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Abstract

With the advancements in the semiconductor device technologies and computational
power, the Solid State Transformer (SST) has emerged as a key research topic due
to potential benefits in power density and controllability when compared to line-
frequency transformers. However, in the applications where the power density is a
key priority, for example traction and space limited grid applications, the conventional
AC to AC SST solution is not suitable because the DC-link capacitors put a constraint
on further improvements in the power density. A compact single-stage AC to AC SST

solution can be achieved by eliminating the intermediate DC-link stages.

This thesis investigates the feasibility of a new single-stage AC to AC SST based three-
phase Modular Isolated Matrix Converter (MIMC) topology. The MIMC topology,
proposed in this thesis, is obtained by using single-phase Medium Frequency (MF)
isolated AC to AC converters as a cell. The arrangement of the cells in the MIMC
is derived from the concept of the Direct Matrix Converter. The MIMC achieves
structural modularity due to the repetition of the single-phase isolated AC to AC
converters. The modularity within the converter is advantageous in terms of hardware
implementation, maintenance and it also opens up possibilities of stacking cells based
on the required power level. However, as each cell in the MIMC is isolated via a MF

transformer, this causes challenges in modulation and commutation.

In this thesis, both scalar and vector type of modulation methods are developed
respecting the presence of MF transformers in the MIMC. The standard commutation
approach which assumes voltage source at one side and current source at the other
is no longer applicable in the presence of practical transformers with non-negligible
leakage inductance. Therefore, a leakage tolerant current commutation method which
guarantees safe current commutation, without an auxiliary clamp circuit or high
band-width measurements, is also proposed. The proposed commutation method is
experimentally validated on a single cell and then applied along with the Venturini
Modulation method to the MIMC. The experimental results from a 6kW proof of
concept prototype validate the proposed operating modes and feasibility of the MIMC.
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Chapter 1

Introduction

1.1 Background

The era of modern power electronics began at the Bell Laboratories in 1957 when the
concept of Silicon Controlled Rectifier (SCR) was introduced [6-8]. The introduction
of the SCRs acted as a trigger in the field of power electronics. This is because within
the next two decades of SCR two faster switching devices, the Silicon Metal Oxide
Field Effect Transistor (MOSFET) and the Silicon Insulated Gate Bipolar Transistor
(IGBT), were introduced [9,10]. Revolutionary improvements in the device switching
speed and power ratings are being achieved in the beginning of twenty-first century as
wide-band gap technology based semiconductor devices are becoming commercially
available in form of a Silicon Carbide (SiC) Schottky diodes [11,12] and MOSFETs.
Recent research has shown that further improvements in the device switching speed
can be made possible by Galium Nitride (GaN) technology [13,14]. In the past two
years, reliability of the high speed device technologies has been the focus of research
[15-17] as the successful operation of the wide-band gap devices can lead to significant
reduction in the size of converters specifically for the AC/AC applications requiring
galvanic isolation. This is because not only the filtering requirements but also the

size of isolation stage reduces when operated with the higher frequency [18,19].
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The emerging isolated AC/AC applications include traction and interconnection of
Low Voltage (LV) or Medium Voltage (MV) AC grids that require galvanic isolation
to prevent the propagation of fault coming from one AC side to the other [20,21].
These applications can greatly benefit in terms of size from the advancement in the
switching speed of the devices. In such applications, power electronic devices can be
used to increase the operating frequency at the isolation stage to achieve a compact
size [22]. In this way the conventional, heavy and bulky line frequency transformer [23]

can be avoided.

Despite a large variety of ratings, applications and topologies, converters that embed
an isolation stage to replace line frequency transformers are usually referred to as
Solid State Transformers (SSTs) [22,24]. In addition to compact size, SSTs also
offer increased control capabilities including voltage regulation and reactive power
compensation when compared with conventional line frequency transformers [25, 26].
Due to these benefits SST's are one of the most researched topics in power electronics
with an exponential increase in the number of publications over that last two decades

and seven-hundred publications in a single year of 2015 [27].

The basic architecture of a single-phase SST or Power Electronic Transformer (PET)
[20,28] is shown in Figure 1.1 where the isolation stage is embedded in the power con-
verter to generate a Medium Frequency (MF) or High Frequency (HF) AC waveform

at the transformer.

H-bridge DC Link H-bridge H-bridge DC Link H-bridge
— = — — = A —
AC DC AC DC
AC K ) J— <:> <:> — ( ) AC
DC AC DC AC
——
MF/HF
Transformer

Figure 1.1: Architecture of a three-stage AC/AC Solid State Transformer (SST)
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In the SST architecture, as shown in Figure 1.1, the low frequency AC is rectified to
DC which is then converted to a transformer suitable medium or high frequency AC
waveform. Note that this SST architecture is a three-stage architecture, including
AC to DC, DC to DC and DC to AC stages, out of which there are two DC-link
stages. In applications where space is expensive and a key limitation, for example in
city centres, highly populated areas [19] and traction applications [21], the DC-link
capacitors in the SST architecture are a major constraint in the improvements of the
power density [19,29]. For the improvement in the power density, both DC-links in
the SST architecture, shown in Figure 1.1, can be eliminated to provide a compact

single-stage AC/AC SST solution as, shown in Figure 1.2.

H-bridge H-bridge
K_H K_H
AC AC
AC K ) <:> <:> ( Y AC
AC AC
H(_/
MF/HF
Transformer

Figure 1.2: Architecture of a single-stage AC/AC SST

In comparison to the single-stage architecture, the three-stage architecture can suf-
fer from reduced efficiency due to multiple power conversion stages [30] and lower
reliability due to environmental degrading of the DC-link capacitors [3,31,32]. The
single-stage SST, unlike three-stage SST, requires four-quadrant switches to trans-
form low frequency AC directly to a transformer suitable MF or HF AC waveform
without DC-link capacitors as shown in Figure 1.3. However, the absence of DC-link
capacitors or energy storage in the single-stage SST makes it more suitable for appli-
cations where control capabilities, for example grid decoupling in case of imbalance

and reactive power compensation [24], have lesser priority than the power density.

A potential example of such an application is a 400V LV mid-feeder compensator [33],
where achieving a high power density isolated converter design and voltage regulation

are the key requirements while the ability to operate under heavy imbalance or faults
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is not a critical requirement. In fact, the converter can provide regulation services
during normal grid operation but it will not be expected to respond to abnormal

conditions.

ﬂ{ ~H L MFHF _{ .

st Transformer =

5 3

£ A g

Sie }‘ L 2 }‘ 'ﬁ ©
L

ST SE.

%{_J
Input Side H-Bridge Output Slde H-Bridge

Figure 1.3: A single-phase AC/AC converter topology based on single-stage SST
architecture

The single-phase single-stage isolated AC/AC converter, shown in Figure 1.3, has
limited applications because the output frequency and the phase is locked to the in-
put. For example, the single-phase single-stage isolated AC/AC converter will fail
to find application in drive systems where the output frequency is different than the
input frequency and in the interconnection of two AC systems operating at different
frequencies. An example of interconnection of grids operating at two different fre-
quencies can be found in Japan which uses both 50Hz and 60Hz AC systems [34].
The reason why the frequency and the phase at the output is locked to the input
is because the single-phase single-stage isolated AC/AC converter has a single-phase

sine-wave input and a single-phase sine-wave output.

In the past few years, various single-stage isolated AC/AC converter topologies have
been proposed [1-5,35-41] which can achieve input-output frequency decoupling by
using a three-phase input. Out of these topologies, the topology in [35-37,39] re-
ceived more attention due to the reduced switch count, but the disadvantage of these
topologies is that they lack a modular structure and thus scalability to higher power
levels in not obvious [27,42]. Recently, a modular single-stage topology has also been

studied [43], but the key limitations are volume and weight since the proposed iso-
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lation stage is at a low frequency. Therefore, there is very limited research on the

single-stage isolated AC/AC solutions that are modular and flexible.

1.2 Objectives of the Project

This thesis investigates a single-stage modular isolated three-phase AC/AC topology
that has been named as the Modular Isolated Matrix Converter (MIMC). The MIMC
topology is derived considering the key requirements of future electrical networks [20,
28,42] including isolation, compact design, modularity and flexibility. The topology
uses single-phase isolated AC/AC converters as a basic building block or cell and
keeps the modularity by repetition of these cells. The advantage of using single-phase
isolated AC/AC converters as a cell is that the MIMC will have cell-level modularity
because, within the cell, the two H-bridges on either side of the transformer are
identical thus, offering additional benefits such as ease of hardware implementation
and maintenance because all the four-quadrant switch based H-bridges are identical
in the MIMC. The modularity can be further exploited by stacking multiple cells
based on the desired power level. To achieve input-output frequency decoupling, the
arrangement of the cells in the MIMC is derived from the concept of Direct Matrix

Converters. The three-phase proposed MIMC topology is shown in Figure 1.4.

One of the key challenges in the practical implementation of the single-phase isolated
AC/AC converter as a cell is the current commutation. This is because the four-
quadrant or bidirectional switches used in the single-phase isolated AC/AC converter
lacks free-wheeling paths and therefore a multi-step commutation approach is required
unlike a dead-time approach that is used in a standard two-level inverter. The current
commutation process becomes further challenging in the presence of practical trans-
former with non-negligible leakage inductance. This is because the output side of the
cells in the MIMC have a filter inductance which can be seen as a current source and
in the presence of the transformer leakage inductance, the output H-bridge of the cell,

shown in Figure 1.3, will have current sources at both sides. Therefore whenever the
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Figure 1.4: A three-phase Modular Isolated AC/AC Matrix Converter (MIMC) based
on single-stage SST architecture

output side H-bridge of the cell changes state, the current through the transformer
leakage inductance is forced to change which as a result will cause voltage spikes
across the semiconductor devices. These voltage spikes can lead to permanent dam-
age of the semiconductor devices and therefore, will threaten the practical success of
the MIMC. Therefore the aim of this thesis is to study the practical feasibility of the
proposed MIMC by investigating the key factors, including commutation, modulation

and control, which are essential for the practical implementation of the MIMC.

It is the belief of the author that the study presented in this thesis will help in better
understanding of isolated single-stage AC/AC converter solutions as well in increasing

their competitiveness compared to other topologies.
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The primary aim of this work has been met by achieving a number of research objec-

tives which are summarised as follows:

e Proposing an isolated AC/AC single-stage conversion solution that achieves

input-output frequency decoupling and also possesses a modular structure.

e Development and applications of modulation methods, including both scalar
and vector approaches, for the proposed single-stage Modular Isolated Matrix

Converter (MIMC).

e Design of a current commutation method that can work in practical scenarios

with a non-ideal transformer which has non-zero leakage inductance.

e Practical implementation and demonstration of the effectiveness of the proposed
commutation method and selection of the suitable modulation method which

complies with the requirements of the commutation method.

e Experimental application of the selected modulation method along with the de-
signed commutation method on the proposed topology for open-loop operation

validation.

e Closed-loop control and compensation of the harmonics generated due to non-
ideal commutations using multi-resonant approach of the Proportional-Resonant

(PR) controller.

e Investigation into the suitability of Model Predictive Control (MPC) for the pro-
posed topology and comparison of the practical performance of the PR control

and MPC for the proposed converter.

e Study of the proposed converter in terms of reactive power compensation capa-

bility when operated with the Venturini modulation method.
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Although the first single-stage isolated AC/AC SST architecture was proposed in
1968 by McMurray [44], it is only recently that the single-state SST architecture is
receiving attention. This is due to the advancements in the computation power of
control platforms and the availability of high-speed, high-power semiconductor de-
vices. As the power electronics goes hand-in-hand with these technologies, complex
and new single-stage SST topologies will emerge in near future for various applica-
tions. Therefore the work presented in this thesis is technology-driven in nature and

not focussed on adaptation to specific applications.

1.3 Thesis Structure

The thesis is organised as follows;

e Chapter 1 presents motivation, background and research objectives empha-
sising the challenges associated with the development of a single-stage isolated

AC/AC conversion solution.

e Chapter 2 provides a background on the conventional SST architectures and
also discusses the evolution of a single-stage architecture based Modular Isolated

Matrix Converter (MIMC) topology.

e Chapter 3 presents the development, mathematical analysis and application
of the modulation strategies, including both scalar and vector approaches, for

the proposed MIMC.

e Chapter 4 discusses the requirement of a commutation method for the MIMC
and the drawbacks of using standard 4-step commutation solution. This chapter
also presents a new leakage inductance tolerant commutation strategy which

overcomes the drawback of the standard commutation approach.

e Chapter 5 presents the experimental validation of the proposed leakage induc-

tance tolerant commutation method on a single cell of the MIMC. The complete
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development and operation of the experimental rig comprising a single cell of

the MIMC is also discussed in this chapter.

e Chapter 6 discusses the extension of the experimental rig from a single cell to
a three-phase to single-phase MIMC. This chapter shows the open-loop experi-
mental results that validate the application of the Venturini Modulation method
and the leakage inductance tolerant commutation method for the MIMC. In ad-
dition to these, this chapter also demonstrates the feasibility of the closed-loop
current control of the MIMC using Proportional-Resonant (PR) control as well

as Modulated Model Predictive Control (M2PC).

e Chapter 7 gives an insight into the reactive power capabilities of the MIMC
when operated with Venturini modulation method. The parameters which de-
fine the reactive power limitations in a Venturini modulated MIMC are also

discussed briefly.

e Chapter 8 gives concluding remarks for the work presented in this thesis.



Chapter 2

Evolution of the Modular Isolated
Matrix Converter (MIMC)

The idea of using semiconductor devices to operate the transformer with a MF or
HF waveform leads to the concept of Power Electronic Transformer (PET) or Solid
State Transformer (SST'). The key benefit of a SST based converter topology is that
a potential reduction in volume and weight can be achieved in comparison to the con-
ventional line frequency transformer [22]. This is mainly because the size of magnetic
components is inversely proportional to the frequency of operation. In addition to
low volume and weight, the SST based converters have increased control capabilities.
This is due to the presence of semiconductor devices, with the help of which the input
and output side voltages, can be modulated and controlled as desired. Currently, the
drawback of the SST based converters is that the short-circuit current and maximum
voltage capability is limited by the semiconductor device [22,24]. However, with the
reliable operation of wide-band gap devices SiC and GaN, SST based converters are

getting more and more attention [30,45-47].

10
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The SST based converter can be fundamentally categorised into the three types:

e Three-stage AC/DC/DC/AC
e Two-stage AC/DC/AC

e Single-stage AC/AC

2.1 Three-stage AC/DC/DC/AC SST Architecture

The three-stage AC/DC/DC/AC architecture converts from AC to DC, DC to DC us-
ing MF or a HF isolation stage and then DC back to AC. The three-stage architecture
comprises of two DC-link stages, as shown in Figure 2.1. The simplest single-phase
converter topology based on the three-stage AC/DC/DC/AC SST architecture is

shown in Figure 2.2.

MF/HF _
DC Link AC Link DC Link
A — =
Sy Y C:H (O HF (D) ac
~— \ v J ~~
Converter 1 Converter 3 -DAB Converter 2

Figure 2.1: Architecture of a three-stage AC/DC/DC/AC SST

The principal operation of the single-phase, three-stage converter is carried out by
the DC/DC conversion stage, also known as Dual Active Bridge (DAB). The DAB
is composed of two voltage source converters connected via transformer. In terms
of transformer design in the DAB, a sufficient amount of the leakage inductance is
required for the power flow between the two DC voltage sources to be controlled. By
changing the sign of the phase shift between the primary and secondary side voltage
of the transformer, the direction of the current through the leakage inductance can
be controlled. The amount of phase shift between the primary and secondary voltage

of the transformer determines the amount of current through the leakage inductance
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of the transformer [48]. Therefore, the direction of active power is defined by the sign

of the phase shift, whereas its magnitude depends on the amount of phase shift [49].

The AC side H-bridges in the single-phase three-stage converter, shown in Fig-
ure 2.2, carry out the voltage regulation. Since the devices in the DAB operate
in a range of kilohertz frequency, the semiconductor devices can undergo high switch-
ing losses [50]. Soft-switching methods are being successfully employed on the DAB
converters to reduce the switching losses and increase the overall efficiency of the
three-stage AC/DC/DC/AC SST based converter [51,52] as otherwise the multiple-
stage conversion can cause reduced efficiency [3,31,32]. A two-stage SST approach
was studied in 2002 by Norrga [53,54] which comprises only one DC-link stage in the
AC/AC solution, therefore making an AC/DC/AC architecture.

2.2 Two-stage AC/DC/AC SST Architecture

In a two-stage AC/DC/AC architecture, one side of the SST utilizes a four-quadrant
switch based H-bridge to convert low frequency AC to a waveform suitable for passing
through a MF/HF transformer. The architecture for this SST approach is shown in
Figure 2.3.
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Figure 2.3: Architecture of a two-stage AC/DC/AC SST

A single-phase converter topology based on the two-stage AC/DC/AC SST architec-
ture is shown in Figure 2.4. The single-phase two-stage converter topology, which

uses a single DC-link stage, contains a Cycloconverter Based Module (CBM).
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Figure 2.4: Single-phase AC/AC converter topology based on two-stage SST archi-
tecture

The CBM controls the power flow of the AC/AC system and operates at a medium or
a high frequency [55-58|. The key challenge with this type of converter is the current
commutation in the CBM because the four-quadrant switch based H-bridge used in
the CBM lacks free-wheeling paths and therefore, a multi-step commutation approach

is required. However, the standard multi-step commutation method is no longer valid
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in the presence of the transformer leakage inductance because in this case, both sides
of the CBM behave as current sources whereas the standard commutation method
assumes voltage source on one side and a current source on the other. The standard
commutation method can only be applied if the transformer leakage inductance is
minimised. Therefore, the specifications of the transformer in this type of converter
topology are different as opposed to the DAB in the three-stage topology, shown
in Figure 2.2, where a sufficient amount of the leakage inductance is required for
the power flow control between the two DC voltage sources. The four-quadrant
switch based H-bridge in the two-stage converter topology can achieve complete soft-
switching therefore, reducing the switching losses [53,54]. However, to reduce the
conduction losses, only two switches in the four-quadrant switch based H-bridge can

be turned on during the zero voltage state [59].

A third type of AC/AC SST architecture is also possible in which no DC-link stage
is required. This therefore allows achieving a compact design by undergoing a direct

single-stage AC/AC conversion in comparison to the other two SST architectures.

2.3 Single-stage AC/AC SST Architecture

The single-stage AC/AC SST architecture, also known as matrix-type SST [42], di-
rectly generates the medium or high frequency AC waveform at the transformer from
a low frequency AC waveform with the help of four-quadrant switches. The architec-

ture of the single-stage AC/AC SST is shown in Figure 2.5.

The concept of the single-stage AC/AC SST architecture was introduced first by Mc-
Murray in 1968 [44]. In late seventies, Espelage presented analysis and design of 50kW
thyristor based isolated single-stage AC/AC conversion system [60]. However, due to
semiconductor technological limitations, the idea gained limited research attention at
that time. The large turn-off times of the thyristors caused restricted frequency at
the transformer eventually leading to only limited improvements in size and weight

of the transformer.
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Figure 2.5: Architecture of a single-stage AC/AC SST

With the availability of MOSFETSs and IGBTs, a 20kHz isolated single-stage AC/AC
conversion was made possible in 1986 [61]. In the subsequent decades, various isolated
single-phase AC/AC topologies based on single-stage SST architecture were presented
[33,41,62-67]. Out of these topologies the single-phase AC/AC, also referred as full
bridge-full bridge type [62,66], is particularly attractive due to symmetrical nature
which can be helpful in scalability of the power level. Figure 2.6 shows the single-phase
AC/AC converter topology based on the single-stage AC/AC SST architecture.

The work on the single-phase AC/AC converter topology has received contributions in
the modulation methods with voltage mode uni-polar and bi-polar modulation meth-
ods presented in [63] and [64], respectively and a current mode modulation method
presented in [62]. With voltage source at the one side of the converter and current
source at the other side, the transformer has to have minimum leakage inductance.
In this regard, previous research on the commutation method for single-phase single-
stage AC/AC converter assumes zero-leakage inductance in the transformer [65, 66].
However this assumption is not valid in reality as even with interleaved windings [68]
it is not always possible to have adequate control over the leakage inductance of the
transformer due to cost and design constraints. In this thesis, a practical current
commutation is proposed for the single-phase single-stage AC/AC converter which
does not rely on zero leakage inductance in the transformer, thus allowing standard

transformer designs with non-negligible leakage inductance.



2.3. SINGLE-STAGE AC/AC SST ARCHITECTURE 16

AC/AC
AC/AC AC Link —

’,
SN <3

T
Al i
%ék %KH% %gﬁ % ﬁ

Figure 2.6: Single-phase AC/AC converter topology based on single-stage SST archi-
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The single-phase single-stage AC/AC converter has restricted applications as the
output frequency must always match the input one [24,42]. For example, with the
single-phase AC/AC converter [65,66] it is impossible to generate 60Hz output from
50Hz input. Intuitively, the reason why the single-phase AC/AC converter fails to
achieve the output frequency adaptation, is that the voltage that can be generated at
the output is limited by the instantaneous value of the input voltage. This problem
can be solved by using the concept of Direct Matrix Converter that achieves output
frequency decoupling by utilising a three phase balanced voltage supply at the input
side such as presented in a three-phase AC/AC converter topologies [1-5,32,38-41].
The three-phase single-stage converter topology, presented in [2], is referred to as
the push-pull topology in literature. The push-pull topology suffers from the current
commutation problem in the presence of transformer leakage inductances and requires
clamp circuits at the input side to dissipate the energy stored in leakage inductances

whenever current commutation occurs [38].

An improved version of the push-pull topology, which does not require clamp circuits,
was presented in [1] and is shown in Figure 2.7. The three-phase single-stage topol-
ogy, shown in Figure 2.7, operates by generating 50 % duty HF waveform at the

transformer with the help of input side switches S; and Sj;, where j = a,b,c. The
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switches S;, S;1 operate in complementary manner. Note that the switches S, and
S,1 are double pole single throw switches which operate synchronously with the input
switches S;, Sji1. The secondary sides of the transformers are connected to a Direct
Matrix Converter which uses the pulse-width modulation to generate a three phase
output. The voltage transfer ratio in this topology is limited to 0.866N, where N is

the turns-ratio of the transformer.

.

Va s, Matrix Converter

,___ ___;_/_._/ _______
//
//

S BN

VC Scl
n

Va Vb Vc

Figure 2.7: Three-phase single-stage SST based AC/AC converter topology with half-
bridges at input side [1]

Another three-phase single-stage AC/AC converter topology, shown in Figure 2.8,
which uses full bridges on the input side to generate a 50 % duty HF waveform was
also presented [2]. The secondary sides of the transformers in the topology, shown
in Figure 2.8, are connected to a Direct Matrix Converter and operates similarly to
the topology shown in Figure 2.7. However, in this topology the total number of
switches increase to 42 switches which is higher than that of the topology, shown in
Figure 2.7. The voltage transfer ratio of the topology, shown in Figure 2.8, is 1.5N

where N represents the transformer turns-ratio.
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Figure 2.8: Three-phase single-stage SST based AC/AC converter topology with full-
bridges at input side [2]

In order to achieve three-phase to three-phase single-stage AC/AC conversion with
a reduced number of switches, a three-phase single-stage AC/AC converter topology,
shown in Figure 2.9, was presented [4]. This topology uses a HF single-phase trans-
former and the main benefit of this topology is reduced switch count because the total
number of switches is 24. In addition to this, there is a possibility of achieving a loss-
less current commutation in presence of the transformer leakage inductance [3]. A
parallel-resonant version of the topology, shown in Figure 2.9, has also been studied [5]
by addition of a capacitor in parallel to the secondary winding of the transformer.
However, the key disadvantage of the topologies, presented in [2-5,38,39], is the lack
of a modular, flexible and symmetrical structure and thus, the scalability to higher
power levels is not obvious which will compromise the requirements of the future

power network including scalability, flexibility and redundancy [28,42].



2.3. SINGLE-STAGE AC/AC SST ARCHITECTURE 19

L -
o

n

7o

\ \
L ! [
: )

P

Figure 2.9: Three-phase single-stage SST based AC/AC converter topology with
reduced switch count [3-5]

2.3.1 A Modular Isolated Matrix Converter (MIMC)

A modular three-phase single-stage AC/AC conversion solution can be achieved by
exploiting the symmetrical nature of the single-phase AC/AC converter. This the-
sis proposes a three-phase modular single-stage AC/AC SST solution, as shown in
Figure 2.10, which is obtained with an arrangement of nine independent single-phase
single-stage AC/AC converters. The proposed converter uses the single-phase single-
stage AC/AC converter as a basic building block or a cell. In this way, the proposed
converter gains modularity within the structure because each cell is symmetrical. The
proposed converter topology has higher switch count but increased redundancy, flexi-
bility and modularity is expected to compensate for the potential disadvantage. Each
cell in the proposed converter is connected in series at the output side to achieve the
input-output frequency decoupling using Direct Matrix Converter modulation meth-
ods. Based on the concept of the evolution, proposed converter has been named as
Modular Isolated Matrix Converter (MIMC). The comparison of the MIMC with the

other isolated AC/AC conversion solutions in presented in Table 2.1.
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Figure 2.10: A three-phase Modular Isolated AC/AC Matrix Converter (MIMC)
based on single-stage SST architecture
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2.4 Conclusions

The concept of embedding the isolation stage within the power electronic converter to
achieve high power density and controllability, despite the wide range of applications
and ratings, is referred universally to as a Solid State Transformer (SST). Based
on the architecture, the AC/AC SST solutions can be divided into a total of three
types including three-stage AC/DC/DC/AC, two-stage AC/DC/AC and single-stage
AC/AC. The single-stage AC/AC, also known as matrix-type SST, can achieve a high
power density and reliability when compared with the other two SST approaches due
to the absence of DC-link capacitors. Within the single-stage architecture, the single-
phase single-stage AC/AC converter is particularly important due to symmetrical
nature that be exploited by using it as the basic building block in obtaining an
isolated modular AC/AC solution. This chapter proposes a new Modular Isolated
Matrix Converter (MIMC) topology formed by an arrangement of the single-phase
single-stage AC/AC converters in accordance with the concepts of Direct Matrix

Converter.



Chapter 3

Modulation Methods

3.1 Introduction

The MIMC topology, shown in Figure 3.1, is an extension of Direct Matrix Converter
to an isolated case with additional switching states. To clearly show this, the Direct
Matrix Converter comprising nine four-quadrant switches is shown in Figure 3.2. At
any time each of the output phases can be directly connected to any of the input
phases therefore, giving only three possible switching states per output generating
either Vj, = Vy; or Vj, = Vg or Vj, = Vi;. The MIMC can also generate these
voltages at its output just like the Direct Matrix Converter however, additionally it
can generate the inverse of the input voltages as well i.e. Vj, = —Vy; or Vj, = —Vp; or
Vo = —Vi; this is because a single-cell in the MIMC is analogous to a four-quadrant
switch in the Direct Matrix Converter. The series connection on the output side of

the MIMC further increases the possible output voltages.

23
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Figure 3.1: A three-phase to three-phase Modular Isolated Matrix Converter (MIMC)

Similar to the Direct Matrix Converter, it is assumed that one side in the MIMC
behaves as a voltage source while the other side behaves as a current source. Therefore

the modulation strategies of the standard Direct Matrix Converter can be adapted
for the MIMC.

The first step in development of the modulation techniques is the identification of
all the possible switch states available in the MIMC topology which means that
all the states must respect the following two constraints. In case either of the listed
constraints are not valid, the semiconductor devices can undergo catastrophic damage

[69,70] which will eventually lead to converter failure.

e Input voltage source must not be short circuited.

e Output current source must not open circuited.
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Figure 3.2: A three-phase to three-phase Direct Matrix Converter

To be able to determine all the possible switch states for the MIMC shown in Fig-

ure 3.1, consider a generalised three-phase to single-phase section of the MIMC, as

shown in Figure 3.3. The three-phase to single-phase section of the MIMC has a

voltage source at the input side, current source at the output side and an ideal MF

transformer. The generic Modulation State (MS) matrices for the input and output

side bridges can be defined as:

MSki; =

MSKoj =

SwKcij

| Szkij

SWKoj

L SZKoj

Sy Kij ] (3.1)
SxKij
SY Koj ] (3.2)
SXKoj
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In (3.1) and (3.2), ‘" denotes the input side, ‘o’ the output side, ‘K’ the three input

phases with K = A, B,C and ‘j’ the three output phases with j = a,b,c. Subse-

quently, to respect the mentioned constraints, i.e. the input voltage sources cannot be

short circuited and that the output current sources cannot be open circuited during

operation [71], the feasible MS matrices can be expressed as shown in (3.3) and (3.4),

respectively. M S; and M S, are two active MS matrices whereas M .Sy is a zero MS

matrix. It is important to mention that the zero state can be implemented with two

different MS matrices however either of these have the same effect on the modulation

waveforms.
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[1 0] [0 1]
MS, =  MSy = (3.3)
0 1 10
MS():[O 0]07“[1 1] (3.4)
11 00

Most of the modulation techniques, including both scalar and vector modulations, can
be derived by using the listed three basic modulation states i.e. M .Sy, M .Sy and M Sy
given in (3.3)-(3.4). For example when the modulation state matrix M S; is applied
to both the input and the output bridges of a generic cell of the MIMC then the cell’s
output voltage in terms of its input voltage can be written as Vk,; = Vi;. Although,
the modulation methods which are applicable to a Direct Matrix Converter can be
extended in order to be applicable to the MIMC. However, for the sake of simplicity
the Venturini Modulation Method, which is a type of scalar modulation method, will
be applied to the MIMC first.

3.2 Venturini Modulation

The Venturini Modulation method [72], presented in 1988 by Alesina and Venturini,
was an early solution for solving the problem of modulation in direct AC/AC convert-
ers. The method formulates the expressions for the duty cycles of the switches of a
Matrix Converter to generate, from a three-phase sine-wave input with a fundamental
frequency of f;, a three-phase output with a frequency of f, [72]. This method solved
the modulation problem by formulating the duty cycle Dg; expression given in (3.5).
The maximum value of the voltage regulation ratio achieved with this method is lim-
ited to 0.5 however, the voltage regulation ratio can be increased by third-harmonic
injection scheme which was also presented by Alesina and Venturini and has been

discussed in Section 3.4.

Note that the duty cycle Dy, expression, shown in (3.5), is valid for a fixed input

power factor of unity, however the input power factor can be varied by using another
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modulation solution which will be presented in Chapter 7. When duty cycle D,
given in (3.5), is applied to the topology, shown in Figure 3.3, Vi; with K = A, B,C
are the three-phase input voltages and Vj, with j = a, b, ¢ are the three-phase output
voltages. These can be expressed by (3.6) and (3.7), respectively where V,, is the

input voltage amplitude and ¢ is the voltage transfer ratio.

1 2 ViiVs,
Dicj = 5 (1 + TQJ) (3.5)
Vi = Vi sin (wit + ¢k ) (3.6)
Vie = qVim sin (wot + ¢;) (3.7)

Due to the presence of MF transformers in the MIMC, the basic operation of the
converter can be achieved by first converting the low frequency input voltage Vi;
into a 50% duty cycle MF frequency voltage waveform at the transformers and then
modulating the output side bridges to generate a low frequency output voltage Vj, by
implementing the duty cycle (3.5). The Matrix Converter duty cycle, given in (3.5),
can be directly applied to the MIMC because, similar to the Direct Matrix Converter,
any one of the three phase input voltages can be selected for any duration to appear

at the output.

The 50% duty cycle MF frequency voltage waveform at the transformer can be
achieved by simply flipping the input voltage at the switching frequency fs,. This is
equivalent to implementing the switching function (3.8) on all the input side bridges
of the MIMC. In equation (3.8), Ts is the switching period where n represents the
number of the switching period, thus n = 0,1,2,...,00. Considering the first period
with n = 0, the steady-state M.S; will be applied for the first half of the switching
period, from 0 to 0.57s, making Vrg; = Vik; true. Whereas steady-state M Sy for
the other half of switching period, from 0.57s to Ts, making Vrg; = —Vik; true and
therefore generating a 50% duty cycle MF waveform at the transformer. Note that
(3.8) is applicable to all the input side bridges of the MIMC, therefore all the input

side bridges of the MIMC are switched synchronously. However, this is not a strict
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requirement and different phases could be flipped at different times without affecting

the average components of the modulated waveforms.

VK M Skij Interval
Vi MS,; nlyg <t < 05<TS -+ TLTS) (38)
—Viki M Sy 0.5(TS + TLTS) <t< (TS + TZTS>

A 50% duty cycle waveform at the transformer has been selected as it minimises the
peak flux and will eventually reduce the core area A. of the MF transformer. The
required core area A, is related to the transformer voltage Vrg; by the expression

given in (3.9) where N is the number of turns and BM4X

is the maximum flux density.
The core area A, for various duty cycle voltage waveforms at the transformer were
computed and the corresponding value of required core area A, is shown in Figure 3.4.
It can be seen from Figure 3.4 that the core area A, is higher for duty cycles other
than 0.5. The reason for increased core area requirement at the duty cycles other than
0.5 is presence of the low-frequency components in the transformer voltage Vig;(t)
leading to increased flux-swing when moving away from the duty cycle of 0.5. Note
that in Figure 3.4 the core area A. is normalised with respect to the minimum value

of core area A MY which is at a duty cycle of 0.5. Therefore, a 50% duty cycle

voltage waveform was selected as it minimises the size of the MF transformers.

1
A= e / Virrey (£)dt (3.9)

Note that the harmonic spectrum of the 50% duty cycle MF voltage waveform is essen-
tial for the practical design of MF transformer as the core area of the MF transformer
A. must be capable of accommodating the fundamental as well as harmonics present
in the voltage applied to it. The expression for the transformer voltage Vig;(t),
shown in (3.10), can be obtained as a product of the square-wave function (3.8) and
the input voltage Vi;(t) (3.6). A detailed discussion on the determination of the core

area A, from the transformer voltage Vrg; is shown in Section 5.1.6 of Chapter 5
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Figure 3.4: The relationship between the duty cycle of the voltage waveform at MF
transformer and the core area A. of the MF transformer

because the core area A. is not required from the modulation’s perspective which

assumes an ideal-transformer.

o0

Vi (t) = % Z 1 (cos (nwst — wit — ) — cos (nwst + wit + ¢))  (3.10)

n=1,3,5,...

In order to generate the voltage Vj, (3.7) at the output of the MIMC, the output side
bridges must be modulated to implement equation (3.5) and the duty cycles Dy ; must
be arranged in the pattern shown in Figure 3.5, as defined by the Venturini Modula-
tion method. This arrangement of the duty cycles can be achieved by implementing
the switching functions shown in (3.11)-(3.13) on the top, middle and bottom cells
of the topology shown in Figure 3.3. Note that these switching functions are gener-

alised expressions that are valid for the complete three-phase to three-phase MIMC.
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The switching functions for the three-phase output can be obtained by substituting
Jj =a,b,cin (3.11)-(3.13) for output phase a, phase b and phase ¢, respectively.

DyTs | DyTs | DgTs
<

Figure 3.5: The arrangement of the duty cycles defined by the Venturini Modulation
method

Vaoj | MSao; Interval Condition
Vi M S, nTs <t < Duj(Ts+ nTs) Dy <0.5
0 M S, D4j(Ts +nTs) <t < (Ts+nTy) (3.11)
Vi MS, nTs <t <0.5(Ts+nTs)
Vi MS, 0.5(Ts +nTs) <t < Dyu(Ts +nTys) Dy; > 0.5
0 MS, D4j(Ts +nTs) <t < (Ts+nTy)
VBoj M Spo; Interval Condition
0 MS, nTs <t < Dyj(Ts +nTs)
Vi M S, D4ij(Ts +nTs) <t <0.5(Ts +nTy) Dy <0.5
Vi MS, 0.5(Ts +nTs) <t < (Du;+ Dpj)(Ts +nTys) < (Da; + Dg;)
0 MS, (Daj+ Dpj)(Ts +nTs) <t < (Ts+nTy)
0 MS, nTs <t < Da;j(Ts +nTs) 0.5 < Dy,
Vi MS, Daj(Ts+nTs) <t < (Daj+ Dp;)(Ts + nTs)
0 MS, (Daj+ Dpo)(Ts +nTs) <t < (Ts+nTs)
0 MS, nTs <t < Dyj(Ts+nTs) (Daj + Dgj)
VB M S, Daj(Ts +nTs) <t < (Daj+ Dp;)(Ts + nTs) <0.5
0 MS, (Daj+ Dpj)(Ts +nTs) <t < (Ts+nTy)

(3.12)
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Veoj M Sco; Interval Condition
0 M Sy nTs <t < (Daj+ Dgj)(Ts + nTys) (Daj + Dgj)
Ve MS, (Daj+ Dpj)(Ts +nTs) <t <0.5(Ts +nTs) <0.5
Ve MS, 0.5(Ts + nTs) <t < (Ts +nTs)
0 MS, nTs <t < (Daj+ Dg;)(Ts +nTs) (Daj + Dgj)
Ve M S, (Daj+ Dpj)(Ts +nTs) <t < (Ts+nTy) > 0.5
(3.13)

To show the waveforms as a result of the switching functions shown in (3.8), (3.11)-
(3.13), the theoretical voltage waveforms within the top-cell are shown in Figure 3.6.
It can be seen from Figure 3.6(b) that the low frequency input voltage Vi; is con-
verted to a transformer-suitable 50% duty-cycle MF voltage waveform as a result of

implementation of function (3.8) on input side bridge of top-cell.
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Figure 3.6: Theoretical voltage waveforms in the top-cell as a result of the Venturini
Modulation (a) Input voltage V4, (b) Transformer voltage Vra, (¢) Output voltage
VAoa
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The output voltage Va,q, shown in Figure 3.6(c), is obtained by applying (3.11) to
the output side bridge of the cell. To demonstrate how the modulation states can
be applied using (3.11), a zoomed view of Figure 3.6, focussing on several switching
periods Ty, is shown in Figure 3.7. In Figure 3.7, the modulation states have been
represented by input and output MS matrices in form M Sg;; M Sk,; where K = A
and j = a therefore making M S, M S40,. It can be seen from the single switching
period Tg, highlighted in Figure 3.7, that the value of duty cycle TsD4, > 0.5T%
which satisfies the condition D, > 0.5 of the switching function (3.11) for output
bridge of the top-cell. As the condition D4, > 0.5 is true in (3.11), there are three

intervals within the said condition.
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Figure 3.7: A zoomed view of Figure 3.6, focussing on a single switching period Tg
(a) Input voltage Vy; (b) Transformer voltage V4, (¢) Output voltage Ve,

For the first interval 0 <t < 0.5Tg, the modulation state of the output bridge is
MSa,, = MS, while during the same interval i.e. 0 <t < 0.5Tg, the modulation
state of the input bridge using (3.8) is M Sa;, = M.S; therefore the top-cell is ap-
plying the modulation states MSa;MSa,e = MS1MS;. For the second interval
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0.5Tg <t < Dy;Ts, the modulation state of the output bridge becomes MS4,, =
M S5 and that of the input bridge becomes MS4;,, = MJSs therefore, the modu-
lation states MSaiaMSp0a = MS3MSs are being applied. For the third interval
DyjTs <t <Tg, the output side bridge applies the zero state i.e. MS4,a = MS
while the modulation state of the input side bridge is MSa;,, = M Sy according to
(3.8). Thus the top-cell is applying the modulation states M.S4;o M S0 = M SoM Sy
in the third interval. The same sequence of modulation states of input and out-
put bridges which is M .S} M S, (first interval), M .Sy M S, (second interval), M Sy M .S
(third interval) can also be seen in Figure 3.7, confirming that the theoretical wave-

forms are in accordance with the defined switching functions given in (3.8) and (3.11).

In a similar manner, the switching function (3.12) will be applied to the output
bridge of the middle-cell. For instance if the first condition Dy, < 0.5 < (Dy, +
Dpg,) is true in (3.12) then there a total of 4 possible intervals within this condition.
The steady-state M .Sy will be applied for the first interval 0 <t < D4,Ts making
MSBoa = MSy and the steady-state MS; will be applied for the second interval
Dy Ts <t <0.5Ts making MSg,, = MS;. The steady-state M.S, for the third
interval 0.5Ts < t < (Daq + Dpa)Ts making M Sp,, = M S5 and again M Sy for fourth
interval (Da, + Dpo)Ts < t < Ts making M Sg,, = MSy. The other conditions and
interval of all the switching functions in (3.11)-(3.13) can be interpreted following
the discussed approach. The theoretical voltage waveforms at the terminals of the
three-phase to single-phase MIMC, as a result of discussed switching functions, are

shown in Figure 3.8.

Figure 3.8(a)-(c), shows the output voltages Vi,, of individual cells where K =
A, B, C for the top, middle and bottom cell, respectively. It is important to note
that the final output voltage V,,, shown in Figure 3.8(d), is the sum of cell output
voltages Vi, due to a series connection at the output side of the MIMC as shown in
Figure 3.3 and follows equation (3.14). This can be validated by observing a single
switching period Ts shown in Figure 3.9. In addition to this, it can also be seen from
Figure 3.9 that the duty cycles Da,, Dpas, Dc, are arranged in the pattern shown in

Figure 3.5 and are therefore in accordance with the Venturini Modulation.
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Figure 3.8: Theoretical voltage waveforms in the three-phase to three-phase MIMC
as a result of the Venturini Modulation. (a)-(c) Input and output voltages of the cells
Vi and Vigoe. (d) Total output voltage V,,. (e) Phase-phase output voltage V.

V}O = Z VKoj = VAO]‘ + VBoj + VCoj (3.14)

K=A,B,C

It can be seen from Figure 3.9 that output voltage of the top-cell V,4,, equals the input
voltage Vy; for the interval 0 <t < D,4,Ts and is zero for the rest of the switching
period i.e. Dy, Ts <t < Tg. Therefore the switching function of the final output
voltage Vj, can be expressed as (3.15), where n = 0,1,2,...,00 is the number of

switching period and j = a, b, ¢ represents the output phases of the MIMC.
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Figure 3.9: A single switching period T of voltages at the output of MIMC, showing
the arrangement of duty cycles Dg,. (a)-(c) Input and output voltages of the cells
Vii and Vi,q. (d) Total output voltage V,, of (3.7).

( Voltage Interval
V= Vi nTs <t < Daj(Ts +nTs)
Vi Daj(Ts +nTs) <t < (Daj+ Dg;) (Ts +nTys)
\ Vi (Daj+ Dpj) (Ts +nTs) <t < (Ts+nTy)

(3.15)

Note that harmonic spectrum of the final output voltage Vj, is same as of a standard

Direct Matrix Converter which can be obtained by following the analytical approach

discussed in [73]. However, to validate the application of the Venturini Modulation it

is essential to determine how the individual cells are contributing towards generating

a single frequency f, sinusoidal waveform given in (3.7). This can simply be achieved

by neglecting the switching components and determining time domain expressions for

the cell’s output voltage Vic,;(1).
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The output voltage Vi,;(t) of the cell which connects K input with j output can
be denoted as a function of corresponding duty cycle Dg;(t) and the input voltage
Viki(t), as shown in (3.16). Substitution of Vi;(t) and Dkg;(t) from (3.6) and (3.5),
respectively into (3.16), results in equation (3.17). After trigonometric simplification,
(3.17) can be expressed as (3.18). Since, ¢ = 0,—2, -2 for K = A, B,C. For

a balanced three-phase system the cell’s output voltage Vi,;(t) can then finally be

expressed as shown in (3.19).

Vicoj (1) = Vii(t) Dic;(t) (3.16)
Vioj (t) = % sin (w;t + ¢k ) [1 + 2 gsin (wit + ¢x) sin (wot + ¢;)] (3.17)
Vioj (1) :% sin (wot + ¢;) + % sin (w;t + o) +
3 3 (3.18)
qu [sin (2wit + 20k — wot — ¢;) — sin (2wit + 2¢x + wot + ¢;)]
Vioj (t) :ﬁ sin (wit + o) + @Vm sin (wot + ¢;) +
5%/ 3 (3.19)
qu [sin (2wt — wot — P — @) — sin (2wit + wot — Pk + ¢;)]

According to (3.14), the final output voltage is the sum of individual cell voltages,
therefore the time domain expression for Vi,; can be summed for K = A, B,C as
shown in (3.22). From (3.22), it can be seen that the components are at frequencies
of wit ,wot, 2w;t + w,t and 2w;t — w,t. Note that the components at frequencies w;t,
2w;t + wot and 2w;t — w,t have a phase difference of %’r and for a balanced system
the components will be cancelled therefore leaving only a single component at w,, as
shown in (3.23). Note that the equation (3.23) confirms that the applicability of the
Venturini Modulation to the MIMC.

Vit) = > Vicos (1) (3.20)

K=A,B,C
Violt) = Viaag (1) + Virog () + Ve (1) (3.21)
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2
Vie (t) = qVi sin (wot + ¢;) + % sin (w;t) + % sin <wﬂf — g) +

Vi . 4 Vin .
o sin <wit — ?ﬁ) + qT sin (2wt — wot — ¢;) +

Vin 2 Vi . 4
qT sin (2wit — Wl — milig gbj) + qT sin (sz-t — Wt — ?ﬂ — gb]) — (3.22)

3
Vin . Vin . 2
qT sin (2w;t + wot — P + ¢;) — QT sin (QWit + wot — ?ﬂ - ¢j) -
Vin . 4
qT sin (Qwit + wot — % — ¢j)
Vio (t) = qVp sin (wot + ;) (3.23)

Using the expression for the final output voltage Vj,(t) (3.23), the time domain ex-
pressions for output current I,,(¢) and input current Ix;(t) can also be derived. For
an RL load at the output of the MIMC, the output current [;,(t) is given by (3.24).
In equation (3.24), |Zjpaa| and ¢, denote the impedance and phase of the output
load respectively. In a analogous manner to the voltage, the input current Iy;;(t) of
single-cell which connects K input with j* output can be denoted as a function
of corresponding duty cycle Dg;(t) and the output current 1;,(¢) as shown in (3.29).
The total input current Iy;(t) of phase K can be denoted by the sum of current
Iki;(t) over j = a,b, c as shown in (3.30). The expression for the input current Ix; (%),
shown in (3.32), can be simplified as shown in (3.33) because the components at w,t,

2w,t — w;t, 2w,t + w;t cancel due to the phase difference of 2?”

L, (t) = 4V sin (wot + ¢ — ¢o) (3.24)
‘Zload‘

|Zload| = R? + (WOL)Za gbo = tan_l (WZO%L) (325)

Iiij (t) = Ljo (t) D (1) (3.26)

4V
3 ‘Zload’

Ireis (1) sin (wWot 4+ ¢ — o) [1 + 2¢sin (wit + @) sin (wot + ¢5)]  (3.27)
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2

(3.28)

o)]
(3.29)

(3.30)

(3.31)

qVin
I (t) = 31 Zu] sin (wot + ¢; — o) + 3 |Zload| sin (w;t + ¢k ) cos (o) +
q*V,
612 i | [sin (2wot — wit — dx + 2¢; — @) — sin (2wt + wit + P + 2¢; — @)
load
qv; 2
Iii (1) = ™ sin (wot + ¢; — b, sin (w;t + cos (¢,
Kij ( ) 3|Zload| ( (b] ¢ ) 3|Zload| ( (bK) <¢ )
Vi
[sin (2wot — wit — ¢ — Pj — ¢p) — sin (2w,t + wit + dx — P; —
6 |Zload|
Ikz Z [sz
j=a,b,c
Iii(t) = Ikia(t) + Tiein(t) + Ikic(t)
2
I () = —— sin (w;t + cos (¢, sin (w,t o) +
K ( ) |Zload| ( ¢K) (¢ ) 3 |Zload| ( ¢ )
qVim 2m ) qVim ( AT )
sin [ w,t — — — + sin | w,t — — — ¢, | +
3 ‘Zload‘ ( 3 ¢ 3 ‘Zload’ 3 ¢
Vi

| 2
sin (2w,t — wit — ¢x — ¢o) + sin (Zwot —wit—dx + L g,

)

6 |Zload‘
2 - r 4
¢V sin (Qwot —wit — o + —W — ¢o> — sin (2wt + wit + ¢x — ¢0)] —
6 |Zload‘ L
v, 1 2 4
¢V sin 2wot+wlt+¢K+—W—q§o + sin 2wot+wlt+¢K+—W—¢o
6 |Zload| L 3 3
(3.32)
2
Vm o .
Ixi () = %"SFW sin (wit + ox) (3.33)
load

The theoretical expressions for the cell’s output voltage Vi,;, final output voltage Vj,,

cell’s input current /g;; and final input current Ix; must be validated. In order to

validate that the expressions hold true, the switching functions shown in (3.8), (3.11)-

(3.13) were implemented in PLECS and the harmonic spectrum of top-cell’s output

voltage Vi is shown in Figure 3.10. The parameters used in PLECS simulation are

listed in Table 3.1. Note that in Figure 3.10, the magnitudes of the components are

displayed as percentage of the peak value of the input voltage V.

It can be seen
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Table 3.1: PLECS simulation parameters

Parameter Symbol Value
Input Voltage Amplitude Vin 200 V(PEAK)
Input Frequency fi 50 Hz
Output Frequency fo 60 Hz
Voltage Regulation Ratio q 0.5
Transformer Turn Ratio N 1
Load Resistance R 10 ©
Load Inductance L 10 mH

from Figure 3.10 that the components are at 40 Hz (2w; — w,), 50 Hz (w;), 60 Hz
(wo) and 160 Hz (2w; + w,) and are having magnitudes 8.25 % ( £22), 33.3 % (%),
16.5 % (22=) and 8.25 % (£22), respectively. Therefore, the harmonic spectrum of the
top-cell’s output voltage Vi, is in accordance with the expression shown in (3.19).

The harmonic spectrum of all the cells in the MIMC are same to Figure 3.10.
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Figure 3.10: Harmonic spectrum of the cell’s output voltage Vi, as a result of the
Venturini Modulation
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The harmonic spectrum of the final output voltage Vj, must be observed to confirm
that the components other than the component at w, are eliminated. In this regard,
the spectrum of V,, is shown in Figure 3.11. It can be clearly seen that the com-
ponents, other than that at the output frequency f,, are cancelled which validates
(3.23) that frequency adaptation is achieved by employing the switching functions
(3.8), (3.11)-(3.13) on the MIMC. It can also be seen from Figure 3.11 that the maxi-
mum voltage regulation ratio achieved using the Venturini Modulation method is 0.5
as the magnitude of the fundamental component at f,=60 Hz is 50% of the peak

value of the input voltage V.
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Figure 3.11: Harmonic spectrum of the final voltage V,, as a result of the Venturini
Modulation

The harmonic spectrum of the cell’s input current y;; is shown in Figure 3.12 which
validates that the components in current are in accordance with the expression shown
in (3.29). All the components in Figure 3.12, except the one at the input frequency f;,
will be cancelled in the final input current I;. To validate this, harmonic spectrum of

final input current Ig;, obtained through PLECS simulation, is shown in Figure 3.13.
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Figure 3.12: Harmonic spectrum of the cell’s input current I4;; as a result of the
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The harmonic spectrums shown in Figure 3.10-3.13 have proved that the application
of the Venturini Modulation method to the MIMC and that a voltage regulation
ratio of 0.5 can be achieved. However, due to the availability of a large number
of switches in the MIMC, the bridges can also be modulated in a way to increase
voltage regulation ratio from 0.5 to unity. This will require a modification of the
switching functions implementing the Venturini Modulation which will be explained

in Section 3.3.
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3.3 Double Venturini Modulation

The Venturini Modulation method applied to the MIMC can be extended to achieve
a maximum voltage regulation ratio of unity. The extended version of the Venturini
Modulation method, which will cause a two-fold increase in the voltage regulation
ratio, has been named the ‘Double Venturini Modulation’” method. Note that this
two-fold increase in the voltage regulation is peculiar to the MIMC only and can not
be achieved in the Direct Matrix Converter due to the limited number of possible

output voltages.

From the Venturini Modulation method, it can be seen that at a time ¢ only a single-
cell is connected to the output. For example, if the top-cell of the MIMC, shown in
Figure 3.3, is ON then the other two cells are being by-passed making the output
voltage V;, = V4,. However, if the middle and bottom cells are not by-passed and
instead modulated to generate —Vpg; and —V(; in this case then the output voltage
Vie = Vai — Vi — Vi will lead to Vj, = 2Vy; with a balanced system. Therefore,
the Double Venturini Modulation method exploits the benefit of having a three-phase
balanced system to increase the voltage transfer ratio. To implement Double Venturini
Modulation on the MIMC, the switching functions of the output side bridges, shown
in (3.11)-(3.13), require adaptation. The modified switching functions are shown in

(3.34)-(3.36).

Vaoj M S p0; Interval Condition

Vi M S, nTs <t < Duj(Ts+ nTs)

—Vai MS, Dyj(Ts +nTs) <t <05(Ts+nls) | Da; <05

—Vai M S, 0.5(Ts + nTs) <t < (Ts+nTs) (3.34)
Vi M S, nTs <t <0.5(Ts+nTs)

Vai MS, 0.5(Ts +nTs) <t < Dyj(Ts+nTs) | Dy >0.5

—Vai MS, Daj(Ts +nTs) <t < (Ts+nTs)
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VBoj M Spo; Interval Condition
—Vai M S, nTs <t < Daj(Ts +nTys)

Vi M S, D4;(Ts +nTs) <t <0.5(Ts +nTs) Dy; <0.5

Vi M S, 0.5(Ts +nTs) <t < (Du;+ Dg;j)(Ts +nTs) < (Da; + Dg;)
— Vg MS, (Daj+ Dpj)(Ts+nTs) <t < (Tg+nTs)

—Vgi M S5 nTs <t <0.5(Ts + nTs)
—Vgi M Sy 0.5(Ts +nTs) <t < Dy(Ts +nTys) 0.5 < Dy;

Vi M S D4j(Ts +nTs) <t < (Daj+ Dpj)(Ts+nTys)

—Vgi MS, (Daj + Dpo)(Ts +nTs) <t < (Ts+nTs)
—Vai MS, nTs <t < Duj(Ts+ nTs)

Vi M S, D4j(Ts +nTs) <t < (Daj+ Dp;j)(Ts+nTs) (Daj + Dgj)
—Vgi M S, (Daj + Dpj)(Ts +nTs) <t <0.5(Ts +nTs) <0.5
—Vgi M S, 0.5(Ts +nTs) <t < (Ts+nTs)

(3.35)

Veoj M Sco; Interval Condition

— Ve M S, nTs <t < (Daj+ Dp;j)(Ts +nTy) (Daj + Dgj)

Vei M S (Daj+ Dpj)(Ts +nTs) <t <0.5(Ts +nTs) <0.5

Ve M S, 0.5(Ts + nTs) <t < (Ts +nTs)

—Vei M S, nTs <t <0.5(Ts + nTs)

Vi M S, 0.5(Ts +nTs) <t < (Daj + Dpj)(Ts +nTys) (Daj + Dgj)

Ve M S, (Daj+ Dpj)(Ts +nTs) <t < (Ts +nTys) > 0.5
(3.36)

It is important to note that the waveforms for the Double Venturini Modulation

method will be different than those obtained with Venturini Modulation. Figure 3.14

show the waveforms within a top-cell of the MIMC. From Figure 3.14, it can be seen

that the output voltage of cell Vi,, is bipolar when compared with the waveform

in Figure 3.6, which also indicates that the Double Venturini Modulation employs

active steady-states only with no zero states. A zoomed view of Figure 3.14 is shown

in Figure 3.15 to highlight which steady-states are employed and that these states

are in accordance with the switching function shown in (3.34).
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Figure 3.14: Theoretical voltage waveforms in the top-cell as a result of the Double
Venturini Modulation: (a) Input voltage Vy;. (b) Transformer voltage Via,. (d)
Output voltage Vpq.

During the single switching period T, shown in Figure 3.15, the duty cycle Dy, <
0.5. Therefore, the first condition of equation (3.34) becomes valid and the states
MSi, MSy and MS, are applied for intervals 0 <t < Dy;Ts, DyjTs < t < 0.5T5
and 0.5Ts <t < Tg, respectively in the output bridge of the top-cell. Note that the
switching functions of the input side bridges remain the same as defined in (3.8)
for the Venturini Modulation M Sk,;; = M.S; for the interval 0 < t < 0.57s and
M S p;q = M S, for the remaining interval 0.57Ts < t < Tg therefore, the steady-state in
form M .S 4;o M S 40q are applied in a sequence of M S1M Sy, MS1MSs, MSy,MS;. The
same sequence can be seen in Figure 3.15, confirming that the top-cell is modulating
the output voltage Va,, according to the switching function given in (3.34). In a
similar manner, the waveforms for all the cells can be verified corresponding to their

switching functions.
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Figure 3.15: A zoomed view of Figure 3.14, focussing on a single switching period Tg
(a) Input voltage Vy;. (b) Transformer voltage Vra,. (d) Output voltage Vioq.

Figures 3.16(a)-(c) shows the output voltages Vi, of individual cells where K =
A, B, C for the top, middle and bottom cells, respectively. It is important to note
that the amplitude of the final output voltage V,,, shown in Figure 3.16(d) is doubled

when compared with the Venturini Modulation shown in Figure 3.8(d).

To highlight that the waveform shown in Figure 3.16(d) follows (3.14), a single
switching period Tg is shown in Figure 3.17. In Figure 3.17, consider the interval
0 <t <TsD g4, during which the output voltage of top-cell is V., = Va; but mean-
while the output voltages of the other two cells are Vg,, = —Vpg; and Vioe = — Vi,
respectively making the final output voltage V,, = 2Vy4;. Therefore, the final output
voltage obtained with the Double Venturini Modulation is double as that obtained
with the Venturini Modulation as expressed in (3.37). Note that in equation (3.37)

the maximum value of voltage transfer ratio ¢ is 0.5.

Vie = 2qVp, sin (wot + ¢5) (3.37)
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Figure 3.16: Theoretical voltage waveforms in the three-phase to three-phase MIMC
as a result of the Double Venturini Modulation. (a)-(c) Input and output voltages of
the cells Vi; and V. (d) Output voltage V,,. (e) Phase-phase output voltage V.

Voltage (V)

The output voltage waveform for a single-cell Vi,; with the Double Venturini Mod-
ulation, shown in Figure 3.14(d), is not the same as that obtained with the Ven-
turini Modulation. Therefore the time domain expression for the cell’s output voltage

Vkoj(t) can be recalculated using (3.16), and simplified to a form as shown in (3.39).

Vioj (t) = % sin (w;t + ¢k ) [1 + 4 gsin (wit + ¢x) sin (wot + ¢;)] (3.38)

m

Vin . 2 :
Vioj () =-3 sin (wit + o) + sin (wot + ¢;) +
(3.39)

Vi ¢ . .
qT [sin (2wt — wot — i — @) — sin (2wt + wot — Px + ¢;)]
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Figure 3.17: A single switching period T of voltages at the output of MIMC, showing
the arrangement of duty cycles Dg,. (a)-(c) Input and output voltages of the cells
Vi and Vi,e. (d) Total output voltage V,, of (3.37).

The output current I;,(¢) for the Double Venturini Modulation as a result of final
output voltage Vj,(t) can be expressed using (3.40) and the input current of a single-

cell Ix;; can be written as:

2qV,, .
Lo (1) = 2 sin (wot + &) — bs) (3.40)
‘Zload‘
2qVy, . ) )
I (t) = m sin (wot + ¢ — @) [1 + 4gsin (wit + ¢k ) sin (wot + ¢;)]  (3.41)
2qV . 4¢*V,, .
Ixij (t) =3 o sin (wWet + ¢ — o) + 31 Zd sin (w;t + ¢ ) cos (¢o) +
2 2
3 |qZVm| [sin (2wot — wit — ¢ — Pj — Gp) — sin (2w,t + wit + dx — P¢; — ¢o)]
load

(3.42)
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The total input current Ix;(t) of an input phase K, with K = A, B, C, can be written

as:

4¢*Vp, cos (¢o)
Ik (t) = —|Zz i

In order to verify that the theoretical expressions for the cell’s output voltage Vi, (%),

sin (w;t + ¢k ) (3.43)

input current Ir;;(t), total output voltage Vj,(¢) and total input current Ix;(t) can be
obtained from of the switching functions shown in (3.34)-(3.36), a PLECS simulation
was performed. The parameters for the simulation were kept same as those used in the
Venturini Modulation, as shown in Table 3.1. The harmonic spectrum of the output
voltage of single-cell Vi,; is shown in Figure 3.18. In Figure 3.18 the magnitudes of
the components are displayed as percentage of the peak value of the input voltage
Vin. It can be seen from Figure 3.18 that the components are at 40 Hz, 50 Hz, 60 Hz
and 160 Hz and are having magnitudes 16.7 % (222), 33.3 % (%), 33.3 % (24=)

and 16.7 % (%), respectively. Therefore, the harmonic spectrum of the cell’s output

voltage Vi, is in accordance with the expression shown in (3.39).
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Figure 3.18: Harmonic spectrum of the cell’s output voltage Vi, as a result of the
Double Venturini Modulation
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In order to verify that the final output voltage has a single low frequency component
at 60 Hz, and that all the the other components are cancelled the simulated harmonic
spectrum of V,,(t) is shown in Figure 3.19. It is important to note that the mag-
nitude of the component at 60 Hz shown in Figure 3.19 is double the magnitude of
those obtained with the Venturini Modulation (Figure 3.11), this demonstrates that
feasibility of the Double Venturini Modulation for the MIMC.
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Figure 3.19: Harmonic spectrum of the final voltage V,, as a result of the Double
Venturini Modulation

Figure 3.20 shows the harmonic spectrum of cell’s input current I;;(t). The compo-
nents in Figure 3.20 are plotted as a percentage of the peak output current. Note that
the components and their magnitudes in Figure 3.20 are in accordance with (3.42).
Finally, to validate that the final input current has a single low frequency compo-
nent at 50 Hz and that all the other components are cancelled, simulated harmonic
spectrum of final input current I4;(t) is shown in Figure 3.21. The Double Venturini
Modulation offers a two fold increase in the voltage regulation ratio, the magnitude of
the total input current Ig; will be twice that obtained with the Venturini Modulation,

as seen by comparing Figure 3.21 with Figure 3.13.
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Figure 3.20: Harmonic spectrum of the cell’s input current I,;; as a result of the
Double Venturini Modulation
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Figure 3.21: Harmonic spectrum of the total input current I4; as a result of the
Double Venturini Modulation
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3.4 Double Optimum Venturini Modulation

The maximum voltage regulation ratio obtained with the Double Venturini Modula-
tion is unity but this can further be increased by employing a third harmonic injec-
tion scheme. The concept of third harmonic injection scheme was also introduced by
Alesina and Venturini to increase the voltage regulation ratio of the standard Matrix
Converter from 0.5 to 0.86 [74]. However when the same third harmonic injection
scheme is applied to the MIMC, the voltage regulation ratio of the MIMC can be
increased from unity to 1.73. The harmonics of both the input and the output fre-
quencies are added in the output voltage Vj, to fully utilise the envelope of the input
voltage Vi;. In order to implement the Double Optimum Venturini Modulation on the
MIMC, equations of duty cycle Dg;, input voltage Vi;, output voltage Vj, must be
updated to (3.44)-(3.46) [75]. The third harmonic injection equation, shown in (3.44),
is same as used in the Matrix Converters for a unity input power factor [74]. Note
that the switching functions shown in (3.34)-(3.36) are still valid. These functions
have already been validated by results obtained using PLECS simulation in Section
3.3. Therefore the switching waveforms are not shown in this Section for the sake
of conciseness. However a PLECS simulated harmonic spectrum is shown in Section
3.6 (Figure 3.31) which validates that a voltage regulation ratio of 1.73 is achievable
with the Double Optimum Venturini Modulation.

1

2ViiVie  4gsin (wit + dx)
Dgi=—-11 J 3.44
=g (14 D Sl (3.44
Vii = Vin cos (wit + ¢x) (3.45)
1 1
Vie = qVp[cos (wot + ¢;) — G cos (Bwot) + W cos (Bw;t)] (3.46)

The discussed modulation methods, including Venturini Modulation, Double Ven-
turini Modulation and Double Optimum Venturini Modulation are a type of scalar
modulation techniques. Due to a large number of semiconductor devices and a se-
ries connection at the output side in the MIMC, there are more possible switching
combinations that can be explored using a more sophisticated approach known as the

Space Vector Modulation (SVM).
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3.5 Space Vector Modulation

The SVM of the MIMC can be developed by following the similar approach used
for the SVM of the Matrix Converter [76]. To describe the development of the SVM
method the generalised three-phase to single-phase MIMC can be considered as shown
in Figure 3.22. The three-phase to single-phase MIMC has 24 bidirectional switches.
The number of bidirectional switches will increase to 72 for the complete three-phase
to three-phase MIMC system and with each switch having two states, either ON(1)
or OFF(0), giving a total of 2 combinations. For such a large number of switch
state combinations the determination of possible states and their corresponding space
vectors, when done manually, can be laborious. However, the possible states can easily

be determined with a help of the computer programs such as MATLAB.

In order to compute the space vectors using MATLAB, the first step is to generate
a model of the MIMC. The MIMC circuit, shown in Figure 3.22, can be modelled
using equations which relate the output voltages to the input voltages and the input
currents to the output currents. The equations relating the transformer voltage Vrg;

with the respective input voltage Vi; can be written as:

Vraj; = (SwaijSxaij — Sy aijSzaij)Vai (3.47)
Vrej = (SwsiiSxsij — Sy BijSzpij)Vai (3.48)
Vrej = (SweijSxcij — SycijSzcij)Vei (3.49)

The relation between the cell output voltage Vk,; and the input voltage Vi; can
be expressed using equations (3.50)-(3.52) and the final output voltage V;, can be

expressed as shown in (3.53).
Vaoj = (Swa0jSxa0j — Sy 40jS740j) (Sw aijSx Aij — Sy aijSzai5)Vai (3.50)

VBoj = (SWBojSXBoj - SYBojSZBoj)(SWBz‘jSXBij — SyBijSzBij)Vai (3.51)

Veoi = (SweojSxcoj — SycojSzcos)(SweijSxcij — SyciiSzcij)Vei (3.52)
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Figure 3.22: A generalised three-phase to single-phase MIMC

Vio =(SwA0jSx A0j — Sy A0S ZA0j) (Sw 4ijSx aij — Sy AijSz4i5)Vai
+(SwBojSxBoj — Sy BojSzBoj) (SwrijSxBij — SyBijSzBij)VEi (3.53)
+(SwcojSxcoj — Sy cojSzcoi)(SweijSxci; — SycijSzcij) Vei

In a similar manner, transformer current Irx; can be expressed as function of output

current [;, (3.54)-(3.56).
Iraj = (SwaojSxa0j — Sy 40iS7405) Lio (3.54)

It = (SwBojSxBoj — SYBojSzBoj)ljo (3.55)

Ircj = (SweojSxcoj — SycojSzcoj)l; (3.56)
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The cell input current Ix;; and the final input current /x; can be expressed as shown
in (3.57)-(3.59) and the final input current, due to a parallel connection of the cells
at the input side, can be expressed as given by (3.60).

Taij = (SwaijSxaij — Sy 4ijSz4ij) (Sw a0jSx A0j — SY 40jSz40j) 1 (3.57)
Ii; = (SwBijSxBij — Sy BijSzBij) (SWBejSX Boj — SYBojSZBoj)Ljo (3.58)
Icij = (SweijSxcij — SycijSzcij) (SwcoejSxcoj — SycojSzce;) 1 (3.59)
Ii =(SwkiaSxKia — SyKiaSzKia) (SWKoaSxKoa — Y KoaSzKoa)lao
+(SwrinSxriv — SykinSziiv) (SwkobSx Kob — Sy KobSzKb) Ibo (3.60)

+(SWKiCSXKiC - SYKicSZKic> (SWKOCSXKOC - SYKOCSZKOC)]CO

Equations (3.47)-(3.60) define the switching model of the MIMC circuit only and do
not indicate the presence of voltage and current sources in the circuit. The information
that the input side in the MIMC behaves as a voltage source while the output side
behaves as a current source is essential in determining the possible space vectors which
neither short circuit the voltage source nor open circuit the current source. These

conditions for the input and output side bridges can be described as:

e Conditions for input side bridge(s): For a generic input side bridge, only
two diagonal switches can be in the ON state at any given time. This con-
straint can be represented by equations (3.61)-(3.62). Note that the condition
in (3.61) means only active states will be allowed, however zero states can also
be considered. An example of a zero state is when all the switches in the input
side bridge are OFF resulting in a zero voltage at the MF transformer. The
zero states in the input side bridge have been avoided to maintain voltage bal-
ance across transformer in a simple manner, by generating a 50% duty cycle

waveform using the active states.
[Swkij = Sxkij = 1, Sykij = Szkij = 0]
OR (3.61)
[Swkij = Sxkij =0, Sykij = Szkij = 1]

Swiij + Sxrij + Sykij + Szkij = 2 (3.62)
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e Conditions for output side bridge(s): For a generic output side bridge, two
diagonal, top or bottom switches can be in the ON state. These constraints can
be represented by (3.63). Note that the later constraints that either two top or
two bottom switches can be ON, ensuring that the output side is never open

circuit in case of a zero state.
[Swkoj = Sxkoj = 1, Sykoj = Szkej = 0|OR
[Swkoj = Sxkoj =0, Sy Kkej = Szkej = 1]
OR (3.63)
[Swkoj = Svykoej = 0,SxKej = Szkoj = 1]OR
[Swkoj = Sykoj = 1,SxKej = SzK0ej = 0]

Swioj + SxKoj T Sykoj + SzKoj = 2 (3.64)

Now that the constraints have been defined in equations (3.61)-(3.64), the three-phase
output voltages, Vj, for j = a,b,c, can be represented as a vector in space v, using
equation (3.65), as shown in Figure 3.23.

2 . e
=3 (Vo + Viae? ¥ + Vige 7)) (3.65)

Substitution of the output voltage Vj, from (3.53) in (3.65) will result in output

Vo

voltage vector ¥, for the MIMC, as shown in (3.66). In an analogous manner, input
current vector I; (3.67) is expressed using (3.68).

2

‘_’0 = g[(SWAoaSXAoa - SYAoaSZAoa>(SWAiaSXAia - SYAiaSZAia)VAi+

SWBoaSXBoa - SYBoaSZBoa) SWBiaSXBia - SYBiaSZBia)VBi+

- 27

(
SWC’oaSXC'oa - SYCoaSZC’oa)(SWCiaSXC’ia - SYC’iaSZCia)VC’i+
els (

(Sw a0bSxA0b — Sy AcbSZ 0b) (Sw aibSx Aib — Sy aibSzaib) Vait

SwBobS X Bob — Sy BobS zBob) (SwBibSx Bib — Sy BibS7zBib) VEi+ (3.66)

- 27
e_J? (SWAOCSXAOC — SYAOCSZA00>(SWAicSXAic — SYAicSZAic)VAi+

(
(
(
(
(SweonSxcob — SycovSzco) (SwewSxcw — SycwSzciw)Vei)+
(
(SwBoeSxBoc = SY BoeSzBoc) (SW BicSX Bic — Sy BieSzBic)VBit
(

SWCOCSXCOC - SYCOCSZCOC)(SWCiCSXCic - SYCicSZC’ic)VCi>]
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VCO

Figure 3.23: Space vector representation of the output phase voltages

— 2 - 27 - 27

I = 3 <IAi + Ipie’s + 101'67]7> (3.67)
- 2
Ii = g[(SWAiaSXAia - SYAiaSZAia><SWAoaSXAoa - SYAoaSZAoa)[ao+

Sw aibSx aib — Sy aibSzaib) (Sw A0bS X A0b — Sy 4065 ZA0b) Lo+

SWAicSXAic - SYAicSZAic)<SWAocSXAoc - SYAOCSZAOC)ICO+

eF (Sw BiaSxBia — Sy BiaSzBia) (SWBoaSXBoa — Sy BoaSzBoa) laot

SWBibSXBib - SYBibSZBib>(SWBobSXBob - SYBobSZBob>Ibo+ (368)

(
(
(
(
(SwBicSxBic = Sy BieSzBic) (SWBoeSX Boc — SY BoeSzBoc) o)+
(
(
(

[

us

e 73 ((SwciaSxcia — Sy ciaSzcia) (SwcoaSxcoa — Sy coaSzc0a)laot
SweinSxcin — SycinSzcin) (SweonSxcob — SycobSzcob) lbot

SWCicSXCic - SYCiCSZCiC)(SWCOCSXCOC - SYCOCSZCOC)[CO)]



3.5. SPACE VECTOR MODULATION 59

The output voltage v,, shown in (3.66), was computed using a MATLAB program for
all the switching combinations of 272. A total of 17576 possible voltage which respect
the stated constrains of voltage and current source were found. Out of the total 17576
voltage vectors, 3649 are zero vectors, 2137 are fixed-direction active voltage vectors
and the remainder are rotating vectors. An example of a fixed direction voltage
vector is shown in (3.69) and of a rotating vector in (3.70). Note that the direction
of the vector in (3.69) is not dependent on Vy; or Vp; and is fixed to 120°. On the
other hand, the direction of the vector in (3.70) is dependant on Vy; and Vp; and
is variable. The rotating vectors require high processing power [77] as the changing
direction requires the DSP to compute the rotating vectors every switching period

and are therefore not used commonly [78].

2 on
Vo = 3 (Vai — Vai) % (3.69)
_ 2 —2m
Vo_rotating — g (VAz - VBiej 3 ) (370)

A compass plot of 2137 fixed-direction voltage vectors is shown in Figure 3.24. From
Figure 3.24, it can be seen that the there are two hexagons. The inner hexagon,
highlighted in blue, is same as in a Direct Matrix Converter [76]. This because the

fundamental concept of the MIMC is devised from the Direct Matrix Converter.

The outer hexagon, shown in Figure 3.24 have vectors with magnitude % which is twice
than the vectors in the inner hexagon. In scalar terms, the outer hexagon represents
the voltage vectors for the Double Venturini Modulation method whereas the inner

hexagon represents the voltage vectors for the Venturini Modulation method.

After the identification of the fixed direction output voltage vectors, the next step is
to compute the input current vectors corresponding to the identified output voltage
vectors. Using (3.68), a total of 2137 corresponding input current vectors can be
found. Out of these 2137 input current vectors, only 502 active current vectors have
a fixed direction. For example, the fixed direction output voltage vectors shown in
red in Figure 3.24 have rotating input current vectors. This means that there are
a total of 502 available active vectors in the MIMC. Out of the available 502 active

vectors, 108 vectors lie in the outer hexagon, the rest lie in the inner hexagon.
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Figure 3.24: Fixed direction output voltage vectors

The vectors in the outer hexagon are preferred because a higher magnitude reference
vector can be tracked, maximising the voltage transfer ratio of the MIMC. Therefore,
only the vectors in the outer hexagon were considered in this study. 54 out of 108
vectors apply a voltage at the transformer equal to the input voltage, Vrgx; = Viy;
the other 54 reverse the voltage at the transformer, Vyg; = —Vig;. Thus these vectors
exist in complementary pairs in terms of voltage accross transformer but are same in
terms of input current and output voltage vectors. These complementary vectors will
be used to apply a balanced 50% duty voltage at the transformers, as discussed later
in this section. Therefore, there are effectively 54 output voltage and input current
available vectors, as shown in Figure 3.25. The 54 active vectors are represented using
numbers ranging from —27 to +27, the sectors are numbered from 1 to 6, the angle

of the output voltage vector ¥, is o, whereas that of the input current vector I; is ;.

The 54 active vectors can be sorted as shown in Table 3.2. By sorting these vectors, it

can be seen from Table 3.2 that vectors 1, 10 and 19 generate the same output voltage
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and input current, so in this case vector 10 and vector 19 are redundant. Similarly, it
can also be seen that for each vector there are two redundant vectors, therefore there
are 18 different active vectors. The selection between 18 different active vectors can
be made based on the vector configuration, as presented in the SVM of the Matrix
Converter [76], however the choice between the redundant vectors is usually made to
achieve a certain target [79] for example reducing common-mode voltage [80,81] or
the number of commutations [82] and this has been discussed later in this section.

The vector configurations can be found by determining the common vectors avail-
able in each sector. To do this, it is assumed that both the voltage vector v, and
the current vector I; are in the first sectors, as shown in Figure 3.25(a) and Fig-
ure 3.25(b), respectively. Then the vectors available in the first sector of voltage
hexagon to generate v, are +1,+2,+3,+10,+11,+12,+19,4+20,4+21 and -7,-8,-9,-16,-
17,-18,-25,-26,-27 whereas those in the first sector of the current hexagon to generate
I; are +1,4+4,+7,410,+13,+16,+19,+22,+25 and -3,-6,-9,-12,-15,-18 -21,-24,-27. The
vectors common in first sectors of voltage and current hexagons are +1,+10,419,-3.-

12,-21,49,+18,427,-7,-16,-25. The redundant vectors can then be grouped as:

[=[+9, +18, +27]

o 11=[-7, -16, -25]

I1=[-3, -12, -21]

o IV=[+1, +10, +19]

In this particular case, the first vector will be one of 49,418,427, second will be one
of -7,-16,-25, third will be one of -3,-12,-21 and fourth will be one of +1,+10,+19. In
a similar manner, the common vectors for all the sector combinations can be found
and the vector configuration using 4 vectors (LILIII and IV) per period [76] can be
summarised, as shown in Table 3.3. Note that only positive vectors are shown in

Table 3.3, the information about the sign will be discussed later in this section.
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V3

Figure 3.25: Space vectors diagram showing the 54 fixed direction voltage and current
vectors
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Table 3.2: Definition of the vectors for SVM

Index | Vector Number Vo Q, I;

1 +1, 410, +19 | 3(Vay = Vi) | 0 | =la

2 -1,-10,-19 | §(Vai —Vg) | = %Jw
3 +2, +11, 420 | 5(Vei —Vei) | 0 | F5lao
4 -2, -11, -20 s(Vei—Ve) | m %Iw
5 +3, +12, +21 | 3(Vey — Vi) | 0 \/%Iao

6 -3, -12, -21 Voi = V) | 7 | %=l

Colw

7 +4, +13, +22 (Vai — Vi) | & | LI,

ol

8 -4, -13, -22 (Vai — Vi) | —

(SN

9 +5, +14, +23 (Vei = Vi) | & | L1,

SHI

10 -5, -14, -23

SMI

(Vei = Vo) | =5 | J5lbo

V3
11| +6,+15, 424 | (Vi = Vai) | 5 | 51w
12 -6,-15,-24 | 5(Vos = V) | =5 | J5hoo | §
14 | +7,+16, 425 | 5(Vai = Vi) | =% | J5leo | =%
15 7,-16,-25 | 5(Vai— Vi) | § | leo | =7
16 | +8, 417,426 | 5(Vei —Vei) | =% | Fleo | 3

17 8, -17, -26

Wi

(VBi - VCZ) % i[co

18 | +9, 418, 427 | (Vi — Vi) | =& | =10

19 Z 0 0 0
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After the identification of the four different vectors to be applied in each switching
period, the next step is to determine the times for which each of these vectors will
be applied. To compute the time or duty cycle for each of the four vectors, assume

that both the output voltage vector ¥, and the input current vector I; are in the first

sector, as shown in Figure 3.26 and Figure 3.27, respectively.

60°

OO

Figure 3.26: Output voltage vector ¥, in Sector 1

In Figure 3.26, the angle from the sector’s bisecting line to the voltage vector v, is
&, which can be expressed using (3.71) for the first sector. The output voltage vector
Vv, must be decomposed into two components Vv, and V2. The magnitude of vector

Vo1 can then be evaluated by using (3.72).

Go =0, —7/6 Where — % < G, < % (3.71)
(Gon| = by — bs (3.72)

by = |5, cos (do + %) (3.73)

by = % sin (@, + %) (3.74)
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Substituting b; and by from (3.73) and (3.74) into (3.72) will result in (3.75) which
can be simplified to the form shown in (3.76). Similarly, the magnitude of vector Voo

can be found as shown in (3.79) using equations (3.78), (3.77) and (3.74).

11| = || [cos (do + %) - % sin <€v0 + %)] (3.75)
1501 = % 0] cos (0, + %) (3.76)

p = [5]sin (a, + %) (3.77)

|Ta2| = 4/ b2” + p* (3.78)

1a| = % 15, cos <a - g) (3.79)

Note that equations (3.76) and (3.79) show the magnitudes of V41 and Vo2 respectively
and the direction of these vectors depends on the sector. The generic expressions for
these vectors, for all the sectors, are shown in (3.80) and (3.81) in which K, denotes

the sector number of voltage vector.

2 o

Vor = 7 || cos (ozo + g) e[ 5(—D)] (3.80)
2 | T us

5o = oo (5, - ) el o

The vector Vo1 can be generated using two vectors which are in the direction ¢’ [5 (Ko-1)]
whereas the vector ¥,2 can be generated by two vectors in the direction e’ [56-1+3]
The expressions for ¥,; and Vo2 can then be re-written as shown in equations (3.82)
and (3.83). Note that the Roman numerals I,ILIII and IV used in (3.82) and (3.83)

denote the four vectors for the configurations shown in Table 3.3.

The two equations for voltage vectors, shown in (3.82) and (3.83), have four duty

, 611 1T and 67V but to compute the four duty cycles at least four

cycle variables §7
equations are required. The two additional equations can be obtained from the input

current vector.

5| cos ((% I g) G5 E—D)] GUISIT | GIV 51V (3.82)
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Foz = % 15| cos (a - g) 35| Z GlgT o Gligl (3.83)
In order to obtain these equations, assume that the current vector I is in the first
sector, as show in Figure 3.27. In Figure 3.27 the angle from the sector’s bisecting
line to the current vector I; is 5’1 which, for the first sector, can be expressed using
equation (3.84). Note that ¥; is the input voltage vector and ¢; is the angle of the
input power factor. Now the two equations can be obtained by imposing a vector in
the direction jejéi which is perpendicular to the current vector I;. A dot product of
two perpendicular vectors is zero therefore, therefore leading to equations (3.85) and
(3.86). In (3.85) and (3.86), K; denotes the sector number in which the input current

vector Ij lies.

Bi=B Where — % < Bi< % (3.84)
(T46" + T8 - e 5] — g (3.85)
(IM817 4 1V 51V - jeibiedE 0] = g (3.86)

Using Table 3.3 and Table 3.2, the values of the voltage and current vectors can be
expressed using equations (3.85)-(3.94). For the input voltages Vi; of type (3.95),
the vectors Vo1 and Voo can be simplified as shown in (3.96) and (3.97), respectively.
Substitution of these vectors from (3.96) and (3.97) into (3.83) will result in (3.98)
which can be simplified to the form shown in equation (3.101). Note that ¢ is the

voltage transfer ratio.

ol — % (Ve — Vi) 7% (3.87)

Il = %Ieoej? (3.88)

v, = g (Vai — Vi) e 9% (3.89)

I = ifcoeﬂ% (3.90)
V3

Al = A v v (3.91)
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30°

330°

Figure 3.27: Input current vector I; in Sector 1
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M= —J.,e% 3.92
-2 (3.92)

4
olV = g(vgi—-vbg (3.93)
o A e (3.94)
i \/§
2 2w

Vai = Vipcos (), Vg = Vi cos | a; — 5 ) Vi = Vi cos | oy + 5 (3.95)

27

(Voi — Vag) e 75
2m _j2m
Vin {cos (ozi + ?> — cos (ozi)] e (3.96)
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4 .
o) = 3 (Vai — VBi) e I%
4 2 o
= Vi feos ) = cos (- 37 ) | 0¥ (3.97)
4 T - 27
= ———=V,,sin (ai — —) e 15
V3 3
olo! +oll§H = 2 |T,| cos (@ - Z) 5 (3.98)
o o \/g o o 3
4Vm _i2m . . 2 N s
—%e 753 [sm (ai + g) 67 + sin <ai — %) 511} = 7 |T,| cos (Ozo — g) e’s (3.99)
[Sin <ozi + g) 67 + sin <ai — g) 5”] = —% COS (do — g) elm (3.100)
sin <ai + %) 87 + sin <az~ — %) o = gcos (&o — g) (3.101)

In a similar manner, substituting current vectors Ij; and Iy from (3.88) and (3.90)
into (3.85) will result in equation (3.102) which can be simplified to the form shown
in (3.108).

4 ST 4 ST -5
— I’ 5§+ —=1e 755 ) - el =0 (3.102)
V3 V3
(ej%"af + e—j%5”> jelti = (3.103)
&% - jellisl 4 eI . jelfisT = ¢ (3.104)
7 . .
cos (%—@;—g) 6 + cos (—%—&—g) =0 (3.105)
s 2T\ s 2T\ g
cos ﬁi_? 0" + cos ﬁﬁ—? =0 (3.106)
— cos (Bl + %) §" — cos <BZ — g) =0 (3.107)
—cos (B + Z) &7
51 = ( 3> (3.108)

coS (Bl - %)
Substituting this value of 6’/ into (3.101) will result in (3.109) which can be simplified

to the form shown in equation (3.112).

ol

ain (o + 7)o"+ (- ) E/;*;é ~Leos (3,- ) (3109)
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?51 [cos (o) cos (BJ + sin (o) sin <6Az>} = gcos ((340 — g) CoS (BZ — g) (3.110)
6" cos (&i — BZ> = % coS (do - g) coS (Bl — g) (3.111)
S icos (do — %) cos (61 — %) (3112)

V3 cos (i)
The value of 6/ can be obtained by substituting the value of §/ from (3.112) into
(3.108) which will result in equation (3.113). Note the duty cycle 6! is negative

because a positive sign is assumed in the analysis (See Table 3.3).

511 q 08 (do — %) CoS <BAZ + %)
RV cos (1)

5[[[

(3.113)

6"V were also computed and the obtained

In a similar manner, the duty cycles and
generalised expressions of the duty cycles, for K, voltage and K;'™ current sector,
are shown in (3.114)-(3.117). From (3.114)-(3.117), it can be seen that the maximum
voltage regulation ratio ¢ that be achieved by the MIMC is v/3, which is twice that

of a Direct Matrix Converter [76].

KﬁK,-iCOS ((540 - %) cos (51’ - %)

(=1) V3 cos (¢;) ( )
cos (@, — Z) cos BH‘E
5[[ — (_1)Kv+Ki+1i ( 3) ( 3> (3115)
V3 cos (p;)
cos (Gp + Z) cos (B — =
ST — (_1)Kv+Ki+1i ( 3) ( 3> (3.116)
V3 cos (p;)
cos (4o + Z) cos (B; + =
6IV _ (_1)Ku+Kii ( 3) ( 3> (3117)

V3 cos (i)

After the determination of the duty cycles, the next step is to define a switching
pattern. The choice of the switching pattern is application specific and is usually
done to achieve certain targets such as reduction in THD [79, 83] or common-mode
voltages [80,81] or number of commutations [84] . For the case of the MIMC, the
priority is to reduce the number of commutations. This is because a multi-step

commutation approach is required in the MIMC due to the absence of free-wheeling
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path in the four-quadrant switches, therefore a significant amount of switching period

would be lost with the increased number of commutations.

A double-sided switching pattern will cause higher number of commutations per
switching period than single-sided pattern [76]. Therefore, a single-sided switching
pattern was selected, as shown in Figure 3.28. Note that in Figure 3.28, the zero

vectors are represented by Z.

A
v

Figure 3.28: Single-sided pattern for a switching period Tg

Once the switching pattern is defined, the choice of zero vectors as well as the selection
between the redundant vectors was made to achieve minimum number of commuta-
tions per-cell. For example, with the given switching pattern of [-3, -12, -21], [+9,
+18, +27], [-7c, -16¢,-25¢|, [+1¢, +10¢, +19¢|, the zero and active vectors which min-
imise the number of bridge commutations are Z' -3, 49, Z2, Z.2, -7c, +1¢, Z,*. Note
that in Figure 3.28, ¢ represents the complementary vectors which reverse the voltage
at transformer. The switch-states of all the vectors including the zero vectors and

the complimentary pairs are shown in Appendix B.

In order to validate the developed SVM method, ideal waveforms were obtained using
the PLECS simulation toolbox and the results are shown in Figure 3.29 and Fig-
ure 3.30. Note the output cell voltage Vi,q, shown in Figure 3.30(a)-(c), is different
to those obtained with the Venturini and the Double Venturini Modulation methods.
The output cell voltages Vi,, obtained with SVM has a combination of both bi-
polar and uni-polar waveforms. However with the Venturini Modulation method the

waveform is uni-polar and with the Double Venturini Modulation method is bi-polar.
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Figure 3.29: Theoretical voltage waveforms in the top-cell as a result of SVM method:
(a) Input voltage Vy;. (b) Transformer voltage Vra,. (d) Output voltage Vipq.
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Figure 3.30: Theoretical voltage waveforms in the three-phase to three-phase MIMC
as a result of the SVM method. (a)-(c) Input and output voltages of the cells Vi;
and Vi,,. (d) Phase output voltage V,,. (e) Phase-phase output voltage Vj,
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3.6 Comparison of the Modulation Methods

In this section, the SVM method is compared with the equivalent scalar modulation
method, the Double Optimum Venturini Modulation (DOVM) method using a variety
of parameters. A PLECS simulated harmonic spectrum of the phase output voltage
V.o is shown in Figure 3.31 which confirms the application of both scalar and vector
modulation methods to the MIMC at 10kHz switching frequency. Note that same
parameters are used for both methods to give a fair comparison, as given in Table 3.1.
It can be seen from Figure 3.31 that a similar voltage regulation ratio is achieved with
both methods, v/3. Not only the magnitude of the fundamental component is the

same but the harmonic spectrums are also similar.

200! T T T T T 1 1
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Figure 3.31: Harmonic spectrum of phase output voltage V,, comparing vector mod-
ulation method i.e. Space Vector Modulation (SVM) with the equivalent scalar mod-
ulation method i.e. the Double Optimum Venturini Modulation (DOVM).
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In order to see the number and sequence of commutations offered by the different
methods, consider Figure 3.33, which shows the duty cycle arrangement in the Ven-
turini Modulation. For example, the top-cell achieves the shown duty cycle arrange-
ment Dg,j;, Dp;, Dcj by implementing a state sequence which is M Sk M Ske =
[MS1MSy, MS1MSy, MSyMSp). Similarly, the two state sequences for the middle
and bottom cells can be found in Figure 3.33. Note that these state sequences in the
Venturini Modulation remain the same for every switching period. A total of four
steady-states are required i.e. MSIMS,, MS1MSy, MSsMSy and MSsMS,. The
paths of movement between these steady-states, required to implement the Venturini
Modulation method, are shown in Figure 3.32. A total of seven paths are required
to implement the Venturini Modulation method. Note that the lower the number of

required paths, the easier the practical implementation will become.

Msll\/ly [ Ms,MS,

A A

|| |\

MslMSo \ /NISZMSO

-
T

Figure 3.32: State transitions (per-cell) required for the implementation of the Ven-
turini Modulation method

The commutation of a cell is marked by an arrow in Figure 3.33. The top and bottom
cells will always have three commutations whereas the middle-cell will always have
four commutations, therefore offering a total of ten cell-commutations in a three-phase

to single-phase MIMC and thirty cell-commutations in a full MIMC.
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Figure 3.33: Commutation sequence in a switching period Ts with the Venturini
Modulation method

The state change sequences required to implement the Double Venturini or Double
Optimum Venturini Modulation are shown in Figure 3.35. Note that the shown state
sequences do not change. The states required to implement the Double Venturini or
Double Optimum Venturini Modulation method are M.S{M .Sy, MS1M Sy, M SsMSs,
MS;MS,. The number of paths required for the implementation of the Double
Venturini or Double Optimum Venturini Modulation method is nine which are shown

in Figure 3.34 and found from Figure 3.35.

The state change sequences required to implement the SVM Modulation, when both
the current and the voltage vectors are in sector 1, are shown in Figure 3.36. Note
that state sequences for SVM is not fixed. These state sequences vary every switching
period based on the sector of the input current output voltage. This can be seen by
comparing the sequence for sector 2, shown in Figure 3.37, with the sequence for sector
1, shown in Figure 3.36. The minimum number of commutations that can be achieved
with the SVM is same as offered by the scalar modulation methods however, a total
of 6 steady-states, MS1MSy, MS{MSy, MSyMSy, MSoyMS,,MS1MSy, MSyMSy,
are required to implement the SVM. The total number of paths required to move

between the 6 steady-states were found to be 30.
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Figure 3.34: State transitions (per-cell) required for the implementation of the Double
Venturini Modulation or Double Optimum Venturini Modulation method

Top Celli /J:} /iw

(3 | MSMSi MS;MS, | MS,;MS;

Middle Celli /D /ﬂ.} ﬂ)

|
(4) 1 MS;MS, MS;MS; | MS,MS, | MS,MS;

| -~ v

|

} |

BottomCeII: :
MS;MS;! MS;MS; | MS;MS; | MS,MS,|

4 |

- |

|

|

|

| |

| [

7 |

T, /2 |

Aj :

|

[

|

|

. o

4_)l4 3l 3
- L) »

d
'

| T

Y

Figure 3.35: Commutation sequence in a switching period Ts with the Double Ven-
turini or Double Optimum Venturini Modulation method
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Figure 3.36: Commutation sequence in a switching period Ts (when both current and

voltage vectors are in sector 1) with the Space Vector Modulation method
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Figure 3.37: Commutation sequence in a switching period Ts (when both current and

voltage vectors are in sector 2) with the Space Vector Modulation method
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The scalar and vector modulation methods are compared for different parameters in
Table 3.4. From Table 3.4, it can be seen that considering the power quality, the SVM
shows slightly better performance than its scalar-equivalent, the Double Optimum
Venturini Modulation (DOVM) but this comes at a cost of increased complexity in
implementation due to a higher number of the commutation paths. Therefore, the

choice of a modulation method is a trade-off between performance and complexity.

Table 3.4: Comparison of the modulation methods

Vector Scalar

Approach Approach
Parameter SVM DOVM DVM | VM
Voltage Regulation Ratio (q) 1.73 1.73 1 0.5
THD in Input Current (Iy;) * 61.9% 62.0% 110.6% | 107.1%
THD in Output Voltage (V},) 61.1% 61.5% 165.2% | 161.7%
No. of Cell-Commutations 30 30 30 30
Commutation Sequence per-cell | Variable Fixed Fixed | Fixed
No. of Steady-States Required 6 4 4 4
No. of Commutation Paths 30 9 9 7
Implementation Complexity High Low Low Low

INote that the THD of the input current was recorded without input filters
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3.7 Conclusions

The Modular Isolated Matrix Converter (MIMC) is the extension of the Direct Matrix
Converter to an isolated case. The Direct Matrix Converter uses a three-phase input
to decouple the fundamental frequency of the output from that of the input. The
input side, in the Direct Matrix Converter, behaves as a voltage source while the
output side behaves as a current source. As the fundamental concept of the MIMC
comes from the Direct Matrix Converter, these assumptions remain the same for the
MIMC. Therefore, the Direct Matrix Converter modulation techniques can be applied
to the MIMC after some adaptation.

If a scalar modulation method known as Venturini Modulation (VM) Method was
implemented on the MIMC then a maximum voltage regulation ratio of 0.5 can be
observed. Due to the presence of a series connection of the output side bridges in
the MIMC, this voltage regulation ratio is increased to unity by using Double Ven-
turini Modulation (DVM) Method which modifies the traditional VM method. A
further increase in the voltage regulation, to v/3, is also possible by using Double Op-
timum Venturini Modulation (DOVM) Method which is based on the third-harmonic
injection scheme. More modulation possibilities were explored using a vector ap-
proach known as Space Vector Modulation (SVM). It has been observed that power
quality obtained with the SVM method was slightly better than its scalar-equivalent
modulation method (DOVM), but this comes at a cost of increased complexity in
implementation. This is because the SVM method will require a higher number of

commutation paths to be implemented in the FPGA.

A higher control performance is possible with the SVM method due to the availability
of a large number of redundant vectors but this will require higher processing power
specifically when the selection between the redundant vectors is done online. There-
fore, the choice of the modulation method, being a trade-off, is application specific

which will be made after considering the commutation method for the MIMC.



Chapter 4

The Commutation Method

4.1 Introduction and Requirement

In power electronic converters, the commutation method defines the process through
which safe-transition between switching states takes place. A transition is called
‘safe-transition’ if neither the voltage source is short-circuited nor the current-source

is open-circuited through the process of transition [69].

A short-circuit of a voltage source in power converter will result in catastrophic over-
current through the semiconductor devices [85] whereas an open-circuit of a cur-
rent source will cause voltage spikes across the semiconductor devices [70]. There-
fore, the commutation failure can cause permanent damage to the semiconductor
devices [69, 70]. To achieve a safe current commutation in the MIMC, is particu-
larly challenging in the presence of practical transformers because the switches in
the MIMC lack free-wheeling path for current. The problem of current commutation
in the MIMC can be discussed in detail by understanding the concept of current

commutation first.

80
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A simple form of commutation as can be described using the case of a two-quadrant
switch based H-bridge (2QSH-bridge) inverter, as shown in Figure 4.1, where the
commutation method is a dead-time between in-coming and out-going switches [86—
88]. Consider the timing diagram shown in Figure 4.2 where the commutation takes
place from state Sy, S; ON to state Sy, S3 ON and the commutation process can be

summarised as:

e A short-circuit of the voltage source is prevented by using a dead-time T,,,,,, be-
tween the OFF command of switches Sy, S7 at £; and ON command of switches

SQ, Sg at t3.

e An open-circuit of the current source is prevented by the presence of free-

wheeling path provided by the anti-parallel diodes Dy, Dy, Dy and Ds.

Voltage Source
Current Source

Figure 4.1: 2QSH-bridge with a current source on AC side and a voltage source on

DC side

It can be noted that the simplicity of commutation process in 2QSH-bridge comes
from the fact that, regardless of the state of the H-bridge, current source always has
a conduction path. Thus the only requirement of the commutation process is the
selection of appropriate dead-time T,,,,, based on the turn-OFF Tprr and turn-ON
Ton times of the switches [88]. However, this is not true in case of a four-quadrant

switches based H-bridge (4QSH-bridge) as it lacks natural free-wheeling path [89,90].
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Figure 4.2: Timing diagram of the commutation process in 2QSH-bridge

For example, consider a 4QSH-bridge as shown in Figure 4.3 which also represents the
output stage of the MIMC. If a commutation from Sy, S, Sz, S3 ON to Sy, S5, Sg, S7
ON is required then a simple dead-time between in-coming and out-going switches,
as shown in Figure 4.2, will cause all of the switches, Sy, ..., 57, to be OFF which
will interrupt the current, consequently causing an open-circuit commutation failure.
This is because if all the switches of 4QSH-bridge are in OFF state there will be no
free-wheeling path available [90] for the output current I,,;. Note that this is true for
an inductive load and not for a resistive load as no free-wheeling path will be required

in the later case.

Voltage Source

Figure 4.3: 4QSH-bridge with AC current source on output side and AC voltage
source on input side
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In order to make the simple dead-time commutation method practically viable, the
4QSH-bridge must be equipped with a dissipative clamp circuit to absorb the energy
stored in the load inductor at every commutation event. This dumping of load in-
ductor’s energy into the clamp circuit at every commutation event will drastically
reduce efficiency of the power converter hence making the simple dead-time or single
step commutation approach unsuitable for the 4QSH-bridge. Therefore, to achieve
safe and reliable commutation of the 4QSH-bridge, a more complicated multi-step

approach [88,91,92] is required.

4.2 Standard 4-Step Current Commutation Method

To overcome the challenge of commutation in the 4QSH-bridge, a possible solution
can be derived from the concept of a multi-stepped approach, for example the 4-step
current commutation method [93] which is used in Direct Matrix Converters. As the
name suggests, this commutation method takes four steps and the only requirement is
information about either the direction of output current [94] or the polarity of input

voltage [95].

The 4-step current commutation method offers two different solutions:

e The current based 4-step current commutation method

e The voltage based 4-step current commutation method

4.2.1 Current Based 4-step Current Commutation Method

In the current based 4-step current commutation method, information about the
direction of the current is required at the initiation of the commutation process with
an assumption that the current direction remains same throughout the process [71].

Therefore, the 4-step current commutation method provides a low cost and reliable
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solution because current direction information is not required for each of the four
steps thus avoiding expensive high-bandwidth sensing. The design and practical
implementation of the current detection sensor is presented in detail in Chapter 5.
For the derivation of the current based 4-step current commutation method for the
4QSH-bridge [66], consider a case when the required commutation of the 4QSH-bridge
shown in Figure 4.3 is from Sy, Sy, 52, 53 ON (steady state M S;) to Sy, S5, S, S7 ON
(steady state MSy). The definition of the steady states MS; and M2, is same as
discussed in Section 3.1 of Chapter 3. For ease of the reader, the steady states are
re-shown in Figure 4.4. The current based commutation between these states can be

achieved by moving through several commutation states, as shown in Figure 4.5.

(a) Steady state M .S; (b) Steady state M S

Figure 4.4: lustration of steady-states M S} and M Sy

Note that the assumption that the current source direction does not alter during the
process of commutation can be represented by a fixed magnitude DC current source

in the direction [, > 0, as shown in Figure 4.5. The commutation procedure is:

e State 1: The 4QSH-bridge is in the steady state M .S, with switches Sy, S1, So, S3,
Sy, S5, Se, S7 in ON state and the direction of output current is I,,; > 0 as shown

in Figure 4.5a.

e State 2: With the assumed current direction I,,; > 0, only switches Sy, Sy are
conducting the current I,,, therefore the non-conducting switches S, S3 can

be turned OFF safely as shown in Figure 4.5b.
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(a) State 1 (steady state M.Sy) (b) State 2 (c) State 3
-
Dy,

+

A

(d) State 4 (e) State 5 (steady state M Ss)

Figure 4.5: Steps in the current based 4-step current commutation method for moving
from S(], Sl, SQ, 53 ON (MSl)to S4, 55, 567 57 ON (MSQ) when Iout >0

e State 3: The switches which can conduct the current in the direction I,,; > 0,
Ss, S7, are turned ON safely without short-circuiting the voltage source as shown

in Figure 4.5c.

Note that the current I,,; will transfer from Sy, S, to S5, S7 at this state or next
depending on the polarity of the input voltage V;,. If V;, < 0, the current I,
will transfer to Ss, S7 in state 3 however if V},, > 0, the current I,,; will transfer

in the state 4.
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e State 4: The switches Sy, S are turned OFF safely, without disrupting the
output current I,,, as the switches S5, S7 are in ON state and can provide the

path to the current as shown in Figure 4.5d.

e State 5: To be able to reach the steady state M S,, the 4QSH-bridge must be
capable of conducting the output current in the other direction, i.e. I, < 0.

Hence, the switches Sy, Sg are finally turned ON, as shown in Figure 4.5e.

4.2.2 Voltage Based 4-step Current Commutation Method

The concept of the voltage based 4-step current commutation method [95] is analogous
to the current based current commutation method [94], but it initiates the process
based on information about the voltage polarity instead of current direction. No
high-bandwidth voltage sensing is required as it is assumed that the voltage polarity
remains same throughout the process. For the derivation of the voltage based 4-
step current commutation method for a 4QSH-bridge [66], consider the commutation
case where the required commutation is from state Sy, S1, 52,53 ON (M S)) to state
Sy, S5, 5,57 ON (MSs). The commutation will be achieved by moving through
several commutation states, as shown in Figure 4.6. Note that the same commutation
case has been considered to clearly illustrate the difference from the current based

current commutation method.

The assumption that the voltage polarity remains same during the process of com-
mutation is represented by a fixed magnitude DC voltage source with the polarity

Vin > 0, as shown in Figure 4.6. The commutation procedure is:

e State 1: The 4QSH-bridge is in the steady state M S; with switches Sy, S1, Ss, S5,
Sy, S5, 56,57 in the ON state and the polarity of input voltage is V;,, > 0, as

shown in Figure 4.6a.
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%Dﬁ D;

(c) State 3

}‘&

(d) State 4 (e) State 5 (steady state M Ss)

Figure 4.6: Steps in the voltage based 4-step current commutation method for moving
from 50,51, SQ, 53 ON (MSl) to S4, 55756; 57 ON (MSQ) when V,, > 0

e State 2: With the assumed polarity of voltage V;, > 0, switches S5, S7 can
be turned ON safely without short circuiting the voltage source, as shown in

Figure 4.5b.

e State 3: Since switches S5, 57 are already ON and can provide path for the
output current I,,; > 0 the switches Sy, Sy can be turned OFF safely without

open-circuiting the load, as shown in Figure 4.6c.

Note that the current I,,; will commutate at this state or next. If I,,; > 0, the
current I,,; will transfer from Sy, S5 to Ss, S7 in state 3, however if I,,; < 0 the

current I,,; will transfer from Sp, S5 to Sy, Sg in the state 4.
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e State 4: As the polarity of voltage source V;,, > 0 remains same, the switches

Sy, S can be turned ON safely as shown in Figure 4.6d.

e State 5: Switches Sy, Sg can conduct the output current [I,,; < 0 while the
switches S5, S; can conduct the I,,; > 0. So, switches Sy, S3 are finally turned
OFF safely and the 4QSH-bridge reaches steady state M Ss, as shown in Figure
4.6e.

To illustrate the difference between two methods, timing diagrams of both current
and voltage based 4-step current commutation methods are presented in Figure 4.7.
It is important to mention that any over-lap between the commutation states must
be avoided to prevent the shoot-through due to the voltage commutation failure
[96]. This can be achieved by introducing a commutation-time 7y, between the

commutation state changes, as shown in Figure 4.7.

For example, when moving from state 1 to state 2 in current based commutation,
shown in Figure 4.7a, the value of T, should be kept greater than the turn-OFF
time of the switches Si,S53 i.e. Toomm > Torpr. Although, the commutation-time
between each commutation state can be controlled independently for the ease of
practical implementation, the value of T, is fixed for all the steps [71] based on

worst case conditions.

Both of the current commutation methods, current and voltage based, are achieving
the same task. The choice to select the current based current commutation method or
the voltage based current commutation method can be made by taking into account
the application of the 4QSH-bridge. For example in case of the MIMC, the input
side bridges have low frequency voltage input and the output side bridges have a
low frequency current output. Therefore, for practical design it will be preferable to
implement the voltage based current commutation method on the input side bridges
whereas the current based current commutation method on the output side bridges
because the polarity of the low frequency waveforms at the terminals of the MIMC
can be determined more accurately than the MF waveforms at the transformer thus

leading to safer current commutation.
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(b) Voltage based 4-step current commutation method when V;,, > 0

Figure 4.7: Timing diagrams of current and voltage based 4-step commutation process
in 4QSH-bridge for moving from Sy, Si, So, S3 ON (M S;) to Sy, S5, Sg, S7 ON (M S5)
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Figure 4.8: A single-cell of the MIMC
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However, by using the voltage based 4-step current commutation method on input
4QSH-bridges and current based on output side 4QSH-bridges for the MIMC, each
4QSH-bridge in the MIMC will have an independent commutation, as presented in
[66], but the commutation will only be safe if the transformer is ideal with zero
leakage inductance. In this case, even a small value of the leakage inductance in the
transformer can cause potential damage to the semiconductor devices as whenever
the output side 4QSH-bridge requires the state change which corresponds to reversal
of current through transformer this abrupt change of current will be opposed by the
leakage inductance of the transformer. This is essentially equivalent to connecting in
series two current sources with current in opposite direction which result in a voltage
spike [97] across semiconductor devices during each commutation. The resulting
voltage spikes will damage the semiconductor devices leading to the failure of the
MIMC. Therefore, the impact of the leakage inductance of transformer on the 4-step
current commutation method must be studied in detail as this is the key technological

development for the MIMC topology to be considered for practical applications.
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4.3 Impact of Transformer’s Leakage Inductance

on Standard 4-step Current Commutation

Method

The current based 4-step current commutation sequence for 4QSH-bridge was pro-
posed in [65,66], but the impact of transformer leakage inductance on the commuta-
tion process was neglected, thus it relies on negligible transformer leakage to success-
fully complete the commutation. For practical implementation of the standard 4-step
commutation method, a snubber or a clamp circuit would be necessary to absorb the
energy stored in the transformer’s leakage inductance which would otherwise damage
the semiconductor devices. To analyse the impact of transformer’s leakage inductance
on standard 4-step current commutation method, consider a single-cell of the MIMC
with a non-ideal transformer as shown in Figure 4.9. Regardless of the direction of
power flow in the single-cell of the MIMC, almost all of the current will be passing
through the leakage inductance and only a small part will go towards magnetising
inductance [53]|. Therefore, regarding commutation only the leakage inductance has

been considered as shown in Figure 4.9.

Voltage Source
Current Source

Figure 4.9: A single-cell of the MIMC with a non-ideal transformer
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For the ease of understanding the impact of leakage inductance, consider a simple
case when only the output side 4QSH-bridge commutates and the input side 4QSH-
bridge does not commutate. An example of such a case is the commutation of output
side 4QSH-bridge from Sy, S10, 520, S30 ON (M S1) t0 Sio, S50, S0, S70 ON (M S5)
when I,,; > 0. As only the state of the output side 4QSH-bridge changes, the
input side 4QSH-bridge can be represented by a constant voltage source during the
commutation process, as shown in Figure 4.10. Following the designed current based
4-step commutation approach, the commutation states of the output side 4QSH-

bridge are shown in Figure 4.10.

Although the derivation of states 1-5, shown in Figure 4.10, have already been dis-
cussed in Section 4.2.1, the effect of a non-negligible leakage inductance can be anal-
ysed by considering, states 3 and 4. Note that in state 3 (Figure 4.10¢), I, = I, but
when switches Sp,, Sa, are turned off in state 4 (Figure 4.10d), the current is expected
to change path to switches S5, and S7,, thus reversing the direction of the leakage
inductance current abruptly from I, = I,,; to I, = —1,,. The change of current di-
rection will be opposed by the leakage inductance, causing an over-voltage across the
semiconductor devices of the output side 4QSH-bridge. If L. is the transformer’s
leakage inductance seen from primary side and Torpr is the turn-OFF time of the
switches Sy, and Sy,, then the peak of the voltage spike Vpx can be approximated
by (4.1), assuming a linear current variation during turn-off of the switches and no
clamps circuits:
2l out Lieak

Vo = —— 4.1
Pr Torr (4.1)

For practical implementation of the 4-step current commutation method, all the
bridges in the MIMC must be equipped with dissipative clamp circuits to prevent
the semiconductor devices from dangerously high over-voltages such that whenever
current commutation fails, any voltage spike is clamped to the voltage of the clamp
circuit capacitor. Note that the configuration of the clamp circuit is shown in Fig-
ure 4.11. The drawback is that the clamp will be triggered every time the modulation
requires transitions that reverses the leakage inductance current I, thus leading to

additional losses.
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(e) State 5 (steady state M Ss)

Figure 4.10: 4-step current commutation method with non-negligible leakage induc-
tance of transformer for moving from Sp,, S10, 520, S30 ON (M .S1) t0 S0, S50, S60s S70
ON (MSQ) when VT > O;Iout >0
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Figure 4.11: Clamp circuit configuration

To highlight the resulting activation of the clamp circuit with a standard 4-step cur-
rent commutation method, the equivalent circuits, during the transition from state 3
to state 4, are shown in Figure 4.12. Furthermore, a timing diagram has been pre-
sented in Figure 4.13 to clearly illustrate the waveforms during the clamp activation.
Up till state 3 (Figure 4.12a), the clamp circuit is OFF and no current flows because
I, = Iy, but in state 4 (Figure 4.12b) the leakage current [y, is taken up the diodes
D,; and Dgﬂ- making I, = I, whereas the output current /,,; is taken up the diodes
D,, and D! making I, = I, This will cause the voltage Vx to be clamped to
Veap and output voltage V, to be clamped to —V,;,. The leakage current I, will start
to decrease, in interval t;, as shown in Figure 4.12b, with a slope of % until it
becomes zero. The leakage inductance is fully discharged in the end of interval ¢4
(Figure 4.12¢). Note that V., > Vp because the clamp circuit is usually charged to
the peak of the input voltage.

Although the leakage current is zero at the end of interval t; the output current I,,;
is still flowing into the clamp circuit, still maintaining the clamping Vy = =V, =V,
and charging the leakage inductance L., until I, = —I,,;. At this point in time
no more current will flow into the clamp circuit at the end of charging interval ..
The waveforms of I.,, 1y, and the total current of clamp I, are shown in Figure
4.13. The time-domain equation for the total current flowing into the clamp can be

expressed by (4.2).

— (L ]ou
I (ARAL

Tap(t) = — £ 2]+ ol (12)
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Figure 4.13: Timing diagram showing the activation of clamp circuit when standard
4-step commutation method is used. (a)-(d) switching signals during standard 4-step
current commutation of the output side 4QSH-bridge (e) transformer leakage induc-
tance current I, (f)-(h) currents in the clamp circuit corresponding to Figure 4.12.



4.3. IMPACT OF TRANSFORMER’S LEAKAGE INDUCTANCE ON
STANDARD 4-STEP CURRENT COMMUTATION
METHOD 97

The minimisation of the leakage inductance by various methods, such as interleaving
the windings [98,99], will attenuate but will not eliminate the problem. In practice it
is not always possible to have adequate control over the negligible leakage inductance
due to cost, complexity [100] and other system constraints [99]. Therefore a different
commutation approach is needed to remove the undesired over-voltages and clamp

loss commutation process.

To date, various current commutation methods have been reported in the literature
to deal with the leakage inductance energy. For example, employing snubber circuits
[101,102] can help to mitigate the issue but at the cost of additional circuitry and

reduced power density.

The snubber capacitors can also be used in parallel to the semiconductor devices [103]
but this can lead to turn-ON loss in the devices, as the energy of the capacitor will
be dissipated in the semiconductor device and an auxiliary biasing circuit would
be required to mitigate the issue. A second approach can be the introduction of
a capacitor at the primary side of the transformer, forming a parallel-resonant tank
with the magnetisation inductance [5,104]. This approach achieves soft-switching but
the leakage energy is dissipated in the transformer winding resistance and tuning of
the resonant tank can be challenging. In [58,67] a capacitor in series with the leakage

inductance which forms a series-resonant tank is introduced.

A common drawback of all the discussed methods is that they require additional
energy storage components or circuits to address the commutation issue. An alter-
native method to deal with commutation in the presence of leakage inductance could
be to drive the commutation using a controllable voltage source. This method does
not require additional energy storage components, thus maintaining the power den-
sity and avoiding resonance related problems. In this type of method the current
is controlled by a controllable voltage source. Therefore it is usually referred to as
source based current commutation method in [3]. Although the source based current
commutation method for a single-phase DC/AC converter [105] achieves complete

soft-switching of the AC side 4QSH-bridge, it does not take into account the effect
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of the leakage inductance. Recently, the importance of the impact of the leakage
energy has been highlighted for a MF/HF isolated three phase to three phase direct
converter [3]. Note that the proposed solution [3] is only applicable to the specific
three-phase to three-phase direct converter and, so far, no research has been done
to demonstrate safe-commutation of a single-phase AC/AC converter (single-cell of
the MIMC), in presence of leakage inductance. There is a need to clearly address a
generalised concept for the source based current commutation method to tackle the
leakage inductance energy which can be implemented on all the Matrix-Converter-

based topologies of this type.

4.4 A Source Based Leakage Inductance Tolerant

Current Commutation Method

The proposed source based leakage tolerant current commutation concept is based on
the introduction of an intermediate state, named the ’current decoupling phase’, dur-
ing which the leakage inductance current is modified. The leakage inductance current
is driven by the input voltage or a modulated version of it to bring its magnitude to

the new value required after commutation without requiring snubbers or clamps.

4.4.1 Basic Principle

To illustrate the basic idea, consider the circuit shown in 4.14. It is assumed that the
converter has a voltage source at the input and a current source at the output, repre-
sented by the filter inductor L,. The filter inductor is assumed much larger than the
leakage inductance, L, >> Ljeq, so that during commutation the leakage inductance
current can be modified while the output current remains nearly constant. In this
simple example, the input voltage comes from the previous stage of the converter and

is represented by a controllable voltage source Vr.
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Figure 4.14: Illustration of basic principle of the proposed source based leakage tol-
erant current commutation method
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Consider the case where the circuit has to commutate from state 1, as shown in
Figure 4.14a, with S1 = ON, S2 = OFF to state 5, as shown in Figure 4.14e, with
S1 = OFF, §2 = ON. Also assume that I,,, > 0, I, > 0 and the voltage V is

reversed i.e. V3 < 0 at the instant of commutation.

Under these conditions, the first commutation step is to open the switch that is
not carrying current in S1 ( S1n), as shown in Figure 4.14b. Next the switch that
can carry I, in S2 ( S2n) is closed. This initiates the most important state of
the commutation process which is the ‘current decoupling phase’ as shown in Figure

4.14c.

In the “current decoupling phase’, the leakage inductance current I, is decoupled from
the output current I,,; and all of the voltage from the controlled voltage source Vi
is imposed across the leakage inductance L., only as the output current source is
short-circuited via S2n which in turn starts to reduce the leakage inductance current

I;, from the value I, = I, to I, = 0 with a rate of discharge —L‘l/Tk. Once the

leakage current [ is zero, switch S1n can be turned-OFF safely, completing the
‘current decoupling phase’ and reaching the state 4, as shown in Figure 4.14d. Now
the switch S2p can be turned-ON safely to reach the steady state condition shown in
Figure 4.14e. Note that the safe commutation can be achieved by appropriate timing

and that no zero-crossing detection of the current is required.

Although in the source based commutation example hence given above, a minimal
circuit has been shown to demonstrate the generalised concept but the leakage current

reversal I;, = I, to I, = —1,,; will be shown in Section 4.4.2 with the full circuit.

It is important to mention that when V7 is an AC voltage source it will not be possible
to achieve safe-commutation when voltage is zero as it will require infinite time to
discharge the leakage inductance Lj.q. To cope with this scenario a minimum voltage

VMIN can be set below which the commutation will not be performed.
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4.4.2 Source Based Leakage Tolerant Current Commutation

Method For the MIMC

From the generalised concept of the source based leakage tolerant current commu-
tation method, it can be seen that a voltage source is required to drive the leakage
current. This current commutation concept can be applied to the MIMC by short-
ing the output 4QSH-bridge to decouple the output current from the leakage current
and then imposing the voltage using the 4QSH-input bridge. Therefore, both in-
put and output side 4QSH-bridges will take action together to achieve safe current
commutation unlike standard 4-step commutation where each bridge commutates in-
dependently. This requires the designing of the source based leakage tolerant current
commutation method for a single-phase to single-phase AC/AC converter which is the
single-cell of the MIMC, as shown in Figure 4.9. Once source based leakage tolerant
current commutation method is designed for a single-cell of the MIMC then the same

design can be applied to all the cells of the MIMC.

For a single-cell of the MIMC, there can be many possible commutation scenarios
depending on the steady state transitions required by the modulation method used
and also the direction of the output current and the polarity of the input voltage.
First, the concept of the proposed current commutation method can be applied to
a single commutation scenario and then all the other commutation cases can be
derived following the same approach. The design example, discussed below, shows
one of steady-state transitions required by Venturini Modulation for the single-cell
to move from steady-state M .Sy M S, to M S M S, when the polarity of input voltage
Vin and the direction of output current I, are both positive, V;, > 0, I,,; > 0.
Note that the polarity of V;, and the direction of I, remain effectively constant
during the commutation interval as the commutation time is much smaller than their
fundamental period. Given that the commutation time is a negligible fraction of the
input and output fundamental periods, this is a valid assumption. Therefore, for the
design of the current commutation method the voltage and current sources can be

represented by fixed polarity or direction DC sources, as shown in Figure 4.15.
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Figure 4.15: States (1-3) of proposed commutation strategy for single-phase AC/AC

converter when V;,, > 0, I,,; > 0 and moving from MS; M S| to MSy, M S,
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e State 1: Initial state: The converter is in steady state with a total of 8 switches,
4 switches of input side 4QSH-bridge Sy;, S1i, S2i, S3; and 4 switches of output
side 4QSH-bridge So,, S10, S20, S30, in the ON state and the cell is in the steady-
state M S1 M S:, as shown in Figure 4.15a. In this initial state:

Vin=Vr ="V, (4.3)
i1:i2:i5:i6:lgut:IL (44)
i3:i4:i7:i8:0 (45)

e State 2: With the assumed polarity of the input voltage V;,, > 0 and direction
of the output current I,,, > 0, the non-conducting switches of the cell Sy;, S3;

and Si,, S3, can be turned-OFF. Note that equations (4.3)-(4.5) remain valid.

e State 3: Switches S5;, S7; and S5, S7, can conduct the current in the direction
I,s > 0 and therefore can be turned on safely without short-circuiting the
voltage source V;,. Equations (4.3)-(4.5) still valid. Note that the current
through Ss;, S7; and Ss,, S7, remains zero because the anti-parallel diodes of

Sui, Se; and Sy, Sg, are all reverse biased.

e State 4 - First ‘current decoupling phase’: Since switches Ss;, S7; and
S50, 97, are now already in the ON state and can provide a path for the current
I,y > 0 switches Sp;, S1; in the input side 4QSH-bridge can be turned-OFF

safely without open-circuiting the output.

When the input side switches are turned-OFF the leakage inductance current
I}, forces the anti-parallel diodes of Sy;, Sg; and Sy,, Sgo into conduction. As a
result, the output current I,,,; now circulates in Sy,, S50, 520, 57, and in the anti-
parallel diodes of switches Si,, S30, S10, S6o- This action effectively shorts the
secondary winding of the transformer, decoupling the input side 4QSH-bridge
from the output side 4QSH-bridge, and in turn decoupling I,,,; from I7j,.
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At the input side the reversed input voltage appears across the leakage induc-
tance which will start to drive the leakage current I, towards zero. During this

state, equations (4.6)-(4.11) define the circuit behaviour.

V,=0 (4.6)
Vi = —Vi, (4.7)
i =iy = (4.8)
Tow
i = —iy = ; (4.9)
%_—@_J?t (4.10)
i = —13 = —1g = Loy — I‘f;i (4.11)

e State 5 - Second ‘current decoupling phase’: This state begins when the
leakage inductance current I, that started to decrease in State 4 reaches zero,
as given in equation (4.12). Note that the ON/OFF state of the switches is the
same as in the previous state, State 4, and no change has been applied. This
state could be neglected, but from the perspective of a practical implementation,
where the commutation sequence will be timed based on switching times and
the worst-case leakage discharge time, the state will be present and has been
included here for completeness. Note that this method does not require the
detection of the instant when the leakage current I reaches zero, I, = 0, thus

avoiding the need for sensors.

I, =iy =iy = —iz = —ig =0 (4.12)

e State 6 - Third ‘current decoupling phase’: As the leakage inductance
Licqr was fully discharged in State 5, the switches Sy; and Sg; in the input side
4QSH-bridge can now be turned-ON and a negative current through the leakage
inductance L., will start to increase. The output current I, is still circulating

in the output side 4QSH-bridge but the leg currents i5 and ig naturally start
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(d) State 4

e
o VU
=~

(f) State 6

Figure 4.15: (Cont.) States (4-6) of proposed commutation strategy for single-phase
AC/AC converter when V,, > 0, I,,; > 0 and moving from MS; MS; to M Sy MS,
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to decrease while the currents 77 and ig start to grow, shifting the current from
one leg to the other, from is, ig to ir, is. In this state, equations (4.6)-(4.8) and

(4.13)-(4.15) define the currents.

o1 Vint

iy = 1g = 5 (Iout — Ll k) (413)

o1 Vint

7 =18 = 5 <_Iout - Ll k) (414)
Vint

Iy =iy =—is =~ (4.15)
leak

e State 7: In this state the negative leakage current which started to develop
in state 6 reaches the magnitude of I, I, = —I,,, which in turn naturally
commutates the output side 4QSH-bridge. The currents 5, 7 reach zero whereas

the currents 7, ig reach —1I,,; therefore:

Vin = =Vr =1V, (4.16)
— I =i3=14=—17 = —ig = Loy (4.18)

e State 8: The current has now naturally commutated from Sy, S2, to Ss,, S7o
and therefore switches Sp,, S, can be turned-OFF in this state. Note that in
this state the current and voltage equations from the previous state are still

valid.

e State 9: In order to reach the steady state M .Sy M S, as shown in Figure 4.151,
the switches Sy, S¢, are turned-ON and the converter completes the commu-
tation process. Note that if the turn-ON and turn-OFF times are assumed
ideal, the commutation time corresponds to the time required by the leakage

inductance L to discharge and then recharge, as given by equation (4.19).
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=
b
Iin

(i) State 9 (steady state - M Sy MSs)

Figure 4.15: (Cont.) States (7-9) of proposed commutation strategy for single-phase
AC/AC converter when V;,, > 0, I,,; > 0 and moving from MS; MS; to M Sy MS,
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The commutation time is a function of the AC input voltage magnitude that is
driving the leakage current I;. Therefore, for a desired maximum commutation
time and load profile, a minimum input voltage exists below which the commu-
tation is not possible. In this condition, the commutation is not immediately

performed, resulting in a small zero-crossing output voltage distortion.

MAX
Tcomm > 2Lleak ‘;uTtIN (419)

In practical applications, the commutation time must be set for the worst-case value
based on the possible instantaneous values of input voltage and output current, in-
cluding the impact of switching times in each of the stages. If this condition is re-
spected, the leakage current reversal occurs without triggering the protection clamps

and therefore without generating additional losses.

4.4.3 Theoretical Commutation Waveforms

The theoretical waveforms of both current commutation methods, the source based
leakage tolerant current commutation method and the standard 4-step current com-
mutation method have been obtained using a PLECS simulation for the commutation
case in Section 4.4.2, from M S{M S, to MSyMSs; when V;, > 0, I,,; > 0, are com-
pared in Figure 4.16. The leakage inductance is assumed to be Lo = 3.2 H and the
commutation process starts at the instant when V;,, = 50V, I,,; = 7TA. To make a fair
comparison the same simulation parameters have been used for both of the methods.
In the 4-step current commutation method, shown in Figure 4.16a, the output bridge
is commutating first and the transition from state 3 to state 4 triggers the protection
clamp. As a result, the output voltage V, stays at minus the clamp voltage until I},
is reversed driven by the voltage Vi + V,, causing power dissipation in the clamp.
In the proposed current commutation method, shown in Figure 4.16b, I}, is reversed
without triggering the clamp, due to the ‘current decoupling phase’ of the proposed

current commutation method.
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Figure 4.16: Theoretical commutation waveforms for moving from M.S; M S| to M .S,
MSs when Vi, > 0, I, > 0. (a) With standard 4-step commutation (b) With
proposed source based leakage tolerant current commutation method.

Although, the theoretical analysis and the simulation results, presented in Section
4.4.2 and 4.4.3 respectively, suggest that the source based leakage tolerant current
commutation method should be applied to the cells of MIMC but an experimental test
is necessary to validate the concept and its effectiveness compared to the standard
4-step current commutation method. A detailed experimental validation has been

presented in Chapter 5.
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4.4.4 Commutation Paths

The current commutation method that has been discussed so far is only for the case
where the required change of state is from MS; MS; to MSy M Sy when V;, > 0,
I,.; > 0. The same strategy can be extended to all the possible changes of the switch
states of the converter, by rearranging the sequencing of the commutation procedure
similar to commutation paths [106]. The possible modulation or steady states of the

single-phase AC/AC converter (single-cell of the MIMC) are shown in Table 4.1.

Table 4.1: Steady states of a single-phase AC/AC converter (single-cell of the MIMC)

Modulation State Code Transformer Voltage (Vr) Output Voltage (V)

MSI MSl = +V;n = +V;n
MS; MS, = +Vin = -V
MS2 MSI :_‘/zn = —Vin
MSy; MS = —Vin =0

In order to move between the steady states shown in Table 4.1, the method can be
extended. A simplified commutation path diagram is shown in Figure 4.17 in which
‘large grey circles” denote the modulation or steady states, ‘small circles’ indicate the
temporary commutation states and the arrows represent the commutation paths. The
commutation states have been coded with letters where the first letter represents the
commutation state (CS) matrix of the input side 4QSH-bridge while the second letter
represents that of the output side 4QSH-bridge. Equations (4.20) and (4.21) show the

generic commutation matrices for input and output side 4QSH-bridges, respectively.

SoiS1i SuiSsi
5= | TUr e (4.20)

SSiS7i S2iS3i

S00S10 Si0Seo
CS, = | "0t T (4.21)

550570 520830



4.4. A SOURCE BASED LEAKAGE INDUCTANCE TOLERANT CURRENT
COMMUTATION METHOD 111

Where the switch numbering 0,..,7 refers to the individual switches in the 4QSH-
bridges of cell shown in Figure 4.9. The definition of the CS matrices is given in
equation (4.22). Note that in Figure 4.17, the modulation states, in ‘large grey circles’,
are represented using form M Sk;; M Sk,; whereas the commutation states, in ‘small

circles’, are represented using form CS;CS,,.

11 00 10 00 01 00 00 11
A: 7_B: 7O: 7D: Y
00 11 00 10 | 00 01 1100
(00 10 (00 01 ] (11 01 | 10 01 ]
E: 7F: 7G: 7H: M
10 00 01 00 01 11 | 01 10 |
00 00 | 00 00 [ 01 10 | 01 11
I = J = K = L= o (4.22)
| 01 10 | 11 11 |10 01 | 11 01
[ 01 01 | 10 10 00 00 ] 00 00
M: JN: 7O: JQ: )
| 01 01 | 10 10 L 00 00 10 01
(10 11 ] 11 10
R: ’S:
1110 | 10 11

For example, to move from steady state ‘MS; MS,” to ‘MSy; MS;” when V;, > 0,
Iy > 0, the cell will go through three commutation states ‘BA’, ‘HA’ and ‘F'A’
(Figure 4.17a). With a similar approach and using the definitions of the CS matrices
shown in (4.22), three additional diagrams can also be derived, corresponding to
the commutation paths for (V;, > 0, I, < 0), (Vi < 0, Iy > 0) and (V;, < 0,
I, < 0) which are shown in Figures 4.17b, 4.17c and 4.17d, respectively. Note that
the diagrams shown in Figure 4.17 have been found after arrangement of commutation
states to keep the same pattern of paths in all cases of commutation in order to achieve

a meaningful representation of commutation paths.
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‘;z

O (»)
o o

(b) Commutation paths when V;,, < 0, Iy < 0.

Figure 4.17: Generalised commutation paths for single-phase AC/AC converter
(single-cell of the MIMC) to move between the steady states of Table 4.1
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e
2

(¢) Commutation paths when V;, > 0, Iy, < 0.

=
N N4
fetas

(d) Commutation paths when Vj;, < 0, Iy > 0.

—

-

Figure 4.17: (Cont.) Generalised commutation paths for single-phase AC/AC con-
verter (single-cell of the MIMC) to move between the steady states of Table 4.1
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4.5 Conclusions

The commutation method can be as simple as a dead-time between the in-coming
and the out-going switches of a 2QSH-bridge which has a current source at AC side
and a voltage source at DC side. This is because in 2QSH-bridge, the current source
always has a path available through the free-wheeling diodes and there is no possi-
bility of current commutation failure. However, in case of 4QSH-bridge there is no
free-wheeling paths available to current source and thus a multi-step commutation
approach, the 4-step current commutation method is necessary to ensure the avail-
ability of a current path. To achieve this, either the direction of the current source
or polarity of the voltage source is measured and the switches of 4QSH-bridge are
switched ON/OFF in a particular sequence accordingly. When standard 4-step cur-
rent commutation method is applied to a single cell of the MIMC or a single-phase
AC/AC converter then each of the 4QSH-bridge undergoes independent commuta-
tion which in the presence of non-negligible leakage inductance of transformer causes
over-voltages across the switching devices, thus a dissipative clamp circuit becomes

unavoidable.

In order to avoid the commutation related triggering of the clamp circuit, a source
based leakage tolerant current commutation method, which does not require addi-
tional components, has been proposed for the basic building block of the MIMC, a
single-phase AC/AC converter. In this type of commutation the leakage current is
decoupled first and then modified by imposing the required polarity of the voltage
source using input side 4QSH-bridge.



Chapter 5

Experimental Validation of the

Commutation Method

5.1 Experimental Setup

To test the proposed source based leakage tolerant current commutation method a
proof of concept prototype single-phase AC/AC converter (a single cell of the MIMC)

was built. The experimental architecture is shown in Figure 5.1.

The single-cell can be modulated in various ways [90,107], but even a simple case of
modulation can be considered to validate the proposed current commutation method.
A simple case of modulation can be when the input side 4QSH-bridge modulates the
low frequency input voltage at 50Hz to a 50% duty cycle MF (10kHz) waveform.
This 50% duty cycle waveform at the MF transformer can then be unfolded or de-
modulated back to a low frequency of 50Hz using the output side 4QSH-bridge. From
the modulator’s perspective, this requires the single-cell to move between two steady
states, M S1M S, and MS,MS,, which is the same case as discussed in Section 4.4.2
of Chapter 4. The command which will cause the converter to move between the

states, M S1 M S; and MSyM Ss, is generated by a DSP, as shown in Figure 5.1.

115
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Figure 5.1: Experimental setup diagram for the validation of proposed current com-
mutation method on a single-cell of the MIMC

The DSP will output 00 if the required steady-state is MS;M.S; and 11 in case of
MSyMS;. These modulation signals are then fed to the FPGA where a Finite-State
Machine (FSM) [108] performs the current commutation based on the sign of input
voltage and the direction of output current and generates 16 independent control
signals. Note the current commutation strategy is implemented in the FPGA due to
its parallel-processing capability [109,110] which allows the implementation of current
commutation steps. Therefore the information of sign and direction of input voltage
and output current, respectively, are passed directly to the FSM in the FPGA. The
communication between the control platform and the power boards is done optically.
The optically-transmitted control signals from FPGA are then applied to the switches
on the input and output side 4QSH-bridges by the respective gate driver boards.
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To limit the disturbances to the input voltage source, the input side of the 4QSH-
bridge is equipped with a filter capacitor. To model the current source/sink a series
RL load has been considered on the output side with an assumption that L >> L;.qs.
To be able to test the standard 4-step current commutation safely without dissipating
the energy of leakage inductance in the switches and to protect the switches against
other accidental open-circuit current commutation failures, both bridges of the cell are
equipped with dissipative clamp circuits, as shown in Figure 5.1. The configuration

of the clamp circuit is shown in Figure 5.2.

Figure 5.2: Typical rectifier-based-clamp circuit for protection against the current
commutation failures

5.1.1 Control Platform

A custom DSP /FPGA based control platform, which is composed of Texas Instrument
TMS320C6713DSK (DSP) and Microsemi ProASIC 3 Family-A3P400 (FPGA), has
been used to generate 16 independent gate signals which are transmitted to gate
board using HFBR-15217 optical transmitters. The number of optical transmitters
on the custom made FPGA board was limited to a maximum of 8. Therefore, an
extension board has been used to increase the number of optical outputs to 16. The
information of polarity of the input voltage Vj,, it’s threshold V¥ and I,,,; direction
is received at the HFBR-25217 optical receivers from the sensing board via 3 optical
fibre cables. The circuit used for the HFBR-1521Z optical transmitters is shown in
Figure 5.8. For details of the circuitry and components used, refer to Appendix A.
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(From V,, polarity, threshold & 1,,, direction boards) (To gate board)

Figure 5.3: Photo of the DSP/FPGA based control platform with 16 optical trans-
mitters and 3 optical receivers

5.1.2 4QSH-bridge and Clamp Circuit

The design of input and output side 4QSH-bridges is identical in terms of PCB layout,
except that the input side 4QSH-bridge has a filter capacitor. Each 4QSH-bridge has
a individual PCB which has been designed with the aim to develop a flexible and
scalable test rig to validate various four-quadrant based topologies. For brevity, only
the input side 4QSH-bridge is shown in Figure 5.4, which contains four SEMIKRON
SKM150GM12T4G IGBT power modules. Each of the IGBT power modules, shown
in Figure 5.5, is a four-quadrant switch formed by a series connection of two IGBT's

in a common-emitter configuration.

A parallel connection of two 15uF" snubber film capacitors and four 1uF ceramic ca-
pacitors form the input side AC filter capacitor. The selection and design of the input
filter was not optimised for single-phase AC/AC converter, but estimated based on
the standard practice used in Direct Matrix Converters because the rig was developed

with an aim to test different Matrix Converter based topologies.
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Circuit

Figure 5.4: Photo of the input side 4QSH-bridge based on SEMIKRON IGBT modules
(SKM150GM12T4G)

The on-board clamp circuit, shown in Figure 5.4, is based on ultra fast recovery diode
bridges, the configuration is shown in Figure 5.2. The clamp circuit will not be in
operation during the normal operation of the converter and clamp voltage V,;, will be
equal to the peak of the input voltage, but as soon as an open-circuit fault appears,
the ultra fast recovery diodes in the clamp circuit will provide path a for the fault
current [75] causing the clamp capacitor Cg, to charge. The time it will take to
charge the clamp capacitor C, will be defined by the value of the resistor R, that

is connected parallel to it.

The value of the clamp capacitor Cg, can be determined by the maximum amount of
energy that will flow into during the open-circuit fault without increasing its voltage
Veap beyond the rated the voltage of IGBTs. This maximum energy will be the sum of
energy stored in the leakage inductance L. and output filter inductor L. Therefore,

value of the clamp capacitor Cy, can be calculated by using equation (5.1).
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Figure 5.5: Photo of the common-emitter configuration based four-quadrant switch -

SEMIKRON SKM150GM12T4G

(B )24 o)
2 |
(VA) — VAT

Cclp =

Note that in equation (5.1), IMAX and V;MAX are the peak of values of the output

VMAX

p - represents final voltage

current I,,, and the input voltage V;,, respectively.
that will appear at the clamp capacitor after it is fully charged by taking up the

energies of L and Lijeqr. V:MAX denotes the rated voltage of the IGBT, V14X should

igbt clp
be kept below the rated voltage of the IGBT and therefore, must follow the condition
Vc]l‘gAX < VMAX to protect the IGBTS from over-voltage.

Although the SEMIKRON SKM150GM12T4G IGBT power modules are rated at
1200V, 150A, the peak power that a 4QSH-bridge can tolerate is limited to 11.2kVA
(450V, 25A). This limit was chosen mainly due to cost restrictions and to keep the
prototype to a laboratory scale. The current rating was limited to 25A because of
the two-layered PCB design and the voltage rating was limited to 450VAC due to the
rating of the clamp capacitors employed.

The components used for the PCB of the 4QSH-bridge can be found in the detailed
schematic shown in Figure A.2 of Appendix A.
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5.1.3 Gate Driver Board

The gate driver board receives the optically transmitted signals from the control
platform and converts them to electrical signals which, after signal conditioning, are
fed to the gate driver circuitry, as shown in Figure 5.6. The gate driver circuity
contains HCPL-315J drivers and current enhancing IXDN-609. Note that IXDN-609
has been added to increase the current source/sink capability of HCPL-315J from
+/- 0.5A to +/- 9A. The driver circuitry is fed with isolated supplies which include
+15V¢ for turn-ON of the IGBT and —15Vgg for turn-OFF of the IGBT. A negative
voltage of -15V ensures the turn-OFF of IGBT and is considered good practise [111].
This driver circuit design is repeated eight times for driving the eight switches of a

4QSH-bridge and the PCB is shown in Figure 5.7.

+5V
+15Vcc +15Vce
| it
Vee HCPL-315J
R, C IXDN-609 |
| >— ]
Vo ! : _"'] |'> AN 7 »To gate
— 1
GND " i _l._I R,
I o Z2
Optical GND ] t T To source
Receiver -15Vee -15Vee 0Vg
Gate Driver

Figure 5.6: Block diagram of the isolated gate driver circuit

For the layout of the gate driver board, the gate to source current path must be
minimised and planes should be used instead of tracks. This is done to reduce the stray
inductance which will otherwise cause overshoots in the gate-emitter voltage [112].
Although the design of the board, shown in Figure 5.7, has been done following
good practise [112,113] it is impossible to completely eliminate stray inductances.
Therefore, to damp any oscillations arising due to stray inductances, a gate resistor
R, is introduced, as shown in Figure 5.6. The zener diodes are added to protect the

gate of the IGBT against any unwanted over voltages.



5.1. EXPERIMENTAL SETUP 122

Note that the power supply for the driver circuitry of each 4 quadrant-switch is
completely isolated using DC/DC converters. The complete circuit configuration for

the driver board can be found in the schematic shown in Figure A.1 of Appendix A.

Optical Input
(From Control
Platform)

Isolated DC/DC
Converter

\ Gate Driver
Circuit

Electrical Output
(To IGBTS)

Figure 5.7: Photo of the isolated supply gate driver board

5.1.4 Voltage Polarity and Threshold Detection

The polarity of the input voltage Vj,, is required to initiate the current commutation
process and this information is read by the FSM in the FPGA at the start of the
current commutation process. It is assumed that the polarity remains the same
during the commutation process as the commutation time is very small as compared
to the fundamental period of the low-frequency input voltage. Therefore, the polarity
must be correctly determined as the whole current commutation process depends on
it and a wrong information about polarity will lead to a short circuit of the voltage
source causing an over current which can then permanently damage the semiconductor
devices. Note that without this assumption, a very high-bandwidth sampling will be
required from the control platform which can over burden the FSM in FPGA leading
to reduced reliability.
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To extract the polarity information, a simple voltage polarity detector circuit is used
as shown in Figure 5.8 which uses a single diode to implement a half-wave rectifier.
The rectified half wave V.., is then then mapped to V. ., using a voltage divider

e

such that when V,..; = V;f‘f AX then V/_, = 5V. This ensures that the input voltage

rec_h
of the comparator V! _, never exceeds its maximum allowed input voltage. It is
important to mention that as the mapped range is small, the comparator must offer
a low offset voltage and must switch even at minimal voltage differences between its
inputs. If this condition is satisfied the comparator will output high when V;, > 0
and low in case when V;,, < 0. A small bias is given to the inverting pin using Rp;.s
to avoid a zero comparison condition. The output of the comparator is then optically

transmitted and is received by the FPGA board where this information will be used

to initiate the current commutation process.

Note that the voltage supply Vs of the optical transmitter circuit is provided through
a separate isolated DC/DC converter to increase the reliability by keeping the control

and power circuitry apart.

+3Vs
+
4 Ry R%
Vrecih |:T— i
Vi R ] N
L Optical
Transmitter
T 1 oV OIT/S
oV oV

Figure 5.8: Input voltage V;,, polarity detector circuit

Another circuit, in addition to the voltage polarity detector circuit, is required to

determine if the magnitude of the input voltage V;, is enough to drive the leakage
VMIN

current. A minimum input voltage magnitude |V;;***| can be set below which the
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current commutation process will not be initiated. The threshold detector circuit
is shown in Figure 5.9 where a full wave rectifier is generating voltage V,.. which

is mapped to V! , just as in the polarity detector circuit, and is compared with a

threshold voltage V;,. Note that V;, can be adjusted according to the worse case
conditions by varying potentiometer Ry,. The comparator output, which is high for
the case when |Vj,| > |[V.MIN| is then optically transmitted to the FPGA. The circuit
configuration and the components used in the voltage polarity and threshold detector

board can be found in the schematic shown in Figure A.3 of Appendix A.
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=

Figure 5.9: Input voltage V;,, threshold detector circuit

5.1.5 Current Direction Detector Circuit

Two diodes connected in anti-parallel configuration can be used to determine direction
of the output current I,,,;. Consider that the output current I,,; enters into the circuit
in the direction as shown in Figure 5.10 then if I, > 0 then the forward voltage drop
Ve of the conducting diode will cause the comparator to output high as Vg, = V.
However, in case when I,,; < 0, the comparator will output low as Vg, = —Vp.
Finally, the output of the comparator is then fed by the optical transmitter circuit to
the FPGA where this information will be used to initiate the current commutation

process.
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Figure 5.10: Output current I,,; direction detector circuit
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Figure 5.11: Photo of the sensing circuit - V;,, polarity and threshold detector circuit

Note that, similar to the voltage polarity, the same assumption has been made that the
fundamental period of the output current I, is much larger than the commutation
time thus requiring the information of the direction of I, at the initiation of the
current commutation process.

The layouts of voltage polarity, voltage threshold and current direction detector
circuits have been done on the single PCB to reduce manufacturing costs and the
electronic components were soldered according the desired sensing circuitry. For
example, the PCB board shown in Figure 5.11 was soldered to achieve voltage polarity
and threshold detection. The complete circuit and the components used in the current

direction board can be found in the schematic shown in Figure A.3 of Appendix A.
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5.1.6 The Medium Frequency (MF) Transformer

The conventional approach to the transformer design [114] calculates the required core
area by considering that the voltage applied to the transformer is either a sinusoidal
waveform (waveform factor K = 4.44) or a square waveform (waveform factor K = 4)
at a single frequency. However, the transformer voltage V7 in a single-cell of the
MIMC is actually a product of sinusoidal and square wave and its Fourier spectrum
will not have a single component, thus the conventional design approach can not
be applied directly. Designing the MF transformer at the switching frequency fs.,
by neglecting all the harmonic components, will cause the transformer to saturate.
Therefore, the complete Fourier spectrum of the transformer voltage Vr must be

analysed and considered for the design of the MF transformer.

To analyse the Fourier spectrum of the transformer voltage Vr, the function of the
input side 4QSH-bridge must be studied. As mentioned in Section 5.1, the single-cell
moves between steady states M S MS; and M S,M S, and a 50% duty cycle wave is
generated at the transformer. By moving between these steady-states, the input side
4QSH-bridge is actually implementing a periodic square wave function s(t) which is

given in (5.2) and shown in Figure 5.12.

o) = { 1 for nT, <t < (nTy + T,/2) ne0l2.  (52)
-1 for (nTy + T5/2) <t < (n+1)T;

The periodic square wave function s(t) can be represented by Fourier series as stated
n (5.3). Since the function s(¢) does not have a DC component and is an odd function
which follows s(—t) = —s(t) therefore the coefficients ay and a,, will be zero and only
by, exists which can be determined by (5.4). Note that b, is zero for all the even
values of m, thus the Fourier series can be simply expressed by (5.5). A generalised
expression for the input voltage V;, is given in (5.6) where K = A, B, C for a three-

phase system.
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Figure 5.12: Illustration of function s(¢) implemented by input side 4QSH-bridge

s(t) = ap + Z [y, cos (mwst) + by, sin(mwst)] (5.3)
by, = %/Sin(mwst)dt = % 1™ —(=1)"] (5.4)

0

s(t) = %m:;i;f) “ {% sin(mwst)} (5.5)

Vin(t) = Vsin(w;t + ¢x) (5.6)

The time-domain expression for the transformer voltage Vg can be obtained by the
product of the functions (5.2)-(5.6) and has been simplified to equation (5.7). This
voltage Vi when appears across the transformer will cause a change in the flux &7y

which, according to Faraday’s Law, as given in (5.8) and re-written in (5.9).

Vi (t) = Vin(t)s(t)

2V« 1 5.7
= E . [cos (mwgt — wit — i) — cos (mwgt + wit + @i)] (5:1)
m=1,3,5,...
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4P
Vik = —N diK (5.8)

1
Ori(t) = —— [ Vig(t) di (5.9)

Substituting Vrx from equation (5.7) to equation (5.9) will result in:

) V- 1
(I)TK(t> = _ﬁ Z / E [cos (mwst — w;t — ng) — (5 10)
m=1,3,5,... )

cos (mwgt + wit + @ )| dt

2V & 1 [sin (mwst — wit — ¢K)
Drg(t) = "IN Z m [ Mmws — W B
m=1,35,... (5.11)
sin (mwst + wit + Yk )
mwsg + w;

Since, w;T; = 2m and sin(t + 27) = sin(¢) then equation (5.11) can be re-written as;

) VA 1 [(mws + w;)sin (mwst — wit — @)
Prx(t) = TN Z m { M2w2 — w2 -
m=13,5,... (5.12)
(mws — w;) sin (mwst + wit + Yk
m2wg? — w;?
2V &
Cri(t) =25 D
m=1,3,5
mws [sin (mwst — wit — @) — sin (mwst + wit + Vg )] (5.13)
m3wg2 — muw;?
L i [sin (mwst — wit — @) + sin (Mwst + wit + @i )]
m3wg2 — mw;?
4V & cos(mwst) sin(w;t + @)
Pric(t) = N Z {—mws m3wg2 — mw;?

m=1,3,5,... (5.14)
Asin(mwst) cos(w;t + SOK)}

+ w;
m3wg2 — mw;2
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Note that equation (5.14) is the time-domain expression of the flux ®rx(¢) but for the

design of MF transformer, the expression (5.14) should be solved for the maximum

(t>|MAX

value of flux | @7k because the MF transformer must be able to accommodate

the maximum flux (3] generated by the voltage Vg (5.7).

|cos(most)sin(mit+<pK)|
|sin(most)cos@it+cpK)|
1t u a
X: 0.005
Y:1
0.8 / \ :
0.6f 4
0.4 '\ /\ H
1 \
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Y: 3.749e-32
(0] A m ! v L] 4
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Time (s)
Figure  5.13: Time-domain  plot  of  |cos(mwst) sin(w;t + ¢g)|  and
|sin(mwst) cos(w;it + k)| - with m = 1, px = 0, fi = 50Hz, fs = 500Hz-
showing when one term is at its peak value of unity, the other term is zero

The two terms in (5.14), |cos(mwst)sin(w;t + ¢k )| and [sin(mwst) cos(wit + vk )],
have the coefficients mw, and w;, respectively. The maximum value of either of
the mentioned terms can be unity. However, when one term is maximum or unity
the other term will be minimum or zero. To clearly show this, the time-domain
plot of the two terms for m = 1, px = 0, f; = 50Hz, fs, = 5H00Hz is shown

in Figure 5.13. For example, it can seen from Figure 5.13 that at time instant

t = 5ms, the term |cos(mwst) sin(wit 4+ o )|M** = 1, whereas the other term is
M

zero, [sin(mwst) cos(wit + px = 0, therefore equation (5.14) can be written as

shown in (5.15).
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Dge|MAX = 4V i [cos(muw,t) sin(wit + ox )| — 1
K TN ey B mi3wg2 — mw;?
M (5.15)
sin(mw,t) cos(w;t + Qi MIN _
|sin(mwst) cos( ¢r)|

1
m3wg2 — mw;2

The switching frequency f,, is within a range of 0.5kHz to 20kHz for a typical MF
transformer [115]. Therefore, the switching frequency w, is much larger than the
fundamental frequency ws, ws >> w; then the absolute maximum value of the flux

D7 (8)]M* can then be written as:

Wwy 1
Opp N =2 N (5.16)

TN m2wg2 — w;2
m=1,3,5,...

The minimum core area A,M™ required to accommodate maximum flux [®7x (¢)|M**
can be calculated by (5.18) which has been obtained by substitution of |® (¢)[***
from equation (5.16) into equation (5.17). The core area A, of the transformer must
be kept above the minimum core area A, M to avoid saturation of transformer due
to un-expected delays in switching e.g. gate driver delay etc. This must follow the
constraint A, > A MY, With the parameters reported in 5.1, the minimum core area
AMIN was found to be A MY = 9em? but a core area of A, = 11em? was selected
as it is was the nearest available core size from the manufacturer. A photo of the MF

transformer is shown in Figure 5.14.

¢ ~ BMAX ( :
4Vw > 1
AMN = — ? 5.18
N BMAX — (2m + 1)2w32 — w;2 [m ] ( )



5.1. EXPERIMENTAL SETUP

131

Table 5.1: Parameters of the MF Transformer

Parameter Symbol Value
Core material and shape 2xAMCC125 C-cores
Amorphous alloy 2605SA1
Leakage Inductance Licar 4uH
Magnetising Inductance Ly, 2.3mH
Operating Frequency fsw 10kHz
Turns Ratio N1/Ns 1
Number of Turns N 16
Current(RMS) at fs, Lins 20
Voltage(RMS) at fs, Vs 400
Power Rating VA 8kV A
Core Area A, 11em?

Figure 5.14: Photo of the MF transformer
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5.1.7 Experimental Rig and Prototype

A laboratory scale prototype of the MIMC’s cell (single-phase to single-phase isolated
AC/AC converter) was developed by connecting the individual components described
in the previous subsections is shown in Figure 5.1. The experimental rig developed is

shown in Figure 5.15 and the parameters are given in Table 5.2.

Note that the components of the experimental rig have not been optimised to show
the efficiency of the single-phase isolated AC/AC converter, but to demonstrate the
concept of the proposed current commutation method and to compare it with the

standard 4-step current commutation method.

Table 5.2: Parameters of the experimental prototype

Parameter Symbol Value

Input Voltage Amplitude Vi 100(RMS)
Input Frequency fi 50Hz
Output Frequency fo 50Hz
Load Resistance R 7.8€)
Load Inductance L 18mH
Input Filter Capacitance Cr 30uF
Clamp Capacitor Cep 300uF

Clamp Resistor Ry 2.2k}
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Figure 5.15: Photo of the experimental rig of the MIMC’s cell built for the validation
of proposed source based leakage tolerant current commutation method

5.2 Experimental Results

To clearly show the points in the converter at which the voltage and current wave-
forms were measured during the experiment test of the isolated single-phase AC/AC

converter for the validation of the current commutation strategy, Figure 5.16 is shown.
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Figure 5.16: The single-phase to single-phase AC/AC converter showing the points
at which voltages and currents were measured in the experiment

5.2.1 Standard 4-step Current Commutation Method

The standard 4-step current commutation method was applied to both the input
and the output 4QSH-bridges of the MIMC’s cell and the waveforms are shown in
Figure 5.17-5.20. To keep the consistency between the experimental results and the
simulation results given in chapter 4, it was assumed that the output side 4QSH-
bridge commutates first from steady-state M.S; to M.S; by following the switching
sequence of current based current commutation method which is shown in Figure 4.5.
The same change of state is then achieved by the input 4QSH-bridge, but following

the voltage based current commutation method as shown in Figure 4.6.
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Figure 5.17: Voltages and currents at the terminal of the single-phase isolated AC/AC
converter with the standard 4-step current commutation

Figure 5.17 shows the waveforms for the input voltage V;,, output voltage V, and
output current I,,. It can be seen that the low frequency input voltage V;, with
fundamental of 50H z is pulse width modulated by the single-phase converter to gen-
erate the output voltage V, whose fundamental frequency is same as that of the input.
Since the output voltage is a 10k H z pulse width modulated signal, therefore the fun-
damental period of the V, is not directly visible. However, the output current I,
waveform confirms that the fundamental frequency of V, is 50H z because the output
current is a filtered version of V,. Another set of results is shown in Figure 5.18 which
show waveforms at different points within the converter: transformer voltage Vr (5.7),
leakage current [, and clamp voltages V1, Vipe. Note that the clamp voltages Vi,
Vep2, shown in Figure 5.18, were obtained by setting AC coupling on the oscilloscope.
This was done to clearly show the change in the clamp voltages Vi1, Vipe during the

current commutation process.
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Figure 5.18: Transformer voltage Vr, leakage current I;, and voltages of the clamp

circuits (input clamp voltage V1, output clamp voltage Ve - in AC coupling -
showing only ripples) with the standard 4-step current commutation

To highlight the problem associated with the standard 4-step current commutation
method which is the triggering of the clamp circuit whenever the leakage current I,

reverses, Figure 5.19 is shown.

In Figure 5.19, the waveforms of current flowing into the clamp 2 ,, transformer
voltage Vr and leakage current I, are shown. It can be seen that at the time instances
when the leakage current I is reversing, due to the transition from state 3 to state
4 (Figure 4.10), the current flowing into the clamp 1.2, is non-zero, the output side
clamp circuit is being triggered. To clearly show this, a single commutation has been
highlighted in Figure 5.19 and a zoomed view of the highlighted region is shown in
Figure 5.20.

It can be clearly seen from the single commutation (Figure 5.20), that the clamp
current Iy, is zero from states 1 to 3, but as soon as the transition to state 4

occurs the over-voltage (4.1) is causing clamp circuit to trigger. The clamp circuit
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Figure 5.19: Triggering of clamp circuit during the reversal of leakage current I,
happening every commutation in the standard 4-step current commutation method

will quickly take up the output current /I,,; such that I, , = I at the beginning
of interval t4, which in turn is causing the output voltage to be clamped. The clamp
voltage then is driving the leakage current I, from I, first to zero, at the end of
interval t4, and finally to —I,,;, at the end of interval ¢.. Note that the clamp voltage
Veipz, shown in Figures 5.19 and 5.20, does not show the DC component in the clamp
voltage but only shows the ripples because the channel was set in the AC coupling

mode on the oscilloscope.

The experimental waveform of I, , is coherent with that of the simulation results
shown in Figure 4.13. The rise in the output side clamp voltage V2 due to the current

ﬂowing into the clamp circuit can be found by using the relationship Vo rise(t) =

; fOthC Ipo(t) dt where I, is total current flowing into the output side clamp
Ceip

circuit Ty (t) = Tpz.o(t) + Lapoi(t).
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From the results shown in Figure 5.19 and Figure 5.20, it is confirmed that the clamp
circuit is dissipating the energy stored in the leakage inductor L. in the clamp
resistor R, and hence causing power losses at every commutation at a rate of 2f,.
The commutation related power losses will get worse with the increase of the switching
fsw, but will get even worse when converter is operating at high power because the
energy stored in the leakage inductor L;..; has a squared relationship with the current
Eiar = %Lleakl 2. Therefore, it is not recommended to use standard 4-step current

commutation method at high power whenever the transformer has non-zero leakage

inductance.
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Figure 5.20: Expanded view of the region highlighted in Figure 5.19, showing current
through the output clamp circuit during the reversal of leakage current after the
transition from state 3 to state 4 in the standard 4-step current commutation - output
clamp voltage V2 in AC coupling
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5.2.2 Source Based Leakage Tolerant Current Commutation

Method

In order to experimentally validate the source based leakage tolerant current commu-
tation, a FSM has been implemented using VHDL in the FPGA. The FSM has been

derived from the generalised commutation paths and is shown in Figure 5.21.

L=1 T3() T4<0 550

° [ >
/2= T5=1
%Vm FROAOROLOLO
out 0 T3 0 T/§0

Vin; [oub S, VTH 0 & @ @ @ T4 T51 Vin: Iout, S, VTH
T,15,T5T,Ts V’” _; o~ T1,15,T5T4Ts

out
4’6V UF: *6 *6 *”

out 0

Figure 5.21: Moore type Finite-State Machine (FSM) implemented in FPGA us-
ing VHDL to test the proposed source based leakage tolerant current commutation
method
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To be able to compare the proposed current commutation method with the standard
current commutation method, the same test case, which uses the two steady states
ie MS1MS, and MS5M S5, has been considered. In order to move back-and-forth
between these steady states using the proposed current commutation method, a FSM

was developed.

The FSM, shown in Figure 5.21, has a total of nine input variables including V,,
Lowi, S, Ve, 11, Ty, T3, Ty and T5. Each of the input variables can acquire a Boolean

value of either 1 or 0 and has been coded according to the Table 5.3.

Table 5.3: Input variables of FSM

Variable Symbol Condition Coded Boolean Value
Input Voltage Vi Vi, >0 Vin =0
Vin <0 Vi, =1
Output Current Lot Iowt >0 I,..=0
Tt <0 Iu=1
State Change S S=MS5MS5; S =00
Input Voltage Threshold A Vg > VmM IN Ve =0
Vg < V;Q/HN Vg =1
Commutation Timer T, T, < Teomm T,=0
n=1,..5 T, =Tomm T, =1

The variable S is the state change variable which is responsible for holding the infor-
mation about the next state. The variable Vg is fed from the voltage threshold de-
tection circuit and it determines if the voltage is above the minimum voltage required
to drive the leakage current I;,. The time step between the subsequent commutation
states is controlled by the commutation timer 7,, (n = 1, ...,5). For example, assume
that the value of state change variable S'is 11, V;,, = 0, Vg = 0, I,,; = 0 then in order
to move to the required steady-state M SyM .Sy, the FSM will choose the commuta-
tion state ‘BB’ and the timer T} will start incrementing until it reaches the defined

commutation time T,.,p,. As soon as the timer 17 reaches Teomm, 11 = Teomm, the
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value of timer 77 becomes 1 which will cause the FSM to move the the next commuta-
tion state ‘HH’ and then will move through the subsequent commutation states in a
similar manner based on respective timer until it reaches the steady-state M Sy M .S,.
Since, the values of timers 7, and all other variables are acquired at the initiation
of the commutation process, the transition from one commutation to the next is not
dependent on any of the present inputs, therefore the FSM shown in Figure 5.21 is a
Moore based state machine [116,117].

Experimental results obtained by operating single-phase isolated AC/AC converter
with the proposed FSM (Figure 5.21) are shown in Figures 5.22-5.25. Figure 5.22
shows the waveforms at the input and output terminals of the converter. Note that
the frequency of the waveforms at the input side matches with that at the output side
and the converter has sinusoidal waveforms at its input and output terminals. Since
the current [, is lagging the voltage, the converter is testing all the commutation
paths shown in Figure 5.21 and it can be noted that the behaviour of the output
voltage V, for cases when V;,,.1,,; < 0 is different than for the cases when V;,,.1,,; > 0.
This is due to those commutation states which cause V, = —V},,. For example, if the
transition from MS;MS; to MSy,MSs is required when Vj, > 0 and I,,; < 0 then
the converter will take the commutation path ‘CC", ‘MK’, ‘FK’, ‘HK’, ‘FE’ in the
FSM shown in Figure 5.21. The output voltage is V, = —V;,, during the commutation
state ‘HK’ when the leakage current has fully reversed and the FSM is waiting for
next state ‘FE’. This justifies the distortion added in the output voltage V, during
the highlighted regions of Figure 5.22. Nonetheless, it can be seen by comparing
Figure 5.22 with Figure 5.17 that the distortion in the output voltage is higher when
the standard 4-step current commutation method is used. However, the impact of
the distortion associated with the proposed commutation on the output waveform

quality of the MIMC is analysed and presented in Section 6.2.1 of Chapter 6.

Figure 5.23 presents the waveforms at different points in the converter including
transformer voltage Vp, transformer or leakage current /5, and voltages Vip1, Vepe of

the input and output side clamp circuits, respectively.
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Figure 5.22: Voltages and currents at the terminal of the single-phase isolated AC/AC
converter with the proposed current commutation method
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Figure 5.23: Transformer voltage Vr, leakage current I;, and voltages of the clamp

circuits (input clamp voltage Vi1, output clamp voltage Ve -in AC coupling -
showing only ripples) with the proposed current commutation method
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To show that the leakage current I, is not disturbed and the clamp circuit is not trig-
gered during commutations, several commutations are shown in Figure 5.24. For the
ease of comparison, the time-scale of the results obtained with source based leakage
tolerant current commutation method, given in Figure 5.24, has been kept same with
that of the standard 4-step current commutation method given in Figure 5.19. When
compared to Figure 5.19, it can be noted from Figure 5.24 that the clamp current is

not affected during the leakage inductance current reversal.
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Figure 5.24: Clamp circuit not triggering during the reversal of leakage current I
with the proposed current commutation method

To highlight that the clamp circuit is not being triggered, a zoomed view of Figure
5.24, focussing on a single commutation event, is shown in Figure 5.25. To keep the
experimental results coherent with that of the previous discussion, the single commu-
tation event of Figure 5.25 is for the same case that was discussed in Section 4.4.2
(moving from MS; M S, to MSyM Sy when Vi, > 0, I,,; > 0). Furthermore, the state
numbers 1 to 9, marked on Figure 5.25, refer to the commutation states illustrated
in Figure 4.15. States 4 to 6 are significantly important as the ‘current decoupling’

is carried out within these states. It can be seen that the polarity of the transformer
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voltage Vr in state 4 is reversed therefore making Vpr = —V},, and hence equation
(4.7) becomes valid. Since, the output bridge is short circuited, this reversed voltage
Vr = —V;, appears across the leakage inductance and the leakage current I, starts to
decrease in the beginning of state 4 and becomes zero at the end of state 4, following
equation (4.12). After the leakage inductance is discharged, I;, = 0, the transformer
voltage V goes to zero and the converter is in state 5. Turn ON of switches S44, S6:i

initiate the state 6 and the leakage inductor begins to re-energise until the value of

leakage current reaches a final value of I, = —1,,;.
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Figure 5.25: Expanded view of the region highlighted in Figure 5.24, showing current
through the clamp circuit is zero during the reversal of leakage current with the
proposed current commutation method

It can be seen from Figure 5.25 that the value of leakage current at the start of
state 4 was I;, = I,,, whereas the value of leakage current at the end of state 6 is
I;, = —I,4, indicating that the leakage current reversal happening within states 4
to 6 is in accordance with the simulation results shown in Figure 4.16. Moreover, it
can seen that during the current reversal process, the clamp circuit current remains
zero which indicates that the clamp circuit is not triggered when the proposed source

based leakage tolerant current commutation method is used.
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Figure 5.26: Comparison between simulated and experimented waveforms of input
voltage V;,, output voltage V,, transformer voltage Vr and leakage current I; with
the proposed current commutation method for the commutation from M S, M S, to
MSsM S, when Vi, > 0, I,,; > 0.
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Figure 5.27: Comparison between simulated and experimented waveforms of voltage
across four-quadrant switch s01, its current 25 in relation with the transformer voltage
Vr and current I, during the commutation from M Sy M .S to M Sy M Sy when V;, > 0,
Lot > 0.
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The experimental-comparable simulation results were obtained by using PLECS sim-
ulation toolbox and are shown, against experimental waveforms, in Figure 5.26 to
Figure 5.27. By comparing simulation waveforms of Figure 5.26a with experimental
waveforms of Figure 5.26b, a good match is seen. However, the leakage current I, in
simulation does not have undershoot is because the diode model used in simulation

is ideal and thus has no reverse-recovery.

To validate that the current(s) and voltage(s) within the 4QSH-bridge are in agree-
ment with the discussion of Chapter 4, the recorded waveforms of voltage across the
switches Sp,, S1, in the output bridge and the leg current i5 are shown in Figure 5.27b.
The leg current 75 equals the output current, 15 = I, in state 1 to 3 which validate
equation (4.4). Note that the slope of the leakage current I, in state 4 and state 6
depends on the ratio of input voltage V;,, and leakage inductance L., and be writ-

Vi

ten as g During state 5, the output current is divided in both legs therefore,

the leg current is reduces to half of its original value, i5 = %2, which makes (4.9)
true. Hence, Figure 5.26 and Figure 5.27 validate that the experimental results are in

accordance with the discussion of Section 4.4.2 and match with the simulation results.

5.3 Comparison of Losses

For the operating conditions of the experimental setup given in Section 5.1, the losses
associated with both the proposed current commutation method and the standard

4-step current commutation method, are compared in this Section.

It has been confirmed from the experimental validation, given in Sections 5.2.1 and
5.2.2, that the clamp circuit is being triggered with the standard 4-step commutation
method. Therefore both methods can be compared in terms of clamp related losses.
The sequence of switches turning ON/OFF differ in both current commutation meth-
ods, hence both methods will offer different switching loss profiles. However, both
methods will have similar conduction losses as the commutation time is not a signif-

icant part of the switching period. Hence, both of the methods will be compared for
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leakage inductance related losses and switching losses.

It is important to note that the experimental rig is a scalable and flexible setup serving
as a proof-of-concept demonstrator which is not optimised for efficiency. Hence,
the losses shown in this section are not representation of the technology but are a

representative comparison between the two current commutation strategies.

5.3.1 Leakage Inductance Related Losses with Standard
4-step Current Commutation Method

In order to model the power flowing into the output clamp circuit when 4-step current
commutation is used, the waveform of the total current flowing into the clamp circuit,
when transition from state 3 to state 4 occurs (Figure 4.13), can be approximated
by the triangular waveform shown in Figure 5.28. As soon as the transition occurs,
both the leakage and output current flow into the the clamp causing a total current
of 20out, | 11| + [Lout| = 21out, which decreases with a slope of (|Vi,(t)| — Vepz) / Licak
assuming that the clamp voltage V2 is constant. The area under the triangle will

represent the charge and can be calculated by:

Q) = GAT( (1)) (5.19)
2]out2(t)L ea

Q) = 7 Ile(tl)c| (5.20)

B(t) = 2L out” () Licak Verpo (5.21)

‘/clp2 - |‘/’m(t)|
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Figure 5.28: Waveform of current flowing into the output clamp circuit due to tran-
sition from step 3 to step 4 in standard 4-step current commutation method

The energy per commutation can be obtained by multiplying charge of (5.19) with
the clamp voltage V2, as given by (5.21). Since there are two commutation events
per switching cycle, the average power loss over switching cycle of f,, can simply be

found:

_ 415 (t) Licak fsw
P(t) = out() leakf

) =— T (5:22)
Vclp2
o A(IMAX sin (wot — 0)) Lica fou
P(t) = |[VMAX sin(wot)| (5.23)
1 B Vclp2

Note that no leakage related power losses are associated with the proposed current

commutation.
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5.3.2 Switching Losses with Standard 4-Step Current Com-
mutation Method

To analyse the switching losses, refer to the commutation example of Figure 4.5 where
commutation of output 4QSH-bridge from steady-state M.S; to M Ss is required when
I, >0and V,, > 0:

e In state 2, the non-conducting switches 57, S5 are turned OFF with Zero Current

Switching (ZCS).
e In state 3, the switches S5, S7 will be turned ON with ZCS.

e In state 4, the switches Sy, S5 are turned OFF with non-zero current resulting

in a hard switching.

e In state 5, the steady-state M S, is reached by turning ON the switches Sy, Sg
under Zero Voltage Switching (ZVS).
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Figure 5.29: Leg current I5 and voltage vsg; across switches Sy,, S1, showing the hard
turn-OFF of switch Sy,
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The analysed commutation case discussed above when [, > 0 and V;,, > 0 has a total
of eight transitions involved in the change of state of a 4QSH-bridge with two of the
transitions being hard while the remaining six are soft. This gives a total of sixteen
switch transitions, of which four are hard and twelve are soft, for both the input and
output 4QSH-bridges. In a similar manner, number of hard and soft switching for all
the other cases (I, > 0 and V;, < 0), (Ipw < 0 and Vj, < 0), (Ipwe < 0 and Vj, > 0)
have been analysed and the information about switch transitions is summarised in
Table 5.4. However, for confirmation of hard-switching(s) in the standard 4-step
current commutation method, the current I5 through the switches Sy,, S1, and the
voltage V'sg; across these switches are shown in Figure 5.29 assuming the current
commutation method is applied to the output side 4QSH-bridge. It can be noted
that the transition from state 3 to state 4 is causing the voltage V'sy; to rise from
zero while the current I5 starts to decrease until it reaches zero and this is because the
switch Sy, is turned OFF in state 4. Since there is an over-lap between the current
I5 and voltage Vsp; the turn OFF of the switch Sy, is hard. This matches with the
above discussion of soft and hard transitions that Sy, is turned OFF with non-zero

current.

5.3.3 Switching Losses with Proposed Current Commutation

Method

The switching losses with the proposed current commutation method can be deter-
mined by referring to the commutation states, shown in Figure 4.15, for the case when

required steady-state is M SoM Sy and I,,; > 0 and V;, > 0.

e In state 2, the non-conducting switches Sy;, S3; and Si,, S3, are turned OFF

with Zero Current Switching (ZCS).
e In state 3, the switches Ss;, S7; and Ss,, S7, will be turned ON with ZCS.

e In state 4, the switches Sy;, So; are turned OFF with non-zero current resulting

in hard switching.
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e In state 5, no switching action takes place and in terms of ON/OFF state of
switches is same as state 4.

e In state 6, switches Sy;, Sg; are turned ON, to re-energise the leakage inductance
Licar, will experience ZCS because the rate of change of current is limited by
the leakage inductance Ljeq.

e In state 7, no switching action takes place and in terms of ON/OFF state of
switches is same as state 6.

e In state 8, the switches Sy, S, are turned OFF with ZCS as they carry no
current.

e In state 9, to be able to reach steady-state M Sy M Ss, the switches Sy, Sg, are
turned ON with ZVS.
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Figure 5.30: Leg current I5 and voltage vsg; across switches Sy,, S1, showing the soft
turn-OFF (ZCS) of switch Sy,

By considering the switch transitions state by state, it can be noted that the there

are a total of sixteen switch transitions out of which only two are hard and fourteen

are soft. The information of switch transitions for the remaining cases (I, > 0

and Vi, < 0), (Iowr < 0 and V;;, < 0), (Lowz < 0 and V;,, > 0) has been found in a
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similar manner and is compared with the information of transitions obtained with

the standard 4-step current commutation given in Table 5.4.

Waveforms of the voltage across switches Sy,, S, and current I5 through the switches
are shown in Figure 5.30 when source based leakage tolerant current commutation is
used. Note that the transition from state 5 to state 6 is causing the current I5 to
decrease until it reaches zero at the end of state 6 but it is important to note that
as the voltage vsg; starts rising after the current I5 be has reached zero. There is no
over-lap between voltage and current and the turn OFF of the switch Sy,, in state 8,
is soft which is coherent with the discussion of switch transitions in each state given
above.

Table 5.4: Comparison of switch transitions in standard standard 4-step and proposed

current commutation methods for all possible scenarios of V;,, and I,,; when converter
moves between M S;MS; and M SyM S,

Current Commutation Method Input bridge switch Output bridge switch

transitions transitions

Standard 4-step method Total = 8 Total = 8
Soft = 6, Hard =2  Soft = 6, Hard = 2

Leakage tolerant method Total = 8 Total = 8

Soft = 6, Hard =2  Soft = 8, Hard = 0

It is interesting to note, from Table 5.4, that when proposed current commutation
method is used there will be only two hard switchings and the output 4QSH-bridge will
be completely soft-switched whereas in case of standard 4-step current commutation
method the number of hard switching is double. This indicates that the proposed
current commutation method is not only leakage inductance tolerant but also it is
offering lower switching and reverse recovery losses because the slope of current is
limited by the leakage inductance. In order to validate this claim, thermal model
of the SEMIKRON SKM150GM12T4G IGBT power modules power modules was

developed in PLECS and the simulation results are shown in Figure 5.31.
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Figure 5.31: Simulated losses with standard and proposed current commutation meth-
ods: semiconductor switching loss with standard method (Sw Loss-Standard), semi-
conductor switching loss with proposed method (Sw Loss-Proposed), semiconductor
conduction loss with standard method (Cond Loss-Standard), semiconductor con-
duction loss with proposed method (Cond Loss-Proposed), clamp circuits loss with
standard method (SimClp Loss-Proposed), predicted clamp loss, using (5.23), with
standard method (Pred Clp Loss-Standard) and clamp circuits loss with proposed
method (SimClp Loss-Proposed)

Note that the results at different power levels are obtained simply by varying the input
voltage while keeping the RL load fixed. As expected, both methods are offering
similar conduction losses because the commutation takes a very small part of the
switching period. The switching losses with the proposed method are reduced to less
than the half of that offered by standard method, because not only number of hard
switchings are halved, as seen from Table 5.4, but the reverse-recovery losses are also
reduced. In addition, the leakage inductance related losses are predicted in Figure

5.31 by averaging equation (5.23) over fundamental period of the input voltage.
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Finally, the experimental losses are compared with the simulated losses as shown in
Figure 5.32. The simulated losses are total losses obtained by summing up all the
losses that are shown in Figure 5.31. Coherency between experimental and simulated
loss profiles validate that loss predicted analytically and in simulation, a significant
reduction in losses is achievable when the proposed leakage tolerant current commu-

tation method is used instead of the standard current commutation method.
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Figure 5.32: Experimental and simulation-predicted losses with standard 4-step cur-

rent commutation method and proposed current commutation method in a single cell
of the MIMC
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5.4 Conclusions

To validate the concept of the source based leakage tolerant current commutation
method an experimental setup of a single-phase AC/AC converter was developed and
tested for a simple modulation case which used two steady states. The transition
between the two steady states was done by implementing the standard 4-step current
commutation method first, the experimental results validated the triggering of the
clamp circuits which lead to additional power losses. The proposed current commu-
tation method was also implemented and the results, when compared with that ob-
tained with the standard 4-step current commutation method, highlight the absence of
commutation related triggering of the clamp circuit. Furthermore, the commutation
losses in clamp circuit, when the standard current commutation method is used, are
confirmed in a comparison of losses. In addition to this, a significant reduction in the

switching losses has also been seen when proposed method is employed because the

rate of change of current % through the devices is limited by the leakage inductance,
increasing the total number of soft-switchings. Similar to dead-time distortion in a
standard two-level inverter, there is a commutation-related distortion associated with
the proposed method because the commutation process can never be instantaneous

in reality.



Chapter 6

Experimental Validation and
Control of Modular Isolated
Matrix Converter (MIMC)

6.1 Introduction

Various modulation methods for the Modular Isolated Matrix Converter (MIMC)
were presented in Chapter 3 with the assumption that the transitions between the
states of the MIMC happen instantaneously. However, this assumption is not valid in
reality because a commutation method is essential to achieve a safe transition between
the states. For safe transitions between the states, a source based leakage tolerant
commutation method was proposed in Chapter 4. The commutation method was
experimentally validated on a single-cell of the MIMC for a simple case of modulation
in Chapter 5. Chapter 6 validates the operation of the proposed MIMC by modulating
the cells according to one of the modulation methods, presented in Chapter 3, and
commutating, using the source based leakage tolerant commutation method presented

in Chapter 4.

157
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Chapter 6 presents the open-loop operation which experimentally validates the con-
ceptual MIMC. Furthermore, to compensate for the distortion introduced by the com-
mutation strategy and to show that the MIMC can operate in a realistic scenario,
a closed-loop system was also presented. However, the optimisation and the perfor-
mance in terms of the closed-loop control is out of the scope of this work because the
key focus is not the control but the practically demonstration of a conceptual MIMC

topology.

In Chapter 5 a simple case of modulation which uses two steady-states, M S;MS;
and M Sy;M Ss, was considered but more steady-states are required to implement the

modulation methods presented in Chapter 3.

In the case of the scalar modulation (Venturini Modulation) four steady-states and
seven paths are required which are re-shown in Figure 6.1. However, each of the seven
paths will contain four sub-paths, for conditions (Vx; > 0, I;, > 0), (Vk; > 0, I;, < 0),
(Vi < 0,1;, > 0), (Vk; < 0,1j, < 0), when the source based leakage tolerant
commutation method is used. This will lead to a total of 28 possible commutation
paths. Note that these 28 must be implemented in the FPGA using a Finite State
Machine (FSM) in order to use the Venturini Modulation method.

MSll\@ [ Ms,MS,

A A

| | |

MSlMSO \ /NISZMSO

i
<«

Figure 6.1: State transitions (per-cell) required for the implementation of the Ven-
turini Modulation method
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In the case of the SVM method, the number of commutation paths will increase up to
120. In terms of implementation, all 120 commutation paths must be defined in the
FSM. Implementation of 120 paths in the FSM will limit the base clock of the FSM
to respect the setup and hold times. Therefore, considering ease of implementation
as priority, the basic Venturini Modulation method was selected for the validation
of operation of the MIMC. Note that the low voltage regulation of the Venturini
Modulation method is not an issue in the MIMC because it can be increased by

changing the turn-ratio of the MF transformers.

The state-transitions for the Venturini Modulation method, shown in Figure 6.1,
can be achieved using the source based leakage tolerant commutation method by

implementing the FSM shown in Figure 6.2.

The FSM, shown in Figure 6.2, has a total of nine input variables including Vi;, I,
S, Vru, T, with n=1 to 5. Each of the input variables can acquire a Boolean value

of either 1 or 0 and has been coded according to Table 6.1.

Table 6.1: Input variables of FSM

Variable Symbol Condition Coded Boolean Value

Input Voltage Vi Vi >0 Viki=0
Output Current L, I, >0 I, =0

Ijo < O Ijo = 1

State Change S S=MS5MS; S = 0000

S = MSy,MS, S = 0100

S=MS5MS5, S = 0010

Input Voltage Threshold Vg Vg > VMIN Vg =0
VTH < ‘/iﬁ/HN VTH =1
Commutation Timer T, T, < Teomm T,=0

n=1,..5 T, =Tomm T, =1
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S=0000 or VKiyljo,Tn,S

/

S=0010 or VKi,IJ—O,Tn,S VKi,Ijo,Tn,S S=0001 or
V=1 V=1

Figure 6.2: Finite State Machine (FSM) for implementing the Venturini Modulation
on a cell of the MIMC

In Table 6.1 and Figure 6.2, the variable S is the state change variable which is
responsible for holding information about the next state of the cell. Variable Vg
determines if the voltage is above the minimum voltage required to drive the leakage
current I;. Just as shown in Figure 5.21, the transition from one commutation state
to another is controlled by the commutation timer 7,, (n = 1,...,5). Due to a large
number of commutation states, the commutation timer variable has not been shown

in Figure 6.2.
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Figure 6.3: Equivalent Common-emitter configuration of a four-quadrant switch

In Figure 6.2, ‘large grey circles’ denote the modulation or steady states, ‘small
circles’ indicate the commutation states and the arrows represent the commutation
paths. The commutation states have been coded with letters where the first letter
represents the commutation state (CS) matrix of the input side bridge while the
second letter represents that of the output side bridge. Equation (6.1) shows the
generic CS matrices for input and output side bridges containing a common-emitter
configuration switch, shown in Figure 6.3, and the definitions of the CS matrices is

given in equation (4.22) of Chapter 4.

cS o SWKOijSWKlij SYKOijSYKlij

L SZKOijSZKlij SXKOijSXKlij

C'SKoj =

SW Kooy Wiy S¥ Kooy SY Ko ]

L SZKOojSZKloj SXKOO]'SXKIO]'

In order to observe the behaviour of the MIMC with the source based leakage tol-
erant commutation method, the FSM shown in Figure 6.2 was implemented in the

simulation and discussed in the next section.
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6.2 Open-loop Validation of the MIMC

6.2.1 Simulation Results

This section presents the results from a full three-phase to three-phase open-loop
PLECS simulation of the MIMC when operated with the Venturini Modulation and
leakage tolerant commutation method. The parameters used in the simulation are

shown in Table 6.2.
Table 6.2: PLECS simulation parameters for validation of the MIMC

Parameter Symbol Value

Input Frequency fi 50 Hz

Output Frequency fo 60 Hz

Input Voltage Amplitude Vi 200 V (PEAK)

Load Resistance R 109

Load Inductance L 10 mH

Switching Frequency fsw 10 kHz
Voltage Regulation Ratio q 0.45

Leakage Inductance of Transformer Licor 2.5 uH
Commutation Step Teomm 1 s

The MIMC operates with a fundamental frequency of 50 Hz at the input and 60 Hz at
the output. This test case has been selected to show the applicability of the proposed
system in applications requiring frequency decoupling e.g. 50 and 60 Hz grids or 50,
25 and 16.7 Hz traction systems [118].

Figure 6.4 shows the three-phase input voltages Vi; and the output currents I, in the
three-phase to three-phase MIMC. By observing the period of the voltages Vi; and
currents [, in Figures 6.4(a) and 6.4(b), respectively, three-phase operation of the
MIMC while achieving frequency adaptation can been confirmed. However, it must be
seen from Figure 6.4(b) that the output currents I, are experiencing distortion which
is associated with the leakage tolerant commutation scheme. To show the impact of

the distortions, switching voltages and currents of a cell are shown in Figure 6.5.
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Figure 6.4: Open-loop simulated waveforms at the terminals of the proposed three-
phase to three-phase MIMC with Venturini Modulation and leakage tolerant commu-
tation method (a) Three-phase input voltages Vk; (b) Three-phase output currents
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Figure 6.5: Open-loop simulated waveforms in the second cell of Figure 3.3 (a) Trans-
former voltage Vrp, (b) Transformer current I7p, and output current I,, (¢) Output
voltage Vo
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In Figure 6.5, the red circles indicate the distortion in the cell output voltage Vg,
added due to the proposed current commutation method. To clearly show this, a
zoomed view of the yellow highlighted region in Figure 6.5 is shown in Figure 6.6. Two
state transitions, from M S| M S, to M SoM Sy and then from M Sy M Sy to M Sy M Sy,
can be seen in Figure 6.6. Looking at the transition from MS;MS; to M Sy M .Ss, it
can be seen that the output voltage of cell is being affected during the state transition

and therefore, the commutation is non-ideal.
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Figure 6.6: Zoomed view of the highlighted region in Figure 6.5, showing non-ideal
commutations (f) Transformer voltage Vrp, (g) Transformer current Irg, (h) Output
voltage Vo

A comparable ideal case of commutation is shown in Figure 6.7. By comparing
the output voltage Vp,, during the state transition MS;MS; to MS;MSs in both
ideal and non-ideal case, shown in Figure 6.7 and Figure 6.6, respectively it can
be seen the cell output voltage Vp,, in ideal case remains unaffected. However,
this is not true in the non-ideal state transition, shown in Figure 6.6, where the
VBoa goes first to zero and then becomes Vg,, = —Vp; during the transition from

MS{MS; to MSy;MS;. This is because several commutation states are applied during
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Figure 6.7: Example of an ideal transformer current in a single cell when operated with
the 50% Venturini Modulation — zero leakage transformer (a) Transformer voltage
Vrpa (b) Transformer current I7p, (¢) Output voltage Vi,

the commutation process. For example, for this particular case of transition, from
MS{MSy to MSsMSs with Vg; > 0 and [,, < 0, the commutation states applied by
the FSM (Figure 6.2) are ‘CC", ‘MK’, ‘FK’, ‘HK’, ‘FE’. The output voltage Vpo, = 0
during transition, from M S M S, to M Sy3M S5, because of the commutation states
‘MK’, ‘FK’ which short circuit the output bridge and then becomes Vg,, = —Vp;
when the commutation state is ‘HK’ and leakage is charged while the commutation
timer is waiting for the next commutation state ‘FFE’. This behaviour of the output
voltage of cell Vg, to go zero first and then to —Vp;, highlighted in red circle in
Figure 6.6, is actually a distortion associated with the source based leakage tolerant
commutation scheme. Each cell of the MIMC will experience similar distortions in

the generic cell output voltage Vi oq-
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The cell output voltages of top, middle, and bottom cell i.e. Vaoa, VBoa, Vooa, can be
seen in Figure 6.8(a)-(c) in which the commutation-associated distortions are high-
lighted using red circles. The final output voltage V,,, sum of Vaoa, VBoas Vooa, 18
shown in Figure 6.8(d).

S 200 : : : . .
2 e mm === ===~ == T ==~~~ T -~~~ VA
i‘iﬁ of @ e e e e | Tl T VAoa]
S 200 ' ' . . ,

(a)
g T T T : :
7 ! —-==VBi ||
‘%D -1007 — VBod(]
S -200F : 3 - 11 . ——
= 200 (b)
> S S l___ o T T T
: (e
&n 0 . |
s 1T e
> L L L L |

-200

S 500 . . . . l
e Vao |
§ _500 I I I I I

60.8 61 61.2 614 61.6

Time (ms)

(d)

Figure 6.8: Cell output voltages Vi,, and final output phase voltage V,, when oper-
ated with non-ideal (leakage tolerant) commutation and 50% Venturini Modulation.
(a) Output voltage Vie. (b) Output voltage Vio,. (c) Output voltage Vio,. (d)
Output phase voltage V.

It can be seen from Figure 6.8(d) that the open-loop phase output voltage V,, has
commutation-related distortions because V,, is the sum of output cell voltages Vi q.
This commutation-related distortion at the output of the MIMC must be quantified.
In order to quantify the distortion associated with the commutation, the MIMC was
operated with the ideal as well as the non-ideal commutation scheme and the THD

of the open-loop output current I,, was observed at various switching frequencies
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as shown in Figure 6.9. Note that a fixed commutation step T.,mm was used for

simplicity and the open-loop output current /,, is filtered using a 10 mH inductor.

4 O T T T T

see==== THD of [ao with ideal commutation
35T \ mff T HD of [ao with non-ideal commutation||

Switching Frequency(kHz)

Figure 6.9: Switching frequency vs. Total Harmonic Distortion (THD) with a fixed
commutation time T,,,,,, and filter inductor L =10 mH in the open-loop MIMC

It can be observed from Figure 6.9 that in the ideal case, the THD of the output
current [,, always has an inverse relation with the switching frequency fs, but this
is not true for non-ideal case. Up to a switching frequency fs, of 5 kHz, the THD of
both cases remains almost same, as the fixed commutation time is negligible compared
to the switching period, but with the further increase of switching frequency fs,, the
fixed commutation time becomes a significant part of the switching period therefore
causing the THD to increase. The observed optimum range of operation for the MIMC
is between 5 and 10 kHz. Within the optimum range, a higher switching frequency
fsw Will be preferred as the size of the magnetic components, which in the case of the
MIMC is the MF transformer, will reduce. Therefore, a switching frequency fs, of
10 kHz was selected in simulation and experiment. Note that the THD curve, shown

in Figure 6.9, is obtained by keeping a fixed value of leakage inductance.
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6.2.2 Experimental Setup and Results

The experimental setup used for validation of the leakage tolerant commutation,
shown in Figure 5.15, was a single-cell of the MIMC i.e. single-phase to single-phase
AC/AC converter. In order to validate the operation of the MIMC, a minimum
three-phase to single-phase version of the MIMC is required as shown in Figure 6.11.

Figure 6.11 also shows the points where the waveforms were observed.
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Figure 6.10: Block diagram of the experimental setup for the three-phase to single-
phase MIMC topology

The block diagram of the experimental setup for a three-phase to single-phase MIMC
topology is shown in Figure 6.10. Since the state change variable .S in the FSM, shown
in Figure 6.2, is a four-bit variable, four modulation commands per cell and a total
of twelve modulation commands for three-cells are generated by the DSP as shown in
Figure 6.10. These twelve modulation commands implement the switching functions,
given in (3.11)-(3.13), for the 50% Venturini Modulation. The twelve modulation
signals are fed to the FPGA where a VHDL based FSM generates sixteen independent
gate signals per cell, based on the direction of output current I,, and polarity of input
voltages Vi, to perform the leakage tolerant commutation. A total of 48 independent
gate signals for three cells, generated by the FPGA, are then optically transmitted
to the gate driver boards of the SEMIKRON SKM150GM12T4G IGBT modules.
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Figure 6.11: Three-phase to single-phase version of the MIMC topology - showing
the points where voltages and currents were measured in experiment

The Vi; sign and threshold detector block receives four electrical cables as the input
voltage Vi; is a three-phase four-wire system. The said block feeds six optical signals
to the FPGA, from which three contain the information of sign and the remaining
three contain the information of the threshold. The threshold of the input voltages
is detected to avoid commutation when the input voltage magnitude is below the set
threshold. This can be observed in the simulation result of Figure 6.5(b) where current
I7p is zero i.e. no commutation is performed at the instance when the magnitude of
voltage Vrp is close to zero. The value of threshold can be set by taking into account
the peak value of current I,,, leakage inductance Lj..x, commutation time 7,,,,, and
using simple formula Vygy = % where Al,, = 21,, as leakage current changes

between I,, and —1,,.
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Figure 6.12: Photo of the DSP/FPGA based control platform with 48 optical trans-
mitters and seven optical receivers

The 1,, direction detector block is connected in series with the output RL load. This
block feeds an optical signal to the FPGA. Therefore, the FSM in the FPGA receives
a total of seven signals, six from the Vi; sign and threshold detector block and one

from the I,, direction detector block, as shown in Figure 6.10.

To be able to receive seven optical signals and transmit 48 optical signals, the control
platform, shown in Figure 5.3 was extended. The extended control platform is shown
in Figure 6.12. A total of four ADC channels, three for reading the three-phase
voltages Vi; and one for the single-phase output current I,,, are used as shown in
Figure 6.12. The instantaneous value of the single-phase output current I,, is required
for achieving a closed-loop current control of the MIMC. However, the information
about the three-phase input supply Vk; is required for generating modulation duty
cycles Dy (3.5). Although, instantaneous values of the supply voltage Vi; can be
fed directly to the duty cycles Dg; modulation of the MIMC but this can cause
distortions in the output voltage of the MIMC in the case when the supply voltage
is distorted. Therefore, the information, including angle and frequency of the three-

phase input supply V;, can be extracted using a Phase-Locked Loop (PLL) as shown
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in Figure 6.13 [119].
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Figure 6.13: Structure of the Phase-Locked Loop (PLL) system

Note that the hardware implementations of the Vi; sign and threshold detector and
1., direction detector blocks have already been discussed in Chapter 5 under Sec-
tions 5.1.4 and 5.1.5, respectively. The PCB for a three-phase input voltage Vi; was
built by repeating the PCB shown in Figure 5.11 of Section 5.1.4 and is not re-shown
in this section for the sake of conciseness. The design of the MF transformers remains
the same as presented in Section 5.1.6 and is repeated to have three MF transform-
ers for three-phase to single-phase MIMC. The experimental rig built is shown in

Figure 6.14(a).

The three-phase input Vi; to the experimental rig is supplied using a variac as shown
in Figure 6.14(a). The thee cells (for Phase A, B, C) and the MF transformers
are stacked horizontally in a server rack as shown in Figure 6.14(b). In order to
experimentally validate open-loop operation of the MIMC, the 6kW proof of concept
prototype, shown in Figure 6.14, was operated with the parameters given in Table 6.3
and the observed experimental waveforms at the terminals of the MIMC are shown

in Figure 6.15.
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(a) The experimental setup including three-phase input voltage Vi; variable AC supply and
oscillioscope

Phase B

Phase C

MF
Transformers

(b) Front of the rack showing the stacked top (Phase A), middle (Phase B) and bottom
(Phase C) cells and MF transformers

Figure 6.14: Photo of the experimental rig for three-phase to single-phase MIMC
topology
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Table 6.3: Experimental test parameters for validation of the MIMC

Parameter Symbol Value

Input Voltage Amplitude Vii 120 V (RMS)
Frequency at the input side fi 50 Hz
Frequency at the output side fo 60 Hz
Switching Frequency fsw 10 kHz
Load Resistance R 1.5
Load Inductance L 10 mH
Input Filter Capacitance Cr 30 uF

From Figure 6.15(a), it is important to note that the fundamental component of all the
three-phase input voltages Vi; is at 50 Hz whereas that of the filtered output current
I, is at 60 Hz. Current I,, is the average of the pulse-width-modulated output
voltage V,,. This confirms that the MIMC is able to achieve input-output frequency
decoupling by following equation (3.22) as the components at w; and 2w; + w, are
cancelled due to the phase difference of 2?”, leaving only a single component at w,
which is 60 Hz in the case shown in Figure 6.15. Note that the experimental setup
is only a three-phase to single-phase MIMC hence the input side currents [; are not
sinusoidal, causing distortions in the input voltages Vi; which will be mitigated in

the full three-phase version.

Figure 6.16 shows several cycles of the modulated output voltages of the individual
cells Vo, as well as the sum of these voltages which is the output voltage V,,. At
any time ‘¢’ the output voltage V,, is the sum of the cell voltages Vi,, and follows

‘/j = Z VKoj = VAoj + VBoj + VCoj-
K=A.B,C

To clearly show that the he final output voltage V,, is the sum of cell voltages Vi ,q,
a zoomed view of yellow highlighted region of Figure 6.16 is shown in Figure 6.17.
Figure 6.17 confirms that the experimental waveforms of Vy,, Vg,, Ve, and their sum
V.o matches with the simulated waveforms presented in Figure 6.8. Thus, the results
shown in Figure 6.15-6.16 have experimentally validated the open-loop operation of

the proposed MIMC. A single switching period Ts has been shown in Figure 6.17 to
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Figure 6.15: Three-phase input voltages Vi; at 50 Hz and single-phase output current
I, at 60 Hz in open-loop three-phase to single-phase MIMC

show that the duty cycles Dg; are arranged in the pattern of D4, Dp,, Do, and are

in accordance with the arrangement given in Figure 3.5.

Note that the red regions in the waveforms shown in Figure 6.17 indicate the distor-
tion added in the output voltages of cells Viaoe, VBoa, Viooe due to the commutation.
These commutation related distortions in the proposed MIMC topology are analogous
to the dead-time distortion in the standard two-level inverters. To compensate for
these commutation-related distortions and to enhance the degree of controllability, a

current-controller must be added.
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6.3 Closed-loop Control of the MIMC

The choice of the controller can be made by observing the harmonic spectrum [120]
of the open-loop output current /,, open. Figure 6.18 shows the simulated harmonic
spectrum of the open-loop output current In, open. From Figure 6.18, it can be seen
that the leakage tolerant commutation is causing harmonics at the odd multiples of the
fundamental, i.e. at 180 Hz, 300 Hz and so on. Therefore, the effect of leakage tolerant
commutation is analogous to dead-time in the standard two-level inverter [120, 121].
Moreover, it can also be seen that some low frequency harmonics are also present
in the open-loop output current o, open. To compensate for the harmonics and to
be able to track a sinusoidal current, a Proportional-Resonant (PR) controller was

investigated for the MIMC due to its periodic-disturbance rejection capability [122].
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Figure 6.18: Harmonic spectrum of the open loop output current I,, opep, in the MIMC
(simulation)
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6.3.1 Proportional-Resonant (PR) Controller

Although a PR controller offers good harmonic rejection capability [123] this capa-
bility can further be enhanced by inserting gains at particular frequencies. This can
be achieved by using multi-resonant controllers which are tuned at desired frequen-
cies and are connected in parallel [124]. If third and fifth harmonics, present in the
open-loop output current /,, open, are to be compensated, then the transfer function
of a PR controller [122] can be extended to a form given in (6.2) where Kp = 2Lw,,
Kpri = Lw? + 2Rw., Kry = Rw.? — 2Lw.w,?.

K 1 1
Gpr(s) = Kp + 2—R22 + sKr

s2 + (wo) 52 + (w0)2 * 52 + (3%)2 - 52+ (5u10)2 (6.2)

The block diagram of the PR based current-controller is shown in Figure 6.19 where
V!, is the required output voltage to track the reference current /,, .. The required

output voltage V/ is fed to the MIMC’s duty cycle equation given in (3.5). A Bode

GpRr(s)

7o of the multi-resonant current controller is shown in Fig-

plot of the loop gain
ure 6.20.

To Converter

ao_err !
Iao_ref VaO 1

—> Gppg (8) >
Ls+ R

Controller Plant
Iao_ PR

Figure 6.19: Block diagram of PR based current-controller for MIMC

The design of the PR current-controller was first validated using PLECS simulation.
Figure 6.21 shows the effect of the designed PR controller on the output current I,,
when the PR controller is activated at t=0.3ms. It can be seen from Figure 6.21 that
the PR controller is enhancing the current quality. To clearly show the improvement,

the harmonic spectrum of the closed-loop current I,, pg is shown in Figure 6.22.
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It can be seen from the harmonic spectrum, shown in Figure 6.22, that the magnitudes
of the third and fifth harmonics have reduced from 4.1% and 1.76%, respectively to
0.03% and 0.02%, respectively when compared with the harmonic spectrum of the
open-loop current o, opern, shown in Figure 6.18. In addition to this, it can also be seen
that the DC component and other low frequency harmonics are also being partially
compensated. This is because the designed PR controller has some gain at DC and
low frequency which has been highlighted as a data point in the bode diagram shown
in Figure 6.20. Figure 6.22 has confirmed the feasibility of the designed PR controller

using simulation.
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Figure 6.21: The output current I,, in the MIMC when PR controller is activated at
t=0.3ms (simulation)
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Figure 6.22: Harmonic spectrum of the closed-loop output current I,, pg in the MIMC
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Figure 6.23: The open-loop output current I,, open, in the MIMC (experiment)

To test out the designed PR controller, the s-domain transfer function, given in (6.2),
was discretised to a z-domain model using T = 1/f,, and Tustin’s approximation.
The discretised form of the PR controller, given in (6.3), was implemented in the
DSP to experimentally validate the designed PR controller for the MIMC.

0.084227 — 0.4042° + 0.6962° — 0.3512* — 0.41323 + 0.6842% — 0.367z + 0.071

27 —6.93626 4 20.662°5 — 34.2924 + 34.2123 — 20.5322 + 6.862z — 0(985)
6.3

GPR(Z) =

The experimental waveforms of the open-loop current /4, oper, and closed-loop current
l.o_pr are shown in Figure 6.23 and Figure 6.24, respectively. The harmonic spec-
trums of these are shown in Figure 6.25 and Figure 6.26, respectively. By comparing
the harmonic spectrums of the open and closed-loop system, shown in Figures 6.25
and 6.26, it can be seen that the PR controller is compensating for the third and fifth
harmonics. Although, the experimental open-loop current I, open i experiencing a
DC component of 4.22%, the PR controller is partially compensating for it by reduc-
ing it to a value of 1.17% as seen in Figure 6.26. A THD of 9.1% in I, open rather
than a THD of 4.5% in I,, pr was observed.
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Figure 6.25: Harmonic spectrum of the open-loop output current /,,_open, in the MIMC

(experiment)
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Figure 6.26: Harmonic spectrum of the closed-loop output current I,, pg in the MIMC
(experiment)

Furthermore, the response of the PR based closed-loop system as a result of step
change in current reference I,, .y from 7TA to 4A was observed. The experimental
waveforms are shown in Figure 6.27(a). It can be seen from Figure 6.27(a) that
the system is stable and tracks the reference current I,, y.r. A zoomed view of Fig-

ure 6.27(a), shown in Figure 6.27(b), shows experimental transient response.

Figure 6.27(b) has some additional distortions near the zero-crossings of the current
which are due to the direction of the current I,, pr being detected incorrectly when
the magnitude is too small, causing selection of the wrong commutation path in the
FSM shown in Figure 6.2. This is due to the limitations of the direction detection
hardware (shown in Figure 5.10). However, the controller is taking necessary action to
compensate these distortions. Note that the experimental results shown in Figure 6.27
validate the application of the PR current-controller to the MIMC. However, a modern
control method known as Modulated Model Predictive Control (M2PC) can also be
investigated for the MIMC due to its capabilities which include low THD [125,126]

and fast dynamic response.
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Figure 6.27: Experimental waveforms during step response of the closed-loop output

current as a result of a PR controller (a) Step change in current reference I,, ¢ from
7A to 4A at t=0s (b) Zoomed view of Figure 6.27 showing transient response
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6.3.2 Modulated Model Predictive Control (M2PC)

The Model Predictive Control (MPC) utilises the model of the plant to predict the
behaviour of its controlled variables. Information of the controlled variables is then
fed to the controller in order to obtain optimal actuation, according to a predefined

optimization criterion [127].

Traditionally there are two types of MPC which include continuous set MPC and finite
set MPC [128]. One of the main drawbacks of these traditional types of MPC is that
they lack a modulator causing a larger ripple in the system waveforms, which, in turn,
requires variable switching frequency [125]. In order to overcome this limitation, an
approach, named Modulated Model Predictive Control (M2PC) which combines the
MPC and the modulator to obtain a fixed switching frequency, is recently proposed
[125]. M2PC allows the retention of all of the desired characteristics of the traditional
MPC but gives an increased performance in terms of power quality [126]. In addition
to the fixed switching frequency, the M2PC also allows the use of a limited number of
switching states. This can be beneficial for a system with a large number of switching
states such as a MIMC because the cost function will otherwise be evaluated for all

possible states of the converter which will require high processing power from the
DSP [129].

For M2PC based current control of the MIMC, the output current [,, can be dis-
cretised using Euler approximation method as shown in (6.4). In equation (6.4, Ts
denotes the switching period whereas n represents the number of switching period
which can take values n = 0,1, 2,...,00. The output voltage V,, of the MIMC when
connected to a RL plant can then be expressed by (6.5) which can then be simplified

to a form shown in (6.6).

~ (6.4)

L+ I,(n)R (6.5)
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Vol TR
Lo(n+1) = TS + Io(n) {1 — %} (6.6)

Note that in (6.6), [,,(n + 1) is the value of the output current ,, in the upcoming
switching period and is therefore, the predicted future output current. Considering
the Venturini Modulation method there are three cases of the output voltage i.e.
Vo = Vai, Voo = Vp; or V,, = Vo and these three cases will cause three corresponding

predicted currents Laqo(n + 1), Igao(n + 1) or Igee(n + 1) as shown in (6.7).

VT, [ TsR]

Ligo(n+1) ==225 4 1 (n) |1 = ST
VT, [ TeR]

Ipao(n + 1) = BL 5 4 Io(n) [1— ST (6.7)
VT, " TuR]

Icao(n+1) =—225 4 1.(n) |1 - ST

For the current control of the MIMC, the corresponding cost functions g, 984, 9ca
can be expressed as:

9aa = Haores — Laao(n + 1)

9Ba = [laoref — IBao(n + 1) (6.8)

9ca = Haoref — Ioao(n + 1)
In equation (6.8), Iy res represents the reference output current. The cost functions
9Aas 9Ba, Joa can be translated to the duty cycles DU" DU Dlin as shown in (6.9).
Note that equation (6.9) is obtained as a result of assuming a linear relation between
the duty cycle and the cost function. The constant G in (6.9) is the proportional
constant which ensures that the value of the duty cycle does not exceed unity and the
corresponding constraint can be represented by (6.10). Solving (6.10) for G results
in (6.11) and the duty cycle D%" DY DUnr can then be expressed using (6.12).

: G

D=~

JAa

: G
Dhin — 6.9

Dl =C
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G G G

b= =1 (6.10)
JAa 9Ba gca
G — 9JAa9BadCa (611)
9Ba9cCa + GAa9Ca + 9JAa9Ba
Dlin _ 9Ba9Ca
Aa —
9BadCa + Jaa9cCa + JAa9Ba
i JAa9Ca
Digy = 6.12
B 9Ba9Ca + Gaa9cCa + JAa9Ba ( )
Dlén _ 9AaYBa

9Ba9Ca + 9Aa9cCa + 9Aa9Ba

Note that DY4n. Dl DUn are the optimum duty cycles obtained as a result of a
linear approximation however, these optimum duty cycles can also be obtained by a
non-linear approach. This can be achieved by substituting V,, from (6.5) to (6.13)

which will result in non-linear duty cycles D" Dt-tm D2t given in (6.14).

1 2 VkiVao
Digo==- 14+ ———— 6.13
g (14555 (019
, 1 2Vai |1, 1) -1 L+1 T.
DZ;lm (14 Vai [lao(n + 1) aO(Z) + Lao(n) RT]
3 TsVin
, 1 2V |1 1) -1 L+1 T.
D%;lzn =211 + VBZ [ ao(n + ) aO(gL) + ao(n)R S] (614)
3 TSVm
, 1 2Vei 1, 1)—1 L+1 T.
prin — L (44 Vei [lao(n +1) ao(;l) + Lao(n) RT]
3 TSVm

In order to validate both the linear and non-linear approaches of the M2PC current
control of the MIMC, a PLECS simulation was made. The waveforms of the output
currents and corresponding errors with linear and non-linear approaches are shown in
Figure 6.28. From Figure 6.28 it can be seen that the non-linear approach is offering
better performance in terms of steady-state error magnitude when compared with
the linear approach. For a clear comparison of the quality of the output current, a
comparative harmonic spectrum of the output current with both approaches is shown
in Figure 6.29. The output current with the linear approach I,, y;pcin has higher
harmonic content than that with the non-linear I,, yspc niin because of the linear
approximation used for the calculation of duty-cycles. Due to this, the non-linear

approach was selected for the experiment.
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Figure 6.28: M2PC based current controller for the MIMC (simulation) (a) closed-
loop output current with linear (I rspctin) and non-linear (I, nspon_iin) duty-cycles
approach (b) Steady-state error - with linear (I,o_erin) - with non-linear (1,p_errn_tin)
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Figure 6.29: Harmonic spectrum of the output current with linear (I, rrpcin) and
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Figure 6.30 shows the experimental waveform of the output current 1., r;pc.niin as a
result of the current based M2PC on the MIMC. A harmonic spectrum of I, y/pc_n_tin

is shown in Figure 6.31 to clearly show the harmonic content.

The response of the M2PC based closed-loop system as a result of step change in
current reference /,, .y from 7TA to 4A was observed. The experimental waveforms are
shown in Figure 6.32(a). It can be seen from Figure 6.32(a) that the system is stable
and tracks the reference current Io,,.f. A zoomed view of the highlighted region
of Figure 6.32(a), shown in Figure 6.32(b), shows the transient response of M2PC
based current controller in experiment. It can be seen that when the step change of
3A is applied at t=0s, the M2PC based current controller quickly compensates for
the error between the reference current I,,,.; and the output current I,, prpc n iin
and this verifies that the M2PC retains the fast dynamic property of a traditional
MPC. When compared with the transient response obtained with the PR controller,
shown in Figure 6.27(b), it can be seen that the M2PC based controller offers better

dynamic performance than the PR based controller.

Furthermore, some additional distortions can be seen in Figure 6.32(b) near the zero
crossings of the output current due to the incorrect detection of the direction of the
output current when the magnitude is too small. As mentioned earlier, this distortion
is due to the limitations of the direction detection hardware (shown in Figure 5.10)
but the M2PC based current controller takes necessary action to compensate for
these distortions. Note that the experimental results shown in Figure 6.27 validate

the application of the M2PC based current-controller to the MIMC.
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Figure 6.33: Harmonic spectrums of the experimental output current with and with-
out closed-loop systems in the MIMC. (a) open-loop current Iy, open (b) PR based
closed-loop current I,, pr (¢) M2PC based closed-loop current I, nrpc niin

To compare the experimental performance of the designed PR and M2PC based
controllers for the MIMC in terms of harmonic content, a comparative harmonic
spectrum is shown in Figure 6.33. The most dominant harmonic in the open-loop
output current I, ppen is the third harmonic (180 Hz) and has a magnitude of 6.65%.
When targeted specifically using a PR controller, the magnitude of the third harmonic
reduces to 0.429% but in the case of the M2PC this value is 2.03%. Therefore, in
selective harmonic elimination, the performance of the PR based controller is better
than the M2PC based controller because of the gains at particular frequencies. On
the other hand, the M2PC based controller, when compared with the PR based

controller, offers good performance in the compensation of the higher order harmonics
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which is due to the faster dynamic characteristics of the MPC. The THD observed in
the experimental output current with the M2PC based current controller was 3.7%
whereas that with the PR based current controller was 4.5%. Therefore, in terms of
the THD, the M2PC based current controller has shown better performance than the
PR based current controller for the MIMC.
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6.4 Conclusions

For the experimental validation of the conceptual MIMC, the Venturini Modulation
method was selected for the MIMC due to the lower number of commutation paths.
The commutation paths were derived by using the leakage tolerant commutation
method and the commutation paths were implemented as a Finite State Machine
(FSM) in the FPGA. The control platform and the experimental setup was extended
from a single-phase to single-phase AC/AC converter to a three-phase to single-phase
version of the MIMC.

The obtained open-loop results validate the feasibility and operation of the MIMC.
The open-loop MIMC system is experiencing commutation related distortion which is
analogous to the dead-time distortions in the standard two-level inverters. To enhance
the degree of controllability of the MIMC and also to show that the commutation
related distortion can be compensated for by using basic controller techniques, a
PR controller was implemented due to its ability to reject periodic distortion. The
harmonics caused by the commutation are odd harmonics and with third and fifth
harmonics being dominant, a multi-resonant PR current controller was designed. A
4.6% improvement in the THD of the output current was observed in the experiment

with the PR based current controller.

A modern control technique known as Modulated Model Predictive Control (M2PC),
which utilises a modulator to generate fixed switching frequency, was also studied for
the MIMC. The non-linear type of M2PC based current control, when implemented
in the experiment, showed an improvement of 5.7% in THD when compared with the
open-loop system. Therefore in terms of compensation of the commutation related
distortion, the M2PC has shown better performance than the PR based current con-
troller as the THD observed in the output current with the M2PC was 3.7% which
was 0.8% less than that offered by the PR based current controller. This Chapter
confirmed the operation and control of the proposed conceptual MIMC.



Chapter 7

An Insight into Reactive Power
Capability of the Modular Isolated
Matrix Converter (MIMC)

7.1 Introduction

The open and closed-loop operation of the MIMC is confirmed from the experimental
results shown in Chapter 6 however, from the application point of view, it is impor-
tant to highlight what reactive power capability [130, 131] is offered by the MIMC.
The MIMC will behave similar to a Direct Matrix Converter in terms of reactive
power capability as long as same modulation strategy is employed. Considering that
the Venturini modulation was implemented in Chapter 6, this chapter aims to pro-
vide a general study showing which factors affect the reactive power in a Venturini
modulated MIMC. Note that the study presented in this chapter is an overview which
is valid for the Venturini modulated converter only because the reactive power capa-

bilities are mainly dependent on the choice of modulation method [130,132].

194
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7.2 Reactive Power Capability

The modulation problem which requires generation of output voltage Vj, from an
input voltage Vk; has two modulation solutions. These modulation solutions were
proposed by Venturini [72,74,133] and are represented by two modulation matrices
and given in (7.5) and (7.6). Note that X = w,t —w;t in (7.5) and Y = w,t + w;t
(7.6).

Vi sin (w;t)
Vil = | Vg | = Vi | sin (wit — &) (7.1)
Ve | sin (wit + &)
Vo [ sin (wot)
Vil = | Vio | =@V | sin (wot — Z) (7.2)
Veo | sin (wot + 2?”)
Lao sin (wot + ¢,)
[£0] Ioo | =1L | sin (wot — 2 + &) (7.3)

Ukil=| Ipi | =a——<1In
sin (wot + & + ¢;)

. 1+ 2gcos (X) 1+2gcos (X + &) 1+2gcos (X —2)
[Ml]:§ 1+ 2gcos (X — 2) 1+2gcos(X)  1+42qgcos(X+2%) | (7.5)

1+2qcos(X—i—2§) 1+2qcos(X—2§) 1+ 2gcos (X)

1 —2qcos (Y) 1—2gcos (Y —2) 1—2gcos (Y + %)

(M) = % 1—2qcos (Y —2°) 1—2gcos (Y + &) 1 —2qgcos(Y) (7.6)
1—2gcos (Y + %) 1 —2qcos (Y) 1—2gcos (Y + %)

The modulation matrix M; causes the phase at the input side to be equal to the

output side i.e. ¢; = ¢, whereas the modulation matrix Ms reverses the phase at

the input side i.e. ¢; = —¢@,. Therefore, to have a controllable phase at the input
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side, the combination of the two matrices can be utilised by defining a relation using

constants «; and ao as below;
[M] = oy [M;] + ag [Ms)] where a; +ags =1 (7.7)

By controlling the values of oy and «s, the reactive power can be controlled. From
Figure 7.1 it can be seen that the Venturini based modulated MIMC will deliver
maximum reactive power at its input when as is unity whereas the converter will
receive maximum reactive power at its input when «s is zero. Furthermore, it can
also be seen that the MIMC will consume peak reactive power at the input side when
the output power factor angle is 90° and oy = 0 whereas the MIMC will deliver peak

reactive power at the input side when the output power factor angle is 90° and as = 1.

Also seen from Figure 7.1 is that the MIMC is not able to consume or deliver any
reactive power at its input side when the output power factor angle is 0° regardless

of the value of as.
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Figure 7.1: Relationship between the input side reactive power, oy and output power
factor angle ¢, in the Venturini based modulated MIMC

In order to study the behaviour of the input reactive power as a result of change in

the voltage regulation ratio ¢, Figure 7.2 is shown. A non-linear relation between the
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voltage regulation ratio ¢ and the input side reactive power can be seen in Figure 7.2.
This non-linear relation is because the input side current is a square function of the
voltage regulation ratio ¢. The maximum reactive power is consumed at the input
side with ay = 0 when voltage regulation ratio is at maximum i.e. ¢ = 0.5. However,
the maximum reactive power is delivered by the input side with as = 1 and ¢ = 0.5

as seen from Figure 7.3.

Figures 7.2 and 7.3 show the relationship between reactive power and the voltage
regulation ratio ¢. To study the relationship between active power and the voltage
regulation regulation ratio ¢, Figure 7.4 is shown. It can be seen from Figure 7.4
that the active power, like the reactive power, has a square function of the voltage
regulation ratio ¢. From Figure 7.2-7.4, it can be summarised that the peak value of
the reactive power that the MIMC can deliver (as = 1) or consume (ap = 0) at its
input side varies directly with the output power factor angle ¢, and voltage transfer

ratio q.
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Figure 7.2: Relationship between the input side reactive power, voltage regulation
ratio ¢ and output power factor angle ¢, with ap = 0 in the Venturini based modulated
MIMC
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7.3 Conclusions

This chapter provided a general study highlighting factors which affect the input side
reactive power in a Venturini modulated MIMC. The peak value of the reactive power
consumed at the input side or delivered from the input side varies directly with the
output power factor angle. However, with a given value of output power factor angle,
the input side reactive power can be controlled by varying the value of ay. The input
side reactive power also depends on the voltage regulation ratio ¢ and possesses a
direct but non-linear relationship with ¢. By controlling as and ¢, the MIMC can be

seen as a reactive power compensation device.



Chapter 8

Conclusions and Future Work

The single-stage AC/AC SST architecture based converter topologies can offer in-
creased power density in comparison to multi-stage AC/AC SST architectures. This
thesis has proposed a single-stage AC/AC SST architecture based three-phase Mod-
ular Isolated Matrix Converter (MIMC) topology. The converter topology proposed
in this thesis uses the single-phase isolated AC/AC converter as a building block or
a cell. The repetition of the cells in the MIMC is based on the concept of the Matrix
Converter and allows modularity within a single converter. The proposed Modu-
lar Isolated Matrix Converter (MIMC) has an increased number of semiconductor
devices, but the modularity within the converter has benefited in terms of ease of
hardware implementation and maintenance because all the H-bridges in the MIMC
are identical. In addition to this, scalability to higher power level is also possible by

stacking of multiple cells as proposed in the future work.

The fundamental concept of the MIMC comes from the Direct Matrix Converter,
therefore the assumption that the input side behaves as a voltage source while the
output side behaves as a current source remains the same for the MIMC. There-
fore, the modulation methods for the Direct Matrix Converter can be applied to the
MIMC. However, the application of Direct Matrix Converter modulation methods is

challenging due to the presence of MF transformers in the MIMC, unlike a Direct

200
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Matrix Converter and hence require adaptation. This challenge was approached by
proposing the switching functions, in Chapter 3, that generate a 50% duty cycle MF
waveform at the transformers and meanwhile implementing the Venturini Modulation

(VM) method on the MIMC.

The proposed switching functions that implement the VM method were validated
using the PLECS simulation toolbox. In the simulation validation, the test case of
generating a 60 Hz output from a 50 Hz input was selected to examine the MIMC
for input-output frequency decoupling. The harmonic spectrum obtained from the
simulation confirmed the input-output frequency decoupling using the proposed VM
switching functions. The maximum voltage transfer ratio achieved with the VM
method is limited to 0.5. Although, the voltage transfer ratio in the MIMC can
be increased by changing the turn ratio of the transformers but the possibilities of
increasing the voltage transfer ratio using modulation methods were explored to study
the modulation limits of the MIMC. In this regard, a new set of switching functions
were proposed in this thesis to increase the voltage transfer ratio of the traditional
VM method from 0.5 to unity. This approach exploits the four-quadrant switch based
H-bridge and the presence of a balanced input voltage supply to double the voltage
transfer ratio. Therefore, the modulation method was named as Double Venturini

Modulation method (DVM).

Further improvements in the voltage transfer ratio were made by adopting a third-
harmonic injection scheme that increases the voltage transfer ratio to v/3 by maximum
utilisation of the envelope of the three-phase input supply. This modulation method
was named as Double Optimum Venturini Modulation (DOVM) method. More mod-
ulation possibilities were explored using a vector approach known as Space Vector
Modulation (SVM). However, the manual determination of the valid space vectors
for the converters with a large number of switches, such as MIMC, can be laborious.
Therefore, the possible fixed-direction vectors were computed using a Matlab pro-
gram. The application times and the switching sequence for the computed vectors

were validated using PLECS simulation toolbox.
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The current commutation in the MIMC is key challenge specifically in the presence of
a practical transformer which has non-negligible leakage inductance due to the lack
of freewheeling path in the four-quadrant switches of the MIMC. The application of
the standard 4-step current commutation approach in the presence of transformer
leakage inductance will cause voltage spikes across the semiconductor devices and
therefore threatens the practically feasibility of the MIMC. The safe application of
the standard 4-step current commutation is possible only when all the bridges of the
MIMC are equipped with dissipative clamp circuits. The impact of the leakage could
be minimized with an optimized transformer design, by adding snubbers or overrating

the devices, but these options are not convenient in practice.

This thesis presented a new practical leakage tolerant current commutation approach
for the single-phase AC/AC converter (single-cell of the MIMC) in Chapter 4. The
proposed leakage tolerant current commutation method decouples the leakage induc-
tance current from the output current and then imposes the source voltage to reverse
the current through the leakage inductance using the input side bridge. In this way,
the energy stored in the leakage inductance is restored, unlike the standard 4-step
current commutation approach in which the energy is dissipated in the clamp circuit.
The proposed strategy requires an estimation of the leakage inductance and setting
of the suitable commutation timing, but does not require additional high bandwidth

voltage or current measurements or any auxiliary circuits.

The proposed leakage tolerant current commutation strategy was successfully vali-
dated by simulation and experimental results from a single-phase AC/AC converter
prototype presented in Chapter 5. Both current commutation strategies were im-
plemented to enable a detailed comparative study. The switching for the commuta-
tion paths for both methods were implemented in the FPGA (Field-Programmable
Gate Array) using a Finite State Machine (FSM). When compared with the standard
method, a reduction in the power losses was seen with the proposed current commu-
tation method due to leakage energy restoration. In terms of the conduction losses,
both methods offered similar performance. However, the proposed method offers an

exceptional reduction in the switching losses because the rate of change of current %
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through the devices is limited by the leakage inductance, increasing the total number

of soft-switchings.

For the experimental validation of the conceptual MIMC, the prototype was extended
from a single-cell of the MIMC to a 6kW three-phase to single-phase MIMC. The basic
VM method was selected for the experimental validation of the MIMC as it offers ease
of implementation due to lower number of commutation paths. The commutation
paths per cell required for applying the VM method were derived and implemented
in the FPGA using FSM. The experimental results validate the feasibility and open-
loop operation of the MIMC. However, the open-loop MIMC system is experiencing
commutation related distortion which is analogous to the dead-time distortions in the
standard two-level inverters. To enhance the degree of controllability of the MIMC
and also to show that the commutation related distortion can be compensated for, two
control techniques were analysed. First, a Proportional-Resonant (PR) controller was
implemented due to its ability to reject periodic distortion. Second, a non-linear type
of Modulated Model Predictive Control (M2PC) was also proposed. A comparative
analysis of harmonics showed that M2PC based controller is slightly better than PR
controller in current quality and possesses excellent dynamic response. The feasibility
of the MIMC is confirmed from the open-loop and closed-loop experimental results

shown in Chapter 6.

The reactive power compensation capability of the MIMC is similar to the Direct
Matrix Converter considering same modulation method is applied to both. In order
to give a highlight of reactive power capability of a Venturini modulated MIMC, an
overview is presented in Chapter 7. It was observed that the peak value of the reactive
power consumed at the input side or delivered from the input side varies directly with
the output power factor angle. However, with a given value of output power factor
angle, the input side reactive power can be changed from delivered to consumed by
changing the value of ay from unity to zero. Therefore, the MIMC offers reactive

power capability unlike its single-cell i.e. single-phase isolated AC/AC converter.
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8.1 Future Work

This thesis presented the first study on the proposed MIMC topology. Therefore,
the focus of the study has mainly been limited to the feasibility and validation of
the conceptual MIMC topology. Considering this, the experimental prototype was
not optimised to show technology and power density but to practically demonstrate
the operation including modulation, commutation and control. The author certainly
believes that there are areas requiring various improvements. Potential areas of the

improvement are discussed as:

e The designed prototype is a three-phase to single-phase version of the MIMC,
and therefore the currents at the input side of the MIMC are not completely
sinusoidal. By moving to a three-phase to three-phase MIMC system, the input

side of the MIMC will draw sinusoidal currents.

e The PCBs of the designed converter can be optimised to show a high power
density. Further improvement in the power density of the converter can be
made by replacing the IGBTs with wide-band gap devices, for example SiC.
This would then lead on to a technology transfer stage to a company who could

sell/implement the system.

e The IGBT power modules used in the prototype are rated for power much higher
than the other components of the prototype, 150A and 1200V. The converter
when tested at low power experiences large forward drops across the devices.
Therefore, in order to show excellent efficiency, the power modules must be
chosen according to the application. This can also help in implementing a feed-

forward compensation for the commutation related distortions.

e After sizing the converter according to a particular application, the next step
is to test the converter for the application-specific scenarios including fault

conditions, grid unbalance and reactive power compensation.
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e To be able to present a comprehensive study, the MIMC can be compared with
the other competing isolated AC/AC converter solutions in terms of switching
losses, conduction losses, total efficiency, fault-ride-through capability, opera-

tion under unbalanced grid and reactive power compensation capability.

e The current direction detector circuit requires improvement in accurately de-

tecting the direction of the current near zero-crossings.

8.1.1 Converter Topology Extension For High Voltage

Due to the modularity in the proposed MIMC topology, the proposed topology can
be extended to higher voltage and power levels. This extension can be done by
determining N number of cells based on the required voltage level and then inserting
a cascade connection of these N cells in the structure of the MIMC to share the input

voltage as shown in Figure 8.1.

8.1.2 Converter Topology Extension For High Current

The proposed MIMC topology can also be extended to the desired current level. This
extension can be made by determining N number of cells based on the required current
level and then inserting a parallel connection of these N cell in the structure of the

MIMC to share the input current as shown in Figure 8.2.
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Figure A.1: Schematic of an isolated driver for a 4-quadrant switch
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APPENDIX B. STATES FOR SPACE VECTOR MODULATION(SVM)

State
No.

-9C

-9

-7 -7C +8 +8C -8 -8C +9 +9C

-4 -4C +5C +5C -5 -5C +6 +6C -6 -6C +7 +7C

-3C +4 +4C

-1C +2 +2C -2 -2C +3 +3C -3
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0
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0
0
0
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SXBoa
SYBoa
SZBoa
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1
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0
0
1
0
1
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SXCia

SYCia

SZCia

SWCoa

SXCoa
SYCoa
SZCoa

Figure B.1: State of the switches in the MIMC corresponding to the active vectors

listed in Table 3.2

State

No.
SWAIib

-9C

-7C +8 +8C -8 -8C +9 +9C -9

-6C +7 +7C -7
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1
1
0
0
0
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1
0
0
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SWCob

1
0
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1

1

Figure B.1: (Contd.) State of the switches in the MIMC corresponding to the active

vectors listed in Table 3.2
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APPENDIX B. STATES FOR SPACE VECTOR MODULATION(SVM)

State

-9C

-8 -8C +9 +9C -9
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Figure B.1: (Contd.) State of the switches in the MIMC corresponding to the active

vectors listed in Table 3.2
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APPENDIX B. STATES FOR SPACE VECTOR MODULATION(SVM)

State

Z1 Z1c Z2 Z2c Z3 Z3c Z4 Z4c Z5 1Z5c Z6 Z6¢ No.

State
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0
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Figure B.2: State of the switches in the MIMC corresponding to the zero vectors
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State
Number

1
10
19
-1
-10
-19
2
11
20
-2
-11
-20
3
12
21
-3
-12
-21
4
13
22
-4
-13
-22
5
14
23
-5
-14
-23
6
15
24
-6
-15
-24
7
16
25
-7
-16
-25
8
17
26
-8
-17
-26
9
18
27
-9
-18
-27

Vo_mag
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3

<Vo

180
180
180

180
180
180
180
180
180

120
120
120
-60
-60
-60
120
120
120
-60

-60
-60
-60
-60
120
120
120
-120
-120
-120
60
60
60
-120
-120
-120
60
60
60
60
60
-120
-120
-120
60

Vo_coeff
VA -VB
VA -VB
VA - VB
VA -VB
VA -VB
VA -VB
VB - VC
VB -VC
VB - VC
VB - VC
VB -VC
VB - VC
VA-VC
VA -VC
VA -VC
VA -VC
VA-VC
VA-VC
VA - VB
VA -VB
VA - VB
VA -VB
VA -VB
VA - VB
VB -VC
VB - VC
VB -VC
VB - VC
VB - VC
VB -VC
VA-VC
VA -VC
VA-VC
VA -VC
VA -VC
VA-VC
VA -VB
VA -VB
VA -VB
VA - VB
VA -VB
VA -VB
VB -VC
VB - VC
VB - VC
VB -VC
VB - VC
VB -VC
VA-VC
VA-VC
VA -VC
VA-VC
VA-VC
VA -VC

li_coeff
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
ioc
ioc
ioc
ioc
ioc

ioc
ioc
ioc
ioc
ioc
ioc
ioc

ioc
ioc
ioc
ioc

<li
-30
-30
-30
150
150
150
90
90
90
-90
-90
-90
-150
-150
-150
30
30
30
-30
-30

150
150
150
90
90
90
-90

-90
-150
-150
-150

30
30
30

-30
-30
150
150
150
90
90
90
-90
-90
-90
-150
-150
30
30
30
-150

li_mag
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*3%(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3

VTK

Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki
Vki

[Vao, Vbo, Vco]

[ VA-VB, VB-VA, VB-VA]
[VA-VB-VC, VB - VA - VC, VB - VA - V(]
[VA-VB+VC, VB-VA +VC, VB-VA+V(C]

[ VB-VA, VA-VB, VA-VB]
[ VB-VA +VC, VA - VB + VC, VA - VB + V(]
[VB-VA-VC, VA-VB-VC, VA-VB-V(C]

[ VB-VC, VC-VB, VC-VB]
[VB-VA-VC, VC-VB-VA VC-VB-VA
[VA+VB-VC, VA-VB+VC, VA-VB+V(C]

[ VC-VB, VB-VC, VB-V(]
[VA-VB+VC, VA+VB-VC, VA+VB -V(C]
[VC-VB-VA,VB-VA-VC, VB-VA-V(C]

[ VC-VA, VA-VC, VA-V(]
[VC-VB-VA, VA-VB-VC, VA -VB-V(C]
[ VB-VA +VC, VA + VB - VC, VA + VB - V(]

[ VA-VC, VC-VA, VC-VA]
[VA+VB-VC, VB-VA+VC, VB-VA+V(C]
[VA-VB-VC, VC- VB - VA, VC - VB - VA]

[ VB-VA VA-VB, VB-VA]
[VB-VA +VC, VA-VB+VC, VB-VA+V(C]
[VB-VA-VC, VA-VB-VC, VB - VA - V(]

[ VA-VB, VB-VA VA-VB]
[VA-VB +VC, VB - VA +VC, VA - VB + V(]
[VA-VB-VC, VB-VA-VC,VA-VB-VC

[ VC-VB, VB-VC, VC-VB]
[ VA-VB +VC, VA + VB - VC, VA - VB + V(]
[VC-VB-VA,VB-VA-VC,VC-VB-VA

[ VB-VC, VC-VB, VB-V(]
[VB-VA-VC, VC-VB- VA, VB - VA - V(]
[VA+VB-VC, VA-VB+VC, VA+VB -V(C]

[ VA-VC, VC-VA, VA-V(]
[VA+VB-VC, VB-VA+VC, VA+VB -V(C]
[VA-VB-VC, VC-VB-VA, VA -VB -V(C]

[ VC-VA, VA-VC, VC-VA]
[VB-VA+VC, VA+VB-VC, VB-VA+V(C]
[VC-VB-VA, VA-VB-VC, VC - VB - VA]

[ VB-VA, VB-VA VA-VB]
[VB-VA +VC, VB-VA +VC, VA-VB+ V(]
[VB-VA-VC, VB - VA - VC, VA - VB - V(]

[ VA-VB, VA-VB, VB-VA]
[VA-VB-VC, VA-VB-VC, VB-VA-V(C]
[ VA-VB +VC, VA - VB + VC, VB - VA + VC]

[ VC-VB, VC-VB, VB-V(]
[ VA-VB +VC, VA - VB + VC, VA + VB - V(]
[VC-VB-VA, VC-VB-VA, VB - VA - V(]

[ VB-VC, VB-VC, VC-VB]
[VB-VA-VC, VB - VA - VC, VC - VB - VA]
[VA+VB-VC, VA+VB-VC, VA-VB+V(C]

[ VA-VC, VA-VC, VC-VA]
[VA-VB -VC, VA-VB - VC, VC - VB - VA]
[VC-VB-VA,VC-VB-VA, VA -VB -V(C]

[ VC-VA, VC-VA VA-V(]
[ VB-VA +VC, VB - VA + VC, VA + VB - V(]
[VA+VB-VC, VA+VB-VC, VB-VA+V(C]

Figure B.3: Definitions of the 54 voltage and current vectors which generate Vyg; =

Vi
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State
Number

1C
10C
19C
-1C
-10C
-19C
2C
11C
20C
-2C
-11C
-20C
3C
12C

-3C
-12C
-21C

-13C
-22C
5C
14C
23C
-5C
-14C
-23C
6C
15C
24C

-15C

-24C
7C
16C

-7C
-16C
-25C

8C

26C
-8C
-17C
-26C
9C
18C
27C
-9C
-18C
-27C

Figure B.4: Definitions of the 54

Vo_mag
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3
4/3

<Vo

180
180
180

180
180
180
180
180
180

120
120
120
-60
-60
-60
120
120
120
-60

-60
-60
-60
-60
120
120
120
-120
-120
-120
60
60
60
-120
-120
-120
60
60
60
60
60
-120
-120
-120
60

Vo_coeff
VA -VB
VA -VB
VA - VB
VA -VB
VA -VB
VA -VB
VB - VC
VB -VC
VB - VC
VB - VC
VB -VC
VB - VC
VA-VC
VA -VC
VA -VC
VA -VC
VA-VC
VA-VC
VA - VB
VA -VB
VA - VB
VA -VB
VA -VB
VA - VB
VB -VC
VB - VC
VB -VC
VB - VC
VB - VC
VB -VC
VA-VC
VA -VC
VA-VC
VA -VC
VA -VC
VA-VC
VA -VB
VA -VB
VA -VB
VA - VB
VA -VB
VA -VB
VB -VC
VB - VC
VB - VC
VB -VC
VB - VC
VB -VC
VA-VC
VA-VC
VA -VC
VA-VC
VA-VC
VA -VC

generate Vrg; = — Vi

li_coeff
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
ioa
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
iob
ioc
ioc
ioc
ioc
ioc

ioc
ioc
ioc
ioc
ioc
ioc
ioc

ioc
ioc
ioc
ioc

<li
-30
-30
-30
150
150
150
90
90
90
-90
-90
-90
-150
-150
-150
30
30
30
-30
-30

150
150
150
90
90
90
-90

-90
-150
-150
-150

30
30
30

-30
-30
150
150
150
90
90
90
-90
-90
-90
-150
-150
30
30
30
-150

li_mag
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*3%(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*30(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3
(4*371/2))/3
(4*31(1/2))/3
(4*37(1/2))/3
(4*37(1/2))/3

VTK

-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki
-Vki

[Vao, Vbo, Vco]

[ VA-VB, VB-VA, VB-VA]
[VA-VB-VC, VB - VA - VC, VB - VA - V(]
[VA-VB+VC, VB-VA +VC, VB-VA+V(C]

[ VB-VA, VA-VB, VA-VB]
[ VB-VA +VC, VA - VB + VC, VA - VB + V(]
[VB-VA-VC, VA-VB-VC, VA-VB-V(C]

[ VB-VC, VC-VB, VC-VB]
[VB-VA-VC, VC-VB-VA VC-VB-VA
[VA+VB-VC, VA-VB+VC, VA-VB+V(C]

[ VC-VB, VB-VC, VB-V(]
[VA-VB+VC, VA+VB-VC, VA+VB -V(C]
[VC-VB-VA,VB-VA-VC, VB-VA-V(C]

[ VC-VA, VA-VC, VA-V(]
[VC-VB-VA, VA-VB-VC, VA -VB-V(C]
[ VB-VA +VC, VA + VB - VC, VA + VB - V(]

[ VA-VC, VC-VA, VC-VA]
[VA+VB-VC, VB-VA+VC, VB-VA+V(C]
[VA-VB-VC, VC- VB - VA, VC - VB - VA]

[ VB-VA VA-VB, VB-VA]
[VB-VA +VC, VA-VB+VC, VB-VA+V(C]
[VB-VA-VC, VA-VB-VC, VB - VA - V(]

[ VA-VB, VB-VA VA-VB]
[VA-VB +VC, VB - VA +VC, VA - VB + V(]
[VA-VB-VC, VB-VA-VC,VA-VB-VC

[ VC-VB, VB-VC, VC-VB]
[ VA-VB +VC, VA + VB - VC, VA - VB + V(]
[VC-VB-VA,VB-VA-VC,VC-VB-VA

[ VB-VC, VC-VB, VB-V(]
[VB-VA-VC, VC-VB- VA, VB - VA - V(]
[VA+VB-VC, VA-VB+VC, VA+VB -V(C]

[ VA-VC, VC-VA, VA-V(]
[VA+VB-VC, VB-VA+VC, VA+VB -V(C]
[VA-VB-VC, VC-VB-VA, VA -VB -V(C]

[ VC-VA, VA-VC, VC-VA]
[VB-VA+VC, VA+VB-VC, VB-VA+V(C]
[VC-VB-VA, VA-VB-VC, VC - VB - VA]

[ VB-VA, VB-VA VA-VB]
[VB-VA +VC, VB-VA +VC, VA-VB+ V(]
[VB-VA-VC, VB - VA - VC, VA - VB - V(]

[ VA-VB, VA-VB, VB-VA]
[VA-VB-VC, VA-VB-VC, VB-VA-V(C]
[ VA-VB +VC, VA - VB + VC, VB - VA + VC]

[ VC-VB, VC-VB, VB-V(]
[ VA-VB +VC, VA - VB + VC, VA + VB - V(]
[VC-VB-VA, VC-VB-VA, VB - VA - V(]

[ VB-VC, VB-VC, VC-VB]
[VB-VA-VC, VB - VA - VC, VC - VB - VA]
[VA+VB-VC, VA+VB-VC, VA-VB+V(C]

[ VA-VC, VA-VC, VC-VA]
[VA-VB -VC, VA-VB - VC, VC - VB - VA]
[VC-VB-VA,VC-VB-VA, VA -VB -V(C]

[ VC-VA, VC-VA VA-V(]
[ VB-VA +VC, VB - VA + VC, VA + VB - V(]
[VA+VB-VC, VA+VB-VC, VB-VA+V(C]

complimentary voltage and current vectors which
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