms, the output harmonic distortion is
improved. Multilevel converter structures enable the voltage stress across the power
semiconductor devices to be decreased with the increase number of voltage levels,
enabling the use of medium voltage rated semiconductor devices to construct the

converters for high voltage, high power applications.
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Figure 1.3: Output terminal voltage waveforms

Nevertheless, multilevel converter topologies have some drawbacks: the high number of
power semiconductor devices, complicated modulation strategies and the difficulty in
balancing the capacitor voltages. Despite these drawbacks, multilevel converter
topologies still receive extensive research attentions. The cost reductions in power
semiconductor devices and the advancement in digital computation technology have
enabled multilevel converter topologies to be more practical to implement. There are
three types of multilevel converter topologies have been extensively published in the

literature:

% Diode clamped multilevel converter [10,11]
% Flying capacitor multilevel converter [9]

%+ Cascaded H-bridge multilevel converter [12]

The concept of diode clamped multilevel converter topology provides the inspiration for

this work, so the following section gives a brief overview of this topology.

1.2.1 Diode Clamped Multilevel Converter

The early interest in this multilevel power converter was triggered by the work of Nabae
et al. in 1981 with the introduction of the three-level neutral-point-clamped inverter

(NPC) topology [10]. The ability of the NPC topology to generate better output

-5-
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performance in terms of harmonic content prompted the development of multilevel
topology to higher number of voltage levels using the similar principle of clamping the
intermittent levels with diodes [11]. Such multilevel structures are known as ‘diode
clamped multilevel inverters’. As shown in Figure 1.4, a m-level diode clamped inverter
requires (m-1) series-connected capacitors in the DC-link, where each capacitor is
charged to an equal potential. For a DC-link voltage, Vpc, the voltage level of each
capacitor is Vpc/2 for a NPC and Vpc/4 for a five-level diode clamped inverter. Due to
the connections of the clamping diodes, the voltage stress across the switching devices
is limited to one capacitor voltage level. Therefore, by increasing the number of voltage
levels, the voltage stress across the semiconductor switches in this multilevel structure

can be reduced significantly.
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o3 Ve b s [ S5
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Figure 1.4: One output phase leg of a three-level neutral-point-clamped voltage source
inverter (a) and a five-level diode-clamped inverter (b).
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A m-level diode clamped inverter is able to generate m-level at the output terminals and
(2m — 1)-level in the line-to-line output voltages. As shown in Figure 1.5, the increasing
number of voltage levels clearly enables the output waveforms to resemble the desired
sinusoidal waveform, which can reach a stage where the harmonic content is low
enough to avoid the need for filters. Even though the converter has good harmonic
distortion and low voltage stress across the power semiconductor switches, the diode
clamped multilevel inverter is impractical when the number of voltage levels is higher
than six [7]. This is because the required blocking capability of the clamping diodes
increases proportionally to the number of voltage levels, requiring multiple series-
connected clamping diodes in order to achieve the desired reverse voltage blocking
[7,8]. The capacitor-balancing problem for the multilevel diode clamped converter also
becomes more complicated with the increasing number of voltage levels, leading to

system complexity and cost penalties [7,8].

VA

V.

(a) Output terminal voltage (b) Line-to-line output voltage
A% VA

I oy I

,,,,, l
W | P
| |

[

(c) Output terminal voltage (d) Line-to-line output voltage

v

Figure 1.5: The output voltage waveforms generated using carrier based multilevel
pulse-width modulation (a)(b) three-level NPC (c)(d) five-level diode-clamped VSI
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1.3 AC - AC Power Conversion

As discussed in Section 1.1, an AC — AC power converter is able to generate
controllable sinusoidal AC outputs in terms of magnitude and frequency from an AC
supply. Due to the increasing popularity of AC motors in industrial and commercial
applications, AC — AC converters are used in the adjustable speed drive applications to
control the rotation speed and torque of the AC motors. AC — AC converters can be

divided into two types: indirect AC — AC converters and direct AC — AC converters.

1.3.1 Indirect AC — AC converter

Indirect AC — AC converter (also referred to as AC — DC — AC converter) is the most
common approach for AC — AC power conversion. As shown in Figure 1.6, an indirect
AC — AC converter topology consists of a rectifier at supply side and an inverter at the
load side. The distinctive feature of this converter topology is the need of energy storage
element in the intermediate DC-link: a capacitor (for a VSI) or an inductor (for a CSI).
Due to low cost and control simplicity, the indirect AC — AC converter has been

extensively used in industrial applications.

The most common design for an indirect AC — AC converter is the use of diode bridge
rectifier at the supply side, as shown in Figure 1.6(a). The control of this converter is
simple because of the naturally commutated characteristic of the diode bridge rectifier.
However, this converter topology is notorious for high distortion in the input currents,
which can cause detrimental effects to other electrical equipments using the same
electrical supply [14]. In addition, the converter is not usable in applications requiring

regenerative operation.

For applications that require regenerative operation, an active PWM rectifier (also
known as an active front-end) is used to replace the diode bridge rectifier, as shown in
Figure 1.6(b). The active PWM rectifier offers advantages of improved input current
waveforms, improved total input power factor and bi-directional power flow [15].
However, by using the active PWM rectifier, the overall control of this indirect AC —

AC converter is more complicated, when comparing this converter topology to the
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diode bridge. The use of active devices also increases the losses, converter volume and

cost.

o Rectifier_— __Inverter - _ Rectifier =~ _ Inyerer
kL ki i»@ A REAE R | s -
i L . iy ]
- : S D I | -
:Lf KB i%@ A% 4@: ALT AT R :4@ AL % 4@:
Lt —C I B ———— I L o 1 e ———— |
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Figure 1.6: The indirect AC — AC converter (a) The diode bridge rectifier and a voltage
source inverter (b) The back-to-back voltage source inverter

The main disadvantage of the indirect AC — AC converter topology is the need for a
large energy storage element (e.g. electrolytic capacitor) in the DC-link. Compared to
other electronic components, electrolytic capacitors have a shorter lifetime. As a result,
the overall lifetime of the converter is reduced, leading to the increased maintenance
cost. Also, the energy storage elements are bulky and unreliable at extreme
temperatures, causing this converter topology to be inappropriate for some applications,
such as aerospace applications where size, weight and system reliability are critical
considerations. Even though the amount of DC-link energy storage can be reduced, as
suggested in [16], the converter will become more susceptible to grid disturbances. In
order to eliminate the need for DC-link energy storage, the direct AC — AC power

conversion technology has gained significant research interest.

1.3.2 Direct AC — AC converter

The key feature of a direct AC — AC converter is the ability to directly perform AC —
AC power conversion without the need of energy storage elements. The cycloconverter
was the first direct AC — AC converter, this circuit is able to construct low frequency
AC output voltage waveforms from successive segments of an AC supply of a higher

frequency. However, due to the naturally commutated device characteristic, this
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converter topology has limited output frequency range, poor input power factor and

high distortion in input and output waveforms [17].

With the rapid development of fully controlled power semiconductor devices, a force-
commutated cycloconverter or ‘matrix converter’ was developed as a promising
technique for direct AC — AC power conversion [18]. Using the fully controlled bi-
directional switches to directly connect the inputs to the outputs, the matrix converter
topology is able to generate variable output voltages with unrestricted frequency from
an AC voltage supply. The matrix converter is also able to generate sinusoidal supply
currents and adjustable input power factor irrespective of the load. Most importantly,
the removal of the DC-link energy storage element enables the matrix converter
topology to have a more compact design, which is an advantage in applications such as

aerospace [19].

Matrix converter topologies can be divided into two types: the direct matrix converter
and the indirect matrix converter (also referred to as “dual bridge matrix converter
[30]”, “sparse matrix converter” [28] or “two-stage matrix converter [29]”). The circuit
configuration of a conventional direct matrix converter with an array of 3 x 3 bi-
directional switches is shown in Figure 1.7(a). By applying appropriate modulation
strategy, such as Venturini method [21] or space vector modulation [22 — 26], the direct
matrix converter is able to generate high quality sinusoidal input and output waveforms.
The indirect matrix converter topology is the physical implementation of the indirect
modulation method [27, 28]. As shown in Figure 1.7(c), the indirect matrix converter
consists of a four-quadrant current source rectifier and a two-level voltage source
inverter. This converter topology is able to produce input and output waveforms with
the same quality as the direct matrix converter. In some applications, the indirect matrix
converter may be preferred to the direct matrix converter due to simpler and safer
commutation of switches [27], the possibility of further reducing the required number of
power semiconductor switches [28,30] and the possibility to construct complex

converter topology with multiple input and output ports [29].

However, matrix converter topologies have some drawbacks. Besides requiring a high
number of power semiconductor devices, the maximum load voltage of the matrix
converter is limited to 86% of the supply voltage [21]. Having no energy storage

element, the load side of the matrix converter is susceptible to supply side disturbances;

-10 -
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such as unbalanced supply voltages, voltage sags, dips, harmonics etc, leading to output

voltage distortion and a reduction in the voltage transfer ratio.

Despite these drawbacks, the significant advantages of the matrix converter have
encouraged extensive research into implementing the topology. Different techniques
have been proposed [31 — 34] to maintain the load voltage quality and maximum
voltage transfer ratio of the matrix converter topology even during the supply side
disturbances. To overcome the voltage transfer ratio limitation, motors can be designed
to reach nominal flux at the maximum voltage transfer ratio of the matrix converter

[35].

Bi-directional switch

------

L~
(a) Direct matrix converter (b) Typical bi-directional switches

Rectifier Two-level VSI

I “re
Bi-directional switch —Pf— kcﬂ CJ : i"‘|@§ (g 49};

(¢) Indirect matrix converter

Figure 1.7: Matrix converter topologies
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1.4  Motivation and objectives of the project

The attractive features of the matrix converter have not only encouraged extensive
research into solving the practical difficulties in the implementation of the topology but
also generated interest in applying multilevel converter concepts to improve the output
waveform quality. There are several types of multilevel matrix converter topologies
have been proposed [36 — 42]. Having the ability to generate multilevel output voltages,
the multilevel matrix converter is able to produce better quality output waveforms in
terms of harmonic content; impose lower stress on motor bearings and winding isolation
in adjustable speed drive applications as well as reducing the voltage stress across the
devices in the converter. However, these benefits are achieved at the cost of more

complicated circuit configurations and modulation strategies.

In order to make the multilevel matrix converter concept attractive in industrial
applications, a simpler three-level matrix converter topology has been proposed in this
work: the indirect three-level sparse matrix converter [44]. This multilevel matrix
converter topology is a hybrid combination of a simplified three-level neutral-point-
clamped voltage source inverter concept [43,44] and an indirect matrix converter
topology. The indirect three-level sparse matrix converter has a simpler circuit
configuration than the multilevel matrix converter topologies proposed in [36 — 42], but

is still able to generate multilevel output waveforms.

In this work, the performance of the indirect three-level sparse matrix converter is
compared with the conventional indirect matrix converter topology in order to show the
advantages of applying multilevel concept. To investigate the extent of quality
achievable by the converter, the indirect three-level sparse matrix converter is compared
to another multilevel matrix converter topology: the three-level-output-stage matrix
converter. The three-level-output-stage matrix converter is a multilevel matrix converter
topology that applies a conventional three-level neutral-point-clamped voltage source
inverter concept, shown in Figure 1.4(a), to the inversion stage of an indirect matrix
converter topology [39]. This multilevel matrix converter topology has a much more
complicated circuit configuration but is able to generate switching states that are not

achievable by the indirect three-level sparse matrix converter. Due to concept similarity,

-12 -
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the performance of the three-level-output-stage matrix converter provides a benchmark

used to evaluate the indirect three-level sparse matrix converter.

The main objectives of this project are to:
®  derive modulation strategies for the three-level matrix converter topologies.

® investigate the output quality improvement offered by the three-level matrix

converters when compared to the indirect matrix converter topology.
®  compare the performance of the three-level matrix converters

B evaluate the efficiency of the three-level matrix converters.

1.5  Thesis plan

This thesis contains nine chapters, which addresses different aspects of the project

objectives:

Chapter 1 is the introduction to the thesis. This chapter introduces the research

motivation and outlines the main objectives of the project.

Chapter 2 gives a technology overview of the matrix converter topologies. This chapter
discusses, in detail, the concept of the indirect matrix converter topology, the principles
of the bi-directional switch, the switching commutation methods, the modulation

techniques, the design of the input filter and the protection issues.

Chapter 3 gives a technology overview of the three-level neutral-point-clamped voltage
source inverter. The operating principles and space vector modulations for the three-
level neutral-point-clamped voltage source inverter are reviewed in this chapter. The
neutral-point balancing problem of the converter and associated control methods are

also discussed.

Chapter 4 discusses the operating principles and space vector modulation of the

simplified three-level neutral-point-clamped voltage source inverter in order to provide

- 13-
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the foundation for the proposed modulation strategy for the indirect three-level sparse

matrix converter.

Chapter 5 discusses the operating principles and modulation strategy for the three-
level-output-stage matrix converter. Simulation results are presented to show the
effectiveness of modulation strategy in controlling the converter. An output
performance comparison between the three-level-output-stage matrix converter and the
indirect matrix converter is shown to prove that the multilevel matrix converter

topology is able to generate better quality output waveforms.

Chapter 6 discusses the operating principles and modulation strategy for the indirect
three-level sparse matrix converter. Simulation results are shown to confirm the ability
of the indirect three-level sparse matrix converter to generate multilevel output voltages.
The performance of the indirect three-level sparse matrix converter is compared with
the indirect matrix converter and the three-level-output-stage matrix converter to show
that the indirect three-level sparse matrix converter has the advantages over these other

topologies

Chapter 7 presents the hardware implementation and the experimental results from the
three-level matrix converters. This chapter describes the overall structure of the
prototype converter and explains the design of each circuit in detail. Then, experimental
results from the prototypes of three-level matrix converters are shown to validate the

simulation results.

Chapter 8 investigates the semiconductor losses in the three-level matrix converter
topologies. Simulation models to calculate the conduction and switching losses in each
multilevel matrix converter topology are described. Finally, the efficiency of the
indirect three-level sparse matrix converter is determined and compared with the

indirect matrix converter and three-level-output-stage matrix converter.

Chapter 9 contains the conclusion of the thesis. This chapter summarizes the work
done and the main findings of the PhD research work. Possibilities for improving the

investigated topologies are outlined for future work.

- 14 -
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Chapter 2

Matrix Converter Topologies

2.1  Introduction

This chapter reviews current indirect matrix converter technology from converter
topology derivation to hardware implementation. As discussed in Chapter 1, the indirect
matrix converter is a physical implementation of the indirect modulation model applied
to a conventional matrix converter. Hence, the matrix converter technology constitutes
the foundation of this chapter and will be reviewed first. The operating principles and
space vector modulation scheme for the indirect matrix converter are described. Details
about the hardware implementation of the indirect matrix converter, such as bi-
directional switches, commutation techniques and protection issues, are also discussed.
The advantages of the indirect matrix converter over the direct matrix converter will be

reviewed at the end of this chapter.

2.2 Direct Matrix Converter

2.2.1 Overview

Firstly introduced in 1976 [45], the matrix converter is a direct AC — AC converter that
uses an array of m x n controlled bi-directional switches to directly connect m-phase
inputs to n-phase outputs. The abilities of the bi-directional switch to conduct current in
both directions and block voltage of both polarities enable a m x n phase ideal matrix
converter to generate n-phase variable output voltages with unrestricted frequency from
m-phase AC supply voltages. Figure 2.1 shows the circuit configuration of a
conventional matrix converter with an array of 3 x 3 bi-directional switches. The three-
phase to three-phase matrix converter has been extensively researched due to its

potential as a replacement for the traditional AC-DC-AC converter in AC motor drives,

- 15 -



Chapter 2: Matrix Converter Topologies

especially in aerospace applications [19]. Compared to a traditional AC-DC-AC

converter, the matrix converter offers the following benefits:

e Adjustable input displacement factor, irrespective of the load
e The capability of regeneration (Four-quadrant operation)
e High quality input and output waveforms

e The lack of bulky and limited lifetime energy storage components, such as

electrolytic capacitors.

Even though matrix converters have the disadvantage of limited voltage transfer ratio
(0.86) and have a high number of power semiconductor devices requirement, these
significant advantages have encouraged extensive research into solving the practical
difficulties in the implementation of the matrix converter in industrial applications. In
this chapter, only the operating principles and modulation schemes for the three-phase
to three-phase direct matrix converter are reviewed, which is sufficient to understand

the derivation of the indirect matrix converter topology.

As shown in Figure 2.1, the matrix converter allows any input line to be connected to
any output line for any given length of time. Due to the direct connection with voltage
sources, the input lines must never be shorted. If the switches cause a short circuit
between the input voltage sources, infinite current flows through the switches and
damages the circuit. Also, due to the inductive nature of typical loads, the output
terminals must not be open-circuited. If any output terminal is open-circuited, the
voltage across the inductor (and consequently across the switches) is infinite and
switches will be damaged due to the over-voltage. As a result, switches for each output

phase must be controlled based on the following expression:

Sat Sipt Se=1, jela b ¢}/ (2.1)

where S is the switching function of a bi-directional switch, which is defined as:

j€eta, b, ¢}, ke{d, B, C} (2.2)

1§, closed
10 S opened
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Figure 2.1 : Conventional three-phase to three-phase direct matrix converter

For a three-phase to three-phase matrix converter there are twenty-seven valid switching

combinations available for generating specific input phase currents and output voltages

that are presented in Table 2.1. The instantaneous values of the output voltages and the

input currents generated by each switching combination can be determined using the

instantaneous transfer matrices (2.3), where 7;; is the instantaneous input phase to

output line-to-line transfer matrix and 7p; is the instantaneous input phase to output

phase matrix [25].

SaA _SbA SaB _SbB SaC _SbC
TLL = SbA _ScA ShB _ScB SbC _Scc
SCA - SaA SCB - SaB ScC - SaC
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Output line-to- . .
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Vo =0 Sac | Sba | Sea | Ve | Va | Va| Ve 0 -Vea | -ia | 0 | iy
Saa | Sos | Se | Va | Ve | Ve | Vas 0 -Vap | ia | -ia | O

Sac | Sep | Sea | Ve | Ve | V| -Vgc| O Vee | O | -ig | ia
Saa | Soc | Sec | Va | Ve | Ve | -Vea 0 Vea | o | 0 | -a
Sa | Sec | Sec | Ve | Ve | Ve | Vac 0 -Vee | O | ia | -ig

11 Saa | S | Sea | Va | Ve | Va| Vap | -Vas 0 -ip | ip | O
Vea =0 Saa | Soc | Sea | Va | Ve | Va| -Vea| Vea 0 -ip | 0 | i
Sa | Soa | S | Vg | Va| Ve | -Vap | Vas 0 ip | -ip | O

Sag | Spc | Sea | Ve | Ve | Ve | Vec | - Vac 0 0 | -ip | ip
Sac | Spa | Sec | Ve | Va| Ve | Vea | -Veu 0 ip | 0 | -ip
Sac | Se | Sec | Ve | Ve | Ve | -Vec | Vac 0 0 | i | -ip

0 Saa | Soa | Sea | Va | Va| Va| 0 0 0O |0 |0]oO
Sz | Ses | Seg| Ve | Va | Va 0 0 0 0 0 0

Sec | Sec | Sec | Ve | Ve | Ve 0 0 0 0 0

Table 2.1: Valid switching combinations for a matrix converter
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Based on the transfer matrix 7;;, the instantaneous output line-to-line voltages and the

input phase currents can be determined, as given below:

Vs V, 1y Lap
) . T .
Vor =\ Ve Ty -\ Ve |=T Vs Low =| s Ty i |=T viy (2.4)
Vca VC iC lca

where T;;” is the transpose of 7yz; Vi, Ve and V., are the output line-to-line voltages;
V4, Vg and V¢ are the input phase voltages; i, i»- and i., are the output line-to-line
currents; iy, ip and ic are the input phase currents. Alternatively, by using the transfer
matrix 7p;, the instantaneous output line-to-supply neutral voltages (V,, V5 and V) and

the input phase currents can be found.
Va VA

Ve =\ Vo |=Tp | Vs :Tph'Vi, iiph: ig |=Tp |1y |=Tp ipp, (2.5)
V. Ve

In order to generate a set of balanced, sinusoidal input and output waveforms, the matrix
converter is controlled using the high frequency synthesis methodology, in which
switches are operated at a high switching frequency (much higher than the input and
output frequencies). Over each switching period, the modulation strategy modulates the
duty cycles of the switches so that the input voltages and output currents are effectively
applied to the output and input terminals, respectively, to generate the input and output
waveforms which, on average, resemble the references. The switching function of each
switch in (2.3) can then be replaced by a low frequency modulation function to achieve

the required transformations.

<1, jefa b, c} kefd, B, C} (2.6)

where #j is the on time of switch S and Ty is the switching period. The low-frequency

transfer matrices can be expressed as:
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m, —my, Myp—Myp M;c—My m, Mg M,
M, =\my—m, my—mz me—me| M, =\m,;  m; m, 2.7)
ch - maA ch - maB mcC - maC ch ch mcC

The low-frequency components of the output voltages and the input phase currents can

then be determined as:

: T .
o =Mp, -V, Ly =M p," 1opy, (2.8)

Various modulation strategies have been proposed and each derived modulation strategy
defines the value of each element (m;) within (2.7) differently. In the following section,
the popular modulation strategies that have been proposed for the conventional matrix
converter will be briefly reviewed in order to facilitate an explanation of the derivation

of the indirect matrix converter topology.

2.2.2  Modulation strategies for the direct matrix converter

Since the matrix converter topology was first proposed, various modulation strategies
have been suggested. In 1980, through detail mathematical analysis of the low-
frequency behavior of a matrix converter, Alesina and Venturini proposed the first
modulation strategy that determined the duty cycles for the switches, based on the
derived mathematical solutions [20]. This strategy, also known as the direct transfer
function approach, enables the converter to generate sinusoidal output voltages by
sequentially applying the input voltages to respective output terminals for a calculated
time during each switching period. However, the voltage transfer ratio achieved by this
strategy is limited to 0.5 and the input displacement factor control depends on the output
displacement factor. In [21], the Alesina and Venturini modulation strategy was
optimized and the voltage transfer ratio is improved to 0.866, which is the intrinsic
maximum of the matrix converter, by adding the third harmonics of the supply

frequency and the output frequency to the reference output voltages.
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Besides the Alesina and Venturini method, the scalar modulation technique proposed by
Roy [46] is a conceptually different modulation technique that uses the measurements of
supply voltages to calculate the ‘on’ intervals of the switches. Nevertheless, common
mode addition is still required with this method in order to achieve the intrinsic
maximum voltage transfer ratio of 0.866. Even though both modulation schemes are
conceptually different, the performance of the scalar modulation strategy is similar to

the optimized Alesina and Venturini method.

A modulation strategy proposed in [17,47] divides the modulation process of the matrix
converter into two steps: rectification and inversion. Based on this technique (2.9), the
input voltages V; are ‘rectified’ (Mggc) to build up a constant virtual DC-link voltage.
Then, based on this virtual DC-link voltage, the ‘inversion’ step (Myy) generates the
desired output voltages. This concept is known as indirect transfer function approach
[48]. To maximize the voltage transfer ratio, the ‘rectification’ stage continuously
selects the most positive and most negative input voltages in order to supply a
maximum virtual DC-link voltage to the ‘inversion’ stage. A maximum voltage transfer
ratio of 1.05 is achievable by this technique, but at the expense of low frequency

distortion at both the input and output.

V, =My, '(MREC VI) (2.9)
Finally, space vector modulation (SVM) is probably the most popular technique due to
its low complexity and high efficiency when implemented with modern digital
technology. Since the introduction of space vectors in the analysis and control of the
matrix converters in [49], a series of papers [22 — 26] about the SVM for the matrix
converter have been published. The proposed SVM enables the matrix converters to
have full control of the output voltages and the input displacement factor irrespective of
the output displacement factor. SVM is a pulse-width modulation strategy that uses the
concept of space vectors to compute the duty cycle for the switches. To implement this
modulation strategy, the output voltages and input currents generated by each switching
combination of the matrix converter, presented in Table 2.1, are converted into space
vectors using the following transformation, where x;, x, and x3 are variables that

represent the output voltages or input currents.
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_ 2 .I%ﬁ —_1%7[
ng X, +xe’ +xse (2.10)

Among twenty-seven switching combinations for a three-phase matrix converter, only
twenty-one switching combinations (Groups II and III) can be suitably applied in SVM.
Table 2.2 shows the space vectors for the output line-to-supply neutral voltages (V,, Vs
and V) and the input phase currents (i4, iz and i¢) generated by the Groups II and III
switching combinations. The Group I switching combinations cannot be used because
each switching combination generates an output voltage vector and an input current
vector that has variable directions, which are difficult to be applied for synthesizing the
reference vectors. On the other hand, each switching combination from Group II can be
transformed into an output voltage vector and an input current vector with fixed
directions, as shown in Figures 2.2(a) and 2.2(b). These vectors are referred to as the
‘active switching configurations’ [26] and their magnitude depends upon the
instantaneous values of the input line-to-line voltage and output phase current. For the
Group III switching combinations, zero input current and zero output voltage vectors

are formed and positioned at the origins of the space vector diagrams.

Based on the SVM for the matrix converter, the output voltage vector, ¥, ,, and the

ut 2

input current vector, /, , (for the input displacement factor control) are the reference

space vectors, which are obtained by converting a set of sinusoidal and balanced output
voltages and input currents using the space vector transformation (2.10). Until now,
there have been two types of SVM proposed for the matrix converter: direct SVM [22 —
24] and indirect SVM [25]. Based on the direct SVM, the active switching

configurations that can simultaneously synthesize the reference vectors, ¥, and I, , are

initially selected. Let us consider an example that the vectors ¥, and I, are located in

out
sector 1, the selected active switching configurations are +1, +3, +7, +9. To synthesize
the reference vectors, only four are required among these switching configurations. By
using the duty cycle equations [26], the selection of either the positive or negative
switching configuration from each pair and its respective duty cycle can be determined.
For each switching period, Ty, the selected active switching configurations are applied

for calculated intervals and then the zero vectors are used to complete the Ty,

=22
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Alternatively, based on the indirect transfer function approach, the matrix converter is
considered as a combination of a voltage source rectifier and a voltage source inverter
[25]. SVM is applied to each stage independently, which produces a combination of

vectors (two active vectors and a zero vector) to synthesize the reference vector (7, for
the inverter and 7, for the rectifier) of various amplitudes and angles. Based on the

combinations of selected switching states from both stages, the equivalent switching
state combinations, shown in Table 2.2, are applied to generate the desired input and
output waveforms. This concept is known as indirect SVM. The results generated by

this strategy are identical to the direct SVM but the modulation concept is simpler.

The indirect transfer function approach is the model that is used to derive the indirect
matrix converter topology. The hardware implementation of the indirect matrix
converter topology has been presented in [27,28]. Due to high efficiency when
implemented with digital technology, SVM has been applied to the indirect matrix

converter topology.

2.3  Indirect Matrix Converter

2.3.1 Overview

Derived from the indirect transfer function approach, the indirect matrix converter
consists of a current source rectification stage and a voltage source inversion stage [50].
As shown in Figure 2.3, the rectification stage is a three-phase to two-phase matrix
converter formed with six bi-directional switches so that the indirect matrix converter
topology is able to perform the four-quadrant operation as the direct matrix converter.
When the converter is in operation, the rectification stage sequentially connects the
positive input voltage to the p-terminal and negative input voltage to the n-terminal of
the DC-link to build a switching “DC-link voltage V),,” for the inversion stage. Based on
this “DC-link voltage”, the inversion stage, which is a conventional two-level voltage

source inverter, is modulated to generate the desired output voltages.
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Switching Switches On | Output Voltage Vector | Input Current Vector

Configuration Sak | Sex | Ser | Magnitude Angle Magnitude | Angle
+1 Saa | Ser | Se (2/3) Vg 0 (2/\3) ia -6
-1 Sup | Spa | Sea | -(2/3) Vg 0 -(2\3)ia| -76
+2 Sas | Soc | Secc | (2/3) Ve 0 (213) i, 72
-2 Sac | Sea | Sea | -(2/3) Ve 0 -(2/\3) i, 2
+3 Sac | Spa | Sca (2/3) Ve 0 (2/\/3) Iy 77/6
-3 Sut | Spc | Sec | ~(2/3) Ve 0 -(2\3)ia | 74/6
+4 Sap | Spa | Se (2/3) Vap 27/3 (2/43) iy -6
-4 Saa | Se | Sea | -(2/3) Vup 27/3 -(2/\3) iy -7/6
15 Sac | Spg | Secc | (2/3) Vac | 2773 (2/\3) iy 2
-5 Sas | Svc | Ses | -(2/3) Ve 27/3 -(2143) iy 72
+6 Saua | Soc | Sea | (283)Vea| 273 (2\3)iv | 776
-6 Sac | Sba | Sec | -(213) Vea| 273 -(21\3) iy | 776
+7 Sas | Spa | Sea (2/3) Vs 471/3 (213) i -7/6
-7 Sua | Sba | Sen | -(2/3) Vap | 423 -(2\3)i. | -6
+8 Sac | Spe | Se | (2/3) Ve 47/3 (2143) i 72
-8 Sag | Ses | Scc | ~(2/3) Vpc |  47/3 -(213)i.| w2
+9 Sua | Sea | Sec | (23)Vea | 473 (2\3)i.| 7#/6
-9 Sac | Spc | Sea | -(213) Vea | 43 -(2\3)i.| 76
0, Saa | Spa | Sea 0 - 0 -
02 Sa | Ses | Scr 0 - 0 -
03 Sac | Svc | Sec 0 - 0 -

Table 2.2: Switching combinations used in the space vector modulation [26]

(a)

(b)

Figure 2.2: (a) Output line-to-supply neutral voltage vectors generated by the active
switching configurations (b) The input line current vectors generated by the active
switching configurations [26].
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Bi-directional Switch

Unidirectional Switch

Figure 2.3: The schematic diagram of the indirect matrix converter topology

In [25], based on the mathematical analysis of the indirect transfer function approach,

the ability of the indirect matrix converter to generate input and output waveforms with

the same quality as those of a direct matrix converter has been demonstrated. This

ability can also be explained with the instantaneous transfer matrix [51]. For instance,

the instantaneous output phase voltages generated by the indirect matrix converter based

on any switching combination can be determined using the instantaneous transfer matrix

presented below:

Va ap
Vorn = Vi Spp
Vc S p

VA

Spc
g }* Vg =T[NV*TREC*V1‘

2.11)

where Tjyy is the instantaneous transfer matrix of the inversion stage and Trgc is the

instantaneous transfer matrix of the rectification stage. Let us consider an example

based on the switching states given below:
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According to Tggc, the rectification stage connects the input phase voltage V4 to the p-
terminal while V5 is connected to the n-terminal of the DC-link, which generates a DC-
link voltage V,, = V45. Then, based on Tivy, the inversion stage applies the voltage V4 to
the output terminals ‘a’ and ‘b’ and the voltage Vj; to the terminal ‘c’. This switching
combination generates the output voltages equivalent to the switching combinations of

the direct matrix converter presented below (highlighted in Table 2.1):

I 00
* =
0 1 0

As a result, any valid switching combination of the indirect matrix converter is actually

O = =
- o O
O = =
—_— o O
o O O

equivalent to one of the Group II or Group III switching combinations presented in
Table 2.1. By applying the SVM on each stage to synthesize the reference vector
identical to the direct matrix converter, the generated input and output waveforms are

equal to the direct matrix converter that is modulated using SVM.

2.3.2  Space vector modulation for the indirect matrix converter topology

In order to generate a set of balanced and sinusoidal input and output waveforms, the
indirect matrix converter is modulated in such a way that the rectification stage and
inversion stage are individually modulated using SVM. In each stage, SVM produces a
combination of vectors to synthesize a reference vector. After determining the vectors
and their duty cycles, the modulation pattern of the indirect matrix converter topology
then combines the switching states from both stages uniformly so that a correct balance

of the input currents and the output voltages is obtained for each switching period.

2.3.2.1 The rectification stage

To facilitate explanation, the rectification stage of the indirect matrix converter is firstly
considered as a stand-alone current source rectifier. Due to the inductive nature of
typical load and the high switching frequency operation, the output current, i,, is

assumed constant for each switching period. As a result, as shown in Figure 2.4, the
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load of the rectifier can be assumed to be a DC current generator with a current of i, =
Ipc. At any instant, the switches of the rectifier are controlled so that the input lines

must never be short-circuited:

Sea TS+ Sec=1, qeip, n} (2.12)

where S, is the switching function of a bi-directional switch identical to (2.2). Table 2.4
presents all valid switching combinations of the rectifier and their generated voltages
and currents. In order to generate input waveforms identical to the direct matrix
converter, the rectifier not only generates the DC-link voltage V,, but also has to
maintain a set of sinusoidal and balanced input currents with controllable displacement

angle with respect to the input voltages.

As mentioned earlier, SVM is applied to control the rectifier. By using the space vector
transformation (2.10), the input currents generated by the first six switching
combinations are transformed into six distinctive input current space vectors with fixed
directions, as shown in Figure 2.5(a). Each current vector refers to the connections of
the input phase voltages to the DC-link. For example, the current vector /; (AC)
represents the connection of the input phase voltage ¥, to the p-terminal and V¢ to the
n-terminal of the DC link. The magnitudes of the current vectors depend on the
instantaneous value of the current i,. For the last three switching combinations, the zero

current vectors, /j, are formed and positioned at the origin of the space vector diagram.

e RT'S R‘T'S S
Vnz

Figure 2.4: The current source rectifier loaded by a DC current generator
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Switching State Output Voltages Input currents

Spa | Spp | Spc | Sua | Sur | Suc Vz Viz Von iy ig | ic
1 0 0 0 0 1 V4 Ve Vic | 1 0 | -i,
0 1 0 0 0 1 Vg Ve Ve 0 ip | -ip
0 1 0 1 0 0 Vg V4 Vea | -ip | 1p 0
0 0 1 1 0 0 Ve V4 Vea | -ip | 0 ip
0 0 1 0 1 0 Ve Vg Ves 0 | -ip, | i
1 0 0 0 1 0 V4 Vg Vs iy | i, | 0
1 0 0 1 0 0 V4 V4 0 0 0 0
0 1 0 0 1 0 Vg Vg 0 0 0 0
0 0 1 0 0 1 Ve Ve 0 0 0 0

Table 2.3: Valid switching combinations for the current source rectifier and its
respective generated voltages and input currents (1 = ON and 0 = OFF)

To maintain a set of input currents with controllable displacement angle with respect to
the input voltages, the input currents have to be synchronised with the input voltages.

By using the space vector transformation, this set of input currents can be transformed

into a reference input current space vector, ILin, which can be expressed as:
T _ Joi-p;) _
Iin - [ime - Iimlei (213)

where [;, is the magnitude and & is the direction of the reference vector. The variable,
6, is equal to wt - ¢, where wt is the angle of the input voltages and ¢; is the

displacement angle of the input currents with respect to the input voltages.

The space vector diagram of the rectifier, shown in Figure 2.5(a), is divided into six
sectors. Based on SVM, the reference vector can be synthesized by two adjacent space
vectors (/, and /) and the zero-current vector, /), in a given sector demonstrated in
Figure 2.5(b). The proportion between two adjacent vectors gives the direction and the
zero vector controls the magnitude of the reference vector. For a switching period, Tsw,

the reference vector can be synthesized as below:
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Lin = d I dsls (2.14)

where d, and dsare the duty cycles for applying the vector /, and /s within the switching

period. These duty cycles are calculated using the equations given below:

T
d = sin| —— 6.
r = Me (3 j (2.15)

ds =mpsin@,
where my, is the modulation index of the rectifier:
0< mp =1, <1 (2.16)

and 6, is the angle of the reference vector, I , within the sector. By determining the

duty cycles d, and d;;, the duty cycle of the zero current vector, /j, can be determined as
dy=1-d, — ds (2.17)

By applying SVM, the input currents generated by the current source rectifier consist of
discrete values with fast transition of di/dt, as shown in Figure 2.6(a). The distortion of
the input currents is high, which can cause the detrimental effects to other electrical
equipment sharing the same electrical supply. In addition, due to the presence of
inherent line inductance at the supply side, the fast transition of di/dt can cause
unwanted large voltage spikes. Therefore, a low-pass LC filter is required at the supply
side to filter out high frequency harmonics so that a set of sinusoidal and balanced input

currents can be obtained (Figure 2.6b).
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1 1 1 2 1 3 L 4 I 5 I 6
(c)
Figure 2.5: (a) The input current vectors formed by the valid switching combinations of

the current source rectifier (b) To synthesis a reference vector in a given sector (c) The
position of the input current vectors in the time domain of the input current waveforms.
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Figure 2.6 (a) The input current iy generated by the current source rectifier based on the
space vector modulation (b) The input current waveforms that are smoothed out by the
low-pass LC filter

5‘%

o

By obtaining the desired input current waveforms, the average of the DC-link voltage
Von, generated by the current source rectifier, can be determined using the following
equation:

14 =§*I%n*mR*cos(¢i) (2.18)

pn_avg 2

where I}m is the peak amplitude of the input phase voltages. Based on (2.18), with the
maximum input voltage supply, the current source rectifier can be modulated to

generate maximum average DC-link voltage level, V :(%)* Vin, when the

pn_max
modulation index m = 1 and the displacement factor, ¢;, is controlled to zero. Figure
2.7 shows the DC-link voltage, V,,, generated by the current source rectifier using space
vector modulation scheme with mz = 1 and ¢; = 0. The spikes to the zero voltage level

in the waveform are due to the use of zero current vectors.

>

FH. AT v, .. =0+,

w;t
>
Figure 2.7: The “DC-link voltage V,,,” generated by the rectifier when mz=1 and ¢, =0

-31 -



Chapter 2: Matrix Converter Topologies

2.3.2.2 The inversion stage

In the same way as for the rectification stage, to explain the operating principle, the
inversion stage is initially considered as a stand-alone, three-phase, two-level voltage
source inverter that supplied with a DC voltage source, 2*Vpc (Figure 2.8). Because of
the balanced star-connected load (i, + i, + i, = 0), the middle point ‘0o’ does not need to
be physically present, but remains useful as a reference (ground) for the output voltages
[13]. The switches of the voltage source inverter are modulated based on the constraint
that the top and bottom switches of each phase leg must never be turned on
simultaneously to prevent a short circuit. Hence, the switches of each phase leg are

modulated based on the following expression:
Sip +Sjn=1 j€la, b, c,} (2.19)

where Sj, and Sj, are the switching functions of the top and bottom unidirectional
switches, respectively. There are eight valid switching combinations available for a
three-phase voltage source inverter, as listed in Table 2.4. The output phase (line-to-
output neutral-point s) voltages generated by the switching combination based on the

DC-link voltage V,,, (= 2*Vpc) can be determined using the following equations [13]:

2 1 1
V< = V (ESuP —ngp —ESLPJ

2 1 1
Vbs = Vpn(gsbp _ESap _EScpj

2 1 1

By using space vector transformation (2.10), the output phase voltages generated by the
first six switching combinations are transformed into six distinctive output voltage
space vectors with fixed directions, as shown in Figure 2.9(a). Each voltage vector
refers to the switching combination that represents the connections of the output

terminals (a, b and ¢) to the DC-link terminals (p and n); e.g. V| (PNN) represents the
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connection of the output terminal ‘a’ to point ‘p’ and the terminals ‘4’ and ‘¢’ to point
‘n’. The magnitude of each voltage vector is proportional to the DC-link voltage V).
For the switching combinations that connect all output terminals to one DC-link point,

zero voltage vectors V) are formed and positioned at the origin of the space vector

diagram.
___________ P
A
Vn ©
cedomeeeee ]

Figure 2.8: The circuit configuration of a three-phase two-level voltage source inverter

Switching Combinations Output phase voltage
Sap | Stp | Sep | San | Sen | Sen Vas Vs Ves
1 0 0 0 1 1 @3V | -(13) V| -(1/3)*Vpn
1 1 0 0 0 1 (I3)*Vn | (A3)*Vp | -(213)*V)n
0 1 0 1 0 1 -3V | Q2IB3)*Vpn | -(1/3)*Vpn
0 1 1 1 0 0 -QIB3Y*Vp | (13)*Vy | (1/3)*Vn
0 0 1 1 1 0 -3V | -(A13) Vo | (2/3)*V)pn
1 0 1 0 1 0 (13 Vo | -QIB3) Vo | (1/3)*V)n
1 1 1 0 0 0 0 0 0
0 0 0 1 1 1 0 0 0

Table 2.4: Valid switching combinations for the voltage source inverter and the
generated output phase voltages (1 = ON, 0 = OFF)
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For a three-phase voltage source inverter, a set of sinusoidal and balanced output phase
voltages is the desired outputs. By using space vector transformation, this set of time-
varying signals is transformed into a reference output voltage vector, ¥ .., that rotates
along a circular trajectory with the frequency @, in the space vector diagram. This

reference vector can be expressed as:
Vs = Ve 0=, 20, (221)

where V,, is the magnitude and 6, is the direction of the reference vector. The variable,
6,, is equal to w,t - ¢,, where w,t is the angle of the output phase voltages and ¢, is an

arbitrary angle.

The space vector diagram of the voltage source inverter is divided into six sectors, as
shown in Figure 2.9(a). The reference vector can be synthesized by two adjacent space
vectors, V, and Vp, and the zero voltage vector, V), in a given sector. For a switching

period, Ty, the output reference vector can be synthesized as below:

Vou =dVo+ dgVg (2.22)

The equations for determining the duty cycles d,, and ds are:

d, =m, sin(% - eomj

(2.23)
d,=m,sin@,,
where m; is the modulation index of the voltage source inverter:
0<my =3 Vou/Vpn< 1 (2.24)

and 6, is the angle of the reference vector, V ous , within the sector. By calculating the

duty cycles d, and dpg, the duty cycle of the zero voltage vector, V), can be determined:

do=1-dy — dg (2.25)
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(c)

Figure 2.9: (a) The output voltage vectors formed by the valid switching
combinations of the voltage source inverter (b) To synthesis a reference vector in a
given sector (c) The position of the output voltage vectors in the time domain of the
output phase voltage waveforms.
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The output terminal (line-to-midpoint ‘0’) voltages generated by a voltage source
inverter consists of two discrete voltage levels (+Vpc and —Vpc) with fast transition
dv/dt, as shown in Figure 2.10(a). The inductive nature of typical loads generates

smooth output currents, as shown in Figure 2.10(b).

ot W%t
-Vbc

(a) (b)

Figure 2.10: (a) The output line-to-midpoint voltage, V,, generated by the voltage
source inverter using space vector modulation (b) Simulation result of the output
currents

2.3.2.3 Synchronisation between the rectification and inversion stages

Using the modulation schemes applied to the rectification and inversion stages, this
section describes the modulation pattern that combines the switching states from both
stages in such a way that a correct balance of the input currents and the output voltages

is obtained for each switching period.

For the indirect matrix converter topology, the rectification stage is modulated to supply
maximum average DC-link voltage so that maximum overall voltage transfer ratio can
be obtained. For this reason, the modulation index for the rectification stage, mg, is set
to unity and the displacement factor is controlled to zero. Besides that, to simplify the
overall modulation, only the modulation on the inversion stage produces the zero
vectors. Hence, the zero current vector of the rectification stage is eliminated and the
rectification stage’s switching sequence only consists of the two adjacent current
vectors (I, and Is5). By determining the duty cycles d, and d;5(2.15) with the modulation
index mp = 1, the rectification stage’s duty cycles are then adjusted using (2.26) to

occupy the whole switching period.
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dS =—~ d;f =—=2 (2.26)

Due to the zero current vector cancellation, the average DC-link voltage is no longer

constant (2.18) so this value needs to be recalculated using equation below:

R R
Vpniavg = dy I/vlfly +d§ I/l—lzi (227)
With the maximum DC-link voltage, V,, avg, supplied by the rectification stage, the
modulation on the inversion stage controls the overall voltage transfer ratio. The
maximum DC-link voltage, V,, av, 1s applied in (2.28) to compensate the modulation
index of the inversion stage, m;:

ﬁ * Vom

my =2 (2.28)

pn_avg

By selecting the appropriate vectors and determining their duty cycles, the modulation
pattern combines the switching states of the rectification stage (I, and Is) and the

inversion stage (V, Vs and Vj) uniformly, producing a switching pattern shown in
Figure 2.11. Considering an example where the vector I is located at sector 2 while

the vector V.. is located at sector 1. The selected active current vectors for the
rectification stage are I; (/,) and I, (/s) while the voltage vectors Vi (V,), Va2 (V) and V

are selected for the inversion stage.

To ensure the minimum switching transition between each vector, the selected voltage
vectors are arranged in a double-sided switching sequence: Vo — V, -V, —Vy—V, -V,
— Va2 — V,, but with unequal halves because each half should apply on the rectifier
switching sequence: /; — I,. Referring to Figure 2.11, the time interval for each vector in

this switching sequence can be determined using the following equations:

ty=d; =T, (2.29)
ty =05%d} *d *T, (2.30)
ty=d; *dy*T, (2.31)
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ty=d; *d, T, (2.32)
ti4 = Os*déR >kdO *va (233)
ts=df*d, *T, (2.34)
ty=ds *d,*T, (2.35)
o TS‘W -~
REC I L
< lr \:
INV | Vo V, Vi Vo |V V; V, Vo
ti | tiz N N T VA A I R VR

Figure 2.11: The switching pattern of the indirect matrix converter

2.3.2.4 Simulation results of the indirect matrix converter

The model of the indirect matrix converter shown in Figure 2.3 has been simulated
using SABER, based on the specifications presented in Appendix A. Figure 2.12
presents the waveforms generated by the rectification stage (Figures 2.12(a) — 2.12(d))
and the inversion stage (Figures 2.12(e) — 2.12(g)) of the indirect matrix converter using
space vector modulation. Referring to Figure 2.12(b), similar to the stand-alone rectifier
(Figure 2.6a), the input current has significant high frequency distortion. By using a
low-pass LC filter, the switching frequency harmonics are filtered out so that a set of
sinusoidal, balanced input currents is obtained at the supply side, as shown in Figure
2.12(c). Due to the zero-current vector cancellation, the DC-link voltage generated by
the rectification stage does not consist of the zero voltage levels so the average value of

the DC-link voltage, V), ave, 1s not constant, which is clearly shown in Figure 2.12(d).

By building the DC-link voltage with chops of the input line-to-line voltages, the output

terminal (line-to-supply neutral) voltage, V,, of the indirect matrix converter topology
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Figure 2.12: (a) The input phase voltage supplies (b) unfiltered input current, iy (c) the

filtered input currents (iy4, ip and ic) (d) The DC-link voltage, V,, (e) the output terminal
voltage, V, (f) the line-to-line output voltage, V,; (g) the output currents (i,, i, and i.)
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(Figure 2.12¢) is obviously generated with the voltage levels within the envelope of the
input voltages. For each switching period, the output terminal voltage consists of two
voltage levels (V). and V), which are the input voltages connected to the DC-links. As
shown in Figure 2.12(f), the inversion stage is able to generate the three-level line-to-
line output voltage. Finally, the input (Figure 2.12(c)) and output current waveforms
(Figure 2.12(g)) of the indirect matrix converter evidently prove the ability of SVM to

perform sine-wave-in/sine-wave-out operation.

2.4  Hardware Implementation of the Indirect Matrix Converter

2.4.1 Bi-directional Switches

As shown in Figure 2.3, the inversion stage of the indirect matrix converter topology is
a three-phase voltage source inverter that is formed with six unidirectional switches,
made from thyristors, transistors, GTOs, IGBTs or MOSFETs. With a freewheeling
diode connected in an anti-parallel arrangement, each switch cell conducts current in

both directions but blocks voltage of single polarity.

In order to perform four-quadrant operation as the direct matrix converter, the indirect
matrix converter requires bi-directional switches that are capable of blocking voltage
and conducting current in both directions for the rectification stage. Unfortunately, there
is currently no such device available to fulfill these requirements so discrete devices are
used to construct the desired switch cell. There are four types of bi-directional switch
arrangements commonly known for the matrix converter. Only the bi-directional switch
cells that are constructed using the IGBTs are shown in Figure 2.13, but other devices

such as MOSFETs, MCTs, IGCTs can also be used for the same arrangements.

The first bi-directional switch cell arrangement is an IGBT connected at the center of a
single-phase diode bridge [17], as shown in Figure 2.13(a). This arrangement only
requires a single IGBT to carry current in both directions so only one gate drive circuit
is required per switch cell, which is a major advantage. However, having three
semiconductor devices in each conduction path, the device conduction losses are

relatively high for this arrangement when compared to other arrangements.
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Figure 2.13: Bi-directional switch arrangements (a) Diode bridge (b) Common emitter
back-to-back (¢) Common collector back-to-back (d) anti-paralleled reverse blocking
IGBTs

The common emitter bi-directional switch cell consists of two diodes and two IGBT
switches that are connected in an anti-parallel arrangement, as shown in Figure 2.13(b).
The diodes are needed to provide the reverse voltage blocking capability and the use of
two IGBTs enables the independent control of the current direction. Compared to the
diode-bridge arrangement, this arrangement requires only two devices to conduct
current at any instant, so the conduction losses are lower. One possible disadvantage is
the requirement for two gate drive circuits to operate the IGBTs. Due to its common
emitter arrangement, one isolated power supply is required for each bi-directional
switch cell. Hence, by using the common emitter bi-directional switch cells to construct

the rectification stage, six isolated power supplies are required.

Alternatively, the common collector bi-directional switch cell, presented in Figure
2.13(c), is another arrangement that has the same conduction losses as the common
emitter configuration due to the identical number of discrete devices. By using common
collector bi-directional switch cells to construct the rectification stage, the number of

isolated power supplies required for the gate drive circuits can be reduced to five [52].

Finally, the anti-paralleled reverse blocking IGBTs (RB-IGBT) arrangement, shown in
Figure 2.13(d), can further reduce the number of discrete devices required in the
constructing of a bi-directional switch cell [53]. The main feature of the RB-IGBT is its
reverse voltage blocking capability, which eliminates the use of diodes. At any instant,

there is only one device conducting current in any direction so the conduction losses are
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lower than any other arrangement [53,54]. However, the switching losses can be higher

due to the poor switching behavior of the intrinsic diode.

2.4.2 Commutation techniques for the indirect matrix converter

Due to the non-ideal switching characteristic of the devices, there is a delay in switching
especially during turn-off. This delay can cause two switching devices, which are
changing states, to be ‘on’ simultaneously and cause a short-circuit. As a result, a large
current flows through the switch and damages the circuit. In order to ensure the safe
switching, a specific commutation technique is required. For the indirect matrix
converter topology, each stage requires different commutation technique due to the use

of different circuit configurations.

For the inversion stage, having a freewheeling diode connected in anti-parallel with
each switching device, a current path is always available for discharging the energy
stored in the load even no device is gated. Hence, the dead time commutation technique
can be applied to commutate the current in each phase leg. A time gap is introduced
between the outgoing switch and the incoming switch. This time gap is referred as the
‘dead time’ because both switches are ‘off” during this interval. This technique prevents

a DC-link short-circuit during a change of switching states.

However, to commutate the current in the bi-directional switch cells of the rectification
stage, a complex commutation strategy is required due to the lack of any natural
freewheeling path. As discussed previously, the rectification stage is a three-phase to
two-phase matrix converter, where the input lines must never be short-circuited and the
output lines must never be open-circuited. Even though the dead time commutation
technique can still be applied, additional circuitry, such as snubbers or clamping
devices, are required across the switches, which further complicates the converter
design and increases the cost and volume [52, 55, 56]. As the bi-directional switch cell
shown in Figures 2.13(b) and 2.13(c) are commonly used in matrix converter
topologies, the following sections describe the four-step commutation strategies that are
applied to these configurations: the output current direction based commutation
technique [57] and the relative input voltage magnitude based commutation technique

[58]. A two-phase to single-phase matrix converter constructed with common emitter
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bi-directional switch cells (Figure 2.14) is used to explain the principles of both

commutation strategies.

V4
@** aa'a'al

Syl |—[:=|-|IaIL
——>

% SBaz
?‘“‘“\,Io - —[ : _T_

> [
e iSBal_rL_ L[:"_l

RL load

Figure 2.14: A two-phase to single-phase matrix converter

2.4.2.1 Output current direction based commutation technique

Output current direction based commutation techniques rely on knowledge of the load
current direction (/1) to determine the commutation sequence. Referring to Figure 2.14,
under steady state condition, both devices in cell A are initially ‘on’ allowing the
current to flow in both directions; the load current is assumed to be flowing in the
direction where /; > 0. When a commutation to cell B is required, the current direction
is used to determine the non-conducting device in the outgoing cell, cell A. For the case
where [, > 0, the switch Saa» is not conducting so it is turned off first. Then, the device
in the incoming cell, cell B, is turned on to form a path for the load current to continue
flowing either at the point this incoming switch is gated on or when the outgoing device,
Saa1 18 subsequently turned off. For the case where I, > 0, the switch Sg,; 1s gated on.
With a new current path available, the device Sa, can be safely turned off without
causing any output terminal open-circuited. Finally, the switch Sg,, is gated on to

complete the commutation sequence.

Figure 2.15(a) presents the timing diagram for this four-step output current-direction-

based commutation strategy for the load current /; > 0. Referring to the timing diagram,
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a time gap, f4 is introduced between each switching state change. Figure 2.15(b)

illustrates the states diagram for this strategy for the load current in both directions.

The output current direction based commutation strategy allows the current to
commutate from one bi-directional switch cell to another without causing the input lines
short-circuit or the output terminal open-circuit. This commutation strategy enables the
switching losses in the devices reduced by 50% due to half of the commutation process
being soft switching and, hence, this method is often called the “semi-soft current

commutation”[52].

Saar 1 1 1 0 0

Saz 1 0 0 0 0

SBal 0 0 1 1

SBa2 0 0 0 0 1
<+

;>0 —> —>
L / 4 ..... 4 _____ \
S Aal ‘ ‘ SAal
Saw Saa2
SBal SBal
Sga2 Sga2

(b) States diagram

Figure 2.15: The four-step output current direction based commutation strategy
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However, the current direction based commutation technique relies on the information
of the load current direction, which can be a problem when the variation of the load
current is too fast or the current level is too low for the traditional current sensor to
detect and generate accurate results. In [59], a technique using the voltages across the
bi-directional switches to determine the current direction has been proposed. This
technique can accurately determine the load current direction without requiring any

external sensor.

2.4.2.2 Relative input voltage magnitude based commutation technique

The relative input voltage magnitude based commutation technique is a semi-soft
commutation strategy that relies on the knowledge of the relative magnitudes of the
input voltages to determine the commutation sequence. The concept of this strategy is to
form a freewheeling path in each switch cell involved in commutation. The
commutation process begins by identifying the ‘freewheeling’ device in each switch cell

based on the relative magnitudes of the input voltages.

Referring to Figure 2.14, for the case where V> V3, the switches Saa and Sg,; are the
‘freewheeling’ devices in cell A and B respectively. Based on the timing diagram shown
in Figure 2.16(a), the commutation sequence begins by gating on the freewheeling
switch Sg,; in the incoming cell, cell B. With the freewheeling paths available in both
cells, the non-freewheeling device Sa,; in the outgoing cell, cell A, can be turned off.
Then, the non-freewheeling device Sp,; is turned on. Finally, to complete the
commutation sequence, the freewheeling device Sp,; is gated off. Similar to the output
current direction based commutation strategy, a time gap is introduced between each
switching state change. The commutation sequence for the case where V4 < V3 is also

presented in the states diagram shown in Figure 2.16(b).

By applying this strategy, the commutation between two bi-directional switches can be
safely implemented. However, if the relative magnitude of the input voltages is not
measured correctly, a short circuit path can be mistakenly formed due to the wrong
selection of freewheeling devices. Therefore, reliable measurement of the input voltages

is required in order to ensure that this commutation strategy is effective.
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(a) Timing diagram for V4> V3
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(b) States diagram

Figure 2.16: The four-step relative input voltage magnitude based commutation strategy

2.4.3 Input filter design of the indirect matrix converter

As shown in Figure 2.12(b), the input currents of the indirect matrix converter contain
switching frequency harmonics. Considering the cost and size [35,52], a simple low-
pass LC filter often offers the best solution for filtering out these undesirable switching
frequency harmonics. The input filter configuration for the indirect matrix converter is
shown in Figure 2.17, where the filter capacitors (Cy) are connected in star arrangement
and inductors (Ly) are connected in series with each supply line. This design forms a
second order filter, with a cutoff frequency designed to be much lower than the
switching frequency in order to provide considerable attenuation at the switching
frequency. The cutoff frequency of the filter is configured by the choice of capacitor

and inductor based on equation (2.36).
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1

f;uo =
" axfL.C,

However, to design a suitable low pass filter for matrix converters, the selected

(2.36)

capacitor and inductor should fulfill the following requirements:

* The choice of capacitor must assure that the reactive power at the supply

frequency is minimized.

* The voltage drop across the inductor Ly at rated current is minimized (i.e. Va =

V) in order to provide the possible highest voltage transfer ratio.

* The volume and weight of the selected capacitors and inductors are minimized.

By considering the rated power of the matrix converter and the required performance
(e.g. cos(@) > 0.9 for Py, > 10% of rated power), the maximum filter capacitance,

Cr max, can be determined using the equation given below [51]:

P *tanlp.
Cf - — out - (¢t _ max ) (237)
- 3%V, * o,

where @; mqr 1s the maximum input displacement angle at the minimum output power,
P,,.. The variables ‘V;” and ‘@, are the magnitude and frequency of the supply voltage.
By determining the capacitance Cj, the filter inductance, L, can be determined using
equation (2.36). However, the filter inductance must ensure minimum voltage drop at

rated current, which is lower than the value determined using equation (2.38) in [35].

2
\/[AVLJ _2*[AVLJ
% %
L, < E r ) Ve (2.38)
‘ w, I,

1

where AV} is the maximum voltage drop across the filter inductor; Vx and Iy are the

rated voltage supply and current respectively.

Generally, to design an appropriate low pass filter for the indirect matrix converter, a

compromise between the capacitor and the inductor’s size has to be made. Low filter
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capacitance promises the high input power factor but requires a large inductance to
achieve the required cutoff frequency. In addition, the permissible maximum voltage

drop, AV}, often limits the size of selected inductor.

v, O_E:/ 1 Va L oV,
' Indirect Matrix
%
Vs O—E_\;‘/’l £ Converter ———o Vb

L 1 |

Figure 2.17: The input filter configuration

2.4.4 Protection issues for the indirect matrix converter

2.4.4.1 Over-voltage Protection

For matrix converter topologies, over-voltages can happen either at the supply side or
the load side. At the load, the over-voltage occurs due to the unexpected shut down of
the converter, for example in an over-current situation. When all bi-directional switches
are turned off, there is no freewheeling path for the current to discharge the energy
stored in the load inductance, which consequently causes an over-voltage. On the other
hand, the over-voltage at the supply side can be due to line perturbations or a severe
transient response of the input LC filter during the power-up. As a result, an additional
protection circuit is essential to protect the matrix converter from any damage due to

over-voltage condition.

2.44.2 Clamp circuit

A clamp circuit is a protection circuit that limits the over-voltage level either at the
supply side or the load side of the converter in order to ensure the safe operation of the

matrix converter [17,60]. The clamp circuit generally consists of two bridges of fast-
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recovery diodes with a clamp capacitor and resistor that connected in parallel. During an
over-voltage, the fast-recovery diodes provide paths for the current, which charge up the
clamp capacitor. The resistor dissipates the energy stored in the clamp capacitor in order

to maintain a safe voltage level.

For the indirect matrix converter topology, the clamp circuit configuration is shown in
Figure 2.18. Due to the use of anti-parallel diodes in the inversion stage, natural
freewheeling paths are always available. As the positive voltage level is applied to the
p-terminal and the negative voltage level to the n-terminal of the DC-link, only two fast-
recovery diodes are required to connect the DC-link to the clamp capacitor. A
comprehensive analysis of the design of the clamp circuit for the matrix converters for
industrial applications was discussed in [60]. For a motor load, the value of the clamp

capacitor, Cc, can be determined using the equation given below:

%*Imax2*(L&9+Lb7€)
V ax2 +VLL2

m

C.=

(2.39)

where [, is the maximum current; (Lss + Lsg) is the total motor leakage inductance;
Vmax 1s the maximum voltage level of the clamp capacitor (less than the voltage rating of
the semiconductor devices) and ¥V, is the steady state voltage across the clamp

capacitor (the peak amplitude of the line-to-line supply voltage).

Vi )
V4 o— H———— ° oV,
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- Input ? | Rectification Inversion °rb
Ve .| Filter Ve Stage n_ Stage v

TR
— 1P

Figure 2.18: A clamp circuit configuration for the indirect matrix converter
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2.4.4.3 Protection against over-voltage caused by the LC filter

Even though the low pass filter smoothes out the input current, it can cause undesirable
disruptions for the matrix converter during the power-up. This transient response can
appear when a voltage step is applied to the LC filter circuit, which can cause
destructive over-voltage to the converter [35]. Hence, a method of connecting a
damping resistor, Ry, and a switch, Sy, parallel with the inductor L, has been proposed
[35] for alleviating this problem. The selected damping resistor, R;, has to be smaller

than the choke reactance at the cut-off frequency:

Ry <27 foy L, (2.40)

Referring to Figure 2.17, S; is initially turned on during the power-up. Due to the
smaller resistance of R, the current mostly flows through the damping resistors instead
of the chokes, which improves the waveforms during power-up. Once the filter and the

clamp capacitor are fully charged to the supply voltages, S, is turned off.

2.5 Advantages of the indirect matrix converter over the direct

matrix converter
2.5.1 Overview

The indirect matrix converter offers the same benefits compared to the conventional
matrix converter. In some applications, the indirect matrix converter may be preferred to

the direct matrix converter due to the advantages discussed in this section.

2.5.2 Safer commutation
Referring to Figure 2.11, while a commutation is implemented at the rectification stage,

a zero voltage vector, V), is produced by the inversion stage. By using the zero voltage

vector, the DC-link current is zero. Hence, the switches of the rectification stage are
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commutated at zero current, which promise a safer commutation environment and lower

switching losses for the rectification stage [27].

2.5.3 Reduced number of switches

In [28, 30], the possibility of reducing the total number of semiconductor switches
required for the indirect matrix converter topology has been presented. These topologies
are referred as the “sparse matrix converters” [28] and Figure 2.19 presents three
examples of these converters. Even though constructed with reduced number of
switching devices, the sparse matrix converters are still able to provide unity input
displacement factor, sinusoidal supply currents and load voltages that are identical to
the conventional matrix converters. In addition, by having fewer switching devices, the
design of the sparse matrix converters is simpler, which enables them to be constructed

with reduced cost.

The process of reducing the switches is performed at the rectification stage. For the
sparse matrix converter, shown in Figure 2.19(b), one switch and two clamp diodes are
used to replace two middle switches of each phase leg of the rectification stage, which is
able to reduce the total number of switching devices from 18 (the indirect matrix
converter) to 15. This reduction does not affect the four-quadrant ability of the converter
but does cause higher conduction losses by having more semiconductor devices in the

current conduction path.

Alternatively, by knowing that the DC-link current only flows in one direction, the
number of switching devices can be further reduced to 12 (very sparse matrix converter,
VSMC) or 9 (ultra sparse matrix converter, USMC). However, due to this unidirectional
DC-link current constraint, the VSMC and the USMC are not applicable for the
regenerative operation and the minimum load power factor of the VSMC and USMC is

limited to 0.866 [30].
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Figure 2.19: The indirect matrix converter topologies with reduced number of switches

2.5.3 Cost effective multi-drive system

Finally, the indirect matrix converter offers an attractive option for replacing traditional
AC-DC-AC converters in the conventional multi-motor drive systems that require large
DC-link energy storage components to couple the rectification stage to multiple
inversion stages. The concept of multi-motor-drive systems has been proposed for
specific cost reduction in the multiple motor drives applications [61]. The use of DC-
link capacitors in conventional multi-motor-drive system has potential risks due to the
high amount of stored energy. Hence, extra precautions for preventing shoot through
faults have to be taken. In [29], a cost effective multi-motor-drive system using the
indirect matrix converter has been proposed, which eliminates the need of DC-link
energy storage components. Figure 2.20 shows the block diagram of a multi-drive

system using indirect matrix converters.
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The effectiveness of the indirect matrix converter to perform the sine-wave-in/sine-
wave-out operation has been shown in Figure 2.12. In order to ensure similar high
quality inputs and outputs in the multi-drive system, the average power, during a
switching period, flowing through the virtual DC-link has to be maintained at a constant
value, which is achievable in the case of symmetrical loads, no matter how many
inversion stages. In [29], a central unit is used for controlling this system in the
hardware implementation. The modulation on the rectification stage distributes the
power in the DC-link to provide the sinusoidal synthesis of the input currents and the
maximum average DC-voltage level for any of the inversion stages while the switching

patterns of the inversion stages are synchronised with the rectification stage for

sinusoidal output voltage generation.

o_
v Input
i0 Filter
o_

3¢/2¢ Matrix
Converter

Figure 2.20: A multi-drive system based on the indirect matrix converter.
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2.6  Conclusions

In this chapter, the indirect matrix converter technology from the converter derivation,
the modulation scheme and the hardware implementation has been fully reviewed.
Derived from the indirect transfer function approach proposed for the conventional
matrix converter, the indirect matrix converter is able to generate high quality inputs
and output waveforms identical to the direct matrix converter by applying space vector

modulation.

In the hardware implementation, similar to the conventional matrix converter, bi-
directional switches and associated commutation techniques are required for the indirect
matrix converter to effectively perform the desired four-quadrant operation. A
procedure for designing a suitable and effective input filter for the indirect matrix
converter is also presented so that a set of sinusoidal input currents can be obtained at
the supply side. For protecting the indirect matrix converter, the clamp circuit and
damping resistors are essential to protect the converter from any damage due to over

voltages that can occur either at the supply side or the load side.

Finally, the advantages of the indirect matrix converter over the direct matrix converter
are reviewed, which clarify why the indirect matrix converter may be preferred to the

conventional matrix converter in some applications.
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Chapter 3

Three-level Neutral-point-clamped Voltage Source

Inverter

3.1 Introduction

As discussed in Chapter 1, the three-level-output-stage matrix converter is a multilevel
matrix converter topology that applies the three-level neutral-point-clamped voltage
source inverter concept to the inversion stage of an indirect matrix converter topology.
In order to provide the foundation to understand a modulation strategy proposed for the
three-level-output-stage matrix converter, this chapter reviews the three-level neutral-
point-clamped voltage source inverter technology from the operating principles to the
related modulation schemes, which are well established in research [64 - 69]. The
neutral-point balancing problem of the three-level neutral-point-clamped voltage source
inverter and associated control methods are also discussed. This chapter will be
concluded with the simulation results of the three-level neutral-point-clamped voltage
source inverter, which are shown to prove the ability of the three-level neutral-point-
clamped voltage source inverter to generate multilevel outputs and the effectiveness of

the modulation scheme in controlling the neutral-point balancing problem.

3.2 Circuit Topology

The three-level neutral-point-clamped voltage source inverter (NPC VSI) was
introduced by Nabae in 1981 [10] and is probably the most popular among the
multilevel converter topologies for high voltage, high power applications. As shown in
Figure 3.1, the NPC VSI is supplied by two series-connected capacitors (C1 and C2),
where both capacitors are charged to an equal potential of Vpc, with the DC-link middle
point ‘o’ as a zero DC voltage neutral point. Each phase leg of the NPC VSI consists of
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four series-connected switching devices and two clamping diodes. These diodes clamp

the middle switches’ potential to the DC-link point ‘o’
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Figure 3.1: The schematic diagram of a conventional three-level neutral-point-clamped
voltage source inverter using the IGBT switches
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In order to generate the three-level output, the switching devices in each phase leg are
controlled according to the switching combinations presented in Table 3.1. At any time,
only two of the four switching devices are turned on and the output terminal can be
connected to any of the DC-link points (p, o or n), which can be represented by a
switching state (P, O or N); for example switching state P represents the connection of
the output terminal to the DC-link point ‘p’. Using the DC-link middle point ‘o’ as a
reference, the NPC VSI is obviously able to generate three distinct voltage levels at the
output terminal of each phase leg, V,,, which can be determined using the following

