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ABSTRACT

DESIGN AND IMPLEMENTATION OF SINGLE-PHASE AC-AC MATRIX
CONVERTER

AL-DORI, Osamah Aymen Jassim
M.Sc. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Ahmet Mete VURAL

September 2023
133 pages

In this thesis, the design and experimental implementation of a direct bipolar buck
single-to-single-phase matrix converter (SSMC) were studied. A novel control method
for SSMCs that improves the performance parameters such as voltage transfer ratio
(VTR), output voltage total harmonic distortion (THD), and input current THD was
suggested. Secondly, a synchronization algorithm was developed that synchronizes the
triggering signals of the power semiconductors with the grid regardless of the
synthesized output frequency. Thirdly, the effects of four different carrier-based pulse
width modulation (PWM) techniques (sinusoidal PWM, multiple PWM, staircase
PWM, and trapezoidal PWM) on the performance parameters of the SSMC were
compared in terms of VTR, output voltage THD, output current THD, and input
current THD. The simulation and experimental studies were carried out under the
conditions when the output frequency is lower, equal, and higher to the input
frequency. According to the experimental results, the proposed control method
increases the VTR by around 10% and decreases the output voltage THD and input
current THD by around 34% and 54%, respectively, for all output frequencies.

Key Words: AC-AC Converters, Carrier-Based PWM, Frequency Converters, Single-

Phase Matrix Converter, Voltage Controllers.



OZET

TEK FAZLI AC-AC MATRIS DONUSTURUCUSUNUN TASARIMI VE
GERCEKLESTIRILMESI

AL-DORI, Osamah Aymen Jassim
Yiiksek Lisans Tezi, Elektrik Elektronik Miihendisligi

Damisman: Prof. Dr. Ahmet Mete VURAL
Eyliil 2023
133 sayfa

Bu tezde, dogrudan iki kutuplu disiiriici tek faz-tek faz matris doniistiiriicii
(TTMD)’niin tasarimi ve deneysel uygulamasi ¢alisiimistir. TTMD’ler icin gerilim
aktarim oran1 (GAO), ¢ikis gerilimi toplam harmonik bozulmasi (THB) ve giris akimi
THB gibi TTMD’lerin performans parametrelerini iyilestiren yeni bir kontrol yontemi
onerilmistir. Ikinci olarak, sentezlenen ¢ikis frekansindan bagimsiz olarak giic
yariiletkenlerinin tetikleme sinyallerini sebeke ile senkronize eden bir senkronizasyon
algoritmasi gelistirilmistir. Ugiincii olarak, dort farkli tasiyici tabanli darbe genislik
modiilasyonu (DGM) tekniginin (sinusoidal DGM, ¢oklu DGM, merdiven DGM ve
yamuk DGM) TTMD’nin GAO, ¢ikis gerilimi THB, ¢ikis akim1 THB ve giris akimi
THB gibi performans parametreleri lizerine etkileri karsilastirilmigtir. Benzetim ve
deneysel calismalar ¢ikis frekansinin giris frekansindan diisiik, esit ve yliksek oldugu
kosullarda yiiriitiilmiistiir. Deneysel sonuclara gére, dnerilen kontrol yontemi tiim ¢ikis
frekanslarinda GAQO’yu yaklasik %10 artirmis, ¢ikis gerilimi THB ve giris akimi
THB’yi ise yaklasik olarak %34 ve %54 oraninda azaltmistir.

Anahtar Kelimeler: AC-AC Doniistiiriiciileri, Tasiyict Tabanli DGM, Frekans
Dontistiiriictileri, Tek Fazli Matris Doniistiiricti, Gerilim

Kontrolorleri.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Throughout the past years, the role of power electronics has undergone a fundamental
transformation, shifting from a mere tool that facilitates emerging trends to a pivotal
technology that plays a critical role in promoting sustainable development and
progress in society [1]. This transformation can be attributed to two major
developments: the rise in renewable energy generation capabilities and the growing
adoption of electric-powered end-use devices. Consequently, the design and control of
reliable and efficient power electronics converters have become a continuous research

and development area.

Having controlled alternating current (AC) power from an uncontrolled AC source is
required for many applications, such as motor drive and induction heating. Power
electronic-based AC-AC converters can be mainly divided into three categories:
indirect AC-direct current (DC)-AC converters, direct AC-AC pulse width modulation
(PWM) converters, and matrix converters (MCs). Indirect AC-DC-AC converters are
able to regulate the output voltage and provide variable output frequency. However,
they require bulky passive energy storage devices: DC-link inductor or capacitor,
which in turn increases the cost, volume, and losses and decreases the reliability and
life span of the converter [2]. Electrolytic capacitors, which are usually used in DC-
links, have the highest failure rate in power electronics circuits [3], [4]. Direct AC-AC
PWM converters, on the other hand, do not require energy storage devices while
featuring compact topologies and simple control. However, although PWM converters
are able to provide variable output voltage, generally, they are not able to step up and
down the source frequency. On the other hand, MCs can provide variable output
voltage and frequency without the need for energy storage devices. Moreover, MCs
offer various favorable characteristics that make them preferred for many applications.
These features include regeneration capability, bidirectional power flow, simple and

compact power circuit, and unity power factor operation regardless of the load [5].



1.2 Aim of Thesis and Contributions

In this thesis, the design and implementation of a single-to-single-phase MC (SSMC)
is held. This thesis studies the conventional SSMC topology. The thesis aims to
understand the shortcomings of the SSMC open-loop control methods in the literature
and propose a new method that overcomes them. Moreover, it is aimed to understand
the influence of carrier-based PWM techniques on the key performance parameters of
SSMCs, including voltage transfer ratio (VTR) and output voltage and input current
total harmonics distortion (THD).

This thesis offers several contributions to the field of SSMC. The key contributions of

the thesis are listed as follows:

e Proposing a new open-loop control method for SSMC. The method has several

advantages over the methods in the literature. The key advantages are listed as
follows:
% The proposed method maximizes source voltage utilization, enabling the
SSMC to achieve high VTRs (>0.98). It also enhances the overall
performance by reducing THD in the output voltage and source input
current.

¢ The proposed method offers soft-switching of power switches during
commutation instances by ensuring zero-current switching (ZCS) for all
synthesized output frequencies.

% The proposed control scheme simplifies the generation of the output signal
with the desired frequency as it only requires prior knowledge of the output
frequency without the need to modify the control scheme.

¢ The proposed control scheme ensures safe current commutation when the
PWM signal is low and when changing the current path. Moreover, it
allows the utilization of wvarious modulation techniques without
encountering current commutation problems.

¢ The proposed control scheme allows connecting an inductive (RL) load to
the output terminals of the SSMC without encountering -current

commutation issues when the PWM signal is low or significant output

voltage transients when changing the current path. In this way, the need for



a dissipative circuit (e.g., clamp circuit) when dealing with relatively
inductive RL loads is eliminated.

e Proposing a new synchronization algorithm that synchronizes the PWM gate-
triggering pulses with the source (grid). The algorithm ensures synchronization
for output frequencies lower, higher, and equal to the source frequency.

e Analyzing and comparing the influence of four carrier-based PWM techniques
on the key performance parameters of the SSMC. The carrier-based PWM
techniques under consideration in this thesis are the sinusoidal PWM (SPWM),
multiple PWM (MPWM), staircase PWM (SCPWM), and trapezoidal PWM
(TPWM).

1.3 Layout of Thesis

This thesis consists of seven chapters, including this introductory chapter. The content

of the remaining chapters is as follows:

Chapter 2 provides general background on AC-AC power electronics converters. First,
the different topologies of three-phase and single-phase AC-AC converters are
discussed. The favorable features of MCs that distinguish them from the rest of the
converters are also discussed. Then, the different topologies of the bidirectional
switches, which are the main switching components in MCs, are discussed along with
the pros, cons, and requirements of each topology. Later, the current commutation
problem that MCs encounter when connected to an RL load is discussed. Then, the
protection approaches of MCs against overvoltage damage are highlighted. Finally,

the generally utilized control techniques of MCs are summarized.

Chapter 3 discusses the step-changed and voltage buck operations of the SSMC. First,
the different operation states of the SSMC and its ability to generate a bipolar voltage
gain are demonstrated. Then, the switching strategies for step-changed frequency
operation are discussed. Finally, the principles of different carrier-based PWM

techniques are discussed for the voltage control operation of the SSMC.

Chapter 4 presents the proposed SSMC open-loop control method and synchronization
algorithm. First, the proposed control scheme is discussed. Then, the importance of

utilizing an adjustable trapezoidal reference signal in the modulation process is



discussed. Later, the proposed synchronization algorithm is discussed. Finally, the key

contributions of the proposed method are highlighted.

Chapter 5 covers the findings of the simulation studies. First, a simulation study with
three case studies is performed to demonstrate the superiority of the proposed control
method over the counterpart methods in the literature. Then, a simulation study is
carried out to analyze and compare the influence of four carrier-based PWM

techniques on the key performance parameters of the SSMC.

Chapter 6 covers the findings of the experimental studies. First, an experimental study
with two case studies is carried out to experimentally verify the superiority of the
proposed method over the counterpart methods in the literature. Then, another study
is carried out to experimentally analyze and compare the SSMC performance under

different carrier-based PWM techniques.

Finally, Chapter 7 presents the main conclusions drawn from this study, along with the

key contributions of this study and the suggested future work.



CHAPTER 2
BACKGROUND

2.1 Introduction

In this chapter, a general background on AC-AC voltage conversion is presented.
Different three-phase and single-phase converter topologies with their advantages and
disadvantages are presented in Section 2.2. Section 2.3 presents the different
configurations of bidirectional switches, their advantages and disadvantages, and some
commercially available options. Section 2.4 discusses one of the main problems MCs
have when connected to RL loads due to the lack of a freewheeling path: the current
commutation problem. Section 2.5 discusses the commonly used solutions to protect
MCs against overvoltage, which can happen due to many reasons, including breaking
the RL load current, failure of some parts of the system, and source perturbation.
Section 2.6 presents an overview of the control techniques used to control the

performance of MCs.

2.2 Topology Overview

Power electronic converters can be generally categorized according to their conversion
as AC-DC, DC-AC, DC-DC, and AC-AC converters. The main purpose of AC-AC
converters is to produce a controlled AC output. This includes controlled
voltage/current and frequency. AC-AC converters can be classified into numerous and
diverse categories due to ongoing advancements in converter technologies. The
technology advancements are mainly in three-to-three-phase (TT) and single-to-
single-phase (SS) AC-AC converters. The following subsections overview the

different TT and SS converter topologies.

2.2.1 Three-to-Three-Phase Converters

TT converters can be broadly classified into four categories: two-stage converters
(AC-DC-AC), voltage controllers, MCs, and hybrid converters, as depicted in
Figure 2.1 [2], [4], [6]. Any type of converter inside these categories can be a voltage

source or current source converter. This thesis focuses on voltage source converters.
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Figure 2.1 A general classification of TT converter topologies.

Two-stage converters with semiconductor power switches are one of the solutions used
prior to the invention of MCs to obtain a controlled output voltage and frequency [7]-
[9]. A general example of a two-stage converter is the back-to-back converter shown
in Figure 2.2, where A, B, and C represent the three-phase input terminals and a, b,
and c represents the three-phase output terminals. First, the AC voltage is converted to
DC and then back to AC by properly switching the unidirectional switches. The
problem with these converters is the requirement of a high number of power switches
and a bulky energy storage element [2]. Usually, electrolytic capacitors are used at the
DC-link to buffer the energy, and these capacitors are known to have the highest failure
rate in power electronics circuits, as shown in Figure 2.3 [3], [4]. Furthermore, these

capacitors are bulky.
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Figure 2.2 Typical TT back-to-back converter topology.
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Figure 2.3 Failure percentage of power components [3], [4].

AC voltage controllers, as their name indicates, can only control the output voltage
and cannot control the output frequency. They include full-wave controllers [10], [11]
and matrix choppers [12]. Cycloconverters with forced commutation circuits, on the
other hand, can control the output voltage and frequency [13]-[15]. However, it is a
bulky solution and provides poor performance. Further, cycloconverters can only step-
down the source frequency, which limits their utilization to low-speed applications.
Both the AC voltage controllers and cycloconverters are constructed using silicon-

controlled rectifiers (SCRs).

The development of bidirectional switches using insulated gate bipolar transistors
(IGBTs) and other power transistors made it simple to realize the MCs. The work of
Venturini and Alesina is where the evolution of the MC began, where they proposed a
mathematical analysis and developed the idea of a low-frequency modulation matrix
to characterize the MC’s low-frequency behavior [16]-[18]. Thus, it is possible to
acquire the output voltages through a multiplication of the input voltages and the
modulation or transfer matrix. A typical direct TTMC topology is shown in Figure 2.4,
where it is clear that no intermediate DC-link capacitor is required to complete the AC-

AC conversion. This decreases the complexity and volume of the power circuit and



increases the lifespan and efficiency of the TTMC. A total of nine bidirectional
switches are arranged in a 33 matrix form to construct the TTMC topology, as shown
in Figure 2.4. An input filter is usually used to minimize the effect of high-frequency
components in the source input current and the perturbations of the source input

voltage [19].
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Figure 2.4 Typical direct TTMC topology.

The indirect TTMCs perform the AC-AC conversion by converting the AC first to DC
using a bidirectional switch rectifier and then the DC back to AC using a unidirectional
switch inverter. The typical topology of an indirect TTMC is shown in Figure 2.5 [20],
[21]. It is noteworthy that although this topology involves DC-link, it does not use a
DC-link capacitor. In [21], the performance of direct and indirect topologies for
induction motor drives have been compared, and it has been concluded that direct MCs

provide higher VTR and, in general, less power losses. The indirect topology can be



improved using an auxiliary voltage supply to allow for more VTR and invulnerability
to an imbalanced voltage supply, however, at the expense of higher conduction losses

[22].
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Figure 2.5 Typical indirect TTMC topology.

Unlike the typical indirect TTMC, which utilizes eighteen semiconductor power
switches, the indirect sparse TTMC only utilizes fifteen switches with the same
number of diodes, as shown in Figure 2.6. Nevertheless, the indirect sparse TTMC
topology suffers from high power losses because more semiconductor devices are

utilized in the conduction path [2].
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Figure 2.6 Indirect sparse TTMC topology.
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The topology of indirect very sparse TTMS, shown in Figure 2.7 [6], [23], [24],
decreases the number of semiconductor power switches from fifteen to twelve.
Nevertheless, it increases the number of diodes to thirty, which increases the

conduction losses [2].

shi sAF s A

(@@

Q>

L1 >,j
(O]

s 55 5.4

Figure 2.7 Indirect very sparse TTMC topology.

One more indirect topology from the sparse family is the ultra sparse MC, shown in
Figure 2.8 [6], [25], [26]. This topology only allows for unidirectional power flow and
limits the fundamental phase displacement at the input and output to + /6 [25]. The
source bridge consists of only three semiconductor power switches and twelve diodes.
Therefore, a total of nine switches and eighteen diodes are used to construct the

topology of indirect ultra sparse TTMC.
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Figure 2.8 Indirect ultra sparse TTMC topology.
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The inverting link MC topology, shown in Figure 2.9, allows for bidirectional power

flow with zero DC-link current commutation [27]. The DC-link stage consists of two
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unidirectional power switches and two diodes. This topology limits the switching
frequency to be at high levels. As a result, high switching losses are associated with
the use of this topology of indirect TTMCs. The VTR of indirect MCs, including the
sparse family MCs and inverting link MC, can maximumly reach 0.866 with linear

modulation techniques [6].
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Figure 2.9 Indirect inverting link TTMC topology.

To obtain a VIR higher than unity, hybrid TTMCs topologies are used. These
topologies utilized one or more small DC-link capacitors or DC-DC choppers. In [28],
the first hybrid AC-AC converter topology has been proposed. The converter is
obtained by replacing the bidirectional switches of direct TTMC with single-phase H-
bridge inverters. The topology is referred to as modular MC [29] and is shown in
Figure 2.10. This topology divides the bulky DC-link capacitor into several small
capacitors. It is clear that the number of active and passive devices increases with this

topology. Many other hybrid TTMCs are discussed in [6].
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Figure 2.10 Modular TTMC topology.

2.2.2 Single-to-Single-Phase Converters

A general classification of SS converters is shown in Figure 2.11. Intuitively, one can
achieve controlled SS conversion by means of a DC-link capacitor [30]. Nevertheless,
as discussed above, this involves a short life span and a bulky design. Phase-controlled
converters, also known as full-wave converters, are simple AC-AC converters that can
control the output voltage by controlling the firing angle of the SCRs. They are not
capable of controlling the output frequency. There are various topologies of these

converters, however, the topology shown in Figure 2.12 is the most common one.
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Figure 2.11 A general classification of TT converter topologies.
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Figure 2.12 A typical phase-controlled converter topology.

Figure 2.13 A typical cycloconverter topology.

With cycloconverters, the output frequency can be controlled. Nevertheless, since

SCRs are used, the frequency can only be stepped down from the source input

13



frequency. This limits the utilization of cycloconverters to low-speed control

applications. A typical SS cycloconverter topology is shown in Figure 2.13.
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Figure 2.14 Typical SS PWM converter topologies. (a) Buck [31]. (b) Boost [31]. (c)
Buck-boost (Z-source) [32].

PWM converters have a wide range of topologies [31], [33]-[46]. The most common
SS PWM converters are shown in Figure 2.14. These types of converters provide
enhanced performance over cycloconverters. However, they are usually only able to
control the output voltage. Nevertheless, with topology advancements, some recent
PWM converters with and without switching cells are able to control the output
frequency along with the voltage. Further, some of them are able to buck and boost the
input voltage while producing inverting and non-inverting output voltage. An inverting
output voltage is a voltage out-of-phase with the input voltage, whereas the non-
inverting output voltage is in-phase with the input voltage. Converters that provide
both inverting and non-inverting output voltage are known to have “bipolar voltage

gain.” The bipolar gain enables the converters to step up and down the source input
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frequency and thus be used in various applications, including dynamic voltage

restoration [37], [47]-[49].

SSMCs are able to control both the output voltage and frequency. They have a
symmetric bipolar voltage gain, allowing them to step up and down the source input
frequency in discrete steps. There are mainly three types of SSMC, shown in Figure
2.15. They are distinguished by their ability to buck, boost, or buck and boost the
source input voltage. The conventional topology, shown in Figure 2.15(a), is only able
to buck the input voltage [50]. It is worth noting that it is the topology adopted in this
thesis. The boost SSMC, shown in Figure 2.15(b), has the same matrix topology, yet
with a boost inductor connected in series with the source [51]. Similarly, the Z-source
SSMC, shown in Figure 2.15(c), has the same matrix topology, yet with the addition
of four passive elements and one bidirectional power switch, which allows it to operate
in buck and boost modes [49], [52]. It can be recognized that the bidirectional switches
of all topologies in Figure 2.15 are arranged in a matrix form (2X2), which interprets
their classification under SSMCs. Nevertheless, sometimes other topologies are
referred to as MC due to their ability to control the output voltage, provide a bipolar
voltage gain, and step the source frequency up and down, which are the main
characteristics of MCs [38], [53], [54]. It is also worth mentioning that the matrix
topology allowed MCs not only to be employed as AC choppers but also to be
employed as a rectifier [55]-[59] and inverter [60], [61].

The symmetric bipolar voltage gain of SSMCs makes them useful for applications
such as dynamic voltage restoration [62]-[64]. Further, their ability to provide
waveforms with step-changed frequency makes them useful for several applications,
even though these waveforms are not purely sinusoidal. Such applications include
traction drive [65], [66], induction heating [67], [68], and AC motor drive [69]. SSMC
also got involved in a DC motor drive thanks to its regeneration capability [70].
Further, SSMCs got involved in other systems, such as battery energy storage [71],
isolated DC-AC converter [72]-[75], bidirectional battery charger [76], active power
filtering [77], energy saving for street lighting [78], and renewable energy [79], [80].
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Figure 2.15 Typical SSMC topologies. (a) Buck [50], [81]. (b) Boost [51], [82]. (¢)
Buck-boost (Z-source) [49], [52].

Other than TTMCs [19], [83]-[86] and SSMCs [50], [81], the matrix topology of MCs
allowed them to be modified to realize diverse input-output phases. Such realization
includes three-to-single-phase [87]-[89], three-to-five-phase [90], three-to-seven-
phase [91], [92], single-to-two-phase [93], and two-to-single-phase [94]-[97].

2.3 Bidirectional Switches

As discussed above, MCs are composed of an array of controlled bidirectional
switches that convert energy directly without the help of bulky energy storage
components as an intermediary connection. These bidirectional switches are one of the
main reasons behind the efficient operation of MCs, and they are the main reason
behind their ability to have a bidirectional power flow. Bidirectional switches are
characterized by their ability to conduct current and block voltage in both directions.

Currently, a single small device that can conduct current and block voltage in both

16



directions is not commercially available [6], [98]. As a result, bidirectional switches

are often constructed by properly coupling discrete unidirectional components.

In the early stages of MCs developments, the bipolar junction transistor was the most
often utilized controlled switch [99]. The utilization of other controlled switches, such
as metal-oxide-semiconductor field-effect transistors (MOSFETs), gate turn-off
thyristors (GTOs), integrated gate commutated thyristors (IGCTs), metal-oxide-
semiconductor turn-off thyristor (MTO), and metal-oxide-semiconductor controlled
thyristor (MCT), might not be a good choice for MC applications [98]. The limited
available blocking voltage of MOSFETs usually confines their utilization to low-
power applications, while the switching frequency limitation of GTOs, IGCTs, and
MTOs confines their utilization to applications other than MCs. Nevertheless, MCs
have been built using MOSFETs in [72], [100]-[102], MTOs in [8], and MCTs in
[103], [104].

Most MC applications today employ IGBTs to construct bidirectional switches due to
their high voltage blocking and switching capabilities. There are many possible
bidirectional switch topologies, where Figure 2.16 depicts the most common ones. The
number of IGBTs and diodes might change depending on the topology, and the
arrangement of the components changes with the topology. Thus, the losses, gate

driver circuits, gate driver power supplies, and control of each topology might change.

(a) (b) (c) (d) (e)
Figure 2.16 Topologies of bidirectional switches: (a) diode bridge (DB),

(b) common emitter (CE), (¢) common collector (CC), (d) two antiparallel reverse

blocking IGBTs (RB-IGBTs), (e) two antiparallel IGBTs in series with diodes.

The DB topology (Figure 2.16(a)) uses one active switching device, thus, only one
gate drive circuit is required for each bidirectional switch. However, the conduction
losses of this topology are higher than other topologies because the current flows

through one switch and two diodes. The same switch conducts both the positive and
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negative currents. Therefore, this topology precludes the possibility of applying some
commutation techniques (e.g., [105], [106]). It requires one isolated gate driver power
supply per switch, therefore a total of nine for TTMC. MC prototypes have been built
using this topology in [50], [99]. Topologies consisting of two switching elements can
generally control the current flow direction, providing versatility for current

commutation.

The CE and CC topologies facilitate bidirectional power control. The CE topology
(Figure 2.16(b)) is one of the most commonly used bidirectional switch topologies in
MC:s. It is worth noting that the CE topology is adopted in this thesis. It is easy to
implement and has the ability to control the current direction. Although the conduction
losses are not too low in this configuration, it does not need snubber circuits for safe
commutation since proper modulation techniques can be applied. It requires one
isolated gate drive power supply for each bidirectional switch (a total of nine in TTMC
and four in SSMC). The CC topology (Figure 2.16(c)) requires only six isolated gate
drive power supplies for TTMC, which makes it cheap and preferable in some
applications [107]. However, with SSMC, similar to the CE, the CC topology requires
four isolated gate drive power supplies. Nevertheless, the topology of CC is mostly

avoided to prevent the issue of parasitic inductances between collectors [108].

The topology of Figure 2.16(d) consists of two antiparallel RB-IGBTs that can conduct
current and block voltage in both directions. This configuration has low conduction
losses due to the use of only two power devices per bidirectional switch. The switching
performance of the intrinsic diode in an RB-IGBT is poor [109]. This topology requires
two gate driver circuits per bidirectional switch. This means eighteen and eight gate
drive circuits for TTMC and SSMC, respectively. Nevertheless, it only requires six
gate drive power supplies for TTMC. For SSMC, it requires four gate drive power

supplies.

Although the CC topology has higher conduction losses compared to RB-IGBTs, the
switching losses increase rapidly in a MC with RB-IGBTs. In other words, for low
switching frequencies (below 25 kHz) a MC with RB-IGBTs might perform better
than a MC with CC bidirectional switch configuration [107], [109]. However, the CC
configuration might perform better for higher switching frequencies despite the

voltage drop on the diodes [107], [109].
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For the topology of Figure 2.16(e), the series-connected diodes are essential to support
reverse bias due to the lack of reverse blocking capability of conventional IGBTs
[110]. However, the series-connected diodes cause additional conduction losses. The

gate drive power supplies count required for this topology is the same as the CC

topology.

The characteristics of converters, such as switching frequency, voltage, and power
ratings, are influenced by advancements in semiconductor device technology. Fast
power switches enable the use of high switching frequencies, thus, the filter size can
be reduced [105]. Initial research has been conducted to replace IGBTs with junction-
gate field-effect transistors (JFETs) made of carbon-silicon since JFET has low losses

and can operate at high temperatures [111], [112].

In recent years, bidirectional switches have been made commercially available. An
example is the DIM400PBM17-A000 bidirectional switch module made by Dynex
Semiconductor, shown in Figure 2.17. Some manufacturers have produced integrated
power modules of bidirectional switches for TTMC applications. Some power
modules are only for a single-phase leg, as the one depicted in Figure 2.18, which is
constructed using 600V/100A RB-IGBTs. Some power modules are manufactured for
all the phase-phase legs, as the model in Figure 2.19, which is constructed using CC
bidirectional switch configuration, and the model in Figure 2.20, which is constructed

using antiparalleled RB-IGBT bidirectional switch configuration.

1(E1/E2)
O

2(C1)

(a) (b)

Figure 2.17 A commercially available CE-configured bidirectional switch module:

(a) circuit configuration, (b) outside structure [113].
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Figure 2.18 A RB-IGBT-configured bidirectional switch module for a single-phase
leg: (a) circuit configuration, (b) outside structure [114], [115].
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(a) (b)
Figure 2.19 TTMC module using CC bidirectional switch configuration: (a) circuit
configuration, (b) outside structure [116], [117].

(b)
Figure 2.20 TTMC module using RB-IGBT bidirectional switch configuration: (a)

circuit configuration, (b) outside structure [118].

2.4 Commutation Problem

In theory, the switching elements in a MC turn ON and OFF instantaneously. However,
switches take time to turn ON and OFF in practice due to their inherent characteristics.
Moreover, the drive system might have some delays. Unlike indirect AC-DC-AC
converters, most MC topologies lack the existence of a freewheeling path that enables
safe RL current commutation during dead time or when the PWM signal is low [119]—

[122].
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When we wish to commutate the current to flow through other switches, if the other
switches are triggered while the source/load current continues to conduct through the
first switches during their turn-OFF period, a short circuit path can be established
which causes current overshoots (di/dt) [106], [123]. On the other hand, with driver
delay, during dead time, when the PWM signal is low, or any other moment where no
switch is triggered, the RL load current finds no path to flow through, which causes

voltage spikes (dv/dt) [106], [123].

Two fundamental rules should be considered for safe current commutation: the RL
load current should always find a path to flow through, and the source should not be
short-circuited. These commutation rules can be fulfilled using external dissipative
circuits or by adopting modulation strategies. In [69], [124], snubber and clamp
circuits are used, and in [54], [65], [125]-[128], modulation strategies are adopted.
Figure 2.21 shows a general overview of snubber and clamp circuits. Snubber and
clamp circuits increase the number of components in the circuit and the losses.

Modulation strategies, on the other hand, increase the control complexity.

\|

Rsn
~ cl %Rcl

CS n
f—

(a) (b)
Figure 2.21 Typical topologies of (a) snubber and (b) clamp circuits.

2.5 Overvoltage Protection

In a conventional two-stage converter, there exist rectifier diodes, a DC-link capacitor,
and inverter freewheeling diodes. All of these components contribute to the circuit
protection. However, this is not the case with direct MCs, as they do not possess a
freewheeling path, nor do they have a DC-link capacitor. This, in turn, increases the

complexity of the protection system [129].

Many sources can suscept MCs to overvoltage, such as grid perturbation, faults at the
load terminals, and driver system faults. To deal with the overvoltage issue, clamp
circuits (shown in Figure 2.21(b)) are usually used [130], [131]. A clamp circuit

consists of a bridge rectifier that is connected to a capacitor paralleled with a resistor.
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The rectifier converts the overvoltage from AC to DC so that the capacitor can store
it. The resistor, on the other hand, discharges the capacitor voltage and limits the
maximum clamping current. In this way, the capacitor and resistor maintain the voltage
at a safe level. Bridge rectifiers are connected across the source and load terminals to
overcome the overvoltage from both the source and RL load. The capacitor and resistor
are usually shared between the source and load rectifiers [132], [133]. Two types of
capacitors are usually used in the clamp circuit: electrolytic and polypropylene, where
the electrolytic capacitor is used to store the bulk energy while the polypropylene
capacitor is used for transient response [99]. It is important to keep the capacitor
voltage rating below the rating of the other devices in the circuit [69]. The use of
voltage clamp circuits allows for the use of low voltage rating IGBTs, and lower
snubber capacitor magnitude [99]. The clamp circuit energy can be used to power up
other auxiliary circuits in the system, such as gate drives and transducers [99], [134].
In [99], powering the gate drive circuits using the clamp circuit energy improved the

efficiency by 1%.

Usually, in the case where all switches are turned OFF (e.g., fault in the drive system,
emergency shut OFF, etc.), the RL load (e.g., motor) current finds no path to flow
through, which breaks the commutation rules discussed above. In this way, the energy
stored in the RL load can cause serious overvoltage problems. With the existence of a
clamp circuit at the RL load terminal, this issue can be solved. The RL load current
finds a path through the clamp circuit, thus, discharging its energy. This solution is
effective, however, it requires a relatively large number of passive components,

especially with TTMCs.

Another method that protects the converter from overvoltage is connecting a varistor
across the source and load terminals. This approach reduces the passive components
in the system and has negligible losses during normal operation conditions, however,
it may cause issues with delayed voltage blocking [130], [131]. The use of varistors
for overvoltage protection usually accompanies the use of additional circuits to protect
each power switch in order to increase the reliability and life span of the MC. A general
structure of power switch protection circuits is depicted in Figure 2.22. The Z-diode is
a suppressor diode with a breakdown voltage that is less than the maximum blocking

voltage of the power switch [130], [131]. Assuming that the power switch is an IGBT,
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then if the collector-emitter voltage raises above the Z-diode breakdown voltage, the
Z-diode gets activated, clamping the IGBT to the clamping voltage of the Z-diode. At
that time, a short but high current pulse is given to the gate of the IGBT, turning it ON
to operate in the non-saturated region. In this way, current passes through the IGBT

collector-emitter terminals eliminating the destructive collector-emitter overvoltage.

Z-Diode

N
1

1
L J
Gate %Z
Driver

Figure 2.22 A single IGBT protection circuit using suppressor diode [130], [131].

2.6 Control Techniques

The direct conversion of the source power needs to be controlled in MCs in order to
obtain the desired output power. To do that, the triggering activity of the power
switches needs to be controlled. Such a control can be performed by means of control
techniques. The utilized control technique determines the performance profile of the
MC. This includes the VTR and THD of the waveforms. Figure 2.23 shows a general
classification of the control techniques for MCs [135], [136]. Some of these techniques
are dedicated to TTMC:s. In general, the control methods can be categorized as PWM
techniques, scaler techniques, and other closed-loop control techniques [135], [136].
PWM techniques include carrier-based techniques [137]-[139] and the space vector
modulation technique [19], [86], [140]-[143]. Scaler techniques include the direct
transfer function technique [144]-[146], indirect transfer function technique [99],
[147], and Roy scaler technique [148]. Other control techniques include predictive
current control [87], [149]-[152], predictive torque control [153]-[155], sliding mode
control [156], and direct torque control [157]-[160].

Carrier-based PWM techniques are one of the simplest and most effective techniques
to control MCs. They have the ability to generate several pulses in each half-cycle of
the output waveform, which decreases harmonic contents and increases harmonic
frequencies to decrease the size and expense of filters. Controlling SSMCs is mostly

performed using these techniques. They generate gate-triggering pulses by comparing
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a reference signal with a high-frequency carrier signal. Carrier-based PWM techniques

include SPWM, MPWM, SCPWM, and TPWM.

[ Control Techniques J

| ; :

PWM Techniques Scalar Techniques Other C.O ntrol
Techniques
— '
Predictive Control
Carrier-Based Space Vec?tor J
Modulation
Sliding Mode Control
[ Direct J [Indirect] Direct Torque Controlx

! , !

Direct Transfer Indirect Transfer Scaler
Function (Venturini) Function (Neft) (Roy)

[ Typical ] [Improved]

Figure 2.23 Commonly utilized control techniques for MCs.

SSMCs are usually closed-loop controlled using two methods. The first method,
depicted in Figure 2.24, is by measuring the source current or load voltage/current and
comparing it with the reference value to generate the error. Then, feeding the error to
a proportional-integral (PI) controller and using the output of the PI controller as a
reference signal in the modulation process. Using this approach, the input current is
controlled in [161], and the output voltage is controlled in [162]. The second method,
depicted in Figure 2.25, is by detecting the peak output voltage/current [163], [164]
and comparing it with the peak reference value to generate the error. Then, similar to
the latter method, feed the error to a PI controller to minimize it and use the generated
control reference signal in the modulation process. This approach is implemented in
[34], [42], [53] by detecting the output voltage peak value and in [165] by detecting

the output current peak value.
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2.7 Conclusion

In this chapter, first, a brief background about TT and SS AC-AC converters is given.
In this context, the characteristics that make MCs a preferred choice for AC-AC
conversion are explained. Then, the different topologies of bidirectional switches,
which are one of the main reasons behind the ability of MCs to provide symmetric
bipolar voltage gain and to have bidirectional power flow, are discussed along with

the pros and cons of each topology in terms of gate drive requirements and losses.
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Later, the commutation problem which is encountered by MCs when connected to RL
load, is discussed along with the commonly used solutions. Then, the protection of
MCs against overvoltage, which is caused by many reasons, including grid
perturbation, lack of RL load freewheeling path, and driver system faults, is discussed
along with the commonly utilized protection approaches. Finally, the commonly
employed control techniques to regulate the switching activity of the bidirectional

power switches and the overall performance of the MC are briefly presented.
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CHAPTER 3
OPERATION AND CONTROL OF SINGLE-TO-SINGLE-PHASE MATRIX
CONVERTER

3.1 Introduction

This chapter presents the operation and control of SSMC operating as an AC-AC
converter. First, the SSMC step-changed frequency operation is investigated. In that
context, the adopted four-step safe current commutation strategy is discussed. Then,
mathematical representations of the output voltage are presented. Finally, the principle
of several carrier-based PWM techniques is examined to control the SSMC output

voltage in open-loop operation conditions.

3.2 Frequency Conversion

SSMCs can step-change the source frequency in discrete steps by proper triggering of
the power switches. The conventional direct SSMC topology, shown in Figure 2.15(a),
has mainly four operation states, shown in Figure 3.1, enabling the topology to achieve
symmetric bipolar voltage gain. In each state, a particular pair of switches is activated.
In state 1 (Figure 3.1(a)), Sla and S4a are activated, allowing the current to flow in the
forward direction to generate positive output during the positive half-cycle of the
source. In state 2 (Figure 3.1(b)), S2a and S3a are activated, allowing the current to
flow in the reverse direction to generate negative output during the positive half-cycle
of the source. In state 3 (Figure 3.1(c)), S3b and S2b are activated, allowing the current
to flow in the forward direction to generate positive output during the negative half-
cycle of the source. In state 4 (Figure 3.1(d)), S4b and S1b are activated, allowing the
current to flow in the reverse direction to generate negative output during the negative

half-cycle of the source.
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Figure 3.1 Operation states of SSMC. (a) State 1. (b) State 2. (c) State 3. (d) State 4.

Generating an output with an acceptable waveform requires ensuring that its frequency
is an integer multiple or a fraction of the source voltage frequency. In this thesis, the
source sinusoidal waveform of 50 Hz is converted to 12.5 Hz, 25 Hz, 50 Hz, 100 Hz,
150 Hz, and 300 Hz. The number of source waveform half-cycles needed to synthesize

the desired output waveform can be determined using equation (3.1).

q:%xz (3.1)

Where f;,, and f, are the frequency of the input and output waveforms, respectively.

Eight half-cycles of the source waveform (q = 8) are required to synthesize an output
frequency of 12.5 Hz. Therefore, during the first four half-cycles of the source

waveform, the output waveform is positive and negative during the next four half-
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cycles. Thus, the SSMC operates at states 1 and 3 during the first four half-cycles of

the source waveform and at states 2 and 4 during the other four half-cycles.

Four half-cycles of the source waveform (g = 4) are required to synthesize an output
frequency of 25 Hz. Therefore, during the first two half-cycles of the source waveform,
the output waveform is positive and negative during the next two half-cycles. Thus,
the converter operates at states 1 and 3 during two half-cycles of the source waveform

and at states 2 and 4 during the other two half-cycles.

Two half-cycles of the source waveform (g = 2) are required to synthesize an output
frequency of 50 Hz. Therefore, during the first half-cycle of the source waveform, the
output waveform is positive, and it is negative during the next half-cycle. Thus, the
converter operates at state 1 during one half-cycle of the source waveform and at

state 4 during the other half-cycle.

One half-cycle of the source waveform (g = 1) is required to synthesize an output
frequency of 100 Hz. Therefore, during the first half-half-cycle of the source waveform,
the output waveform is positive and negative during the next half-half-cycle. Thus, the
converter operates at states 1 and 2 during the first half-cycle of the source waveform
when it is positive and at states 3 and 4 during the other half-cycle when the source

waveform is negative.

Two-thirds half-cycle of the source waveform (q = 2/3) is required to synthesize an
output frequency of 150 Hz. Therefore, during the first one-third half-cycle of the
source waveform, the output waveform is positive, and it is negative during the next
one-third half-cycle. Thus, the SSMC operates at states 1 and 2 during the first half-

cycle of the source waveform and at states 3 and 4 during the other half-cycle.

One-third half-cycle of the source waveform (g = 1/3) is required to synthesize an
output frequency of 300 Hz. Therefore, during the first one-sixth half-cycle of the
source waveform, the output waveform is positive and negative during the next one-
sixth half-cycle. Thus, the converter operates at states 1 and 2 during the first half-

cycle of the source waveform and at states 3 and 4 during the other half-cycle.

The above switching states are sufficient to drive a purely resistive load. However, as

discussed in Section 2.4, most loads in practice are RL. Therefore, a freewheeling path
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should be provided for the RL load current during the dead time or when the PWM
signal is low in order to drive an inductive load without current commutation problems.
This freewheeling path can be provided through an external circuit or by adopting a
proper commutation strategy, as discussed in Section 2.4. Commutation strategies
provide a freewheeling path by proper switching of the power switches. In this thesis,
the four-step current commutation strategy illustrated in Figure 3.2 is employed. The
dead time t;; is added between the high-frequency PWM switching signals for the
lower switches (S3a, S3b, S4a, and S4b) and t;, is added between the switching
signals for the upper switches (S1a, S1b, S2a, and S2b). To ensure uninterruptible RL

load current, t;, is kept relatively small.
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R I S N R 4 — T
S+ L P LA e I SN S
. RN Y 4 P R R R
. . —

S],,&SZb —| : | | —
Slly&SZa...—é—i—i—il | [ | IR
Mty YT Sty “3tur

Figure 3.2 Safe current commutation strategy.

In this thesis, a freewheeling path is provided by activating one more switch in every
state. Therefore, a total of three switches are activated in each switching state. The
summary of the SSMC switching strategies to step-change the source input frequency
while connected to an RL load is shown in Figure 3.3 to Figure 3.8. In the figures, D
is the duty ratio and Ty,, is the switching period. The switching states of the SSMC for

step-changed frequency operation are given in Table 3.1.
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Figure 3.3 Switching strategy and key waveforms for 12.5 Hz output frequency.
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Figure 3.4 Switching strategy and key waveforms for 25 Hz output frequency.
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Figure 3.5 Switching strategy and key waveforms for 50 Hz output frequency.
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Figure 3.6 Switching strategy and key waveforms for 100 Hz output frequency.
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Table 3.1 Switching states of SSMC for step-changed frequency operation with

source frequency of 50 Hz.

Trigger Pulses

State

(Hz)

NG S2a S S3a Ssb S4a Sab

Sla

on A

12.5

25

50

100

150

300

The root mean square (RMS) value of the output voltage V, may vary depending on

the synthesized output frequency f,. For a sinusoidal source voltage of (3.2), the output

voltage can be represented as in (3.3).
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vin(t) = A Sin(wint) (3.2)

v,(t) = A, sin(w,t) (3.3)

Where t represents time, w;,, and w, are the angular frequencies and A;,, and A, are
the voltage amplitudes of the source and load, respectively. The voltage amplitudes of

the source and load can be represented as flows:

A =2V, (3.4)
A, = V2DV, (3.5)

where V;,, and V, are the RMS values of the source and load voltages, respectively.
The unfiltered pulsating output signal has an amplitude equal to the amplitude of the
input signal. Nevertheless, the RMS value of the output signal depends on the duty

ratio.

In an ideal case, where there is no voltage drop across any semiconductor device in
the circuit, for an output frequency of 12.5 Hz, the RMS value of the output voltage

can be represented as in (3.6).
. 1
D . 2
v, = ;j(ﬁVin sm((ut)) d(wt) (3.6)
0
V, = VDV,

For an output frequency of 25 Hz, the RMS value of the output voltage can be

represented as in (3.7).

1
T =

D 2 ’

v, = [;f(\/fVm sin(wt)) d(wt)] (3.7)

0
v, = VDV,

For an output frequency of 50 Hz, the RMS value of the output voltage can be

represented as in (3.8).

v, = lg j (V2Vi sin(wt))zd(wt)]

V, =DV,

(3.8)
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For an output frequency of 100 Hz, the RMS value of the output voltage can be

represented as in (3.9).

N|[R

[

D
Vo=;

Oty

n ]
(V2Vy sin(wt)) “d(wt) + f (—V2Vi, sin(wt))zd((ut)‘

2

‘ (3.9)

V, = VDV,

For an output frequency of 150 Hz, the RMS value of the output voltage changes every
output period due to the nature of the source waveform, as shown in Figure 3.7. For
the first cycle, the RMS value of the output voltage can be represented as in (3.10),

and for the second cycle, the RMS value of the output voltage can be represented as in

(3.11).

N1~

v, = o /3 f(\/_Vm sm(wt)) d(wt) +f( -2V, sm(a)t)) d(wt) 10
_[3DVE (2n V3 :
w55
|[f V2V, sin(wt))zd(a)t)]l
l?TL' J (3.11)

1
<[ (2 )
° 21 3 2

For an output frequency of 300 Hz, the RMS value of the output voltage changes every
output period due to the nature of the source waveform, as shown in Figure 3.8. For
the first cycle, the RMS value of the output voltage can be represented as in (3.12), for
the second cycle, the RMS value of the output voltage can be represented as in (3.13),
and for the third cycle, the RMS value of the output voltage can be represented as in
(3.14).
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3DVA (m 3 :
o= lT <§ _T>l
I[ % 21 'F
% f (VZVi sin(wt)) “d(wt) + j (—V2ZVyy sin(wt)) d(wt)
3 z (3.13)
. 3DVZ (m /3 :
=[G 7)
[ [ ﬂE
Vo = n/3lf (V2Vi, sm(a)t)) d(wt) + f( V2V, sin(wt)) d(a)t)”
| = | G

3DVA (m 3 :
VF[T(TT)]

Therefore, a general representation of the RMS value of the output voltage can be

given in (3.15).

1
[ [DV2T:, fo <100 Hz
1
3DVZ (21 V3\]?
| an (?-I_T) ,  fo=150Hzfor 0 < wt < 2m/3
1
3DVZ (2 V3\|?
zn‘"_ <?+ 7) , fo = 150 Hz for 2n/3 < wt < 41/3
VO =< | X (315)
3DVE (1 \3\]?
n ——£ , fo =300 Hzfor 0 < wt < m/3 and
T 3 4
2n/3<wt<m
1
3DVE (1 \3\]?
nm<§+7) ,  f, =300Hzform/3 < wt < 2m/3
\ ]
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3.3 Open-Loop Control

The direct conversion of source power needs to be controlled in order to obtain the
desired output power. This can be achieved by controlling the triggering pulses of the
power switches. Carrier-based PWM techniques are one of the most effective and
easy-to-implement techniques to control the triggering pulses of the SSMCs. These
techniques include SPWM, MPWM, SCPWM, and TPWM. They are based on
comparing a high-frequency carrier signal with a reference signal to generate
switching patterns. The ratio between the reference signal amplitude A, to the carrier
signal amplitude A, is defined as the modulation index, which can be represented in
(3.16).
Ay

= 3.16
mg i (3.16)

By manipulating the modulation index (m, = D), the triggering pulse width can be

altered, thus, the converter output voltage can be controlled.

A typical pulsating output voltage waveform with equal pulse width is illustrated in
Figure 3.9. Generally, multiple pulses are generated within each half-cycle of the
output voltage to decrease harmonic contents and increase harmonic frequencies,
thereby decreasing the size and cost of filtering. The number of pulses in each half-
cycle P, is mainly determined by the frequency of the carrier signal and the occupied

modulation technique.
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Figure 3.9 Typical SSMC output voltage waveform.

Using Fourier series, the output voltage can be expressed as in (3.17).

v, (wt) = % + Z [a,, cos(nwt) + b, sin(nwt)] (3.17)

n=1
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Where n is the harmonic order, w is the angular frequency, and the Fourier series

coefficients can be expressed as in (3.18).

( 21

a, = ! f v, (wt) d(wt)
0o — (o]
"1a

1'2n
19 = f v, (wt) cos(nwt) d(wt) (3.18)

s
kbn = j v, (wt) sin(nwt) d(wt)

K

Due to the half-wave symmetry of the output voltage along the x-axis, (3.17) can be

expressed as in (3.19).

v, (wt) = Z b,, sin(nwt) (3.19)
i=1

The Fourier coefficient for a pair of pulses, if the positive pulse of the ith pair begins

at wt = a; and ends at wt = a;, 4, can be expressed as in (3.20).

it T+&iyq
1 _ . (3.20)
b, = — f v, (wt) sin(nwt) d(wt) + f v, (wt) sin(nwt) d(wt) ’
a; 7T+ai

Or, by reorganizing (3.20), the magnitude of the harmonics components can be

expressed as in (3.21).

P-1
_ A, sin(ocZiJr2 (n— 1)) - sin(aziﬂ(n - 1))
by =2 ; [

n—1

(3.21)

sin(ag42(n + 1)) — sin(agiy,(n + 1))
B n+1 l

Where «; is the ith switching angle, which ranges from zero to P — 1, where P depends

on the switching frequency and the occupied modulation technique.

In SSMCs, zero-voltage switching (ZVS) is achieved by turning ON and OFF the
power switches when the voltage across them (collector-emitter voltage) is zero.
Ensuring ZVS reduces the stress on the switches and eliminates the output voltage

spikes at the commutation instances. As depicted in Figure 3.3 to Figure 3.8, with
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direct SSMC, ZVS at the commutation instances can only be ensured with synthesized
output frequencies lower than or equal to the source frequency. This is due to the
inherent waveform characteristics of the AC source. Nevertheless, an appropriate
modulation technique can ensure ZCS at the commutation instances for synthesized
output frequencies higher than the source input frequency. The ZCS is achieved by
ensuring that the triggering pulses (gate-emitter voltage) of the switching elements are
OFF or maintained at a low duty ratio during the commutation instances. This ensures
that the energy of the RL load is maintained low, thus, the current direction can be
reversed. The RL load should be gradually discharged at the commutation instances to
ensure ZCS. This is crucial in mitigating output voltage spikes at the commutation
instances, reducing power losses, and preventing damage to the switching elements.
Modulation techniques that do not ensure ZCS at the commutation instances require
dissipative circuits that store and discharge the excessive RL load energy during

commutation. A clamp circuit is one of the most utilized circuits for this purpose.

The carrier signals used in the modulation process can be mainly divided into two

categories, one with an amplitude range between -1 and 1 per unit (v.,.(-11)) and one
with an amplitude range between 0 and 1 per unit (v¢(01)). Both carrier signals are

represented as follows:

t t 1
Ver(-11) () = 2 |2 <T_cr — lﬁ + EJ)| -1 (3.22)
t t 1
Veron) (£) = 2 T~ IT_ + E” (3.23)
CcTr cr

Where T,, is the fundamental period of the carrier signal and | | represents the floor
function. Using v,,(_14) limits the variation in the performance parameters with the
change of the modulation index. Additionally, it inhibits the SSMC from achieving the
minimum possible VTR, limiting flexibility over the output parameters. On the other
hand, v.(o1) firms the grasp over the SSMC performance parameters, enabling it to
achieve the maximum and minimum possible VTRs. Achieving ZCS at the
commutation instances depends on both the carrier and reference signals. With
Ver(-11)» it 1s not possible to achieve ZCS since even at zero modulation index,
relatively high duty ratio pulses are generated at the commutation instances. On the

other hand, v..(o1) can achieve achieving ZCS at the commutation instances
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depending on the utilized reference signal. The frequency of the reference signal is set

according to (3.24).

2fin,  fOr fo < fin
— (3.24)
R AN
Where f, is the frequency of the reference signal. The following subsections discuss

the principle of the carrier-based PWM techniques under consideration in this thesis.

3.3.1 SPWM

The SPWM is a widely used technique to control the conventional direct SSMC
topology for open-loop operation [72]-[75], [81], [127], [166]-[170]. This technique
is not able to provide the maximum possible VTR with unity modulation index due to
the occupied sinusoidal reference signal. Nevertheless, it can ensure ZCS for output
frequencies higher than the source frequency. Therefore, no clamp circuit is needed
when utilizing the SPWM technique. However, a clamp circuit might be needed when
synthesizing output frequencies higher than three times the source frequency. The
reference and carrier signals used to realize this technique are depicted in Figure 3.10.
The sinusoidal reference signal is compared with the triangular carrier signal, and if,
at any time, the amplitude of the reference signal A, is greater than or equal to that of

the carrier signal A.,, an ON gate pulse is generated. Otherwise, an OFF gate pulse is

generated.
A
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Figure 3.10 Reference and carrier signals utilized to realize the SPWM technique.

3.3.2 MPWM

The MPWM technique utilizes a constant reference signal v, to generate the PWM
triggering pulses, as shown in Figure 3.11. This technique offers the distinct advantage

of providing the maximum and minimum possible VTRs thanks to the occupied
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reference and carrier signals. Nevertheless, the utilized reference signal inhibits
achieving ZCS for output frequencies higher than the source frequency. Therefore, this
technique requires a clamp circuit to store and discharge the excessive energy by the
RL load when synthesizing output frequencies higher than the source frequency. This

technique is utilized in [68], [69], [171].

A
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Figure 3.11 Reference and carrier signals utilized to realize the MPWM technique.

3.3.3 SCPWM

The SCPWM technique utilizes a staircase reference signal v, to generate the PWM
triggering pulses, as shown in Figure 3.12. The nature of the reference signal this
technique occupies, along with the carrier signal, enables this technique to achieve
relatively high VTRs while ensuring ZCS for output frequencies higher than the source
frequency. Staircase signals can take on numerous waveforms depending on the
number of stairs and the rise time of each stair. A single-stair signal can be further
subdivided into three time components: low time ¢;, middle time t,,,, and high time ¢;,.
The fundamental period of the staircase reference signal T, is formed by summing

all the time components as in (3.25).

Tsca - tl + tm + th (325)

The higher the number of stairs and the higher the duration of the stairs (t,,), the more
gradually the RL load is discharged, and therefore, the more ZCS is ensured at the
commutation instances. However, as t; and t,, increase beyond the necessary
threshold, a proportionally greater amount of voltage is excised from the output
voltage, thus lowering the VTR. It is also worth noting that the higher ¢, is, the more
voltage is transferred to the output terminals. By adjusting the staircase waveform time
components, this technique can eliminate the need for a clamp circuit while achieving

relatively high VTRs. This modulation technique is utilized in [172], [173].
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Figure 3.12 Reference and carrier signals utilized to realize the SCPWM technique.

3.34 TPWM

The TPWM technique utilizes a trapezoidal reference signal v, to generate the PWM
triggering pulses, as shown in Figure 3.13. The nature of the reference signal allows
this technique to achieve relatively high VTRs while ensuring ZCS for output
frequencies higher than the source frequency. However, it exhibits limitations in
voltage transfer when operating with frequencies that exceed the source frequency.
This issue can be solved by adjusting the ratio between the rise ¢, and fall ¢¢ to high
time t,. The smaller the ratio, the more voltage is transferred, however, the less chance
to maintain ZCS. Excessive details on this modulation technique are presented in

Section 4.2. This modulation technique is utilized in [174]-[176].
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Figure 3.13 Reference and carrier signals utilized to realize the TPWM technique.

3.4 Conclusion

This chapter demonstrated the step-changed frequency and voltage control operations

of the SSMC. First, the SSMC operation states are presented, where the ability of the
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SSMC to generate symmetric bipolar voltage gain is demonstrated. Then, the
switching strategies of the SSMC for step-changed frequency operation are illustrated.

Later, the principles of several carrier-based PWM techniques are discussed to control

the output voltage.
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CHAPTER 4
THE PROPOSED CONTROL METHOD FOR SSMC

4.1 Introduction

This chapter describes the proposed control method for SSMC:s. In this context, the
importance of utilizing an adjustable trapezoidal reference waveform in the
modulation process is addressed. Moreover, the importance of performing the
commutation operation when the RL load is discharged is discussed. The ability of the
trapezoidal signal to discharge the RL load to achieve safe current commutation and
avoid output voltage spikes during commutation while being able to provide relatively
high VTRs is highlighted. Furthermore, the ability of the proposed control scheme to
adapt to any carrier-based PWM technique is discussed. Later, the proposed
synchronization algorithm is presented. Finally, the key advantages and contributions

of the proposed SSMC control method are highlighted.

4.2 Description of the Proposed SSMC Control Method

In general, the RMS values of the input and output voltages can be related to each
other using the expression of (4.1), where it can be recognized that the topology under

consideration in this thesis serves as a buck converter.

v, =DV, 4.1)

The VTR, which plays a significant role in determining the reliability of MCs, can be
expressed in (4.2).

VTR = (4.2)

SSIINS

From (4.1) and (4.2), it should be recognized that the VTR should be equal to VD,
however, this relation is hard to achieve without the expense of affecting other
performance parameters. This is one of the main disadvantages of the topology under

consideration. Moreover, as shown in (3.15), for output frequencies higher than three
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times the source frequency, I, cannot be equal to V;, due to the direct power

conversion.

The generalized structure of the proposed control scheme is shown in Figure 4.1,
where vy, and v, are pulse signals that have the frequency of the source f;;, and
Veom1 and vgomo are commutation signals that have the frequency of the synthesized
output signal f,. The source voltage is compared to the ground voltage in order to
generate pulse signals (v, and vy,;) that are synchronized with the source. When
working with frequency conversion, the SSMC power switches need to be triggered at
specific instants depending on the synthesized output frequency f,. To synchronize the
PWM triggering signals with the sinusoidal source, v ,py,1 and v,,m,2 needs also to be
synchronized with the source. It is quite challenging to do that since the latter signals
may have a frequency other than the source voltage frequency f;,. To achieve
synchronization between v,,my,1 and vy, and the source, the top part of Figure 4.1

comes into play, which will be explained later in this section.

RED E
Pulse  [Veom
Synchronization G oS, & Sy,
. enerator '
Algorithm 508, & S5,

Adjustable Trapezoidal Vel FDT:}SM
! Reference-Based N > ——]
: PWM Generator P22 Voo >

Figure 4.1 Block diagram of the proposed SSMC control scheme.

The proposed control method utilizes an adjustable trapezoidal signal, depicted in
Figure 4.2, as the reference signal to control the modulation process. This trapezoidal

signal can be divided into three components, namely, rise time ¢,., high time t;, and
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fall time t¢. During tj, the signal remains at its highest level defined by m,. The signal
increases and decreases linearly from zero to m, during t,- and from m, to zero during

tr, respectively. The sum of these three components is the fundamental period of the

trapezoidal signal T,., which can be represented in (4.3).

Tirqg =t +tp + 85 4.3)

For a symmetrical waveform, the rise and fall components should satisfy the condition

of (4.4).

t, =tr (4.4)

It should be noted that the frequency of the trapezoidal reference signal f;,, depends
on the fundamental frequency of the synthesized output signal f, as expressed in (4.5).
To synthesize one cycle of an output signal having a frequency higher than the source

frequency f;,, two cycles of the trapezoidal reference signal of Figure 4.2 are required.

(2 forfy < fin
fra={2f,  forfsf #)

A triangular signal is acquired when t,. = t; = Tt /2 implying that t, = 0, whereas
a square wave signal is acquired when t,. = t; = 0. In any other scenario, a trapezoidal

waveform is acquired [177]. The trapezoidal signal of Figure 4.2 can be represented

in (4.6).

t
( ma_, 0 S t < tl
(5
Virg () = { m, t<t<t (4.6)
t + tz - t3
me——— hsSt<t
=3

Generally, with SSMC, ZVS of the power switches at the commutation instances is
achieved for synthesized output frequencies lower than or equal to the source
frequency. Nevertheless, ZVS at the commutation instances is not achieved for output
frequencies higher than the source frequency due to the inherent characteristic of the
source AC waveform. Alternatively, ZCS at the commutation instances can be
achieved for output frequencies higher than the source frequency by ensuring that no
PWM pulse is sent to the switches at the commutation instances or that the pulse width

is too small. In this way, we ensure that the RL load is discharged and the load current
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direction will not be reversed. Ensuring ZCS significantly mitigates the output voltage
spikes during commutation. Achieving ZCS depends on the carrier and reference
signals utilized in the carrier-based PWM technique. Carrier signals that range between
-1 and 1 per unit cannot ensure ZCS because the duty ratio of the PWM signal stays
relatively high even at zero modulation index. On the other hand, carrier signals that
range between 0 and 1 per unit can ensure ZCS when an adequate reference signal is
utilized. A sinusoidal reference signal can achieve ZCS as its amplitude passes through
zero and gradually increase/decrease near the zero crossing points, providing a
relatively low pulse width of the switching PWM signal at the zero crossing points.
However, a sinusoidal reference signal is not able to extract the maximum voltage out
of the SSMC, resulting in low VTRs. In contrast, the reference signal should stay at
the maximum level (1 per unit) as a square wave to obtain the maximum possible VTR.
However, this comes with the expense of hard switching because ZCS is not ensured
for f, > fi,. Thus, the output voltage signal will present spikes at the commutation
instances. Therefore, a combination between the square and sinusoidal signals, so
called trapezoidal, is utilized. A staircase reference signal with low steps’ height near
the commutation instant may discharge the RL load and ensure ZCS. However, it may
not provide the maximum VTR. Therefore, utilizing trapezoidal waveform as a
reference signal for carrier-based PWM enables extracting the maximum performance
out of the SSMC while mitigating output voltage spikes at the commutation instances.

Nevertheless, relatively small values of ¢, and tr might not mitigate output voltage

spikes, and large values inhibit extracting the maximum performance. The ratio

between t,- and t; to ty, is defined as in (4.7).

t t
k=—=2L (4.7)
th  th

The value of k depends on many parameters, including the load inductance, output
frequency, source voltage, and load power. The reference signal associated with the
proposed method is an adjustable trapezoidal signal. Meaning that by adjusting k, the
trapezoidal reference signal can be adjusted to adapt the system parameters and
operating conditions to obtain the desired results. If the amplitude of the trapezoidal
signal of Figure 4.2 bounces between —m, and m,, when t,. and t; are equal to zero
(k =0) and t,, = Tt,-, (square wave), the fundamental frequency component is equal to

4/m=1.27, and when t, = t; and ¢}, is equal to zero (triangular wave), the fundamental
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frequency component is equal to 8/m? = 0.81. Therefore, by controlling k, the
fundamental frequency component of the output voltage and the THD of the output
waveforms can be controlled. Therefore, k should be chosen objectively depending on
the power, frequency, and load of the system. With the increase of f,, it is better for k
to decrease in order to mitigate the voltage spikes. This is because with the increase of
fo, ensuring ZCS at the commutation instances becomes harder because adequate RL
loads require more time to be discharged. There should be no current commutation
problems when the SSMC is connected to a purely resistive load, thus, k can be set to
zero ensuring a constant reference signal having an amplitude equal to m, in order to

achieve the maximum VTR.
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Figure 4.2 General structure of a trapezoidal reference signal.

The carrier signal v, associated with the proposed method is a triangular signal of
(3.23). Since this carrier signal ranges between 0 and 1 per unit, it allows for a wide
range of control over the output parameters, unlike the carrier signal of (3.22), whose
amplitude ranges between -1 and 1 per unit. Employing the carrier signal of (3.23)

thereby firms the grasp over the output power.

In the proposed method, three switches are triggered at each state, but only two
switches conduct current simultaneously. In order to minimize the switching losses of
the semiconductor switches, only one switch is triggered with a high-frequency PWM
signal, and the other two switches are triggered with a relatively low-frequency pulse

signal of v ;1 and v,yp,o. The lower switches (S3a, S3b, S4a, and S4b) are dedicated
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to PWM signals, and the upper switches (Sla, S1b, S2a, and S2b) to v ;1 and v oma
signals. One switch of the upper switches is used to conduct current, and the other one
is used to provide a freewheeling path for the RL load current, as depicted in

Figure 3.3 to Figure 3.8.

Synchronizing the PWM generator unit with the AC source is extremely important.
Otherwise, undesired output waveforms will be obtained, and the source may get short-
circuited. In order to achieve synchronization, the proposed method utilizes the zero-
crossing detection (ZCD) along with the rising-edge detection (RED) principles. The
ZCD circuit converts the sinusoidal source voltage into a pulse signal (vy,,) that is high
when the source waveform is in its positive half cycle and low when the source
waveform is in its negative half cycle. In this way, a pulse signal having the source
frequency is generated that indicates the state of the source. Nevertheless, this ZCD
signal is not enough for synchronization when stepping up and down the source
frequency. Therefore, a RED circuit is employed. As the name indicates, the RED
circuit detects the rising instant of the source waveform. The pulse signal generated by
the ZCD circuit v, is supplied to the RED circuit, which generates a small high (‘17)
pulse indicating the beginning (zero-crossing point) of the source waveform. In other
words, the RED signal stays low during the source period, and when the source starts
a new cycle, it becomes high for a very short time. The RED circuit in this work is
implemented using a field programmable gate array (FPGA). Therefore, the short high
time period is determined by the master clock period of the FPGA. The generated RED
signal is then processed using the synchronization algorithm shown in Figure 4.3
where T, represents the fundamental period of the output signal. The FPGA is
programmed to reset the modules when the reset signal is low (‘0’). This
synchronization algorithm synchronizes the PWM signals and the commutation
signals (Voom1 and vVgom2), which have a frequency of the synthesized output
frequency f,, with the source (grid). This synchronization method also takes into
account variations in the source frequency f;,, which is a critical point, especially
when the SSMC is connected directly to the grid, where small signal disturbances can
fluctuate the line frequency. The proposed synchronization method takes into account
the variations in the source frequency f;;,, by resetting the FPGA modules every source
cycle for f, = f;, and every output cycle f, < fi,. The term g in the proposed
synchronization method of Figure 4.3 is added to compensate for the delay in the ZCD
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circuit, driver circuits, and PWM generator unit. Moreover, adding the term g helps
with distorted source waveforms where the ZCD circuit can wrongly detect the zero
crossing points of the AC voltage source. The value of g is determined based on many
factors, including the RMS value of the source voltage, distortion amount of source
voltage, load power, and the speed of the ZCD circuit and PWM generator unit. In this

study, it is taken as 20 ns.

(RED ='0")
or
(RED="1"andi<T,- g)

No

i=1 i=i+1

; v

Reset ="'0' Reset ="1'

Figure 4.3 Flowchart of the proposed synchronizing algorithm.

4.3 Key Contributions

In Section 4.2, the proposed SSMC control method is described. The method offers
multiple significant features compared to existing methods in the literature. The main

contributions of the proposed control method are as follows:

1. Compared with the counterpart control methods in the literature, the proposed
method allows for maximum utilization of the source voltage by enabling the
SSMC to achieve relatively high VTRs (>0.98). It also improves the overall
performance by reducing the THD of the output voltage and source input
current.

2. By means of the proposed method, soft-switching of the power switches at the
commutation instances can be achieved by ensuring ZCS for all synthesized

output frequencies.
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3. The proposed control scheme facilitates the synthesis of the output signal with
the desired frequency as it only necessitates the previous knowledge of the
output frequency without any control scheme modification burden.

4. The proposed control scheme accommodates any modulation technique
without encountering current commutation issues. Further, it synchronizes the
power switches PWM triggering pulses with the source (grid) regardless of the
synthesized output frequency.

5. The proposed control scheme permits connecting an RL load at the output
terminals of the SSMC while experiencing no current commutation issues or
significant output voltage transients. Thus, removing the necessity for
dissipative circuits (e.g., clamp) for relatively poorly resistive or highly

inductive RL loads.

4.4 Conclusion

In this chapter, the proposed SSMC control method, along with the synchronization
algorithm, is presented. First, the trapezoidal reference signal used in the modulation
process is discussed. The ability of the trapezoidal signal to ensure ZCS at the
commutation instances is reviewed. Then, the advantages of the proposed control
scheme over the schemes in the literature are discussed. Next, the proposed
synchronization algorithm, which synchronizes the triggering pulses with the AC

source, is presented. Finally, the key contributions of the proposed control method are

highlighted.
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CHAPTER 5
SIMULATION STUDIES

5.1 Introduction

This chapter covers the findings of simulation studies performed on the conventional
direct buck SSMC. First, the proposed control method is tested and compared to
counterpart methods in the literature under different operation conditions. Then,
another study is held to compare the influence of several carrier-based modulation
techniques on key performance parameters of the SSMC. The four modulation
techniques discussed in Section 3.3 are employed for the comparison. The studies are
held concerning various performance parameters, including the VTR, output voltage
THD (v, THD), and source current THD (i;;, THD). The simulations are performed
under the simulation conditions of Table 5.1. The general structure of the simulation

model is shown in Figure 5.1.

Table 5.1 Simulation parameters.

Parameter Value
Output Power (P,) 530 W
Source voltage (V;) 230 Vrms
Source frequency (f;,,) 50 Hz
Time-stepping 100 ns
R-Load 100 Q
RL-Load 100 Q + 15 mH
Switching frequency (f;,,) 5 kHz
Clamp capacitor (C,;) 1 nF
Clamp resistor (R;) 1 kQ
IGBT forward voltage 1V
Diode forward voltage 0.8V
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Figure 5.1 General simulation model including measurement blocks.
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5.2 Verification of the Proposed SSMC Control Method

In the following subsubsections, several case studies are performed to show the
superiority of the proposed control method over counterpart methods in the literature.

The counterpart methods are the following:

e Method #1: [127], [128]
e Method #2: [178], [179]
e Method #3: [174], [180]
e Method #4: [68], [171]

5.2.1 Case Study 1: Operation Under a Purely Resistive Load

In this case study, the SSMC is connected to a purely resistive load of 100 €. The
purpose of this case study is to show the superiority of the proposed method in driving
a purely resistive load. The comparison between the proposed method and counterpart
methods in controlling the SSMC is performed concerning the VTR and output voltage
and source input current THD. Throughout this case study, k is taken as zero since
there is no fear of voltage spikes with purely resistive loads. Therefore, a constant
reference signal having the amplitude defined by the modulation index is utilized to

generate the PWM signal for the proposed method.

The output voltage waveforms obtained for 100 Hz output frequency using the
proposed control technique and counterpart techniques at 0.6 modulation index are
shown in Figure 5.2 to Figure 5.7. The source current waveforms are shown in
Figure 5.8 to Figure 5.13. It can be recognized that all the methods provide acceptable
waveforms with a purely resistive load. The VTR variation with modulation index
obtained using the proposed and counterpart control methods are shown in Figure 5.14.
It is clear from Figure 5.14 that the proposed method provides higher VTRs than the
methods of [127], [128], [174], [178]-[180] at all modulation indexes and for all output
frequencies. When compared with the method of [174], [180], the proposed method
offers further VTR at unity modulation index by around 14.31%, 7.98%, 2.32%,
14.47%, 14.34%, and 14.35% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz
output frequencies, respectively. On the other hand, the method of [68], [171] provides
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close VTRs to the proposed method, which is expected since similar carrier and

reference signals are occupied in the modulation process.

Nevertheless, the method of [68], [171] offers relatively high output voltage THDs
when compared to the proposed method, as illustrated in Figure 5.15. More preciously,
at 0.5 modulation index, the proposed method offered less output voltage THD by
around 12.33%, 13%, 18.87%, 13.11%, 13.35%, and 13.36% at 12.5 Hz, 25 Hz, 50
Hz, 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively. Generally, the
highest output voltage THD is offered by the method of [178], [179]. When compared
with the proposed method, the proposed method offers less output voltage THD at 0.5
modulation index by around 33.41%, 32.98%, 34.11%, 10.65%, 13.62%, and 14.49%
at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively.

Figure 5.16 illustrates the variation of the source input current THD with modulation
index obtained using different SSMC control methods, where the method of [68], [171]
offers the lowest percentages among the counterpart methods. Nevertheless, when
compared to the proposed method, it offers more source current THD at 0.5 by around
10.98%, 10.95%, 10.89%, 11.23%, 11.3%, and 11.69% at 12.5 Hz, 25 Hz, 50 Hz, 100
Hz, 150 Hz, and 300 Hz output frequencies, respectively. Thus, we deduced that with

a purely resistive load the proposed method offers enhanced performance.

Method #1 Method #2 Method #3 Method #4 Proposed Method
200 200 200 200 200
S
=, 0 0 0 0 0
-
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Figure 5.2 Output voltage waveforms for 12.5 Hz output frequency at 0.6
modulation index with a purely resistive load.
Method #1 Method #2 Method #3 Method #4 Proposed Method
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Figure 5.3 Output voltage waveforms for 25 Hz output frequency at 0.6 modulation

index with a purely resistive load.
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Figure 5.4 Output voltage waveforms for 50 Hz output frequency at 0.6 modulation

index with a purely resistive load.
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Figure 5.5 Output voltage waveforms for 100 Hz output frequency at 0.6 modulation

index with a purely resistive load.
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Figure 5.6 Output voltage waveforms for 150 Hz output frequency at 0.6 modulation

index with a purely resistive load.
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Figure 5.7 Output voltage waveforms for 300 Hz output frequency at 0.6 modulation

index with a purely resistive load.
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Figure 5.8 Source input current waveforms for 12.5 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.9 Source input current waveforms for 25 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.10 Source input current waveforms for 50 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.11 Source input current waveforms for 100 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.12 Source input current waveforms for 150 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.13 Source input current waveforms for 300 Hz output frequency at 0.6

modulation index with a purely resistive load.
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Figure 5.14 Comparison of VTR under different modulation indexes with a purely

resistive load.
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Figure 5.15 Comparison of output voltage THD under different modulation indexes

with a purely resistive load.
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Figure 5.16 Comparison of source input current THD under different modulation

indexes with a purely resistive load.

5.2.2 Case Study 2: Operation Under an RL Load

As loads are rarely purely resistive in practice, this case study demonstrates the
superiority of the proposed method over the counterpart methods when the SSMC is
connected to an RL load. The comparison is performed concerning the VTR, output
voltage THD, and source input current THD. Throughout this case study, k is taken to
be 1/3 as it is found that it is the optimal ratio for the given operating conditions to

mitigate the voltage spikes and extract the maximum RMS value of the output voltage.

While the SSMC is connected to a constant RL load of 100 Q + 15 mH, the obtained
output voltage waveforms are shown in Figure 5.17 to Figure 5.22, output current
waveforms in Figure 5.23 to Figure 5.28, and source current waveforms in Figure 5.29
to Figure 5.34. It can be recognized that the methods of [68], [171], [174], [178]-
[180] provide output voltage spikes at each switching cycle. This is because the
inductive current finds no path to flow through when the PWM signal is low, as
discussed earlier. Therefore, the methods of [68], [171], [174], [178]-[180] cannot be
used with adequate RL loads without the use of some external dissipative circuits, such
as a clamp circuit. Hence, in this case study, the performance variation of the SSMC
with the modulation index is compared only using the proposed method and the

method of [127], [128] without the use of a clamp circuit.
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Figure 5.17 Output voltage waveforms for 12.5 Hz output frequency at 0.6
modulation index with an RL load.
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Figure 5.18 Output voltage waveforms for 25 Hz output frequency at 0.6 modulation

index with an RL load.
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Figure 5.19 Output voltage waveforms for 50 Hz output frequency at 0.6 modulation
index with an RL load.
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Figure 5.20 Output voltage waveforms for 100 Hz output frequency at 0.6
modulation index with an RL load.
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Figure 5.21 Output voltage waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.22 Output voltage waveforms for 300 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.23 Output current waveforms for 12.5 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.24 Output current waveforms for 25 Hz output frequency at 0.6 modulation
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Figure 5.25 Output current waveforms for 50 Hz output frequency at 0.6 modulation
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index with an RL load.
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Figure 5.26 Output current waveforms for 100 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.27 Output current waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.28 Output current waveforms for 300 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.29 Source input current waveforms for 12.5 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.30 Source input current waveforms for 25 Hz output frequency at 0.6
modulation index with an RL load.
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Figure 5.31 Source input current waveforms for 50 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.32 Source input current waveforms for 100 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.33 Source input current waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load.
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Figure 5.34 Source input current waveforms for 300 Hz output frequency at 0.6

modulation index with an RL load.

Figure 5.35 illustrates the variation in the VTR of the SSMC when the proposed
method and the counterpart method are used. It is clear that the proposed method
outperforms the counterpart method at all modulation indexes and for all output
frequencies. More specifically, at unity modulation index, the proposed method
provides more output voltage by around 20.47%, 18.06%, 6.88%, 11.37%, 11.63%,
and 12.37% for 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output frequencies,

respectively.

In terms of output voltage THD, the proposed method shows generally superior results
at all modulation indexes, as shown in Figure 5.36. The proposed method offers less
output voltage THD by around 14.46%, 88.96%, 22.62%, 23.37%, and 20.2% at unity
modulation index and 10.63%, 8.73%, 7.72%, 8.35%, and 8.87% at 0.1 modulation
index for 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively.
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In addition to the aforementioned favorable characteristics, the proposed method
reduces the source input current THD for all output frequencies and at all modulation
indexes, as shown in Figure 5.37. More specifically, compared to the counterpart
method of [127], [128], the proposed method reduces the source input current THD by
around 113.39%, 117.48%, 84.15%, 35.7%, 35.8%, and 34.32% at unity modulation
index and by around 11.98%, 10.34%, 4.8%, 6.54%, 6.43%, and 6.35% at 0.1
modulation index for 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output

frequencies, respectively.
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Figure 5.35 Comparison of VTR under different modulation indexes with an RL
load.

65



—O—— Method #1 ——E—— Proposed Method

12.5Hz 25 Hz 50 Hz
Q@ 40
400 400(
S 300
~ 300 300
a
T 200
E 200 200
<
a
100 b 100 100
0 0 0
100 Hz 150 Hz 300 Hz
40 40 405
S 300 300 300
=
= 200 200 200
<
* 100 100 100
5 3} D
0 0 0
02 04 06 08 1 02 04 06 08 1 02 04 06 08 1
m m m
a a a

Figure 5.36 Comparison of output voltage THD under different modulation indexes

with an RL load.
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Figure 5.37 Comparison of source input current THD under different modulation

indexes with an RL load.

5.2.3 Case Study 3: Operation Under an RL Load with a Clamp Circuit

The previous case study showed that the SSMC could drive an adequate RL load using
the proposed method at k = 1/3 with increased VTRs and mitigated output voltage
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spikes. Nevertheless, relatively high VTRs are not achieved for output frequencies
higher than the source frequency. This case study shows that by setting k to zero,
relatively high VTRs can be achieved using the proposed control scheme for
frequencies higher than the source frequency. Nevertheless, it comes with the expense
of some voltage spikes at the commutation instances because ZCS is not ensured when
k is set to zero. Therefore, the use of a clamp circuit is necessary. This clamp circuit
is connected in parallel with the RL load. It consists of a diode bridge rectifier
supplying a small capacitor and a resistor, as shown in Figure 2.21. The circuit stores
and discharges the excessive RL load energy. The bridge rectifier converts the voltage
from AC to DC so that the clamp capacitor can store it. The resistor, on the other hand,
discharges the capacitor. It is important to choose the value of the clamp circuit
components objectively. Figure 5.38 shows the influence of the clamp circuit
parameters on the performance of the SSMC, where [;,, is the RMS value of the source
input current, R, is the calmp resistor, and C,; is the clamp capacitor. A large
resistance would impede the flow of current, and thus, it would be hard for the
capacitor to discharge. Small resistance, on the other hand, would be helpful in
decreasing the output voltage spikes. However, it would draw further current from the
source, thus, high current rated components should be chosen. Additionally, the clamp
circuit capacitor value plays an essential role in determining the amplitude of the
output voltage spikes and the output current THD. The higher the capacitance is, the
higher amplitude of current spikes in the source input current, and thus, the higher the
THD of the input current. Nonetheless, small capacitance would increase the
amplitude of output voltage spikes. In this study, the parameters of the clamp circuit
passive components are chosen such that the voltage spikes are significantly mitigated,
and the source input current does not exceed 10% of its nominal value. The employed

clamp circuit consists of 1 nF capacitor and a 1 k(Q resistor.
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Figure 5.38 The influence of clamp circuit components on the SSMC performance.
(a) The effect of the clamp resistor value on the source current and amplitude of
voltage spikes. (b) The effect of the clamp capacitor value on the source current THD

and amplitude of voltage spikes.

The same clamp circuit is connected in parallel with the 100 Q0 + 15 mH RL load for
all the simulation cases. The obtained output voltage waveforms are shown in
Figure 5.39 to Figure 5.44, output current waveforms in Figure 5.45 to Figure 5.50,
and source current waveforms in Figure 5.51 to Figure 5.56, using the proposed control
scheme and counterpart schemes at 0.6 modulation index. It is clear that even with a
clamp circuit, the methods of [68], [171], [174], [178]-[180] still show voltage spikes
when the PWM signal is low. Therefore, the resistance of R should decrease to
eliminate the voltage spikes when the control methods of [68], [171], [174], [178]—
[180] are employed. However, as mentioned above, this will come with the expense
of high source input current amplitude, which may exceed the ratings of the circuit
components. On the other hand, the method of [127], [128] provides huge source input
current spikes at each switching cycle because the source gets short-circuited when the
PWM signal is low. Therefore, with RL loads, all of the counterpart control schemes
in the literature may not be able to achieve high VTRs. Figure 5.57 shows the variation
of the VTR with modulation index for several output frequencies. It is clear that the
proposed control scheme enables achieving roughly unity VTRs. However, in the case
of output frequencies higher than 3f;, unity VTR is not achieved, which is due to the
inherent nature of the source AC voltage, and it can be interpreted by (3.15). This is
one of the drawbacks of direct power conversion. When the results of this case (k = 0)

are compared with the previous case (k = 1/3), it is found that at unity modulation
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index the VTR in this case is increased by around 1.24% for f, < f;, and 10% for
fo > fin-

Method #1 Method #2 Method #3 Method #4 Proposed Method
200 1000
200 200 200
S
< 0 0 0 0
-
-200 -200 -200
-200
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08 0.02 0.04 0.06 008 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Time (s) Time (s) Time (s) Time (s) Time (s)
Figure 5.39 Output voltage waveforms for 12.5 Hz output frequency at 0.6
modulation index with an RL load and a clamp circuit.
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Figure 5.40 Output voltage waveforms for 25 Hz output frequency at 0.6 modulation

index with an RL load and a clamp circuit.

200 Method #1 Method #2 Method #3 1000 Method #4 Proposed Method
z
>° 0
-200 1000
0 0.01 0.02 0.01 0.01 0.0 0.01

Time (s) Time (s) Time (s) Time (s) Time (s)
Figure 5.41 Output voltage waveforms for 50 Hz output frequency at 0.6 modulation

index with an RL load and a clamp circuit.
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Figure 5.42 Output voltage waveforms for 100 Hz output frequency at 0.6
modulation index with an RL load and a clamp circuit.
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Figure 5.43 Output voltage waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.

69



Method #1 Method #2 Method #3 Method #4 Proposed Method

200
2 M”M’ “'M”J“m “w,
-
-200
0 0.01 0.02 0.01 0.01 0.01 0 0.01 0.02
Time (s) Time (s) Time (s) Time (s) Time (s)
Figure 5.44 Output voltage waveforms for 300 Hz output frequency at 0.6
modulation index with an RL load and a clamp circuit.
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Figure 5.45 Output current waveforms for 12.5 Hz output frequency at 0.6
modulation index with an RL load and a clamp circuit.
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Figure 5.46 Output current waveforms for 25 Hz output frequency at 0.6 modulation

index with an RL load and a clamp circuit.
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Figure 5.47 Output current waveforms for 50 Hz output frequency at 0.6 modulation

index with an RL load and a clamp circuit.
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Figure 5.48 Output current waveforms for 100 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.49 Output current waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.50 Output current waveforms for 300 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.51 Source input current waveforms for 12.5 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.52 Source input current waveforms for 25 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.53 Source input current waveforms for 50 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.54 Source input current waveforms for 100 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.

| X 10° Method #1 5 Method #2 5 Method #3 5 Method #4 Proposed Method
<
= 0 0 0 0 0
1 - -5 -5 -5
0 0.01 0.02 0 0.01 0.02 0 0.01 0.02 0 0.01 0.02 0 0.01 0.02
Time (s) Time (s) Time (s) Time (s) Time (s)

Figure 5.55 Source input current waveforms for 150 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.56 Source input current waveforms for 300 Hz output frequency at 0.6

modulation index with an RL load and a clamp circuit.
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Figure 5.57 Variation of VTR under different modulation indexes with an RL load

and a clamp circuit using the proposed control scheme.
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5.2.4 Conclusion

In Section 5.2, various simulation case studies are presented to show the superiority of
the proposed methods over the methods in the literature in controlling the SSMC. First,
the SSMC is tested when connected to a purely resistive load. Results showed that all
methods provide similar accepted waveforms. Nevertheless, the proposed control
method showed superiority in terms of VTR, output voltage THD, and source input
current THD. Then, the control methods are tested when the SSMC is connected to an
RL load. Results revealed that only Method #1 is capable of driving RL loads without
current commutation problems. When comparing the proposed method with Method
#1, results revealed that the proposed control method can significantly increase the
VTR and decrease the output voltage and input current THD. Finally, the ability of the
proposed control method to achieve relatively high VTRs with a clamp circuit and the
inability of Method #1 to adapt with certain modulation techniques is demonstrated,
where the proposed control methods enabled the SSMC to achieve roughly unity VTRs
for output frequencies lower than the source frequency and higher than the source

frequency for frequencies up to three times the source frequency.

5.3 Performance Analysis of SSMC With Carrier-Based PWM Techniques

In this section, the carrier-based PWM techniques discussed in Section 3.3, namely,
SPWM, MPWM, SCPWM, and TPWM, are employed to analyze their influence on
the performance of the SSMC in the simulation environment. The proposed control
scheme shown in Figure 4.1 is used to employ all modulation techniques. Given that
purely resistive loads are rarely encountered in practical applications, this section
investigates the performance of the SSMC under an RL load of 100 Q0 + 15 mH. The
simulations are performed under the simulation conditions of Table 5.1, however, with
a time-stepping of 1 us. The VTR, output voltage v, THD, output current i, THD, and
source input current i;,, THD, are the key parameters considered to evaluate the SSMC
performance. Subsections 5.3.1 to 5.3.4 present selected results to show the influence
of each carrier-based PWM technique on the input and output waveforms and their
associated harmonics. Subsection 5.3.5 presents the comparison results between the
performance parameters obtained using the different carrier-based PWM techniques

for various output frequencies and modulation indexes.
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5.3.1 SPWM

Figure 5.58 shows the gate-triggering signals used to employ the SPWM technique
and the sinusoidal reference v, and triangular carrier v, signals used to generate them

for 100 Hz output frequency.
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Figure 5.58 Reference, carrier, and switching signals for 100 Hz output frequency

employing the SPWM technique at 0.8 modulation index.

The output voltage, output current, and source current waveforms and their harmonics
for 25 Hz and 100 Hz output frequencies employing the SPWM technique are shown
in Figure 5.59 and Figure 5.60, respectively. The harmonics analyses clearly show that
the SPWM technique results in harmonic components showing around frequencies that
are multiples of the switching frequency. Thus, the higher the output frequency, the
more low-order harmonics are present. For output frequencies lower than the source
frequency, the output voltage and current THD increase proportionally with the
synthesized output frequency. Nevertheless, the source current THD is inversely
proportional to the synthesized output frequency. On the other hand, for output

frequencies lower than the source frequency, the output voltage and current THD are
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inversely proportional to the synthesized output frequency. No significant variation in

the source current THD is recognized for output frequencies lower than the source.
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Figure 5.59 (a) Output voltage, (b) output current, and (c) source current waveforms

and their harmonics for 25 Hz output frequency employing the SPWM technique at

0.8 modulation index.
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Figure 5.60 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 100 Hz output frequency employing the SPWM technique at

0.8 modulation index.
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5.3.2 MPWM

The MPWM technique utilizes a constant reference signal v, to generate the PWM

gate-triggering signals, as shown in Figure 5.61.
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Figure 5.61 Reference, carrier, and switching signals for 100 Hz output frequency

employing MPWM technique at 0.8 modulation index.

The output voltage, output current, and source input current waveforms and their
harmonics for 25 Hz and 100 Hz output frequencies employing the MPWM technique
are shown in Figure 5.62 and Figure 5.63, respectively. The harmonics analyses show
that the MPWM technique results in harmonic components showing around
frequencies that are multiples of the switching frequency. The output voltage THD
increases proportionally to the variation of the synthesized output frequency from the
source frequency. The output current THD, on the other hand, is inversely proportional

to the synthesized output frequency.
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Figure 5.62 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 25 Hz output frequency employing the MPWM technique at

0.8 modulation index.
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Figure 5.63 (a) Output voltage, (b) output current, and (c) source current waveforms

and their harmonics for 100 Hz output frequency employing the MPWM technique at

0.8 modulation index.

5.3.3 SCPWM

Figure 5.64 shows the gate-triggering signals used to employ the SCPWM technique
and the staircase reference v, and triangular carrier v,, signals used to generate them
for 100 Hz output frequency. In this thesis, a single-stair reference signal is used,
where the low time t; is taken as 1/20 Ty.,, middle time t,, is taken as 3/20 T,.,, and
high time t;, is taken as 3/5 Tg.,. The amplitude of the stair during the middle time t,,

is taken to be 0.5 per unit.
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Figure 5.64 Reference, carrier, and switching signals for 100 Hz output frequency

employing SCPWM technique at 0.8 modulation index.

Figure 5.65 and Figure 5.66 depict the output voltage, output current, and source
current waveforms and their associated harmonics for 25 Hz and 100 Hz output
frequencies, respectively, achieved employing the SCPWM technique. The harmonics
analyses indicate that the SCPWM technique produces harmonic components
predominantly at frequencies that are multiples of the switching frequency. As a result,
an increase in the output frequency is accompanied by a rise in the low-order
harmonics. The output voltage and current THD results exhibit a direct proportionality
to output frequencies higher than the source frequency and an inverse proportionality
to output frequencies lower than the source frequency. There is an inverse
proportionality between the source current THD and the frequencies of the synthesized
outputs that are higher than the frequency of the source. Specifically, as the
synthesized output frequency increases above the source frequency, the THD of the

source current decreases proportionally.
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Figure 5.65 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 25 Hz output frequency employing the SCPWM technique at

0.8 modulation index.
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Figure 5.66 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 100 Hz output frequency employing the SCPWM technique

at 0.8 modulation index.
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5.3.4 TPWM

The TPWM technique utilizes a trapezoidal reference signal v, to generate the PWM

gate-triggering signals, as shown in Figure 5.67. Throughout the simulations, k is kept

at 1/3.
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Figure 5.67 Reference, carrier, and switching signals for 100 Hz output frequency

employing TPWM technique at 0.8 modulation index.

The output voltage, output current, and source input current waveforms and their

associated harmonics at 25 Hz and 100 Hz output frequencies using the TPWM

technique are illustrated in Figure 5.68 and Figure 5.69, respectively. The harmonics

analysis indicates that the TPWM technique produces harmonic components

predominantly at frequencies that are multiples of the switching frequency. As a result,

an increase in the output frequency is accompanied by a rise in the low-order

harmonics. The THD of the output voltage and current increases proportionally with

the output frequency deviation from the source frequency.
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Figure 5.68 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 25 Hz output frequency employing the TPWM technique at

0.8 modulation index.
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Figure 5.69 (a) Output voltage, (b) output current, and (c) source current waveforms
and their harmonics for 100 Hz output frequency employing the TPWM technique at

0.8 modulation index.

5.3.5 Comparison of SSMC Performance Parameters with Carrier-Based PWM
Techniques

The variation of the VTR with modulation index using the different carrier-based
PWM techniques is shown in Figure 5.70. As expected, the MPWM technique
provides the highest VTRs across all output frequencies and modulation indexes.
When the MPWM technique results are compared with the SPWM, it is found that the
MPWM increases VTR at unity modulation index by around 8.12% and 22% at output
frequencies less than or equal to the source and higher than the source frequency,
respectively. Comparing MPWM with SCPWM reveals an increase in VTR in favor
of MPWM by approximately 2.5% and 14.44% for output frequencies lower than or
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equal to the source frequency and higher than the source frequency, respectively, at
unity modulation index. On the other hand, MPWM yields an increase in VIR of
approximately 1.24% and 10.73% for output frequencies less than or equal to and
greater than the source frequency, respectively, when compared to TPWM at unity
modulation index. Hence, it can be concluded that the TPWM provides the highest
VTRs after the MPWM technique. However, as mentioned above, unlike the MPWM,

the TPWM showed no need for a clamp circuit for most output frequencies.

The variation of output voltage THD with modulation indexes is shown in Figure 5.71.
The SPWM technique presented the highest output voltage THD percentages for all
output frequencies. The lowest percentages are exhibited by the MPWM and TPWM
for output frequencies lower than and equal to the source frequency and output
frequencies higher than the source frequency, respectively. When comparing the
MPWM with TPWM, results reveal that the MPWM provides lower output voltage
THD by around 14.33%, 14.32%, and 175.98% at 12.5 Hz, 25 Hz, and 50 Hz output
frequencies, respectively, where the TPWM provides lower THD by around 23.17%,
19.32%, and 13.07% at 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively.

The variation of output current THD with modulation index is shown in Figure 5.72.
It is clear that no method provides stable results for all output frequencies. The SPWM
and MPWM techniques provided the highest and lowest output current THD
percentages for output frequencies lower than or equal to the source frequency,
respectively. However, this situation is reversed for output frequencies higher than the
source frequency, as MPWM and SPWM techniques provided the highest and lowest
percentages, respectively. More precisely, when the MPWM and SPWM techniques
are compared at unity modulation index for output frequencies lower than the source
frequency, the MPWM provides less output current THD by around 24.63%. However,
for output frequencies higher than the source, the MPWM provides higher output
current THD by around 59.18%, 47.38%, and 29.73% for 100 Hz, 150 Hz, and 300 Hz

output frequencies, respectively.

When it comes to the source current THD, all techniques provide similar behavior for
all output frequencies, as shown in Figure 5.73. Generally, the SPWM and MPWM
techniques provided the highest and lowest source current THD percentages,

respectively. A comparison between the MPWM and SPWM techniques reveals that,
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for output frequencies lower than or equal to the source frequency, MPWM reduces
the THD in the source current by around 189.56%, and for output frequencies higher
than the source frequency, the reduction in THD is around 120.8%. Table 5.2
summarizes the outcomes of the comparisons. It is clear that each modulation
technique has its set of advantages and disadvantages, and determining the optimal

technique depends on the application.

25 Hz 50 Hz

Figure 5.70 Variation of voltage transfer ratio with modulation indexes employing

several modulation techniques.
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Figure 5.71 Variation of output voltage THD with modulation indexes employing

several modulation techniques.
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Table 5.2 Comparison summary of carrier-based PWM techniques.

VTR UO UO iO iO
Modulation ZCS for Clamp VIR for THD - THD - THD THD lin
Technique f, > f;,, circuit for fo > for ~ for — for — for THD
o am fofin ; fo< fo> fos fo>
" fin fin  fin fin
SPWM Yes o ; >09 >075 High High High Low High
o m
MPWM  No fF>°rf >098 >093 Low High Low High Low
0] in
SCPWM  Yes i"; ; >096>082 High Low High Low Low
o m
TPWM  Yes ioé s >097>085 Low Low High Low Low
0] n

5.4 Conclusion

In this chapter, the results of the simulation studies are presented. First, the results of

a simulation study containing three case studies that shows the superiority of the

proposed SSMC control method over the counterpart methods in the literature are

demonstrated. Then, the results of a simulation study that analyzes and compares the

key performance parameters of the SSMC when controlled by different carrier-based

PWM techniques are demonstrated.
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CHAPTER 6
EXPERIMENTAL STUDIES

6.1 Introduction

This chapter presents the results of the experimental studies on the SSMC. For this
purpose, a laboratory prototype is built. Similar to the simulation studies presented in
Chapter 5, the superiority of the proposed SSMC control method (presented in Chapter
4) over the counterpart method in the literature is verified experimentally. A variety of
output frequencies are synthesized, and multiple modulation indexes are considered to
demonstrate the effectiveness of the proposed method. Among the experimental
studies, analysis and comparison of the SSMC performance under four different
carrier-based PWM techniques is carried out. In the following sections, first, the
experimental setup components, along with its functional structure, are described.

Then experimental studies results are presented.

6.2 Description of the Experimental Setup

The experimental setup is shown in Figure 6.1. The functional structure of the
experimental setup is illustrated in Figure 6.2. The operation conditions, along with
the utilized components, are given in Table 6.1. The source voltage RMS value is
controlled using a variac. An input filter is used to filter the source input voltage before
being supplied to the SSMC power circuit. IHW20N135R5 IGBTs with monolithic
body diode are used as the SSMC power switches [181]. Figure 6.3 shows the SSMC
circuit board. The output terminals of the SSMC are connected to the RL load. The
load consists of a constant inductor that is connected in series with an adjustable
resistive load. A DC power supply is used to supply the LM358P operational amplifier
for the ZCD circuit [182]. The power switches gates are driven using TLP250 gate
driver and photodetector [183]. The gate drivers are supplied using an isolated DC
power supply, which is formed by stepping down the grid AC voltage using a step-
down transformer and then supplying it to a full-wave rectifier to be converted to DC,
where it is filtered using a smoothing capacitor. Basys 3 Artix-7 FPGA board is

responsible for generating the gating signals which are given to the gate drivers [184].
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The input and output waveforms are visualized using AA Tech ADS-3204A digital
storage oscilloscope. The input and output voltage waveforms are measured using
differential probes, whereas the current waveforms are measured using current clamp

probes.

To protect each IGBT from overvoltage transients, an anti-series transient voltage
suppressor (TVS) diode POKE440CA is connected between the gate and collector of
each IGBT [185]. The POKE440CA TVS has a maximum reverse stand-off voltage of
376 V and a maximum clamp voltage of 602 V which is below the maximum collector-

emitter voltage of the IGBTs and body diodes.

The ZCD circuit detects the state (zero-crossing points) of the source AC input voltage
by generating a pulse signal that is high when the source voltage is in its positive half
cycle and low when it is in its negative half circuit. The ZCD pulse signal is given to
an ATmega328P-based microcontroller [186], where it generates two complementary
pulse signals (v, and vy,;) that are given to the FPGA. Figure 6.4 shows the input and

output signals to the ZCD circuit and microcontroller.

In this work, FPGA is used as the main control unit, where it generates the IGBTs gate
pulse signals. The proposed control scheme is implemented on the FPGA. The overall
architectural design is depicted in Figure 6.5. Each of the design modules is
programmed using very high-speed integrated circuit hardware description language
(VHDL). Xilinx Vivado Design Suite 2021.1v is used to simulate the design and to
implement it on the FPGA board. Dead times t;; and t;, are added inside the

comparator module and commutation signals generator module, respectively.
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Figure 6.1 The experimental setup.
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Figure 6.2 Functional structure of the experimental setup.

92



Table 6.1 Specifications of the experimental system.

Operating Conditions

Output power 530 W
Source voltage 230 Vrms
Source frequency 50 Hz
Switching frequency 5 kHz
RL-Load 100 Q + 15 mH
Clamp resistor 1kQ
Clamp capacitor I nF
Input filter inductance I mH
Input filter capacitance 10 uF
Input filter resistance 47 Q

Utilized Components
IGBT IHW20N135R5
Operational amplifier LM358P
ZCD microprocessor ATmega328P
FPGA Basys 3 Artix-7
Gate driver TLP250
TVS diode P6KE440CA
Clamp rectifier MB3510
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Figure 6.3 SSMC power circuit: (a) front and (b) back view.
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Figure 6.5 Overall architectural design structure of FPGA implementation of the

proposed SSMC control scheme.

6.3 Experimental Verification of the Proposed SSMC Control Method

In this section, two case studies are conducted to experimentally show the superiority
of the proposed control method, presented in Chapter 4, over the counterpart method
in the literature. The operation conditions of the simulation study, presented in

Section 5.2, are preserved in the experimental study.

6.3.1 Case Study 1: Operation Under RL Load

In this case study, the SSMC is tested without using a clamp circuit when connected
to an RL load of 100 Q + 15 mH in order to show the effectiveness of the proposed
method in mitigating the output voltage spikes during commutation. The instantaneous
power transfer with discontinuous input current makes the use of an input filter
necessary to obtain acceptable waveforms. Similar to the simulation, k in this case
study, is taken as 1/3. Figure 6.6 and Figure 6.7 show the input and output waveforms

for this case obtained using the proposed and counterpart methods, respectively. It is
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clear that at unity modulation index, the proposed method offers less waveform
distortion when compared with the counterpart method of [127], [128]. With this in
mind, Figure 6.8 and Figure 6.9, show the output voltage and source input current
THD, respectively, using the proposed method and the counterpart method. The
proposed method surpasses the counterpart method for all output frequencies. More
specifically, the proposed method reduces the output voltage THD at unity modulation
index by around 20.22%, 24.43%, 86.03%, 23.07%, 21.65%, and 25.69% at 12.5 Hz,
25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively. The
proposed method also reduces the source input current THD by around 76.05%,
72.37%, 75.45%, 34.81%, 33.55%, and 33.37% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150
Hz, and 300 Hz output frequencies, respectively. The variation in the VTR with the
modulation index obtained using the proposed method and the counterpart method is
shown in Figure 6.10. The proposed method offers further voltage transfer by around
9.1%, 7.55%, 8.1%, 9.84%, 10.59%, and 14.66% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz,
150 Hz, and 300 Hz output frequencies, respectively.

— v, [400V/div]
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Figure 6.6 Experimentally obtained input and output waveforms using the proposed
method (k = 1/3) at unity modulation index for (a) 12.5 Hz, (b) 25 Hz, (c¢) 50 Hz, (d)
100 Hz, (e) 150 Hz, and (f) 300 Hz output frequencies.
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Figure 6.7 Experimentally obtained input and output waveforms using the
counterpart method of [127], [128] at unity modulation index for (a) 12.5 Hz, (b) 25
Hz, (c¢) 50 Hz, (d) 100 Hz, (e) 150 Hz, and (f) 300 Hz output frequencies.
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Figure 6.8 Comparison of experimental output voltage THD results.
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Figure 6.10 Comparison of experimental VTR results.

6.3.2 Case Study 2: Operation Under RL Load with a Clamp Circuit

This case study demonstrates the effectiveness of the proposed method in controlling
the SSMC to achieve roughly unity VTRs. The SSMC is tested under the same
operating conditions of the previous case, however, with k set to zero. Further, a clamp
circuit is connected in parallel with the RL load to eliminate output voltage transients.
Figure 6.11 demonstrates the input and output waveforms for this case study. The

obtained results for the output voltage THD, source input current THD, and VTR for
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this case study are illustrated in Figure 6.12, Figure 6.13, and Figure 6.14, respectively.
Results show the effectiveness of the proposed method in suppressing the output
voltage and source input current THD and achieving roughly unity VTRs. When the
results of this case (k = 0) are compared with the previous case (k = 1/3) at unity
modulation index, this case shows an increase in the voltage transfer by around 1.81%,
1.35%, 0.91%, 10.84%, 11.47%, and 7.87% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150
Hz, and 300 Hz output frequencies, respectively. Thus, it is clear that it significantly

improves the voltage transfer for synthesized output frequencies higher than the source

frequency.
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Figure 6.11 Experimentally obtained input and output waveforms using the proposed
method (k = 0) with a clamp circuit at unity modulation index for (a) 12.5 Hz, (b) 25
Hz, (¢) 50 Hz, (d) 100 Hz, (¢) 150 Hz, and (f) 300 Hz output frequencies.
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Figure 6.12 Experimental output voltage THD results using the proposed method
when k = 0.
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Figure 6.13 Experimental source current THD results using the proposed method

when k = 0.
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Figure 6.14 Experimental VTR results obtained using the proposed method when
k=0.

6.4 Experimental Comparison of SSMC Performance Parameters with Carrier-
Based PWM Techniques

The input and output waveforms obtained for 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz,
and 300 Hz output frequencies employing the different carrier-based PWM techniques
at unity modulation index are shown in Figure 6.15 to Figure 6.20, respectively. The

influence of the modulation technique on the performance characteristics is evident.
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Figure 6.15 Experimental input and output waveforms for f, = 12.5 Hzatm, = 1

employing the (a) SPWM, (b) MPWM, (c¢) SCPWM, (d) TPWM techniques.
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Figure 6.16 Experimental input and output waveforms for f, = 25 Hzatm, = 1
employing the (a) SPWM, (b) MPWM, (c¢) SCPWM, (d) TPWM techniques.
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Figure 6.17 Experimental input and output waveforms for f, = 50 Hzatm, = 1
employing the (a) SPWM, (b) MPWM, (c¢) SCPWM, (d) TPWM techniques.
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Figure 6.18 Experimental input and output waveforms for f, = 100 Hzatm, = 1
employing the (a) SPWM, (b) MPWM, (c¢) SCPWM, (d) TPWM techniques.
t [5 ms/div].
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Figure 6.19 Experimental input and output waveforms for f, = 150 Hzatm, = 1
employing the (a) SPWM, (b) MPWM, (c¢) SCPWM, (d) TPWM techniques.
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Figure 6.20 Experimental input and output waveforms for f, = 300 Hzatm, = 1
employing the (a) SPWM, (b) MPWM, (c) SCPWM, (d) TPWM techniques.
t [5 ms/div].

102



The experimentally obtained variation of VTR with modulation indexes is depicted in
Figure 6.21. As expected, the maximum VTRs are obtained using the MPWM
technique. When the MPWM technique is compared with the SPWM technique at
unity modulation index, an increase in the VTR in favor of the MPWM is achieved by
around 9.34%, 11.2%, 8.54%, 21.91%, 21.31%, and 22.11% at 12.5 Hz, 25 Hz, 50 Hz,
100 Hz, 150 Hz, and 300 Hz output frequencies, respectively. The MPWM technique
also increases the VTR when compared to SCPWM technique by around 4.05%, 4.5%,
4.65%, 18.31%, 16.94%, and 18.85% at output frequencies of 12.5 Hz, 25 Hz, 50 Hz,
100 Hz, 150 Hz, and 300 Hz, respectively at unity modulation index. On the other
hand, when the MPWM technique is compared with the TPWM technique, an increase
in the VTR in favor of the MPWM is obtained by around 4.8%, 4.5%, 3.19%, 12.14%,
12.22%, and 13.17% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz output
frequencies, respectively at unity modulation index. Thus, compared to the SCPWM
technique, the TPWM technique provides further increase in the VTR for output

frequencies higher than the source frequency.

The experimentally obtained variation of output voltage THD with modulation indexes
is depicted in Figure 6.22. The SPWM technique yielded higher output voltage THD
percentages for all considered output frequencies and modulation indexes. For
synthesized output frequencies lower than or equal to the source frequency, the lowest
percentages are achieved using the MPWM technique. When the MPWM and SPWM
techniques are compared at unity modulation index, results revealed that the MPWM
technique reduces the output voltage THD by around 35.47%, 34.49%, 161.05%,
7.42%, 10.73%, and 20.23% at 12.5 Hz, 25 Hz, 50 Hz, 100 Hz, 150 Hz, and 300 Hz

output frequencies, respectively.

The experimentally obtained variation of output current THD with modulation indexes
is depicted in Figure 6.23. The SPWM technique provides the highest output current
THD percentages for output frequencies lower than or equal to the source frequency,
and the MPWM provides the highest percentages for most output frequencies higher
than the source frequency at unity modulation index. More precisely, compared to the
SPWM technique, MPWM provides less output current THD by around 24.47% for
output frequencies less than the source frequency and around 127.08% for output

frequency equal to the source frequency at unity modulation index. Nevertheless, for
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100 Hz, 150 Hz, and 300 Hz output frequencies, the SPWM technique provides less
percentages by around 52.19%, 42.97%, and 9.08%, respectively.

The experimentally obtained variation of source input current THD with modulation
indexes is depicted in Figure 6.24. The SPWM and MPWM techniques provide the
highest and lowest source input current THD percentages for all output frequencies,
respectively. More precisely, at unity modulation index, the MPWM technique reduces
input current THD percentages when compared with the SPWM by around 153.97%
for 12.5 Hz, 25 Hz, and 50 Hz output frequencies, and around 97.67%, 84.06%, and
61.02% for 100 Hz, 150 Hz, and 300 Hz output frequencies, respectively.
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Figure 6.21 Experimental variation of VTR with modulation indexes employing

several modulation techniques.
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Figure 6.22 Experimental variation of output voltage THD with modulation indexes
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Figure 6.23 Experimental variation of output current THD with modulation indexes

employing several modulation techniques.
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Figure 6.24 Experimental variation of source input current THD with modulation

indexes employing several modulation techniques.

6.5 Conclusion

In this chapter, the results of the experimental studies are presented. First, a general
overview and description of the laboratory experimental setup are provided. Then, the
results of an experimental study with two case studies showing the superiority of the
proposed SSMC control method over the counterpart method in the literature are
presented. Lastly, the results of an experimental study analyzing the performance of

the SSMC with the different carrier-based PWM techniques are presented.
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CHAPTER 7
CONCLUSIONS

MCs are getting involved in a wide range of applications due to their favorable
features, such as regeneration capability, bidirectional power flow, simple and
compact power circuit, step-change frequency operation, and bipolar voltage gain.
They mainly distinguish themselves from other AC-AC converters by directly
converting the source power without the need for bulky energy storage elements as an
intermediate connection. In the context of this thesis, the design and implementation
of a SSMC is held. First, a review of commonly used TT and SS AC-AC power
electronics converters is presented, highlighting the advantages of MCs over the other
topologies. Then, a review of commonly used bidirectional switch topologies is
presented, discussing the advantages, disadvantages, and requirements of each
topology. Later, the current commutation problem encountered by MCs when
connected to RL loads is discussed, along with the commonly utilized solutions. Then,
the protection approaches of MCs against source/load overvoltage are discussed.
Later, the control techniques of MCs are presented. Then, the different operation states
of the SSMC that allow it to achieve a bipolar voltage gain are investigated. Next, the
SSMC switching strategy for step-changed frequency operation is demonstrated.
Later, the principles of carrier-based PWM techniques for controlled voltage operation
of the SSMC are investigated. Then, the proposed SSMC control method and
synchronization algorithm are presented. Later in the thesis, the simulation studies
outcomes are presented, where a comparison between the proposed control scheme
and other control schemes in the literature is carried out through three case studies,
and a comparison between the carrier-based PWM techniques on the key performance
parameters of the SSMC is carried out. Finally, the experimental studies outcomes
performed on a laboratory setup are presented, where first, the superiority of the
proposed control method over counterpart methods in the literature is demonstrated,
then, the effect of carrier-based PWM techniques on the performance profile of the

SSMC is demonstrated.
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7.1 Summary of Contributions

The following are the significant contributions of this thesis:

e A general overview of three-phase and single-phase AC-AC power electronics
converters is provided. The advantages and disadvantages of the circuit
topologies, along with the distinguishing features of MCs, are discussed.

e An overview of different four-quadrant bidirectional switches is presented.
This includes the advantages, disadvantages, gate drive requirements, and
losses of each switch.

e A new control method for SSMCs is proposed. The method provides several
advantages over the existing methods in the literature, such as increasing the
VTR and reducing the output voltage and source input current THD. More
specifically, according to the experimental results, the proposed method offers
around 10% increase in VTR, 34% reduction in output voltage THD, and 54%
reduction in source input current THD.

e Proposing a new synchronization algorithm that synchronizes the gate-
triggering pulses of the power switches with the grid. The algorithm is
implemented on FPGA and proved its effectiveness in the synchronization
regardless of the synthesized output frequency.

e Thanks to the proposed control scheme that accommodates any carrier-based
PWM technique, analyzing and comparing the influence of different carrier-
based PWM techniques on the performance profile of the SSMC is performed
in this thesis. This allows for an in-depth understanding of the techniques and

their ability to achieve high VTRs and ensure ZCS.

7.2 Future Expectations

Significant research efforts on new circuit topologies of single-phase AC-AC
converters have been undertaken in recent years. These topologies aim to reduce the
passive and active devices, losses, volume, and complexity and provide symmetric
bipolar voltage gain with voltage buck-boost operations. Throughout this study, the

following topics have been recognized to require further research attention:

o Comprehensive literature survey on the various single-phase AC-AC power

electronics converters. This includes the features of each topology, such as its
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ability to step-change the source frequency, produce symmetric bipolar voltage
gain, operate in buck-boost modes, and continuity of its input and output
currents. Further, the losses, volume, and reliability of each circuit topology
should be considered.

Single-phase induction motor drive using new SSMC circuit topologies and
control schemes.

Analyzing the existing closed-loop control methods used with SSMCs, such as
PI controller-based source/load voltage/current control and peak
voltage/current detection, and identifying their limitations and areas for
improvement.

Developing new closed-loop control strategies that address the shortcomings
of existing methods and testing their robustness under dynamic operation
conditions and for different applications.

Filter design and optimization for SSMCs to obtain pure sinusoidal outputs
with a wide range of output frequencies and modulation indexes.

Developing a new isolated single-phase AC-AC converter with buck-boost
inverting and non-inverting operations, continuous input and output currents,

and reduced power device count.
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