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Abstract

This research project proposes a configuration of the Mtd@blogy based on a
conventional hatbridge submodule (HBSM), utilizing a SiC MOSFE&Rd Si IGBThybrid
approach tamprove the performanag the MMC topology based aonventionali devices.

The combination of SiC and-8ased devices offers massive advantages by utilizing the high
performance and high switching frequency capabilities of SiC MOSFETS, including low
switching and conduction power losses along with the-effsttiveness and higholtage
capability of Si IGBTsA SiC MOSFET and Si IGBT hybrid HBSM structubased MMC
model simplifies the convertenodelby reducing the required number of switching devices,
withstanding high switching frequencies and temperatures, lowering the complexity of the
MMC voltage balancing contrgland minimizing the total power losses in each SM. éell
singlephase MMC model based on the proposed hybrid configuration was simusited

both MATLAB and PLECS® Standalone tools to verify the effectiveness of the converter
operationusing hybrid system resulting in normal voltage and curremaveforms.A small
prototype with a low voltage level was developed in laboratory to validate the performance of
the proposed MMC model in comparison with the simulation reswitsch demonstrated

normal voltage and currebehaviouracross the submodules and both converter arms.

A switching power loss test was performed on the selected power switches based on different
semiconductor technologies to investigate their power losses and opera@bawiour The
obtained results were subsequently used in the analysis of the power loss at both the submodule
level and the overall converter model. The results indicate that the SiC MOSFET exhibits faster
switching speeds and lower switching and conduction lossegpared with the Si IGBT
device.Furthermore, the submodule employing a hybrid SiC MOSEETGBT configuration
demonstrated an approximate 43.5% reduction in power consumption compared with a cell
utilizing only IGBT switches, achieving an improved submodule efficiency of about 96%. In
addition, the total power loss of a singtease MMC model comprising eight submodules
based on the MOSFET/IGBT hybrid configuration was evaluated, showing neaslfly
reduction in power loss compared with conventional configurations, and resulting in an overall

efficiency improvement of approximately 17%.

Finally, a threephase MMC model connected to the grid was simulated in PLECS using SiC
MOSFET and Si IGBT devices. The simulation results demonstrated stable and normal

operation under gridonnected conditions. The power losses were evaluated, showing an



approximate 43% reduction compared with the conventional model, along with an overall

efficiency improvement to about 97%, achieved at a reasonable cost.

Keywords: Wind Energy Conversion System (WECS), Modular Multilevel Converter
(MMC), Wide Bandgap (WBG) PoweéilectronicsDevices, Switching and Conduction Power
Losses, Silicon Carbide (SiC) and Silicon (Si) Hybrid Halidge Submodule (HEBSM).
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Chapter 1:  Introduction

1.1 Research Background

Over the past few decades, the demand for sustainable energy installations based on
renewable resources has rapidly increased. Among these, wind energy is considered one of the
most important and promising sources due to its clean and sustainable ppopRitieesource
has been recognized as an effective way to mitigate the impacts of climate change while
supplying sustainable energjl]. The wind energy conversion system (WECS) is
fundamentally powered by wind energy and generates mechanical energy, which is delivered
to the electrical generator to be converted into electricity, as shown in Ridurehich
illustrates the stages of a giwgdnnected WECE?]. Several wind energy conversion systems
(WECS) have been established for different power rates, from few of hundred kilowatts to
multi-megawatts as specified Trable1.1 [3].

deurbine \

LCL RSC GSC LcL AC Grid System
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Gear Box ~ Rectifier |- . Inverter ~ Filter (Transformer Grid |
—C i 4| AC 1 |DC ™
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______(:

R & >| WECS Controller  |<--

Figurel.1. Wind energy conversion systdaj.

According to the Global Wind Energy Council (GWEC), the total wind installed capacity has
developed andhcreased globally frorB91GW in 208 to 830 GW in 2021with a growth of
6.8% [4]. In 2022,around76 GW of wind power capacity was installed and added to the power
grids, bringing the total global wind power capacity to 906 GW, which achieved a growth of
12.8%[5]. In 2023, the highest number of new wind installations was achieved within a single
year, with over 10 GW of onshore wind and up to 11 GW of offshore wamd theglobal

installed wind capacity has passed the symbolic milestone of .JFivthermore, the Global



Wind Workforce Outlook report indicates that from 2024 to 2030wine energy market is
expected to experience remarkable growittiticipating that global operational wind capacity
will surpass 1,800 GW by 2028 and expected to reach 2 TW by the end ofFa3@ 1.2

shows the growth of onshore and offshore wind capacity worldwide betwe8rag@d203

[4][6].

mmm Onshore wind r — — New installations outlook- — -
2000 Offshore wind | 9.2 % growth
181
1800 Total : 2
— I 1630
= 1600 . 8.4% growth — — — — — - 1459 ]
> 1400 LT 1300 ]
S I 11 ]
8 1200 ' 2 -
] | 1027
5 1000 906
830
g g0 ! 745
o 650
= 591
£ 600 © B
= - 3 3 S
400 8 - & NS @ ~ 3
© 5 ~ ~ £ ~ I
200 & © < o ™ < 3 ~
%) o Q Irs) © N @
~ N @
0

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figurel.2. The global onshore and offshore wind capaleity

Tablel.1. Various categories of WECSs and their corresponding power r§8hgs

Typical Applications Power Rating (kW) Example of Turbine Models
Small utility-scale, community wind _
_ 100- 500 kW GE 1.5s, Siemens SG 21B2
projects
Mediumscale wind farms and large
500- 1,000 kW Vestas V52, Nordex N60/1300

distributed generation
Siemens Gamesa SG 1132, GE

Utility -scale wind farms 1,000- 2,000 kW
1.8132
Utility -scale projects, offshore and Siemens Gamesa SG 2122,
2,000- 3,000 kW
onshore Vestas V80
. _ Siemens Gamesa SG 3132, GE
Large utility-scale wind farms 3,000- 5,000 kW )
HaliadeX 12 MW
Offshore and very large utilitgcale Siemens Gamesa SG 1493, GE
5,000 kW and above
wind farms HaliadeX 14 MW



Generally, from the wind turbine side, there are two main generator topologies that have
been used in WECSs. Fixsgeed wind turbines (FSWT) were developed in Denmark in the
1970s using squirredage induction generators, and variagpeed wind turbine§/SWT),
proposed in the early 1980s, wkribly fedinduction (DFIG) generators. Nowadays, variable
speed WECSs based on permanent magnet synchronous (PMSG) generators are most widely
used due to their ability to increase the amount of power extracted from the wind, lower cost,
greater efficiency, and high reliability. These types of generators will be detailed in the next
chapter{7][8].

Furthermore, despite the continuous growth in the use of clean wind energy sources and the
increase in their power capacity globally, the optimal integration of wind energy systems into
the main grid remains a challenge. This is particularly importanemfsuring the proper
operation of the system when variable wind sources are connected to the main grid, especially
in the powetelectronicconverter section, which will be highlighted in this resed8¢hSince

the main aim of power transfer systems is to supply consumers with the required electricity at
any given time and at a reasonable cost, enhancing the power conversion system is necessary
to regulate voltage and current, improve power quality, regoeeer losses, and enhance
overall system efficienc}].

In the power conversion stagle power electronic converter is a critical component used
as an efficient interface for the integration of wind turbines (WT) with the [§lidThe
revolution in power semiconductor devices has significantly advanced the control and transfer
of power in several applications, including WECSs, especially in medium and high voltage
direct current (MVDGHVDC) applications andAlternating Current AC) transmission
systemg10]. It is well-known thaimost of theelectric energy is converted by power electronics
devices before it reaches consumdrserefore, power electronic converter topologies are
designed to continuously convert electrical energy from the source to the load by chopping it
into finite discrete packets using power switches, and reshaping this energy using passive
components, whiclre usually a combination of conductors, capacitors, and resistors, before
feeding the energy to the gridldditionally, during the onversion of AC to DC power or DC
to AC power, the process is not 100% efficient. Some power losses occur in all components,
especially in power switches, and the total power losses are estimated to be approximately 2%

to 4% per converter station, deperglon the type of converter and the rated pd/e}.

Moreover the powekelectronicconverter topologies which have been used for MVDC and

HVDC applications can be classified into two main categories: Current Source Converters



(CSCs) and Voltage Source Converters (VSCSCs project has been historically used as one
of the solutions for lineommutated converters (LCCs) based HVDC systétigsire 1.3(a)
shows he first LCGHVDC application designed with thyristor valves was the Eel River
scheme in Canada, implemented in 1972]. Later, advancements in power electronic
devices, particularly the development of the insulafet® bipolar transistor (IGBT) in the
1980s, enabled the introduction of V®ased HVDC transmission technology, as shown in
Figure 1.3(b) [13]. LCC-HVDC and VSCHVDC systemsmploy switching commutation to
different groups of semiconductor switches in their converter topologies to perfoitia: BC
(rectifying) or DGto-AC (inverting) conversion. However, there are main differences in how
their switches are commutated, whialitroduces different advantages and disadvantages
between the two technologigist]. Additionally, thefirst VSC-HVDC system based on pulse
width modulation (PWM) control using IGBT devices was installed in March 1997 (Hellsjon
project, Sweden, 3 MW, 10 km distance, +10 k15]. VSC-HVDC technology has gained
wide acceptance and offers more flexibility for AC grid disturbances and fadits
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Figurel.3. HVYDC system based on CSC and VSC technologies: (a) HVDC system based on
CSC with thyristors, and (b) HVDC system based on VSC technology using I[G&8Ts

Alongside the development of power semiconductor devices, several multilevel converter
topologies have been extensively studied and introduced since the 1960s. These topologies
include the neutral point clamped (NP€&)nverter[16], the flying capacitor (FC) converter
topology[17], and cascaded-Hridge (CHB) converteid 8]. Other modular converter models,
such as and modular multilevel converters (MMZY], and T-type converters, activ’PC

(ANPC) converter$20], have beemntroducedater. These poweelectronicconverters have
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been successfully implemented in power transfer systemsmdus Renewable Energy
Resources RES3. Among these topologies, the modular multilevel converter (MMC)
topology has gained wide acceptance in medium andgogter applications and has become

the preferred choice for wind energy conversion systems due to its main features. These
features inclde easy scalability of voltage and current, the capability to operate as either a
rectifier (ACT DC) or an inverter (DG AC), and its fault ridehrough FRT) capabilities for
selected cells. The modular multilevel converter was first proposed by Marquardt and Lesnicar
in 2003[20].

Basically, the MMC topology is built using a number of cell submodules (SMs) made with
switching devices and other passive components such as inductors. There are two conventional
MMC-SM circuit configurations: the HaBridge Submodule (HBSM) and the F&fidge
Submodule (FBSM). The HBM is known as a simple SM structure with only two switches
(S and &) connected in series with a single capacit@j. (The switches operate in a
complementary manner, and two voltage lev@lsarid Vc) can be generated at its output
terminal. The HBSM topology has fewer switching devices, resulting in lower power loss.
However, it does not have the ability to block DC faults. In contrast, tHeNFBircuit consists

of four switches &, &, S, andSs) connected in series with a single capaci€y; and three
voltage levels(, Vc, and-Vc) can be generated at its outpertminal. The FBSM provides

DC faultblocking capability. However, the increased number of switches results in higher
power loss compared to the HBM [21]. Figure 14 shows the general schematic diagram of
the three phases of the MMC topoldgy].

Vo=

“Vciz

Figurel.4. Three phases of MMC topolog#2].
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Various attractive MMC topologies have bgenposedn the last two decades j&3], [24],

[25] and[26], including a T-MMC topologythat wagproposed if27]. These MMC topologies

have been investigated in termsnabdellingschemes, submodule cell structures, modulation
strategies, control systems for voltage balancing and circulating current, as well as fault
diagnosis and tolerance control systems. The advances in MMC models were aimed at enabling
the secure and friendlgtiegration of wind turbine systems with the &é]. However, despite

the beneficial features of the recent developed MMC topologies, these converter designs still
suffer from certain defects. These include an increased number of semiconductor power
electronicdevices and associated gate drive circuits, which result in higher switching and
conduction power losses, increase the complexity of the control systems for power switch states
and capacitor voltage balancing, require a greater number of inductorsi predkemges with
harmonics, and lead to an oak increase in system size

Furthermore, to improve the performance and operation of the MMC topology or other power
electronicconverter models, it is always better to simplify the system by reducing the number
of power semiconductor devices, capacitors, and inductors while achieving the same or better
voltage levels and output converter performance. Thus, the need for a nmcentetind
accurate MMC topology remains a challenge for researchers. There is scope for contributing
to the development and improvement of MMC models, which could provide a simplified MMC
configuration scheme with increased efficiency, minimized powsr bbfess complex control
system, better power quality, and improved DC fault resilience.

Nowadaysdevelopers of power electronic semiconductors are continually seeking power
electronicdevices with higher efficiency, greater power density, and more integrated systems
In this journey, the juncticgate fieldeffect transistor (JFETs) and the Bipolar Junction
Transistors (BJTs) have been replaced with Metal Oxide Semiconductor Field Effect
Transistors (MOSFET) and Insulated Gate Bipolar Transistor (IGBTs) based &fixdhese
both power switcheare the most commotnansistorshave ben used in design of power
electronic converter topologie$29]. The main features of a MOSFET transistor include
voltagecontrolled operation, high switching speed, and low power loss compared to IGBTs
and earlier transistors. However, these devices are suitable primarily fevolage
applications. On the other hgri@&BT devices combine the curretiving capability of a BJT
with the voltagecontrolled operation of a MOSFET, making them the preferred choice for
high-power applications due to their efficiency at high volteyels[30].

Then, the power semiconductor devices based on Si have developed and matured over the last

5 decades and greatly improved the associated energy transmission systems. In applications
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below 600 V, Si MOSFETs based on trench gate structure dominate the market whereas Si
super junction MOSFETs and Si IGBTs based on field stop and injection enhancement
concepts dominate the market from 600 V to 6.5[&Y]. However, it appears that-Based
powerelectronicdevices are approaching their performance limits with little room for further
optimization. For example, the maximum junction temperature for most Si devices is limited
to 175 AC, which is a si gn-afdihighaower applatoase r n ,
Additionally, Si devices tend to have highermsistance leading to increased heat generation
and power dissipation during switching transiefiserefore, the further development and
improvenents of power electronic devices are necessary for more reliable solutions of power

generation, energy storage and power conversion sy3gm

In this context,in this context, as voltage and power levels increase, the design and
modelling of powetelectronicconverters with higher efficiency and greater power density is
required. consequently the highperformance new widbandgap power semiconductors
devices such as silicon carbide (SiC) and gallium nitride (GaN) devices are expected to replace
the traditional Spower transistors upcoming year§33]. Powerelectronicconverters based
on widebandgap semiconductors, such as-B#Sed devices, offer many advantages over
traditional Sibased converters. They can operate at higher switching frequencies and
temperatures, and their low -oesistance helps significantly regupower losseslhus,the
use of SiGCbased MOSFETs in modelling the MMC converter topology presents new
opportunities to enhance converter performance, these include higher efficiency, greater power
density, reduced powswitching and onductionlosses, the ability to operate at high switching
frequencies and temperatures, mitigation of negative effects associated with high dv/dt, and a
significant reduction in the converter's overall voluid4], [35]. Although devices based on
WBG technologies such as SiC and GaN offer significant performance advantages over Si
powerelectronicdevices, their widespread adoption has been hindered by several factors. One
of the main obstacles is the high cost associated with WBG devices, which makes it difficult
to fully replace Sbased technologies in many applicati(@®. In addition, ongoing research
efforts are focused on the manufacturing and fabrication of new devices Wi#3€d
technologies. Notably, SiC MOSFETs can now withstand higher voltage levels of up to 3.3 kV
and currents of 258 A, with developments underway that may extend their voltage capability
to 6 kV or higher in the near future. These advancements could péieliead to the complete

replacement of existing silicelmased convertef86].



1.2 Motivation and Objectives

The primary motivation of this research project is to conduct advanced research on the
fundamentals of power semiconductor devices made using different material technologies, as
well as to provide a detailed review of developed MMC topologmestheir SMs structures
aiming to improve the performance of MMC topology for WECB®m the perspective of
MMC topology, most recently developed MMC submoda&dls have been designed by
increasing the number of Si powelectronicdevices. This results in Her switching and
conductionpowerlosses, increased complexity of the control syspamicularly in capacitor
voltage balancing, an increase in the overall size and cost of the converter, and a reduction in
efficiency.Additionally, conventional Sbased devices are not wsllited for highfrequency
and hightemperature operation due to high internal junction temperatures and significant
leakage currents. These factors contribute to increased switching and condssgsnstmwer
switching speeds, and ultimately reduced ovea@tiverterefficiency.

Nowadays, the world is moving towards higérformance poweglectronicdevices based
on SiC and GaN technologies. Recently, the semiconductor power device market has matured
and grown significantly, and the new devices based on SiC technology have gained wide
acceptance in several electronic applications. These new develogeveeshave superior
switching characteristics such as, higher breakdown voltage, lower switching and conduction
losses, higher thermal conductivity, and the ability to opexategher frequencies. The SiC
base devices provide an ideal opportunity to improve the converter topologies of low and
medium power systems. Furthermadies devicesbased SiC technolodyave the potential to
be integrated intaM-HVDC wind system applicationsherefore, this thesis proposes an
advanced MMC topology that utilizes a simple SM structure and power switches made from
different semiconductor technologies for connecting wind energy systems to th raagbr
part of this project presents an optimized MMC topology using a hybribhdtie submodule
(MMC-HBSM) that combines SIC MOSFETs and Si IGBTs within a single submodule cell.
Additionally, the study investigates the switching and conduction passes$ of the selected
power electronic devices. Te power loss analysis is conducted both individuatigler
specific voltage and current conditions, and during the operation of the proposed MMC model.
The proposed SiC and Si hybrid HBSM topology offers several outstanding operational
advantages over converter models based on conventional Si devices. These advantages include
reduced switching and conduction power losses per MW the ability to operatender

higher temperature conditions, improved energy system efficiency, and enhanced converter
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performance at a reasonable cdsi. achieve the main aim of this project and ensure the
efficient and reliable operation of the power system, the following objectives should be
accomplished.

A A detailed review of the fundamental concepts of MMC topology, covering its
configurations, operation, and control systewith a particular focus on the SM
topologies used in MM@ased models. The review also discusses various cell
structures, the arrangement of power switches, their respective control stratedies
the associated technical challenges during the transfer of power

A Conductoverview researcln power semiconductor device technologies used in the
design of MMC topologies, with a focus on power switches developed using Wide
Bandgap (WBG) technology. Perform a comparative assessment of device behaviour,
characteristics, and the issues and chghis associated with adopting and integrating
these devices to improve the conventional MMC architecture.

A Perform a deviceindertest (DUT) analysis for Si IGBT and SiC MOSFET devices
using LTspice and PLECS thermadodelling tools to identify the switching and
conduction power losses of each power transistor.

A Identifying the optimized SM structure for the proposed MMC topology using a SiC
and Si hybridapproach

A Designing ananodellingthe enhanced MMC topology using timedified hybrid SM,
followed by the development of a smatlale prototype in the lab to verify the

effectiveness of the converter.

1.3 Research Methodology

The research methodology defines the main aims and objectives of this study, including the
tools employed during the researEigurel.5illustrates the schematic diagram of the research
methodology for achieving the research goals, which can be outlined in three parts. In the first
part, detailed researclof MMC typologies used for WECSs is provided, identifying the
problems that the MMC models suffer from. Then, a new MMC topology is suggested to
address the issues of MMC models based on complemsdile cellsin second part, power
semiconductor devices review by focusing on the developed efficient power transistors and
their characteristics for right devices selection, then perform DUT for each selected transistor
for the purpose of switching and conductionwgo losses analysifn the third part, aisgle

phase of the proposed MMC topology is designed using both MATPL&Bnulink and
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PLECS Standalone tools to verify the effectiveness of the enhanced converter tomlogy
scaleddown laboratory prototype of the proposed MMC was developed to validate the

simulation results.

v
MMC Model for
WECS

A 4

Literature Review

J\
¢ P’

Power Semiconducto
DeviceBased
Technologies

L )
¥

» Problem Identification

Detailed Review of
MMC-SM Topologies

No _“Is there a solution to. Yes

"~ address the problem MMC proposal Model
v
Design of The MMC Investigation of the ; .
Simulation and < Switching Power Losseg—— ng(xé?%wi?cségsht
Experiment Models of Selected Devices

L

Simulation and
Experiment Results

Carefully check all model No
components, parameters

Does the proposed
model work properly

and design steps Analysis
No The converter Verify the performance Power Loss Analysis ¢
- improvements were and efficiency of the «—— single MMGSM & all
achieved MMC Model MMC Model

Figurel.5. Research methodology Flowchart.

10



1.4 ThesisContributions and Publications

The main contributions and the supporting work of this research are summarized as follows.

1. A modified haltbridge submodulébased on a hybrid systemsingSiC MOSFET and
Si IGBT powerelectronicdevices has been proposed for the MMC topolaigyingto
minimize power losses during power transfer from the source to thesioaglify the

converter modeknd to enhance converter efficiency.

2. The switching power loss analysis was performed for two selected types of power
switches, namely the Si IGBT and the SiC MOSFET, under specified voltage and
current levels, using the PLECS software tool to estimate the total power loss for each
device Additionally, the modified halbridge submodule power loss evaluation was
consideredby assuming a halbridgecircuit, consisting of two powezlectronicdevices
functioning as a cell submodule. Specific measured voltage and current values flowing
through the submodule switches during the operation of the MMC model were applied.
To verify and calculate the switching and conduction power losses, a PLEG®&lther
model was used, which allowed testing of the selected devices under different junction

temperatures.

3. Performed a DUT for switching power lesanalysis using the LTspice tool to evaluate
the selected Si and SiC devices in terms ofturand turroff switching losses, as well
as their ability to withstand high frequencies, including switch speeds during on and off
times.Additionally, a smalscale DUT prototype was conducted in the laboratory using

the selected devices to verify the switching power loss.

4. A singlephase, fivdevel MMC topology connected to a passive load was designed in
the MATLAB simulation environment to verify the operation of the converter. The
design uses four submodules, and the analysis focuses on the voltage and current
waveforms as wellsaathe balancing of the submodule capacitor voltalgeaddition,
the voltage and current flowing through the submodule switching devices were

measured for use in the evaluation of device power losses.

5. A low-voltage, scaledlown experimental validation of the singlhase MMC model,
composed of four submodules in each arm and employing a SiC MOSFET and Si IGBT
hybrid approach, was conducted. The output voltage and current waveforms of the
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converter were analysed, demonstrating normal operation. Additionally, voltage and
current measurements across the top and bottom switches in the first submodules of the

upper and lower arms were taken for power loss analysis purposes.

6. A threephase MMC model connected to the grid was developed using PLECS software
to verify the effectiveness of the converter model based on the SiC MOSFET and Si
IGBT hybrid submodule approach when tied to the grid. A-fenel output voltage
waveform wa achieved, and the simulation results demonstrated stable operation.
Additionally, an estimation of a thrgghase MMC consisting of eight submodules in

each arm showed significant improvement in power loss reduction and model efficiency.

The following papers were published from the research conducted during this PhD study:

Journals

1. Athwer, Abdulkarim, and Ahmed Darwish. "A review on modular converter topologies
based on WBG semiconductor devices in wind energy conversion sysiemagyiesl6, no.
14 (2023): 5324.

Conferences

1. Athwer, A., Darwish, A. and Ma, X., 2024, June. Optimized modular multilevel converter
topology using Si/SiC hybrid halfridge submodule. 143th International Conference on
Power Electronics, Machines and Drives (PEMD 20@A4)I. 2024, pp. 154160). IET.

2. A. Athwer, Ahmed Darwish, Xiandong Ma, "Enhancing the Performance of-®0C L u k
Converter Topology Using Wide BandgBased Devices," 60th International Universities

Power Engineering Conference: Brunel University Londdrb|2eptember 2025, pp-6L

1.5 Organization of the thesis

The research work of this thesis is organized as follows:

Chapter 2presents a literature review on feasible configurations of WECS and the important
role of semiconductor powetectronicdevices in power transfer. Typical multilevel converter
topologies are reviewed, with emphasis on MMC configurations as preferred models in wind
systems. Their advantages, disadvantages, and the key challenges of MLCs are also discussed.
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Chapter 3this chapter, the MMC configuration system is reviewed in terms of unipolar and
bipolar submodule designs, the operating principle of MMCs based on théridgk
submodule, and the associated technical challenges of the converter. In addition, the MMC
control system and the theoretical analysis of voltage and current are discussed in detail.

Finally, MMCs based on hybrid systems are presented to identify theate geq.

Chapter 4:A singlephase MMC model using four haifidge submodules connected to
passive | oads was simulated in MATLAB/ Si mul i
on the theoretical voltage and current analysis. The simulation also ensured that the &ppropria
modulation technique was applied for balancing the capacitor voltagasdition, the design

of this MMC model was used as a reference for building the experimental converter prototype.

Chapter5: An investigation of two selected powelectronicdevices, manufactured using
different material technologies, was carried out using two methods to ensure accurate power
loss results. The first method employed a doyilse test circuit, which is widely used in
power electronics to characterize devicefgrenance. The second method used the PLECS
thermal model to evaluate switching and conduction losses at different junction temperatures.
Finally, based on the power device loss analysis, the power lassrafle submodule cell was
considered, and the overall MMC loss, including model efficiency, was discussed.

Chapter 6: A threphase MMC model connected to the grid was developed using PLECS
standalone. The converter was designed with a modifiecdbhdije submodule employing SiC
MOSFETs and Si IGBTSs to verify the operation of the modified model undecgnicected
conditions, as well as to analyse the voltage and current characteristics of the hybrid system.
The results demonstrated proper operation and an improvement in efficiency compared to the

model using conventional powelectronicdevices.

Chapter 7: provides the summary and conclusions of the research presentethesitasnd

outlines suggestions for future work.
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Chapter 2:  Literature Review on Wind Energy Conversion
Systems, The Role of Power Semiconductor Devices in Power
conversion Systems and Voltage Source Converter Models

2.1 Introduction

The economic development in the energy sector of modern countries and societies is linked
to the accessibility of green energy resouff@33. Previously, fossil fuels were used as the
main source of energy for both industrialized and developing countries due to their low cost
and ease of conversion into electrical endB8]. However, the use of fossil fuels to generate
electrical energy presents several issues, including the limitation of natural resources, which
are considered nerenewable. The phenomenon of global warming is also caused by the
burning of fossil fuels durigpthe energy generation process, which produces greenhouse gases,
including waste of water and carbon dioxide. While carbon dioxide is a natural greenhouse gas,
high emissions in the atmosphere have been shown to contribute to global wgg@jing
Therefore, due to the high consumption of fossil fuels for energy generation and the
environmental concerns about global warming, there is an increasing neexhdwrable
energy resourcefRESY, such as solar and wind energy to fulfil the energy needs of society.
These energy resources have been recognised as effective ways to mitigate the impacts of

climate change and provide sustainable en88y

Among several renewable energy resources, wind energy is known as one of the fastest
growing RES due to its clean and sustainable propd&#sAccording to the GWEC, the
total installed wind capacity of onshore and offshore has increased globally from 283 GW in
2012 to more than 1 TW milestone in 2023, reflecting a growth of around 14.R%
Furthermore, according to GWEC Market Intelligence, annual additions to wind capacity are
estimated to grow from 131 GW in the single year of 2024 to 182 GW by 2028. Meanwhile,
the world's wind capacity is expected to reach 1,800 GW by the end oFR202&2.1 presents
the annual forecast for new wind installations between 2024 and 2028 (in GW). The global
wind energy market is anticipated to increase by approximately lBRp%he wind energy
resource is considered a promising option for a secure energy generation system. However,
issues associated with the intermittent nature of this renewable energy source, including the

integration of wind energy systems into the main gitth wminimal power loss, pose significant
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technical challenges in consistently and reliably meeting electric demand and transferring
energy{40].

mmw Onshore wind = Offshore wind Total (GW)
182
171 =
159 =
148 =
131 r
LEY I
2023 2024 2025 2026 2027 2028

Figure2.1: Onshore and offshore new installations outlook of 22@28 (GW [6].

2.2 Wind energy conversion system (WECS)

This section presents an overview of WECS systems, including the feasible configurations
that have been used for integrating wind turbines with the utility grid. Basically, the amount of
power generation from wind energy system depends on the gemgcaptiitions and an
amount of wind captured, which varies over time. The system of wind turbine is consists of
several key components, including the tower, rotor, and nacelle, which houses the transmission
mechanisms and generator. The rotor, typicalljnmesing multiple blades, captures the
kinetic energy of the wind, which can be converted into mechanical energy that drives an
electrical generator. The mechanical assembly of the turbine relies heavily on the gearbox,
which converts the relatively slovetational speeds of the turbine into higher speeds on the
generator side to ensure that the output of the generator remains within specifications, as the
wind turbine rotor typically operates at a speed of less than 100 revolutions per minute (RPM).
While the generator needs to operate at a speed between 1,000 and 1,800 RPM to effectively
generate electricity. Control and supervisory techniques are utilized to regulate the rotation of
the generator's shaft driven by the turliB®, [41]. Figure 22 showsthe key components of the

horizontal axis wind turbine syste@d?].
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Figure2.2: Horizontal axis wind turbine system and its key compondi2is

Moreover, in the power conversion stage, poelectronicconverters such as the MMC
serve as an interface between the wind turbine side and the grid side. This type of power
electronicconverter is responsible for transferring the generated power from the source via a
transformer to the electrical power grieigure2.3 shows the model of the WECS that should
be built to achieve maximum power extraction from wind turbine generators under various

operating conditions to meet network integratiequirement$41].

| Mechanical Power Conversion MMC Topology Electrical Power Conversion '
1 1
| P C i :
! Gear-box ower Converter Grid :
. optional Generator Transformer :
1 1
| * O :
1 [] 1
1 1
| O ) E:> |
! O _| 1
| |
I 1
I i — . 1
| Power conversion Mechanical Power Power conversion Power Electrical |
I 1

Transmission Conv . issi .
k and control converter \_and control system Transmission Transmission /
__________________________________________________________________________________________________ ,

Figure2.3: The structure of Wind Energy Conversion Sys{éf].

During the past decades, the development of wind energy conversion systems has
significantly improved due to continuous technological advancements aimed at enhancing
system efficiency and reliability. The systems of the WECS can be classified nermliffieays
as follows[43].
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1. Based on the amount of electrical output power: Which depends on the size and amount
of generated power, they can be categorized as small, medium, or large systems. Small
systems typically have a power output of up t&VZ and can be utilized in places
requiring relatively low power or for remote applications. Medium systems have an
output power between 2 and 10 and are suitable for locations that require less than
100 kW, such as some residential areas or local uses. Large systems have a rated
capacity that can reach several megawdgk

2. Based on the type of generated electrical energy: Power generators can typically be
classified into three categories. Firstly, Direct Current (DC) generators are relatively
uncommon in largescale wind energy systems. However, these generators might be
usal in smaliscale wind turbine systems, then convert DC power to alternating current
using an inverter for home use. In addition, the majority of new wind turbines,
especially largescale systems, use AC generators due to their ability to transfer AC
power over long distances more efficiently compared to DC generators. Secondly,
Synchronous generators, also known as alternators, are employed in wind systems to
transfer mechanical energy into AC by using a rotating magnetic field to induce voltage
in stationay stator windings. These generators produce electricity at a stable frequency
that is synchronized with the rotor's rotational speed, which is powered by a DC to
generate the magnetic field. When these generators are fitted into wind turbines, they
needto be carefully controlled to avoid the rotor speed from surpassing synchronous
speed, especially in turbulent wind conditions. On the other hand, a synchronous
generators are more expensive than induction generators, and more prone to failures.
Thirdly, Induction generators are used in wind turbine systems to convert the kinetic
energy of wind into electricity. They offer several advantages compared to synchronous
generators, including ruggedness, ease of maintenance, brushless operation (in squirrel
cagedesigns), the absence of a separate DC sourcepregdiction against severe
overloads and short circuits, reduced the size, and lower cost. In addition, these types
of generators are designed with loosely coupled devices that can absorb slight changes
in rotor speed and transient disturbances in the drive train, allowing them to handle
turbulent wind conditions to some extent. However, the consumption of reactive power
and poor voltage regulation under changing speeds are the main drawbacks of the
induction generatorgt1], [44].

3. Based on the rotational speed of air turbines: There are several technical solutions that

have been used for WECSs. Wind generators can be classified into two main types:
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fixed-speed and variablgpeed wind systenid5]. Fixed-speed systems are the most
widely used in wind turbines due to their simple designs, which able to achieve the
maximum efficiency only at a specific wind spe&dind systems with fixegpeed
topologies can operate in a constant or nearly constant speed and frequency (CSF)
mode. This means that, despite variations in the principal mover speed, the rotor angular
speed remains fixed and is determined by the supmdyfgequency and gear ratio.
Generally, wind systems based on fixgzked topologies areliable in their electrical
components. However, the mechanical components experience high stress, requiring

additional safety factors to avoid any failufés].

Moreover, over time, the size modern wind turbine systems and moved towards \spéesdile

wind topologies to address the problems associated with-$pedd systems. With variable

speed systems, wind variations can be absorbed by changes in rotoHsresy].this wind
topology includes a speed system integrated into the generator control system that can operate
at variable speeds. Where the varialadtage and variabl&equency (VVVF) power
produced by the machine is transferred to fixed voltage iaed-frequency power using a
backto-back powetlectronicconverter{43]. The variablespeed systems achieve maximum
efficiency at different wind velocities by adjusting the rotational speed of the turbines to match
the wind speed. This wind topology has the ability to reduce mechanical stresses on the turbine,
maximize power apture, improve power quality, and reduce acoustic noise. The wind systems
based on fixed and variab#peed technologies that are most commonly used today can be
arranged as either synchronous or induction generators. These generators have been used to
improve the integration of the wind turbines with the main grid under various operating
conditions and can be classified into four main concepts, which are described briefly below
[47].

A Type 1: Fixed-Speed WECS with a Squirrel Cage Induction Generator.

A Type 2: SemiVariable Speed WECS with Wound Rotor Induction Generator (WRIG).
A Type 3: SemiVariablespeed wind WECS with Doubly Fed Induction Generator.

A Type 4:Full-Variable speed WECS based on Synchronous Generators

Type 1: Fixed-speed wind turbine with a squirrel cage induction generator (SCIG). This type
of generator is known as the Danish model, which was utilized in early wind turbine
generations in the 199(48]. In this generator topology, the rotor is connected to the wind

turbine via a fixeeratio gearbox, while the stator is connected directly to the grid using-a step
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up transformer, along with a soft starter and capacitor banks at its terminals that help
compensate for the reactive power needed by the SCIG. In this setup, agbestemic
converter is unnecessary as showRigure2.4[49]. WECSs based on SCIG topologies offer
several attractive advantages, such as simple construction, smooth grid integration, and low
cost. However, various disadvantages limit the use of this topology in modern wind systems,
including issues with speed caritroutput power fluctuations due to varying wind speeds, low
efficiency in transferring wind power, and the need for a p@lestronicconverter to enhance

the wind integration syster6].

Gear box SCIG Transformer Grid

" )_ Soft 7
X la J starter J._\

C1 _—[_ c2 —I— C3 ]—

Capacitor bank

Figure2.4: Schematic diagram of the FSWT using the SCIG topo}édy

Type 2: SemiVariableSpeed Wind Turbines with Wound Rotor Induction Generatsss.

wind energy systems have developed, the size of wind turbines has increased, leading to the
emergence of senviariablespeed generator topologies. Operating wind turbines at variable
speeds improves energy conversion efficiency, reduces mechanical cdtesed by wind

gusts, minimizes wear and tear on gearboxes and bearings, lowers maintenance requirements,
and ultimately extends the operational lifespan of the turRjes his topology known as

limited variable velocity generator concepts. The wind WECS based on this topology consists
of a wind turbine that converts the windods
mechanical part, the lowpeed shaft transmits tlemergy to the higispeed shaft through a
gearbox, which allows for an increase in rotational speed. Thespiggd shaft is connected to

the rotor of a WRIG featuring adjustable rotor resistg#8g In the 1990s, the WRIG concept

was first introduced by the Danish manufacturer Vestas, allowing control over rotor resistance.
This wind system configuration minimizes the need for expensive slip rings, which require
periodic brush replacement and manaece. This type of WECS is connected to the grid
through a partially rated powetectronicconverter, which consists of a diode rectifier and a
chopper used to change the rotor resistance, affecting the generatossfpegdeharacteristics

to enable aspeed adjustment of around 10% of its rated spEBegure 2.5 showsthe

configuration of limited variable speed wind turbine sysfa8j.
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Figure2.5: Schematic diagram of VSWased wind turbine syste[i38].

Type 3: Semtvariablespeed wind turbines with partial powedectronicconverters are known

as doubly fed induction generatofagure 2.6 shows the configuration of limited variable
speed wind system based on DFIG. This generator topology features stator windings that
connect directly to the grid, while the rotor windings are linked to the grid via atbdiack

power electronic convertefhe backto-back power electronic converter composed of three
parts: the rotor side converter (RSC) part, which acts as aBD@Cectifier; the grid side
converter (GSC) part, functionirags aDC-AC inverter, including a DC link capacitor placed
between the rectifier and the inverter to allow the necessary power storage for the energy
exchange between the generator and the grid. Furthermore, three control systems are required
to generate and tnafer smooth electrical energy with constant voltage and frequency
integrated into the grid, the RSC controller aims to control the active and reactive power by
regulating the components of the rotor current, the GSC controller side controls the wblta

the DC link and generates independent reactive power that is used to support the grid, and the
wind turbine controller to control the wind speed and allows the machine to start at specific
speed limit. WECSs based on DFIG topology are the most coiyrusad and offer many
advantages, such as a simple mechanical and electrical structure, high efficiency, and power
guality. They can reach approximately 30% of synchronous speed, and theefextremic
converter rating is only 25% 30% in DFIG systemsThese features make the WEG&sed

DFIG a prominent technology in the wind industry, accounting for approximately 50% of the
market shargs0], [51].
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Figure2.6: Schematic diagram of DFHBased wind turbine systej38].

Type 4 Figure2.7 shows a fullvariable speed wind system based on synchronous generators
(SGs). Most modern WECS systems are built on SG concepts. These generators can be either
permanent magnet synchronous generators or wound rotor synchronous generators, both of
which have similar configurations. SGs can operate at low, medium, or high speeds, increasing
wind energy conversion efficiency and meeting various grid codes without the need for
additional hardwarg52]. In PMSGs the rotor shaft is directly coupled to the generator,
eliminating the need for a gearbox, means that in this technology the gearbox can be dispensed.
In this WECS system, badhk-back full converters have been used to link the wind turbines
with the grid, including an internal DC link modelled as a capacitor between the converters to
generate independent reactive power for grid support. The RSC controls the torque current of
the machine to regulate the rotational speed and must have the capalhbindle variable
voltage and frequency, as well as perform Maximum Power Point Tracking (MPPT). On the
other hand, the GSC is used to integrate the wind system with the grid, regulate the power
factor, and implement grid codes. The main advantageM8@technology are power high

density, high efficiency, and the capability to compensate for reactive pbiyef47].

Gear box PMSG

RSC pciink GSC  Transformer  Grid

AC __|DbC
ZEII)=S

Power converter

Figure2.7: Schematic diagram of PMSKkased wind turbine systed7].
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2.2.1 Comparison of WECS Generators

Since the invention of the fixespeed turbine system, research has been conducted over
time to explore alternative generator topologies for implementing-meijawatt (multMW)
wind energy conversion systems. Two common types of generators tedbdev developed
and become the preferred systems for wind turbines are the doubly fed induction generator and
the SG, the latter concept can be either PMSG or WR8@, [53]. A brief comparison
between fixeespeed and variablgpeed wind generators is describedatle2.1. The DFIG
is lighter and widely used, especially in onshore turbines. However, it has a lower energy yield
due to the gearbox. Recently, most of the established onshore and offshore wind energy
systems are moving towards SG topologies, as they have deatedstxcellent performance
and improved the wind energy systems compared to previous generator topfdgies
However, SG configurations have some disadvantages, such as large diameter, excessive

weight, and high co$g].

Table2.1: Comparison of WECS Generator Topolo{és[54].

Speed Operation Fixed speed = Semivariablespeed Semivariablespeed | Full-variablespeed
Gearbox Usage Always used Always used Usually used Optional
Powerelectronic )
None Diode + Chopper AC-DC-AC AC-DC-AC
Converter
Converter Capacity | 0% rated power  10% rated power ~30% rated power 100% rated power
Speed Range +1% +10% +30% 0-100%
Soft Starter Required Required Not required Not required
Aero Dynamic Power  Active Stall, Pitch Pitch Pitch
Control Stall
MPPT Operation Not Possible Limited Achievable Achievable
By Powerelectronic = By Powerelectronic
=T S By External By External y y
Hardware Hardware Converter Converter
External Reactive Required Required Not Required Not Required
Power Compensatior
Maintenance . Low (no brushes or :
. L I ) High h
Requirements ow (§|mp © Moderate gearboxes in some |g. (brushes,
design) cooling systems)
cases)
Example of Typical Vestas V82, | Suzlon S882.1 MW Repower 6M, 6.0 DeWind D8.2, 2.2
Application 1.65 MW MW MW
Cost Low Moderate High High
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2.3 WECS Control Systems Using MMC Topology

Generally, the WECS system can be classified into two categories: mechanical and
electrical systems. The mechanical system refers to the part of the wind turbine that consists of
the tower, nacelle, rotor hub, rotor blades, gearbox (optional), ghiteds, yaw drives, wind
speed sensors, drive train, mechanical brakes, and the generator. On the other hand, the
electrical system refers to the components that include the generator, power electronic
converter used as the interface between the windneeidystem and the grid, grside filter,
transformer, and the point of collection or utility gf2l. To deliver the generated power
smoothly from the source to the load, several control functions should be employed for both
mechanical and electrical systems to improve power extraction from the wind turbines and
achieve optimal dynamic and steastpte pgformance of the WECS=igure 2.8 showsthe
main control functions of WECS using a baokback MMC topology. Nowadays, the WECS
offers greater flexibility, and various parameters should be considered from both sides, such as
wind speed and direction, measured generator voltage and curredfuso the system's
operational parameters to meet the desired output references. In addition, the AC grid system
also requires filtering and its parameters, grid voltages and currents, including power control

and compensation systems, to allow proper natiggn of the wind systelif7].
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Figure2.8: The main control functions of WECS using a béaafback MMC topology7].

23



2.3.1 Mechanical Control System (MCS)

The mechanical control system in WECS is responsible for optimizing the mechanical
performance of the wind turbine to ensure safe, efficient, and reliable operation. This involves
adjusting the blade angle and orientation through fatgjle controljncluding changing the
angle of the turbine blades to limit power extraction when wind speeds exceed the design
threshold, thereby protecting the turbine from esfeeeding. Maximum Power Point Tracking
(MPPT) is also utilized to extract the maximum polesipower at a given wind speed.
Additionally, control of the rotor speed generator is implemented for both DFIG and PMSG

types to improve power output across a wide range of wind condi@prid7].

2.3.2 ElectricalControl System (ECS)

The ECS can be divided into three stages aimed at controlling the electrical components and
ensuring the proper operation of the poelectronicconverter and generator. In the first stage,
the main focuses are the current and voltage control loopBnkdecontrol, and grid
synchronization. In the second control stage, specific functions of the WECS, such as
maximum power point tracking and gridulit ridethrough, are addressed. The third control
stage includes grid stability and power qualifigure 2.8 above shows all these control
featureq2].

A. Generator-side Control (GSC): The ECS within the GSC of a WECS plays a crucial role
in managing the electrical aspects of wind turbine generators. The control system regulates
and optimizes the generated electrical output, including voltage, current, and controls the
active and reacte power to meet grid requirements. The GSC must operate in
coordination with the roteside control to maximise power extraction from the wind
across varying speeds. This coordination allows the wind turbine to operatentyfiare
reliably under fluctuating wind conditiofiS5]. In addition, in both type 3 and type 4 wind
generators, the speed control of the wind turbine is achieved by the gesatatpower
electronicconverter to optimize power extraction during periods of high wind speeds.
Furthermore, GSC ensures that the control of reactive power output is performed in
accordance with the generator requirements. In WECSs employing DFIG technology, the
active and ractive power references serve the rotor current reference, which in turn
determines the rotor voltage to bagyesized by the converter of generagile so that to
fulfil the control objectives are achievgsb]. In WECSs base®MSG technology, the
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active and reactive power references serve the stator current reference, which in turn
determines the stator voltage to be synthesized by the converter of gesieiataw that
to fulfil the control objectives are achievigb], [57].

B. Grid-side Control (GSC): The injection of generated power from wind systems into the
grid requires voltage and power control systems to ensure proper integration. Among these
regulations, it is essential to ensure that the power fed into the grid has high quality,
maintains voltge stability, matches frequency, and manages the reactive power
compensation system. Furthermore, the main objectives of GSC involve maintaining the
DC-Link voltage at a specified level and implementing independent control of active and
reactive power in &th normal operating conditions and grid faults. By utilizindcp
rotating reference frame also known as synchronous reference frame, which is one of the
most popular working frames for modelling of the VSCs control system. TheimdC
controller regulates the direct current, while the quadrature current is contradied on
the reactive power reference. This approach enables a full control over the output power
factor. Additionally, the control systems must adhere to strict grid codes during grid faults

to ensure compliance with regulations and standag]s[57].

2.3.3 Grid Codes

The grid codes are necessary requirements set by electrical grid operators for Wind Energy
Conversion Systems to ensure the secure and stable integration of wind systems into the grid.
These requirements may vary from one country or region to an&bere of the common

categories of worldwide grid code requirements for WECS can be described as fo8hws

A. Voltage and Frequency Control Voltage and frequency regulation is essential, as
voltage levels must be maintained within specific limits, typically +5% of the nominal
voltage. This can be achieved by the generator. Additionally, the WECS should be
capable of operating within a defoshérequency range, commonly £0.5 Hz around the
nomi nal frequency (e.g., 50 Hz or 60 Hz),

B. Reactive Power Managementwind turbine stations are usually required to support and
provide reactive power to the grid to maintain voltage stability by achieving a specified
power factor (e.g., 0.95 leading/lagging). Additional reactive power support can be
provided dynamically Y either injecting or absorbing reactive power, especially in cases

of faults or disturbances.
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C. Harmonic Distortion Compliance: While feeding power into the grid, only a limited

amount of harmonic distortion is permitted. This is determined by the specified voltage

and current harmonics.
D. Fault Ride-Through Capability: The FRT capability refers to the ability of a WECS to

remain connected to the grid and continue supplying power during short voltage faults.

This means the system can withstand voltage sags while providing necessary grid

support. In addition, in some couest that have a high penetration of renewable energies,

regulations regarding dedicated grid codes have been enforced to guarantee the proper

operation of electrical grids. These grid codes focus on power controllabilifiy, FR

capability, and overall power quality. Additionally, certain grid codes include

requirements for auxiliary services during grid disturbances. For example, WECSs must

participate in primary and secondary frequency control and supply reactive power to the

network. Therefore, compliance with international grid code requirements is important

for the integration of wind turbines into transmission systehakle 2.2 presents a

summary of grid code requirements for some European couffi®3s[60].

Table2.2: National grid code requirements for various countries around the {88ild60].

Country/
Region

United States
(USA)

China

India

Great Britain
(GB)

Germany
Italy

Ireland
Spain
Denmark

Sweden

Turkey

Voltage Level

240,600, 2.4 kV
and 230 kV
220, 110, 66 kV
and 330 kV

400, 220, 132,
110, 66, 33 kV
400, 275, 132
kV and below
380, 220 and
110 kV 155 kV
380, 220 and
150 kV
400, 220 and
110 kV
220, 132, 66 kV

400, 220, 150
and 132 kV
400, 220 kv

380 220 154,66
kv

Frequency
Range H2)

59.37 60.5 Hz
49.87 50.2 Hz

47.51 52.0 Hz
47.01 52.0 Hz
47.51 51.5 Hz
47.51 51.5 Hz

47.01 52.0 Hz
47.01 52.0 Hz
47.551.0 Hz

47.07 52.0 Hz

47.5 525 Hz

Fault

Duration(ms)

150

625

300

140

150

150

625
150
140

250

420

Fault

Restoration(s)

2.3

0.7

3

15

15

0.8

0.75

0.75

0.75

Reactive Power
Support

Dynamic VAR
control required
Static and
dynamic

Mandatory

Required (FQ
support zone)
Full dynamic
voltage support
Capability curve
required
Dynamic

P-Q capability

Required: Inject
reactive current
mandatory

Required: inject
reactive power

Grid
Code

NERC
CEPRI

IEGC
ESO
E. ON
Terna
EirGrid
HTSO
Energine
Swedish

TEIAS

Moreover, FRT requirements determine the behaviour of WT system during the faults
under Zero Voltage Rid&hrough (ZVRT), Low Voltage Ridd@hrough (LVRT), and
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High Voltage RideThrough (HVRT) conditions. The requirements for ZVRT and LVRT

are generally similar. Among these, addressing LVRT capability is particularly important
for wind turbines connected to the grid, especially under voltage sag confftfions

Among all the grid codeskigure 2.9 illustrates the standard Fault Ridérough
requirements of the German Transmission and Distribution Utility (E. ON) as an example
of grid code specifications, which were introduced in early 2688 The FRT function
should activate when the grid voltage drops below 90% of its nominal value. The WT
must remain connected to the electrical grid as long as the network voltage stays above
the ZVRT limit line defined by the utility operator. Disconnectioani the grid is
permitted only if the grid voltage falls below this ZVRT threshold. A similar approach
applies to the HVRT function. It is worth to note that the specific values of grid codes
may vary depending on different standard FRT requirementssattre world. Also, the
generatorb6s capability to remain the WT

sags depends on its technology, design, and control charact¢®ist[88].
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Figure2.9: The standard of VRT requirements according to the E. ON regu[alion

Other Requirements for WECS: In WT integration systems, additional control systems

may be needed to ensure smooth and flexible power transfer with high quality and
reliability. One such requirement is the integration of energy storage systensy (E#38&h

are essential for WECS. Various storage technologies such as batteries, supercapacitors,
and flywheels have been used in wind turbine systems. These storage systems can be
connected to the WECS through power electronic converters to providerepicehcy

support when needg88].
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2.4 The Role of Power Semiconductor Devices for Efficient WECSs

Power electronics play a pivotal role in regulating electrical power in several power
applications.Since the invention of power semiconductor devices, the ability to convert
electrical power from one form to another has become po¢8itjlePowerelectronicdevices
are primary components in various power applications and can be used across a wide range of
power systems from the design and modelling of power electronic converter topologies for
low-, medium, and higipower applications, to electric vehicles@tical machines, and other
electronic devices. WECSs cannot be directly integrated into the main grid due to their
intermittent nature and susceptibility to daily and seasonal fluctuations. Thus, the importance
of powerelectronicdevices in advanced energy conversion systems has increased and they
used in several parts of WECS to meet the requirements of power system int¢g2atibmis
includes the converter model, the design of fsitles transformers to regulate the voltage and
current waveforms during injection into the grid, and power storage sys$tgue2.10shows
the main components of a WECS that require power semiconductor devices, including power
switches and passive elements such as capacitors, inductors, and resistors, which facilitate grid

friendly integration of wind energy systeii3s3].

Power Converter
WTs
- Ta Rectifier Inverter | T2
Optional RS?ZS] Pttty Pl hthaity I'ZSUZS]
ce m( 6 ) @ L a@-
_ 3 - H T 1+
N W 1
1. controllablel 1. Power balance & storge 1. Fast/longP response
2. Variable frq &/ 2. Easy maintenance 2. ControllableQ
3. MPPT 3. High efficiency 3. Low THD
4. Reliability 4. LVRT
5. Frg &V stability

Figure2.10: The role of semiconductor powelectronicdevices in WECS integration

systemg33].

Since the invention of power semiconductor devices, power electronic converters have
continually evolved toward achieving higher efficiency, increased power density, and more
integrated system architectures. In this progression, earlier devicessueitaonGate Field
Effect Transistors and Bipolar Junction Transistors have largely been replaced bytsibeon
MetalOxide-Semiconductor Fieli&Effect Transistors and Insulated Gate Bipolar Transistors
between the 1970s and 1980s, which are now wigstd across numerous power applications

due to their availability in various voltage and current ratings, effective performance, and low
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cost[33]. Over the past five decadeslicon-basedpower semiconductor device technology
has matured significantly. Where trengate Si MOSFETs dominate the market for
applications operating below 600 V. Meanwhile, Si sypection MOSFETs and Si IGBTS,
which utilize fieldstop and injection enhancemdsthnologies, have become the leading
choices for voltage ranges between 600 V and 6.5 kV, with current ratings of up to 2 kA in
module configurations, contributing to major advancements in energy transmisgemssys
[29].

On the other hand, With the increasing demand for power, these devices have shown certain
limitations, such as poor performance at high temperatures andréigtencies operation, as

well as significant switching and conduction power losses, all of whplct the efficiency

of the converter and the overall WECS performai3&. Additionally, power switches are
generally considered the most fragile components in converter systems, as their failures,
lifetime prediction, and associated switching and conduction losses are critical concerns for
silicon-based devices. Therefore, owene, researchers have continuously worked to develop
and introduce higiperformance power switches capable of operating under various conditions
at medium and high voltage applicatiq8].

The integration of WECSSs is continually moving toward better performance, higher efficiency,
and greater power density. Power switches are the key components in enhancing power transfer
systems by improving the performance of powdctronicconverters and increasing the
overall efficiency of the systenj63]. In addition, with the development of power
semiconductor devices, advanced power switches based on wide bandgap technologies, such
as powerelectronicdevices made from silicon carbide and gallium nitride have gained more
attention due to their several advantages, including lower switching and conduction power
losses, higher switching speed capabilities, and they can withstand high frequencies and
tempeatures up to 300 degrees. Therefore, SIC and-keeéd higkefficiency devices are
anticipated to be wdrnative solutions to replace conventional switches in several power
applicationgd33], [64]. Figure2.11shows the overall distribution of powelectronicdevices

based on both WBC and Si technologies, which have been utilized in various power
applications. InFigure 2.11(a), it is evident that the power switches ofI&GBT and Si
MOSFET constitute approximately 75% of the total, while the utilization of SiC and GaN
based devices remains limitdeéigures2.11(b) and2.11(c) demonstrate that $GBT devices

are predominantly employed in higlower applications such as inverters, motor drives, and
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the transmission of electricity. In renewable energy system&§ESI is primarily utilized in
large-capacity systems such as megasolar installations and wind turbines. On the other hand,
Figure 2.11(d) shows that SMOSFET is primarily utilized in relatively smatiapacity
systems[65]. It is worth noting that poweelectronicdevices made from SiC and GaN
technologies are still in limited use, which may be due to their availability with limited voltage
and current ratings, and their higher cost compared to traditional devices. However, SiC and
GaN-based switches are still unakvelopment, and most researchers’ predictions suggest that

these devices will play a very important role in the advancement of future power applications.

4%

=5 MOSFET m Si MOSFET
13%
m5iIGBT m5i IGBT
SiC MOSFET SiC MOSFET
mGaN TRANSISTOR B GaN TRANSISTOR

Distribution system Power transmission
() (b)
5% 6%
Si MOSFET uSi MOSFET
13%
uSiIGBT uSiIGBT
SiC MOSFET SiC MOSFET
®GaN TRANSISTOR = GaNTRANSISTOR
Renewable energy Inverter and motor drive
(©) (d)

Figure2.11: The usage of power switches in power applicat[66%

2.4.1 Advent and Evolution of IGBT based technology

The IGBT is the most commercially developed member of a new generation of power
semiconductor devices that combine the high input impedance ofda@Scontrol with the
low forward voltage drop of bipolar conduction. This integration simplifies cbaircuitry
and significantly lowers overall system costs. The IGBT was initially demonstrated by Baliga
in 1979[66] followed by further demonstrations in 1980 by Plummer and S@i#rfLeipold
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et al. [68] and Tihanyi[69]. Its advantages were thoroughly documented by Becke and
Wheatley[70], as well as by Baliga and colleagues in 19§BP. Subsequent research was
conducted by Russe]Jlr2], Chang et a[73] Goodman et al[74], Yilmaz et al.[75], and
Nikagawa et a[76]. The IGBT entered commercial production in 1983, and since then, its
performance and capabilities have significantly advanced from early discrete devices rated at
5 kW to modern power modules exceeding RO 77].

In the construction of an IGBbased device, a power MOSFET and a bipolar transistor are
integrated to combine the operational characteristics of both technologies. The gate drive signal
is applied to the MOSFET portion, enabling high input impedance alidgecontrolled
operation. This integration allows for a compact design andclst drive circuitry.
Additionally, the power MOSFET structure functions to supply base current to thénbult

n-p bipolar power transistor. The bipolar transistor, imt@nhances the conductivity of the
MOSFET's drift region, resulting in a reduced forward voltage drop. The IGBT can achieve
fast switching performance through a lifetime control process, with only a minimal increase in
forward voltage dropl3].

Nowadays, several large companies are manufacturing the IGBT devices, notable among them
being International Rectifier, Powerex, Siemens, Toshiba, Eupec, and Infineon. The IGBT has
become a weléstablished substitute for power BJTs, Darlington transjs®re thyristors,

and MOSFETs in mediumoltage (6002500 V), mediurmpower (around 1kW), and
mediumfrequency applications up to X8z Additionally, commercially available 600 V / 50

A IGBTs are capable of hard switching at frequencies as high dg{58imilar to how power
MOSFETSs have replaced BJTs in lswltage applications (below 200 V), IGBTs have taken
over in the mediunvoltage range (20@000 V) and are webuited for use in compact smart
power modules. Devices with blocking voltage ratingsauf500 V and current capacities of

200 A, 400 A, and 600 A have been reported. Highage IGBTs are commonly employed in
electric taction systems, including streetcars and locomotives. Over time, advancements in
silicon-based IGBT technology have incorporated trench gate structures, allowing for higher
channel density and a significant reduction in forward voltage drop. This s&uepresents

the most advanced form of IGBT powadectronicdevices. Additionally, the adoption of thin

wafer designs combined with optimized fiedtbp vertical cell profiles has played a crucial

role in pushing the performance boundaries of IGBPpartiaularly in terms of voltage
capability, which now reaches up to 6.5 kV, with current ratings approaching 6,000 A. This
power device has become a leading choice in the design of variousgleetesnicconverter

topologies, particularly in highower application§l3][73].
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2.4.2 Wide BandgaBasedDevices Technology

In this section, the mogiromising commercial WBG powetectronicdevices are reviewed
to discuss their development in power applications, the research will focus on devices based
on SiC technology and their integration into MMC modelling systems. WBG materials are
third-generation semiconductors that have a larger Em@gpically >2eV) compared to Si
based technology, which has a bandgap of approximatelyeY.[28]. The most prominent
power electronicdevices based on WBG materials used in power electronics today include
SiC- and GaNbased devices, which are recognized as effective solutions for future power
electronic systems. The wider bandgap enables these devices to withstand higher electric fields,
operate at temperatures up to 300 AC, switch
and conduction losse§.able 2.3 summarizes the specifications of WBG semiconductor

materials compared to silicon materigd9], [80].

Table2.3: A comparison of WBG semiconductor materials with silicon technology

1%t Generation = 2" Generation 34 Generation
Properties

Si GaAs SiC GaN
Energy band gap.&HeV) ~1.12 ~1.4 ~3.2 ~3.5
Breakdown fieldEg (V/icm) x 16 0.3 0.4 2.2 3.3
Saturation drift velocityvs (cm/s) x 10 1 2 2.7 2.7
Thermal conductivity\(V/cmK 15 0.5 4.9 2.3
Permittivity Or 11.8 12.8 9.7 9.5
El ectron o\ | ity 1500 8500 650 9002000

Based on the material characteristics listedTable 2.3, the incorporation of WBG
technology into power semiconductors has proven to be superior to traditional-sdech
technologie$34]. SiC and GaN WBG materials are increasingly used in power semiconductor
manufacturing for power transistors and have become an attractive solution for various power
electronic applications, such as photovoltaics (PV)) DC converters, DCAC inverters,
motor drives, battery chargers and adapters, electric vehicle propulsion converters and
chargers, switchethode power supplies (SMPS), and numerous other industrial applications.
WBG-based devices present superior characteristics and are considered agralteisiative
to traditional Sibased semiconductdi&l]. Among the features of these devices is their ability
to withstand a higher electric breakdown field, which enables greater voltage blocking
capability, thinner layers, deeper doping concentrations, and lowsrs@tance (Bs (on)
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values compared to silicdmased devices. This results in reduced switching and conduction
losses. For the sameofon) value, as well as WBG based devices can have a smaller area,
which means less capacitance with a higher saturation drift velocity, which allows higher

switching speeds and lower losses per switching ¢gele

2.4.2.10verview of SiC semiconductor technology

The advancement of semiconductor materials and devices has played a crucial role in
driving revolutionary changes and innovations across a wide range of modern power
applications in our society83]. Silicon carbide is a welkstablished yet emerging
semiconductor and one of the WBG semiconductor materials family. It holds great promise for
advanced poweelectronicdevices due to its superior physical properties. Devices based on
SiC technology are ideal for highmperature and radiatiolsistant operations. Physically,

SiIC is a group IVIV compound that possesses distinctive physical and chemical
characteristicslts strong chemical bonds between Si and carbon atoms contribute to its
exceptional halness, chemical stability, and high thermal conductivity. SiC is a wide bandgap
semiconductor with a high electric field strength, high saturation drift velocity, and relatively
straightforward control of both-type and gtype devices. These characteasimake SiC stand

out among wide bandgap semiconductors. Additionally, its ability to form silicon dioxide
(Si O ) as a native oxide is a significant
considered a promising material for highwer and highemperature electronic applications
[84], [85].

In early history, the first synthesis of a compound material containing $itadoon bonds
were introduced by Berzelius in 18[85]. Over time, natural SiC material was discovered and
identified as a mineral by Moissan in 19@B]. In 1955, a new method successfully enabled
the growth of relatively pure SiC crystals using a sublimation technique known as the Lely
method[87]. The crystals produced are predominantly of theSS@& polytype, though other
polytypes are frequently present as inclusions. Due to the relatively high crystal quality-of Lely
grown platelets, the initial surge of interest in SiC as a semiconductor lega 1960s.
However, in the late 1970s, research and development di&i€d semiconductor technology
slowed down due to the small size of Lely platelets and a limited supply of m§g8iidh
addition, between 1978 and 1981, Tairov and Tsvetkov introduced a seeded sublimation
method for growing SiC boules. Using a&HC seed crystal, they designed a sublimation

growth furnace with a carefully controlled temperature gradient to managéraresgsort from
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the SiC source to the seed, based on thermodynamic and kinetic prif89hIE30]. Following

their work, several research groups further refined the growth process, enabling the production
of SiC boules with larger diameters and lower densities of extended défdcts 1991, the

first SiC (6HSiC) wafers were commercialized. Where the availability of singistal wafers

has accelerated the development of-B&Sed electronic devices. However, the performance

of electronic devices such as Schottky barrier diode®3BMOSFETS, angn diodes was

below expectationf89].

Alongside the development of high voltage SiC diodes, the fabrication of vertical SiC
switching devices began in the early 1990s. In 1993, Palmour et al. demonstrated a vertical
trench MOSFET using 6t%iC [92]. Palmour also played a major role in advancingSig

trench MOSFETS, thyristors, and bipolar junction transistors, marking significant progress
toward highpower electronic$34]. In 1997, at Purdue University, the first planar double
implanted metabxide-semiconductor fieleffect transistor based on 45IC with voltage

level of 760 V and low omesistance was introducg2B]. Then, after one year, the same group
reported a 1.4 kML 5 mq L eSit] trerdtHVIOSFET featuring several innovative design
elements[94]. For further improvements in power electronics based on SiC technology,
vertical junction fieldeffect transistors were developed, which eventually led to the
commercialization of 4k6iC power JFETSs in the mi2l000s[31]. Since 2010, 4F5iC power
MOSFETs have become commercially available with voltage levels up to 1.7 kV. Recently,
various companies launched new SiC power switches, marking important achievements in
power electronics. One of the standout releases wasénfifiéggsoundbreaking 3.3 kV trench

SiC MOSFET, which is part of their CoolC XHPE 2 module series. However, power
switching devices based on SiC technology are still under development and require further
improvements in performance and cost reductioexjpand their market and become more
attractive for various power applicatioflagure 2.12 shows the development of SiC power
switching devices between 2001 and 2(23].
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Figure2.12: The development of SiC power switching devices between 2001 and33)24

2.5 Review of Voltage Source Converters (VSCs)

This section presents a brief review of the developed multilevel converters, which have
contributed to improving power transfer in various applications. The emergence of power
semiconductor devices with tuom and turroff control capability enabledbrced current
commutation, making it possible for Voltage Source Converters to operate independently of
the AC grid. VSCs have become a mature technology and use a DC capacitor as the storage
element in the DC link. Over the past decades, VSCs have deatedsgreater market
penetration and more significant development compared to Current Source Converters and

matrix converterskigure2.13illustrates the most prominent developments of VSC converter

technologie$95].
Voltage Source
Converters
Two-Level Converters Multilevel Converters
1
v )
Integrated Multileve Multi-cell Converters
Converters
Neutratpoint Flying Capacitor |Cascaded Hbridge Modular Multilevel
Clamped Convertey Converter Converter Converter

Figure2.13: The development of VSCs based converters topol¢g&s
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The conventionaltwo-level (TL)converter was the standard VSC, suitable for-jpmwer
applications. It typically generates two voltage levels at the output terminal, with Pulse Width
Modulation used to control the power switches and produce the AC output valkeg&L
converter has a simple design and was effective for-slgieince DC transmission systems.
However, several limitations have emerged with this topology, including high switching losses,
uneven voltage blocking in seriesnnected devicesppr power quality, and harmonic voltage
issues. These drawbacks make TL converters unsuitable for mediuin highpower
applicationg97]. Over the years, many research efforts have been made to resolve the critical
issues that traditional converters have faced. Therefore, further progress has been made toward
more accurate and reliable power inverter models using Multilevel Inverter (Mipdlogy,

which is more suitable for mediurand highpower applications. Converters based on the MLI
concept offer significant advantages over4ewel converters. They enable the generation of
multiple voltage levels at the output terminal, resulting smoother voltage waveform, lower
dv/dt, and reduced harmonic distortion. However, MLI topologies require many semiconductor
devices, which leads to a more complex control sy$8&in

Nowadays, MLCs play an important role in the industry of power, especially in wind energy
systems. The main purpose of MLC topologies is to fulfil all necessities of low to high power

in industrials, control power transfer during the integration of the W/k@®o the grid and

ensure efficient energy delivef99]. Power MLI is a higkvoltage synthesizer that utilizes
several isolated DC voltage sources and multiple power switches to generate a stepped output
voltage waveform, aiming to reduce voltage harmonics and achieve a pure sinusoidal
waveform at the outputetminal [100]. Various MLI models have been introduced and
investigated in the literature, incorporating new approaches using different arrangements of
power semiconductor devices, control strategies, and output voltage levels. These topologies

have been successfully plemented in wind and solar power systems.

Among these topologies a neutpaint-clamped model, also known as a diad@mped
inverter, is the first multilevel topology used in wind turbines, dating back to [1831The
singlephase NPC converter is essentially composed of four power switches, two clamping
diodes, and two capacitors, as showfigure2.14a). The DC voltage is split into two equal
parts using the capacitors, allowing the converter to generate three output voltageHevels: (

0, andT Vuc) [101]. The CapacitoClamped Inverter, also known as the Flying Capacitor
inverter, was first reported in 19927]. A FC converter closely resembles the NPC converter

model, except that the clamping diodes in the NPC topology are replaced with flying
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capacitors, as illustrated Figure 2.14b). The Cascaded Bridge Inverter, the first model

was presented in 19795]. The CHB converter basically consists of a series connection of H
bridge power cells, with each cell composed of four switches connected to a separate DC
voltage source as shown kigure 2.14(c). This configuration enables the generation of an
output voltage waveform with multiple voltage levels and minimal harmonic distortion. These
inverters offer additional benefits, including reduced voltage stress on switching devices, cost
effective power coversion, and improved output power quality. However, togieks such as

NPC and FC rely on a single DC source and have limitations, including the need for numerous
diodes and capacitors, lack of modularity, and limited scalability to higher voltage levels
required for HVDC applications. Additionally, the CHB tdpgy requires multiple isolated

DC sources and a large number of power switches with corresponding driver circuits to achieve
a specific output voltage level, making this topology less attractive for wind energy systems
[99].
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Figure2.14: MLC topologies, (a) NPC topology; (b) FC topology; (c) CHB topology; (d)
MMC topology[97].

MLCs like the NPC and FC topologiean handlevoltages up to 6.6 kV without requiring
seriesconnected devices. However, they become economically inefficient for operating
voltages above this level. In contrast, cascaded converter topologies can manage higher
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voltages ranging from above 6.6 kV up to 13.8 kV by utilizing -eff&ctive, lowvoltage

IGBT technology{102]. Moreover, in 2003, the MMC topology was introduced and has since
become one of the most widely used multilevel converter architectures for reidiurwind

power applications. Its modular design offers full scalability and ease of expansion to meet
varying voltage and power requiremefit®]. The MMC has provided powerful wind energy
conversion performance compared to other traditional converter topologies and has therefore
garnered considerable attention in both academia and ing8}rA typical voltage range of

+140 kV to £515 kV has been achieved using reitminal MMGHVDC systems, with rated

power capacities ranging from 63 MW to 1,400 M1@3].

The implementation of the MMC topology for higlower WECS can be constructed using a
number of haHbridge or fultbridge submodules as showrFigure2.14(d). These submodule

cells are built using a series connection of poglectronicdevices and are controlled by a
switching control system, which enables the output voltage waveform to be stepped up to a
specific voltage level at the output termingigure2.15shows the configuration of a WECS
using a backo-back MMC topology can utilize either HBSMs or FBSMs. Modelling the
MMC topology using HBSMs in comparison of utilizing FBSMs can offer advantages such as
lower power switches, reduced power losses, affdedaost, and less control system
complexity inWECSs However the main diadvantage of the HBSMased MMC model is

its inability to block DCside shorcircuit currents, making this configuration ineffective in
handling DC faults. On the other hand, MMCs based on FBSMs are capable of handling DC
faults, reducing harmonics, anthproving fault ridethrough performance. However, this
configuration requires more power switches, which leads to increased cost, higher power
losses, and greater control complexityanf individual capacitor voltage balancing control
[104].

Nevertheless, one of the main drawbacks of the overall MMC topology is that its submodule
structure requires a large number of power electronic components and capacitors. Additionally,
circulating currents on t he De&power autput. ren r ed
complexity of the control system is also a concern, as it must manage individual capacitor
voltage balancing to ensure proper operation of the convdiédie 24 summarizes the
comparison of the MMC with other mentioned MLI topologikmghlighting why MMC has

become the preferred choice for modern wind energy and transmission Sj€iBms
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Figure2.15: The configuration of a WECS using a baokback MMC topology.

Table2.4: A concise comparison between traditional MLIs and MMC topd[b@f].

; ) Multiple isolated DC  Single or multiple DC
Voltage Source Single DC Single DC

sources sources via submodule
Modularity Low Low Moderate High

Scalability (Voltage o o

Limited Limited Moderate Excellent

Levels)
High (many = High (many = Moderate (many H Moderate (many

Components Count ) ) ] ) ]

diodes) capacitors) bridges) identical submodules)

Naturally balanced

Voltage Balancing Complex = Very Complex Moderate
(through control)

Suitability for

Limited Not ideal Moderate Excellent
HVDC
Control Complexity Moderate High High High
Stress on power ) ]
) . High High Moderate Less
electronic switches
Quality of Voltage
Good Good Very Good Excellent
Output Waveform
Power Quality Low Low High Very High
Harmonic
) ) High High Low Low
Distortion
Efficiency Moderate Moderate High Very High
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2.5.1 Challenges and Benefits of MLCs

Since the invention of the first multilevel converter topology, power applications have
continually driven improvements in powetlectronicconverters for advanced MVDC and
HVDC transmission systems. The use of MLCs aims to increase voltage handling capability
and power ratings, enabling the generation of pure output voltage and current waveforms with
reduced harmonic distortion. Ml-:Based powr systems offer several key features. However,
there are certain issues related to converters, such aslityeddimowerelectronicdevices to
withstand high switching frequencies, gate pulse generation and circuit complexity, harmonic
distortion, and the need for filtering systef@g], [98] Some of the challenges associated with
MLCs are described beloj&06].

A The output voltage on the AC side of a converter typically contains significant harmonic
components, particularly at multiples of the switching frequency. Usingvdiage
power semiconductor devices capable of operating at high switching frequendmes can
an effective solution to mitigate this issue. However, in power transmission applications,
converters generally use higbltage IGBTFbased devices capable of handling several
kilovolts of blocking voltage. These higloltage devices typically incur ssiantial
power losses due to their limited switching frequency. Where the operating at lower
switching frequencies led to increases harmonic distortion, requiring more expensive
filters to prevent these harmonics from adversely affecting the connected grave

A To achieve a higivoltage converter suitable for grid applications, a series connection of
high-voltage semiconductor devices is typically required, which introduces several
technical challenges. Therefore, adopting a converter topology with reduced xipmple
by utilizing power semiconductors that offer higher blocking voltages than currently
available devices on the market, which can be an effective technical solution to reduce
the number of semiconductor devices needed and allowed more output vol&gie lev

A In a twolevel converter approach, the phase voltage is continuously switched between
the DC supply rails. To maintain acceptable switching power losses, these transitions
must occur quickly, typically within a microsecond. At high DC voltage levels, this
results in a steep voltage rise (high dv/dt), placing considerable stress on the insulation

of equipment connected to the AC output.

Despite thehallengessignificant improvements have been achieved through the use of MLCs.

In constructing MLCs, more than one Bi@k capacitor is typically required, depending on
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the converter type. This allows multiple separate DC voltage levels to be generated within the
converter. As a result, the voltage blocking requirements of the semiconductor devices are
determined by the voltage across individual capacitors, rather thamtine DGlink voltage.

Additionally, the voltage and power ratings of the converter can be increased without the need

for additional seriegonnected power semiconductor devidds/].

The beneficial relationship between the output voltage harmonic components and the switching
frequency of the semiconductor valves can be divided into two separate parts. Firstly, the
output voltage consists of more than two distinct levels, which is tapdoecause it leads to

a reduction in harmonic amplitudes. Secondly, not all semiconductor valves participate in each
output voltage transition. This allows the output voltage to change more frequently without
raising the switching frequency. As a restlie dominant harmonics in the spectrum are shifted

to higher frequencies, making them easier to filkegure 2.16 shows the converter output
waveforms for two to seven voltage levels in both the time domain (left) and the frequency
domain (right), illustrating the effect of increasing voltage levels on harmonic red{@8ipn

As shownin Figure2.16 the shape of the twievel waveform does not resemble a sinusoid.
However, the use of pulseidth modulation enables separation in the frequency domain
between the desired fundamental component and the undesired harfdOdicsAs the
number of output voltage levels increases, the switched waveform more closely approximates
the reference signal. In the frequency domain, it becomes evident that higher voltage levels
shift the harmonics to higher frequencies and reduce their tndgnipotentially decreasing

the need for extensive filterir{§7].
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Figure2.16: Positive impact of transitioning to MLCs in reducing harmonics. Voltage
waveforms of phase converters with tvio severevel output voltages are shown in the

time domain (left) and the frequency domain (rigag].

2.5.2 Classifications of MMC

The converter models that utilize multicell designs are inspired by a basic configuration
using voltage sources instead of capacitors, as originally suggested by Alesina et al. in 1981
[108]. In 2002, the Modular Multilevel Converter mediwltage converter technology,
consisting of various lowoltage cells, was proposed by A. Lesnicar and R. Marq(ib@{it
These power cells can be individually controlled and generate a steppmaput voltage
using their local energy storage units, each contributing a portion of the link voltage. This

allows for improvements in mediurand highvoltage power applications.
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Modular converters refer to multilevel converter topologies such as the cascaded multilevel
inverter, the seriesonnected kbridge converter, or the chalimk multilevel inverter, which

was commercialized by Robicon Corporatid®8]. These converters share the same basic
structural concept but are known by different names and manufacturers. Therefore, they can be
considered as types of modular multilevel converters. The term ‘Modular Multilevel Converter'
usually refers to the stardbtopology shown ifrigure2.14d). However, the configurations

of the Modular Multilevel Cascade Converter (MMCC) family can be classified into four main
concepts, as shown Figure2.17and described belojt08], [109]

1. SingleStar BridgeCells (SSBC): This concept utilizes singlbase fulbridge cells
arranged in three clusters connected in a star configuration, as illustrefeglia
2.17a). This topology is also known as the CHB converter, which described above.

2. SingleDelta BridgeCells (SDBC): This circuit concept is built on singlease ful
bridge cells arranged in three clusters connected in a delta configuration, as shown in
Figure2.17b).

3. DoubleStar ChoppecCells (DSCC): The Doubi&tar circuit configuration is based on
the conventional topology introduced 9], and it can be designed with either coupled
or noncoupled arm inductors, as shown kiigure 2.174c). The name of DSCC
originates from the presence of two stannected MMCCs. In this configuration, the
low-voltage AC sides of multiple reversible chopper cells are cascaded to form each
arm. Notably, the use of coupled inductors results in a more commhtghtweight
design compared to using two separate-caupled inductors.

4. DoubleStar BridgeCells (DSBC): The circuit of this type of multilevel converter
consists of two staconnected MMCC units, where the loxsltage AC sides of several
singlephase fulbridge voltagesource converters are cascaded to construct each arm.
Figure 2.17(d) shows the configuration of the DSBC, whereas Figures 2.17(e) and (f)

illustrate the commonly used wide submodule cells.
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Figure2.17: Classifications of the MMCC family: (a) SSBC circuit, (b) SDBC circuit, (c)
DSCC circuit, (d) DSBC circuit, (e) HBSM cell, (f) FBSM cgl08].

Attention to using the MMC model for mediurand highpower applications either with
DSCC or DSBC topologies has rapidly increased, especially in HYDC wind energy conversion
systems. This is primarily because the converter offers full modularity andczdalikty to

meet a wide range of voltage and power level requirements. As this research focuses on

developing the MMC topology, the next chapter will highlight the MMC configuration, the
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developed submodule cells, the converter's principle of operation, and the control siseems.
chapter concludes with a brief discussion of recent developments in MMC configurations,
identifying the issues related to the developed models and the possible solutions to address

these challenges and improve MMC performance.

2.6 Chapter summary

This chapter presented a literature review on feasible configurations of firddvariable

speed wind energy conversion systems, including a comparison of WECS generator topologies
and the requirements of integrating wind systems with the grid. AddItiptiee role of power
semiconductor devices in enhancing wind power transfer systems has been discussed. The most
common material technologies used in power switch manufacturing have also been reviewed,
with a focus on theadvancedproperties of SiC based/BG technology.This includes a
comparison with traditional silicon technology, highlighting the advantages and disadvantages
of SiC-based power electronic devices, as well as the potential for integrating advanced

semiconductor technologies into mediuand highpower ajplications.

Finally, a brief review of multilevel inverter topologies and their role in improving output
voltage waveforms and reducing harmonics was presented, emijphasis on MMC
configurations, which have gained wide acceptance in mediaoh highpower wind energy

applications and contribute to improving overall power transfer systems.
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Chapter 3:  Modular Multilevel Converter (MMC):
Operation, Topologies, and Control Systems

3.1 Introduction

This chapter presents an introduction to the MMC topology, covering the converter
operating system, the development of converter submodule configurations, converter
applications, and control systems. The evolution of someggler multilevel convertersas
presented in the last section@ifapter 2, which discussed their use in medium andgber
applications, as well as the improvements in power conversion systems based on these
converter topologies. It was noted that MLI topologies require a largeéemof power
electronicdevices to extend the output voltage levels for higher operating voltages, which may
lead to increased complexity in model arrangement and converter control systems.
Additionally, MLI models require large steyp transformers to regulate the output voltage
which increases the overall system cost and size of the converters. On the other hand, modular
powerelectronicconverters based on muttell configurations, such as the CHB model, have
been successfully implemented in power transfer. However, thifotppsuffers from some
limitations, including the requirement for isolated DC sources and an operating voltage limited
to 6.6 13.8 kV. Recently, the MMC topology based on meodiil models has been introduced
for high voltage and power levels, which galiéde acceptance, especially for WECSs. This
converter topology provides technical advantages over other MLIs, including the ability to
operate in either AC to DC or DC to AC modes, high power quality, flexibility to extend output
voltage levels by incresing the number of cells, the absence of required filtering, and an
independent control system for active and reactive pdwigure 3.1 shows the three phase
MMC topology based on HBSN§A.10].

The Modular Multilevel Converter based on Voltegeurced Converter Higioltage Direct
Current (VSCHVDC) technology has been available since early 2003 for AC/DC and DC/AC
conversion systems in mediurand highpower application$19]. The MMC is a relatively

recent advancement within the family of nudéll converter technologi¢$11]. It retains the
benefits of cascaded converter structures while eliminating the need for isolated DC sources
and complex phasghifting transformers. As a result, MMCs are capable of operating across a
wide voltage range from medium voltage {2.3.8 kV) b high voltage (38400 kV) and can
handle power ratings from 0.226 MW up to 1000 MW. These capabilities have garnered
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significant interest from both academia and industry, leading to the development of various
commercial solutions for highower applications. These include mediuaitage motor
drives, highvoltage direct current transmission, miérminal HVDC system%ffshore wind

energy systems, and static synchronous compensators (STATQQIZE)
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Figure3.1: The configurations of threghase MMC topology110].

3.2 MMC Configuration System

The generalized circuit layout of a thrpease MMC model is depicted kiigure3.1. The DC

partof the MMC is commonly called a DBus or DGIink, linked to the positive and negative
terminals of the converter legs. The thase AC system connects to the midpoint of each

leg @ b, ¢). Each leg of the MMC is split into two arms: the upper arms connected to the
positive terminal and the lower arms connected to the negative terminal. Each arm contains a
set of submodules and an inductbj.(The submodule structure consists of several power
electronicdevices paired with a capacitor. The arm indugtoarranged in series with each
submodule group to limit current based on the transient voltage difference between the arms.

The main advantages and disadvantages of the MMC can be summarized a4 10ljws

A It features a modular construction that allows for scaling of both voltage and power
ratings.
A In the MMC topology, only one isolated DC supply is required.
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A Each SM has a capacitor with an average voltage of the voltage supply divided by the
number of SMsYudN.

A It can produce output voltage and current waveforms with lower dv/dt and reduced ripple.

A The MMC can generate output voltage waveforms with a higher number of voltage levels,
allowing the submodules to operate at very low switching frequencies.

A Low total harmonic distortion (THD) can be achieved.

A It can use redundant submodules in each arm to ensurédiaudint operation.

A Bulk filters are not required on the AC side.
On the other hand, there are some disadvantages that can be summarized as follows:

A Since the increased number of SMs, including capacitors, is required to raise the voltage
levels, this typically leads to an increase in the size of the converter and power loss.

A The control of individual capacitor voltages at each SM should be implemented, which
makes the control system more complex.

A The MMC topology has a circulating current that is responsible for balancing the voltage
of the capacitors. However, the circulating currents require a proper control system to

reduce losses and increase the converter's efficiency.

3.2.1 The Configuration of MMC Submodules

The structure of the SM cell is a fundamental part of the MMC topology for achieving the
required output voltage waveforms. Semiconductor devices such as Si IGBTs and MOSFETs
play an important role in the design of SM topology by controlling the @bwoltage and
current and converting them into a form suitable for user |gE¥. The basic principle of
building the modular converter is to match the connected system by synthesizing AC or DC
voltages using modular chains constructed from either unipolar or bipolar SM cells. By
employing modulation techniques for multilevel convestsuch as pulse width modulation or
nearest level modulation, the chain can generateduglity waveforms while providing high
modularity, redundancy, and scalabil[y13]. The unipolar SM configuration can produce
zero and positive voltage levels, while the bipolar SM configuration can produce zero, positive,
and negative voltage levdlkl4]. A brief description of some developed SM structures, along
with their components per SM circuit, switching states, and output voltage levels, is provided

as follows.
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3.2.1.1 Unipolar SMs

The unipolar SM technologies have simple structures with the capability of generating two
voltage levels at their output terminal8, (/c). On the other hand, these types of SM
configurations suffer from a lack of DC faulkearing capabilities within the arm, which
requires further protection. An overview of advanced unipolar submodule cells developed for

modular converter topologies inn@us power transmission systefi5].

A. Half-Bridge Submodule: The most common type of unipolar SM circuit is favoured
due to its simple structure and ceétectivenessFigure 3.2 shows the HBSM
structure, which mainly consists of two IGBT switch&s &) connected to a single
capacitorC and operating in a complementary manner to produce two voltage levels
on the output sided( Vc) as shown irFigure 3.2. The HB-SM cell has lower power
loss compared to other topologies; however, it has a significant shortcoming in
handling DC fault$116].

Ve

-

\ Al

Figure3.2: Half-Bridge submodule circuit and its output voltage 1¢¥6P].

Table3.1: The switching states for of HBSMO02).

Vol tgSwitching d Curr| SM capacitl Powe
|l eve S ‘ S pol al and di schg patlh
ix> 0 Vc= Charg D,
VouT cV 1 . .
ix< 0 Vc= Di sch Ta
ix> 0 Vc= St abl ¢ T2
Vo uT 0 0 .
ix< O Vc= St abl g D>

Table 3.lillustrates the switching devices states. MMIBSM generate¥out = Vc
whenS is ON (S = 1) andS is OFF (S = 0) and generatéfut = 0 whenS is OFF
(S =0) and* is ON & = 1). Depending on current polarify, means that during the

49



states ofs = 1 andS = 0 the SM capacitor will be in charge mode wt@» 0, and
will be in discharge mode whei@ < 0. WhenS = 0 andS = 1, the voltage of SM

capacitor remains unaffected regardless of current po[afg).

Series Switch Submodule (SSSM)The SSSM is an extension of the HBSM cell
[117]. Figure 3.3 shows the basic structure of this SM circuit, which consists of two
power switches connected in parallel with a capacitor, along with an additional IGBT
switch with a low voltage rating that is required to be connected to the conventional
HBSMs. This confjuration can be used for HVDC transmission systems, where the
SSSM is capable of blocking fault current during-Béble shorcircuit conditions.
Compared to the FBSM and hybrid SM types, the cost of the S8BIZ type is
approximately 59.4% ah79.2% lower, respectively. Additionally, the power loss of
the semiconductor devices in the SSSM is lower than that of the FBSM and comparable
to that of the hybrid SM typd418].

Ve

D s

Figure3.3: Series switch submodule circuit and its output voltage [@i&1].

The switching states of the SM are showrTable 3.2, where the generated output
voltage of the SSSM can be eitteor the capacitor voltag€c , depending on the
switching states o andS. The switchSs is continuously turned on during normal
operation, allowing the arm current to flow through either the antiparallel diode or the

IGBT, depending on the direction of the arm cur{éa®].

Table3.2: The switching states of SSSM

S S S |VoltagdgCurrent | Curren SM capacit
1 0 1 VouE cV ix> 0 Dia nlg Charging
1 0 1 VouE cV ix< O Sans Di scharg
0 1 1 Vour O ix> 0 Sa nk Unchange
0 1 1 Vour O ix< O Dans Unchange
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C. Diode Clamp-Submodule (DCSM): The clamped single SM is also an extension of
the HBSM. The first approach to the DCSM was proposed i8]. As shown in
Figure 34, the SM topology consists of three power switches along with their
antiparallel diodesS and & operate as in a conventional HBSM, whiieand the
diode D4 have been added to the circuit to achieve the envisionedbfauking
capability. The permitted direction of current flomthroughSs is opposite to that of
S andS but aligns with that oD2. The DCSM consists of two capacitors connected
in series C1,C2). WhereD4 is positioned between the two capacitors as a clamp diode,
the voltage acrosSs andDs is limited to half the voltage of the capacitors.

The DCSM is able to generate three voltage lev@ls/¢, and 2\Vc) and has the
capability to block DGside short circuits compared to the HBSM. However, the
additional power IGBT and diode will lead to an increase in cost, switching and

conduction losses, and control complexity.

Figure3.4: Diode Clamp submodule circyit19].

D. Unipolar-voltage full-bridge submodule (UFBSM): The configuration of UFBSM
is similar to that of the FBSM circuit, which consists of three IGBT power switches
(S, &, andSs), one capacitor, and an antiparallel diode) (@placingSs for enhancing
the module’s ability to handle bidirectional current flow as showmgare3.5. During
normal operation, the UFBSM is able to generate two voltage levelgc)Ohy
controlling switching states & andS to insert or bypass the capacitor SM, widlle
is always turned of120]. The UFBSM is designed to be stacked with multiple
modular converter modules, providing scalability and flexibility in system design, and
is typically used in higtvoltage MMGCbased systemdn terms of switching and
conduction power los§ andS2are assumed to be identical to those in the FBSM.
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However, the conduction loss 8f will be greater than that of any other switch in the
circuit[118].

Figure3.5: Unipolar fulkbridge submodule circuji20].

E. An asymmetrical unipolar full-bridge submodule (AUFBSM): The AUBSM was
proposed in[121], which consists of three IGBTSs, four diodes, and two voltage
capacitors as shown figure 3.6. The capacitor located at the lower side operates
normally to generate the SM voltage, while the capacitor on the upper side, known as
a supplemental capacitor, located in the path of the short circuit current and charges
during a DC fault. The turon andturn-off switching states of this SM are controlled
by the power switcheS andS, while switchS remains in the turon mode during
normal operation. Irhe case of a DC fault condition, all power switches will be turned
off, allowing the DC fault short circuit current to flow through the lower capacitor
(Cw) and both diodedX2 andDs). The AUBSM is able to generate four voltage levels
(O, Vc, T Ve, and2V\c), while handling DC fault current and effectively producing a

higher opposing voltage than the conventional FBSM.

D3 Ve

D4£ﬁ|--r4 S 0
|

Figure3.6: An asymmetrical unipolar fulbridge submodule circuji21].
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3.2.1.2 Bipolar SMs

Bipolar models typically refer to submodules that can produce positive, zero, and negative
voltage levels tVc, 0, -Vc) at their output terminals. During normal system operation,
additional SMs with opposite polarity must be added to the MMC arms. This leads to an
increase in the number of connected SMs in each phase leg to achieve the desired voltage level,
which will be higher thanN. This may negatively impact the voltage balancing process and
increase the switching frequency of individual submodules. A brief description of some
developed bipolar submodule cells used in modular converter topologies for either ragdium

high-power systemgL15].

A. Full-Bridge Submodule (FBSM):The FBSM, also known as thelbtidge converter,
as shown irFigure 3.7 [112]. The configuration of this circuit consists of two half
bridge legs; each leg composed of two power switches with antiparallel diodes with a
total of four switchesS, &, S, andSs) are connected to a DC capacit@) @nd
operate in a complementary manfi22]. The turneebn and turneeff power switches,

as well as the balancing of the SM voltage capacitor, can be controlled using one of the PWM

modulation techniqugd23].

| +V¢

S Ti{G Ds
Ve

Figure3.7: Full-bridge submodule circuit and its output voltage 1¢¥&P].

This SM is capable of suppling both positive and negative output voltagesafd-

Vc). The output voltage is either equal to the capacitor voliagehen the SM is in

the inserted state, or zero when in the bypassed state, based on the configuration of its
switches and the direction of arm currénfThe AC output voltage equal& when

both power switcheSs and& are turned on. In this operating mode, the DC capacitor
voltage increases with positive current flow and decreases with negative current flow.

Conversely, when eitheé® is on and% is off, or & is off andS is on, the output
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voltage is equal to zero. In this state, the DC capacitor voltage remains unchanged
regardless of the direction of the curranff02].

The main advantages of using the FBSM instead of the HBSM cell are its ability to
block DC faults and its suitability for connection to both AC and DC power systems.
Additionally, a new set of redundant switching combinations is introduced in the phase
voltage, enabling correction of the voltage error in theridge cell capacitor within
subcycles of the fundamental period. However, the increased number of
semiconductor switches in the FBSM model may lead to additional control
complexity, higher power Iegs, and increased overall cost of the MMC compared to
an HBSMbased MM{124].

Table3.3: The possible switching states of FBSM

S = S S Vloelvtec sg{ ;5 Cpuartr hE > I\/lmocdaepsal
1 0 0 1 + cV ix> 0| DianDl Chargi

1 0 0 1 + cV ix< 0| Sand Di schar
0 0 1 1 0 ix> 0| Sanb Unchang
0 0 1 1 0 ix< 0| Dsansl Unchang
1 1 0 0 0 ix> 0| Dian% Unchang
1 1 0 0 0 ix< 0| San Unchang
0 1 1 0 Ve ix> 0| Sand Di schar
0 1 1 0 3Ve ix< 0| D;anlk Chargi

. Double Clamp Submodule (DCSM):Figure 3.8 shows the DCSM cell structure,
which consists of two HBSMs connected in series through two di@ide®§) and a
centrally placed IGBT power switchSd). The normal operation of the DCSM
resembles that of a cascaded {mifige submodule, capable of producing three
voltage levelsVcs, Vez, andO, using four different switching combinations. In standard
operating mode, the IGBT swit@remains continuously turn on. When both switches
S andS are turned on, the two DC capacitors from the HBSMs are ctethan series
via diodesDs, Ds and the switcl$s, resulting in an AC output voltage equalMe: +

Vc2. To generate a voltage level @€ or V2, one of the DC capacitors must be
bypassed by switching OFF eith&ror S. The output voltage level of zero can be
achieved by turning off botf andS [102], [125]

One of the features of this SM topology is the possibility of using a reduced arm

inductance, which results in a slight reduction in the converter station footprint and
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cost. Additionally, the DCSM configuration enables the parallel connection of both
capacitors within each SM bridge, resulting in {beguency operation of the MMC
topology, as it helps reduce capacitor voltagele [125]. However, the submodule

has about 35% higher power losses compared to the traditional HERM

‘Ki
DG 2VC
T3
S Tl" D, ; S Ds Ve

Ts
Vao—lz—- C1 = S‘—’ 'I(} DS Cz =

0
gT Sszlq‘]Dz &T‘{Jm
>
‘Ki

Figure3.8: Double clamp submodule circyit25].

The DCSM has the capability of producing negative voltage levels during its blocking
mode (BM) of operation. This mode is specifically employed to limit current during
DC-side faults. In blocking mode, all power switches are turned off. While the SM
outputvoltage equald/ci + Vcz2 when current flows in the positive direction, where
diodesDs, D4, Ds, andD~ are conduct, allowing the arm current to split between the
two capacitors. Because these capacitors are connected in parallel, only half of the
submodut 6 s t ot al voltage is applied to oppo:
inserted by one arm is equal to half of the-Bi@e voltage. However, in the case of a
pole-to-pole fault on the DC side, the full DC voltage becomes available to block the
fault current that may flow from one AC phase, through the DC fault, and return via
another AC phase.

If the arm current has a negative polarity, the SM output voltage advalsr 1 Vce.

Means that when the power switches are turned off the current can only flow through
diodes D2, D3, and Ds, forcing it to pass through both capacitors in series.
Consequently, in case of a pdtepole fault on the DC side, twice the BxZle voltage
becomes available to block the fault current that travels from one AC phase, through
the DC fault, and returnsavanother AC phadqa02].

. T-Submodules (TSMs):Figure 3.9 shows the two TSM topologies for the MMC

converter were proposed[@3]. Both SM configurations are basically structured using
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HBSMs connected to two capacitors via bidirectional switches, or a switch combined
with several diodes. The TSM topologies allow the generation of three voltage levels
at their output terminals and provide the capability to block DC faults.

The first TSM is designed using an HBSM connected in series with two capacitors via
two unidirectional IGBTs with anfparallel diodes and oneguadrant bidirectional
switch in a commosmitter configuration, connected to two capacitors as shown in
Figure 3.9(a). If the SM is controlled such that the capacitor voltages are properly
balanced and equaV{i1 = Vc2 = Vc / 2), it can produce three voltage levels;, Vc /

2, ando.

The second TSM consists of an HBSM connected to two capacitors via a unidirectional
IGBT with antiparallel diodes as shown ffigure 3.9(b). This topology operates
similarly to the first TSM, where the two capacito@ @nd C2) are controlled to
maintain equal voltages. Three voltage levéls, {/c / 2, and0) can be generated
depending on the switching states. Although the power losses in the TSM2 topology
are higher than those in TSM1, it eliminates the need for an additional IGBT power
switch.

The switching states of both TSM topologies can be divided into three modes,full
half-on, and bypass. Depending on the current direction, theriudtate is achieved

by turning onS, where either the power switch or its antiparallel diodeD:
conducts, resulting in a submodule voltage equetid he halfon state occurs when

the bidirectional switch conducts, producing half of the voltag€2] across the
submodule. The bypass state is achieved by turningepnvhich bypasses the
submodule vibage[23].

Figure3.9: T-Submodules circuits: (a) First TSM topology, (b) Second TSM topdRjly
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D. Double Submodule (DSM):Figure 3.10 shows the configuration of the DSM cell,
which is composed of two fulfridge cells and able to generate three voltage levels.
The core idea of this submodule design is to provide a cell capable of connecting two
voltage capacitors in series, in paralled, fully bypassing the two capacitors. The
elimination of lowfrequency components helps reduce the fiegleak capacitor
voltage ripple to approximately 18%, meaning that the DSM can lower the capacitor
voltage ripple without increasing the switchingdquency{126].

The proposed submodule increases the number of power switches to eight, compared
to four in a conventionalfull-bridge submodule. This increase in power
semiconductors leads to higher power losses. However, in the DSM circuit, two power
switches are always connected in parallel, this means that each switch in the DSM
design only needs to handle half the current requireshiighes in an equivalent half
bridge submodule. As a result, the total power rating of the semiconductors in this
configuration remaingquivalent to that of a solution using hbidge submodules.

In addition, in practical power applications, the number of semiconductor power
switches in SM cells may be similar. However, the purpose of connecting power
switches in parallel in this SM pology is to increase the current rating of the
submoduld126].

Ci=—

S T‘l{ D,

S Tl{ D~
Ci=—

S ™ #Ds

Figure3.10: Double Submodule circujiL26].

E. CrossConnected Submodule (CCSM):As shownin Figure 3.11, this proposed

submodule consists of five semiconductor switches, two capacitors, and one diode.
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The design of the proposed SM cell is derived from thelével crossconnected and
clampdouble circuits. Its operation during normal conditions is similar to that of the
CDSM and can generate three output voltage le@eMe, and2Ve. In this SM cell,

the conduction power loss and blocking voltage of swi&chre higher than those of
switchesS and &, which is different from the CDSM circuit. The topology of the
crossconnected SM has the capability to generate a reverse voltage pdr arm,
similar to the reverse voltage produced by the FBSM. Additionally, both SMs require
the same amount of time to reduce the fault current to[Z26€3.

This SM topology has the capability to block shartuit current. However, the high
ratings required for the cros®nnected switches, along with their relatively large
number, add complexity to the CCSM configuratipf?2].

LS CZ ==

Figure3.11: Threelevel crossconnected submodule circ{d20].

3.3 Comparison of MMC SMs

In the last two decades, several advanced submodule topologies have been introduced and
successfully implemented in mediuand highvoltage MMC power systems. Some of these
developed submodule cells have been briefly described in this chapter withontbt of
MMC submodule configurations. Additional developed submodules for modular power

electronicconverters can be found [h15], [118], [127]

Table3.4 provides a comparison of the aforementioned MMC submodule types based on their
design and operating principles in terms of total number of switchess|Tatilitional diodes
(ADs9), total number of capacitors (T voltage levels (VLs), maximum blocking voltage
(MBV), DC fault-handling capability (DE&-HC), mitigation of capacitor voltage ripple
(MCVR), cell control complexity (CCC), and cell cost ((C24].
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Table3.4: Comparison of Unipolar and Bipolar MMC SubmodylEz4].

Parametf TNS| AD|TNC| VLs| MBV| DGFHC| MCVR cccC
S| HBSM 2 0 1 2 Ve N o N o Low
o| sSssm| 3 0 1 2 Ve Yes No Low
= pcsm| 3 1 2 2 2Ve Yes No Low
| UFBsSN 3 1 2 2 Ve Yes No | Moder
> AUFBS 3 1 1 2 Vc Yes No Moder
s| FBSM| 4 0 1 3 Ve Yes No Low
- CDSM 5 2 2 3 2Vc Yes Yes Moder
; TSM1,l 4, 0, 2 3 2Vc N o N o Hi gh
s DS M 8 0 2 4 2Vc Yes Yes Moder

CCSM 2 3 2Vc N o N o Hi gh

Moreover, after a detailed review of submodule topologies for modular converters, it is clear
that these model designs are inspired by the basic configuratiof@tédhnology{128],
enabling improvements in MMC system topology and offering various advantages for modular
powerelectronicconverters in power transmission systems. However, a common drawback of
modular converters in general and the MMC topologies in particular is their reliance on a large
number of semiconductor devices, along with the associated gate drive and protextits Ci

This results in increased cost, volume, power losses, and control system complexity. Therefore,
there is a growing demand for simpler MMC etgmjies that use fewer semiconductor switches,
capacitors, and inductors, while still achieving the same voltage levels and output performance.
Such designs can reduce control system complexity while maintaining the performance and

efficiency of more comelx topologies.

3.4 Operating Principle of MMC Based on HBSM

In this section, the operating principle of the MMC topology using the popular HBSM has
been introduced. The configuration of the MMC topology, consisting of three phase legs
connected to a passive load with inductabemsd resistancR is shown inFigure3.12[102].

These legs are connected in parallel across the DC source, whicliedledas a split DC
source with a voltage &fad2. Each leg is divided into two arms: an upper anpafm) and a

lower arm [wam). The two arms per leg are connected via buffer induttess which used

to handle the voltage differences between the upper and lower arms, thereby limiting the
circulating current and maintaining system stability during faults and short cif22jt&£ach

arm uses a series connectiomMaélenticalhalf bridgesubmodules, where each HBSM consists
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of two semiconductor power switches and a voltage capacitor. By combining HBSM cells of
identical construction in each arm, a multilevel stepped waveform can be achieved at the output
terminal[110]. Figure 3.13 shows the possible switching states of one HBSM cell.

Phase leg Phase arm
[ i i
dc R aL A:bL
] m ] swm
Vierz L= } |:
USMup Slvb USM—up SNb
SMy SMy
Rarm_up Rarm_u
Larmiu Larmiu
Ne lec
Va I Vi
Rarm_w Rarmilwk
Larmjw Larmilw
« ] sw T sw
Vierz e Ulew : SM US:\/HW: SM,
] sm . osm ] sm
v. [ . Yo
la I le

Figure3.12: Configuration of a threphase MMC topology connected to a passive load

[102].
Inserted Cell Bypassed Cell
! |51 D1 L S D1 !
! GlEevd :E Gieve |
iVoutISZ D, | iVoutISQ-l D> |
| S1=ON, $=OFF,bm>0 | | S;=OFF, $=ON, iam>0 |
; S 10 P Si #Dy !
| [ | |
| C: Hevel ! X Cilieve
EVOUtIS2 D2 ! EVOUtISQ }Dz |
| S1=ON, $=OFF, jm<0 | | S;=OFF, $=ON, iqm<0 |

Figure3.13. Possible Switching States and Cell Capacitor Voltage Balancing Process
[124].
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The three legs of the MMC correspond to the three phasds éndc). The voltage across

each SM capacitor must be maintaine&/&t2 by controlling the switching devices in each

cell using an appropriate Pulse Width Modulation technique such as Selective Harmonic
Elimination PWM, CarrieBased PWM, or Space Vector PWM. These techniques allow
individual insertion or bypassing of the lcehpacitor to regulate the voltage across it through
appropriate switching states, as showRigure 3.3B. The flow ofvoltage through the two arm

SMs in each phase is essential to achieve the desired power exchange between the DC and AC

terminals and to manage the internal energy balance of the MMC corjt0a§t 29].

To simplify the MMC operating principle and better understand how the output voltage is
generategFigure3.14 presents a schematic example of a shpdase, fivdevel MMC model
consisting of two arms, each containing four HBSMI80]. Each submodule includes a
capacitor with a voltage rating ©f, and their output voltages are labelledrasvez, ves, and

Vea. These submodules are connected in series at their output terminals to form the total upper
arm voltageVsws, up between the positive terminal and the load midpaingwith a voltage
ranging fromO to the DClink voltage. Similarly, the lower arm voltag&ws, wis measured
between the negative terminal and the load midpaiRtwith a voltage ranging frofto the
negative DGlink voltage, this means there is an offset equal to half of thdirikGroltage
between the upper and lower arms. Thaeeftyy controlling the arm voltages and currents,
along with balancing the submodule capacitor voltages, the output voltage of the phase leg
comprising the upper and lower arm voltages can be accurately generaited dsvels as
illustrated inFigure3.14 [131]. Where the MMC output voltage levels and power capacity can

be significantly increased by attaching more submodules per arm leg. However, other internal
MMC parameters such as capacitor voltage ripple, circulating current, and power management
should be cosidered in MMC model to ensure highality output voltage and current. These
aspects will be discussed in the sections of PWM modulation strategies and MMC control

system.
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Figure3.14: Schematic of a singiphase fivdlevel MMC and the output voltage waveforms

of the phase leg, including upper and lower arm voltfb&3).

Table 3.5 presents the possible switching states of four SMs in each arm, along with their
corresponding output voltages. In this case, five voltage levels can be obtained at the phase
output terminalQ, ve1, 2\, 3w, and4v.. The highest voltage leved\¢ ) can be generated by
turning ON the switchess, &, S, andSi. While the lowest voltage leved) can be achieved

by turning OFF all the SM switches. As shown in the table, intermediate voltage levels are
generated using various switching combinations, referred to as redundant switching states.
These redundant states are commonly employed to regulate the capacitor voltagesrmof SMs i
MMC model [102]. The Equatiors (3.1) and (3.2)lescribing the operation diie legarm,

known as the arm voltage equation, is expressed as follows.
Vxy = Vel + Ve2 + Ve3 + Vea (3.1)

Vsus S+ S+ S+ S (3.2)
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Wherevyy represents the input and output arm voltadgés \(b), andVswms denotes the total

voltage of all submodules in each arm.

Table3.5: Possible switching combinations and output voltage IEM@RS.

SS | S| S8 | S| Ve1| Vea| Ves| Vea| Vxy Vouk €V
0 0 0 0 0 0 0 0 0 0
1 0 0 0 Ve 0 0 0 Ve

0 1 0 0 0 Ve 0 0 Ve 1
0 0 1 0 0 0 Ve 0 Ve

0 0 0 1 0 0 0 | vec| v

1 1 0 0 Ve Ve 0 0 2Ve

1 0 1 0 Ve 0 Ve 0 2Vc

1 0 0 1 Ve 0 0 Ve 2Ve 2
0 1 1 0 0 Ve Ve 0 2Vc

0 1 0 1 0 Ve 0 Ve 2Vc

0 0 1 1 0 0 Ve Ve 2Vc

1 1 1 0 Ve | Ve | Ve 0 Ve

1 1 0 1 Ve | Ve 0 Ve 3vc 3
1 0 1 1 Ve 0 Ve Ve 3Vvc

0 1 1 1 0 Ve | Ve | Ve 3Ve

1 1 1 1 | Ve | Ve | Ve | Ve 4ve 4

3.5 The Applications of MMC Topology

MMC topologies have gained wide acceptance and attracted increasing interest across
various power industries compared to other multilevel converters, due to their numerous
advantages as outlinedprevioussectiors. Figure3.15 provides an overview of various MMC
topologies available on the market, offered as a range of standard and customized solutions for
medium and highpower applications. These applications include motor dii{/82]. wind
power transmission systems such as HVDC and startinal transmission network$33],
and power quality improvemefit31]. MMCs also enable the integration of energy storage
systems and renewable energy soyredsich offering a practical solution to address the
technical challenges imposed by grid connection standards for wind energy conversion

systems. Further details on MMC applications can be foufiDRy, [124]
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Figure3.15: Overview of MMC power applicatiorig24].

1. HVDC Power Transmission System:Since the invention of the MMC topology,
MMC-based HVDC systems have emerged as a preferred andffeasive solution
for wind energy applications, particularly for higlower, longdistance transmission.
Compared to HVAC systems, HVDC technology offenshanced grid stability,
improved controllability of the power conversion process, and reduced transmission
losses. Furthermore, MMBYVDC systems provide the flexibility to integrate offshore
wind farms into AC transmission networks via submarine cabhes emable the
interconnection of multiple asynchronous AC gi22].
Typically, offshore wind farms are generally very far from the utility grids. One of the
vi abl e and economical ways of connecting
is a HVDC transmission system [2Z&8]. Moreover, with the advancement in the
semconductor technology, the MMEVDC system is the ideal solution for the
transfer of power to the long distance through submarine cables. The list of the MMC
based HVDC systems connecting offshore wi
[124].
MMC-based technology can also be applied to mtettninal HVYDC systems. In
earlier implementations, current source converter technology was employed fer multi
terminal HVYDC schemes, where one terminal operated in current control mode while
another operatein voltage control mode. However, the control of ratdtminal
HVDC systems using CSC technology is considerably more complex compared to
MMC-based approaches. The adoption of MMC technology enables HVDC grids to
achieve higher efficiency, enhanced ecohability, and improved reliability compared
to AC grids[97], [134]
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2. Medium voltage motor drive: Among the various multilevel inverters, the MMC
topology is considered a reliable option for medivoitage applications such as
pumps, compressors, traction systems, grinding mills, steel industries, and marine
propulsion systems, due to its multiple acheyes as mentioned previously [5].
However, mediunvoltage applications based on the MMC topology suffer from
unique control challenges. The large ripple magnitude of the submodule capacitor
voltages at low frequencies is considered a major challenggugh this ripple can
be reduced by using large capacitance values, this approach results in increased
footprint and cost. Another solution that has been used to mitigate high ripple levels is
the injection of commoimnode voltage into the system. Nevel#lss, this technique
may cause voltage stress on motor windings and can also damage the bearings. Thus,
to prevent commomode currents in MMéased mediunvoltage applications, the
use of a transformer is important. Additionally, the MMC matrix configomadllows
the suppression of submodule capacitor voltage righ24, [135}

3. Power quality improvements: The connection of wind systems to modern electricity
grids causes the power network to operate with a lagging power factor, which leads to
grid imbalances. In power systems, STATCOMs have been widely used to mitigate
such grid stability problems and optaa power quality. STATCOMs have been
implemented using several multilevel converter topologies, such as NPC, FC, CHB,
and MMC systems, which have enabled significant improvements in power
performancgl124].

STATCOMs developed based on the MMC topology have become a suitable solution
for WECS due to the scalability of converter voltage levels and the reduced requirement
for transformers. The MMC topology allows the extension of voltage levels by
increasing thenumber of submodules, which enables the replacement of coupling
transformers with economical reactors for power exchange with the grid. Additionally,
MMC-based STATCOM are employed to compensate the reactive power demand and
to mitigate harmonics producég unbalanced and distorted loddi24], [136]

3.6 MMC Technical challenges

During the design and modelling of the MMC topology, several technical challenges related
to the converter's operation and control system must be considered. These challenges are
described belo102].
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1. MMC Design Restrictions: In the MMC topologies, the only passive components
used are the SM capacit@®)(and the arm inductanck)( The arm inductor helps to
filter switching frequency harmonics in the arm current and to limit the DC-short
circuit current. Therefore, the size of the arm inductor must be determined based on
the arm current ripple and shaitcuit current conditionsAdditionally, the clearing
of undesirable lowirequency currents must be taken into account during the selection
or design bthe arm inductor. The use of integrated arm inductors for the upper and
lower arms in each leg can be an ideal solution, as they share the same magnetic core,
helping to reduce the overall size. On the other hand, the submodule capacitors are
sized basedn a tradeoff between physical size or cost and the acceptable voltage
ripple. These capacitors must be designed to maintain a limited allowable voltage
ripple at the fundamental frequency.

2. The Process of Capacitor PreCharging: Each arm of an MMC contains submodules
with floating capacitors that initially have zero voltage. Before normal operation can
begin, these capacitors must be charged to their nominal voltage levels. However,
during startup or podtult recovery, the capdor charging process can result in
significant i nrush currents due t o t he
Effectively precharging the cells capacitors without causing inrush current remains
one of the key chinges in the design of MMC systefid87].

3. Control of SM Voltage Capacitor: One of the main conditions of proper MMC
operation system is that the balancing of SMs voltage capacitors, which requires a
complex control strategy. Each phase leg consists oatms,and each arm contains
on number of SM cells, where the voltage across these capacitor cells must be
regulated at the given reference voltage value to achieve multilevel stepped waveform
at the converter output termirfaBB8]. The control of cell capacitor voltage is typically
implemented in three stagdsg voltage control, voltage balancing across the arm
cells, and voltage balancing between the upper and lower arms. Energy distribution
between the upper and lower arms can be managed by adjusting the reference value of
the DC link current. However, valge imbalance between the two arms can lead to the
generation of circulating currents, which negatively affect system performance.
Therefore, controlling the circulating current is essential to maintain voltage balance
between the arms.

Additionally, capacitor voltage balancing among the arm cells depends on the direction

of the arm current, which can be achieved through appropriate control or modulation
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technique. However, this control stage requires a significant number of sensors to
measure the voltages across each cell capacitor and the currents flowing through the
arms[122].

4. Voltage Ripple of SMs Capacitor:Voltage ripple in cell capacitors caused by the
interaction between both arm voltages and currg88]. This ripple is primarily
dominated by the fundamental and secoraer harmonic components. In motor drive
applications, each cell needs a large capacitance to minimize voltage ripple during zero
and lowspeed operation, which increases the overall cosverost and size.
Therefore, effective voltage ripple suppression is essential to enhance converter
performance and system efficiency, while also considering cost and size constraints.

5. Circulating Current Issue: Circulating current is one of the key challenges in the
operation of the MMC model and is known as a-powertransferring current that
arises due to the voltage difference between the upper and lower arms in each leg of
the converter. This current appgaonly on the DC side and typically consists of
negativesequence components, flowing within the converter legs. It affects the
converter system by increasing switching and conduction power losses, placing
additional stress on psive components such as arm inductors and submodule
capacitors, and distorting the output voltage waveform. Therefore, an effective
circulating current control system is required to ensure suppression of this current and
provide reliable operation of tidMC [139].

6. MMC Fault Tolerance: The MMC must be designed with redundant SMs to ensure
continued operation during DC faults. Each SM should include a bypass switch
connected across its AC output terminals, allowing the faulty submodule to be
bypassed in the event of a failure. A redunida can then be inserted into the arm

to maintain converter operati¢b40].

3.7 Pulse Width Modulation Strategies

This section presents the most common PWM modulation strategies have been used for
controlling gate signals. A double Fourier series approach was initially employed to derive a
general expression for the harmonic content of the PWM waveform in-éetsbvoltage
source inverter (2VSI), as introduced ifiL41]. This modulation strategy was later developed
and extended in the works [#f42] [143] and[144]. Nowadays, several PWM strategies are
available and widely used to generate gating signals for controlling the output voltage of power
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electronicconverters, as the desired (reference) AC voltage can be achieved by adjusting the
duty cycle of the switching semiconductor devices. PWM techniques are specifically designed
to minimize output voltage harmonic distortion and to enhance output voltagiual@@lt a

given switching frequencid 31]. In addition, these modulation strategies aim to achieve other
control objectives such as capacitor voltage balancing, reduction of comiu voltage,
minimization of switching frequency, reduction of power losses, and suppression of output
current rippé [102].

Based on switching frequency, PWM methods for controlling converter switches are generally
categorized into three types: high, low, and fundamental switching frequency schemes as
illustrated inFigure3.16. High switching frequency strategies, including PR8kédted Carrier
Modulation (PSEPWM) and LevelShifted Carrier Modulation (LS®WM), will be reviewed

due to their multiple advantages, as they are widely used and preferred for multilevel
converters. Aditionally, one of these PWM techniques is employed in this research to control
the capacitor voltages of the proposed MM@5].

The carrier modulation scheme, commonly referred to astsamgle modulation, is also
known as a multicarrier PWM control technique. It helps reduce the THD in MMCs. The
implementation of LSEPWM can be achieved by comparing a sinusoidal referencd sigha
triangular carrier signals, depending on the number and type of carrier arrangements. The gate
signals for the poweglectronicdevices are directly determined through a simple comparison
between the reference voltage and the carrier signals. Haisstthat when multiple cascaded

cells are used in a single phase, and their carrier signals arespiftese by— 360°Nc,

sharing the same control voltage allows the generation of a load output voltage with reduced
distortion [146]. The PSCGPWM and LSGPWM multi-carrier modulation techniques are
described below.
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Figure3.16. Pulse Width Modulation (PWM) Strategig9?2].

3.7.1 PhaseShifted Carrier Modulation (PSEWM)

In this PWM modulation technique, the triangular carrier signals for four HBSMs can be
arranged either horizontally or vertically within the linear modulation range. Each SM in the
MMC model is controlled individually, and the voltage balancing fumcfor each cell is
divided into two parts: averaging control and balancing cor@eeral triangular carriers may
be required for the N MMC modulation model, depending on the converter topology, desired
output voltage levels and power capacity. All carriers must have the same frequency and peak
amplitude, with a phase shift between adjat carriers. This phase shiftis given byEquation
(3.3) [147]. Figure3.17 shows the arrangement of carrier signals and the resulting modulated
output voltage waveform based on the FB@M techniqud102].

Go=— ° (3.3
The triangular carrier signals for the upper and lower arms can be-giifisd using an
interleaving anglet ) as shown ifequation 8.4). When this interleaving angle is applied, the
MMC can produce an output voltage wiN + 1levels. Alternatively, if identical triangular
carrier signals are used for both arms (i.e.= 0), the output voltage consists of oMNy+ 1
levels. However, this reduction in voltage levels leads to an increase in the THD of the output

waveform[102].

Uc=— (3.9
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This PWM technigue is commonly used to control multilevel converters such as NPC, FC,
CHB, and other modular converters. However, the main drawback of thePR&C
modulation technique is that the implementation voltage increases significantly as the number
of SMs in each phase arm increases, which can lead to instability under certain operating
conditions[146]. On the other hand, it offers several advantages, including reducdni® C
current ripple, decreased stress on power switches, even distribution of power among the

switches, and natural balancing of SM capacitor voltages at high switching freqy&as8ies
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Figure3.17: PSGPWM Strategy, (a) Carriers and reference signals, (b) The modulated

waveform of a multilevel voltage outpfit02].
3.7.2 Level-Shifted Carrier Modulation (LS®WM)

LSC-PWM is a second type of high switching frequency modulation strategy used to control
multilevel powerelectronicconverters by using multiple carrier signals stacked on top of each
other.Triangular carrier signals with identical switching frequency and-pealeak amplitude
must be arranged vertically within the linear modulation range. Each carrier corresponds to two
voltage levels, Thus, the PWM technique is referred to as 1Shviétled[149]. Therefore, the
total switching frequency of all SMs in the upper and lower arms of the MMC topology will
be equal to the carrier frequency. This means that the number of MMC submodules can be
assumed to be four per arm, in which case four cariérs 4) will be used and vertically
distributed fromVdc/2to -Vdc/2volts. Hence, the magnitude of each carrier is set to 0.25,
which allows modification of the output voltage waveform. Voltage transitions related to the
triangular carriers correspond to the insertion or bypass of specific SMs within each phase leg,

resuting in an output witiNT 1 voltage level§150].

The levelshifted carrier strategy can be classified into three categories: Phase Disposition
(PD), Phase Opposition Disposition (POD), and Alternate Phase Opposition Disposition
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(APOD) based PWM. Each method uses a different carrier arrangement, depending on the
phase relationship between adjacent carriers to modulate the output voltage waveform, as
described below and illustrated fFigure3.18 [151].
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Figure3.18: Carrier and reference signals, including the modulated output voltage waveforms
using LSGPWM strategies: (a) PPWM, (b) POBDPWM, (c) APOBPWM [112].

1. Phase Disposition:In this PWM method, all carrier signals share the same phase
angle and differ only by their level offsets.

2. Phase Opposition Dispositionin this method, the carrier signals over the zero level
arephass hi fted by °~ radians relative to tho

3. Alternative Phase Opposition Dispositionin this PWM strategy, alternating phase
shifts of zero and - radians are applie

opposite phase (anphase).
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Despite the carrier signals having different configurations and ghaearrangements, as
shown in Figures 3.18(a), (b), and (c)they result in similar multilevel output voltage
waveforms with a generally constant pulse frequéb8g]. The main drawbacks of the second
and third LSEGPWM methods include the unequal distribution of voltage ripple across the
converter cell capacitors, which affects the harmonic distortion of thsid€voltages, as well

as the generation of large circulggicurrentd22]. In contrast, the PIPWM technique can
produce phase output voltage level2hif1, which allows for improved THD performance at
the AC terminal compared to the first and second PWM metligdd. However, PBPWM

and other LSEPWM methods suffer from uneven power loss distribution among the
semiconductor switches and may also lead to unequal energy distribution among the
submodule$112]. Several modified strategies based on the IE8XM technique have been
developed iN153], [154], [155] aiming to optimize the performance of these modulation
methods by achieving improvements in THD reduction, lowering complexity, and reducing

switching losses.

3.8 MMC Control System

This section presents the MMC control system, which rfult several objectives to
ensure successful integration of the converter with the grid, which is quite challenging. These
control objectives can be divided into two main categories as shawgure3.19[131]. The
primary objectives involve voltage control strategies, including the generation of modulation
indicatorsthat determine the SM gate signals based on reference values and measured voltages
for capacitor voltage balancing, as well as the control of the average capacitor voltage. On the
other hand, the secondary objectives address output current controljngctirdulating
current regulation, to ensure AC and DC power balance as well as energy distribution between
the converter armd 02][156].

Since the early development of MMC control approaches, the main function of the control
system has focused on the direct generation of arm voltages and currents to supply the desired
AC, DC, and commomode voltageg133]. Several MMC control techniques have been
employed to regulate voltage and current flow when the converter is connected to AC grid
systems, ensuring its proper operafib81]. These control systems were developed based on
dynamic models to regulate both AC and DC currents toward their reference values, while also
incorporating average capacitor voltage control and a modulation strategy for balancing
capacitor voltages in each arm. This enables the control of multiple cascaded submodule cells
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and independent power switches within the converter legs, while maintaining the desired
behaviour on the AC netwofk04]. The control system can be configured according to specific

application requirements. In general, the MMC control system can be classified into two main
categories: voltage control and current control systems, each covering both AC and DC control

aspects sidescribed beloyd57].
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Figure3.19: The General MMC Control Systefh31].

3.8.1 Voltage Control System:

The primary objective of the voltage control system is to ensure voltage balance across the
floating DC capacitors of the SMs in each arm, as well as to regulate the ripple that appears on

the voltage of the cells. This control system can be further fidassito two part§157].

i. Averaging control: Average voltage control is used to reduce the complexity of MMC
control by replacing high frequency switching behaviour with continuous average values
over a switching period. The arm voltages are regulated to maintain their desired average
voltage levelwhich is typically equal t&qc.

ii. Voltage balancing control: The main objective of this control is to prevent the floating
capacitors of both arm submodules from charginddischarging beyond a predefined
thresholdvc. This means that the voltage of each cell must be maintained approximately

equal to its theoretical value Gfd/N, whereN is the number of SM4.39]. The balancing
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of cell capacitors is typically achieved using a sorting algorithm, which requires
monitoring and measuring the voltage across each cell capacitor and determining the
direction of the arm currenSeveral modulation methods have been developed for
balancing the voltage capacitd’58], among which SPWM technologies, which have
been discussed iection 3.7. Figure 3.13 illustrates the possible switching processes

that determine whether the HBSM capacitor voltage increases, decreases, or remains
constant. These processes depend on the direction of the arm current as described in
Table3.1. In the first mode, if the current flows in the positive direction, the capacitor
enters charging mode, causing its voltage to increase. In the second process, if the arm
current is negative, the capteienters discharging mode, and its voltage decreases. In
the third process, if no current flows through the capacitor, the submodule is in bypass

mode, and the capacitor voltage remains con§iadi.

3.8.2 Current Control System

The control of the current generates modulation indices used to synthesize the required
voltages in the MMC arms. This part of the control is typically designed based on MMC
dynamic models, which can be modified to include both positive and negative sequen
components to enable operation under unbalanced voltage conlliX®}sTo provide the
MMC model with high dynamic performance, the effect of capacitor voltage ripple in the arm
currents should be considered and filtered by employing a transformation process. This allows
the extraction of the fundamental voltage componehighvcan then be fed forward into the

control loop[159].

3.8.3 Classical Control and Mathematical System

A general framework for the classical control system and the mathematical analysis of the
MMC operational system is presented. The general schematic diagram of the classical MMC
control system is shown iRigure 3.20. By employing this control strategy, an independent
control approach can be achieved to regulate the submodule capacitor voltages, the converter
output currents, and the circulating currdti?]. The voltage balancing method maintains the
submodule capacitor voltages at identical values within each arm by dividing the DC supply
voltageVuc by the number of arm submoduldsresultingVadN. Either a modulation strategy
or a closedoop controller can be implemented to achieve capacitor voltage balancing in each

phase leg, by selecting a certain number of submodules out 6f 8Ms in each arm, the

74



required voltage levels can be generdt2B]. The phase leg voltage control maintains the
average voltage of the2N submodule capacitors at a steady valugcofThe function of this
controller is to generate compensating signals, which can be added to the modulation
signals of the upper and lower arms and resulting in equations (5) and (6). Likewise, the
converter leg output current, including the circulating currents, can be controlled using a

closedloop controller to psduce control commandéxy andv'xz, respectivelyj102][159].

v — 0 (5)

vo— 00V (6)

Where0® and0” denote the modulation signals for the upper and lower arms, respectively.

These signals are then supplied to the modulation stage.

The MMC control system can utilize any of the available modulation strategies. However, in
this thesis, the modelling of the MMC topology is presented using thReWWM strategy due

to its several advantages, including simple implementation, improved e blédancing, lower
circulating currents, and reduced total harmonic distortion. The implementation of PWM
modulation strategies has been discussed in the previous sEdi@n In addition, the
modulation signals for each arm are compared with their respective carrier signals. For
instance, the modulation signal of the upper arm is compared with the carrier signals of that
arm (T1, T2, T3, Ta..., Tn). The outputs from all comparators are then summed to generate a
normalized voltage waveform, denotedas. This normalized waveform closely represents

the actual output voltage waveform of the upper arm. In a similar manner, the normalized
voltage waveform for the lower arB is produced by comparing the lower arm modulation
signals with the corresponding carrier signdls:{, ..., T2n). The waveforms of normalized
voltage DxuandDx) contain discrete voltage levels ranging froto N, indicatingthe number

of submodules that need to be inserted in each arm. These waveforms are then used as input
for the voltage balancing strategy, which selects submodules based on-tiraeeazpacitor

voltage values and the direction of the arm curf&di).
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Figure3.20: Schematic diagram of the classical MMC control syqtEd2].

3.8.4 Submodule capacitor voltage control unit

The MMC submodule capacitor voltage control system is essential for ensuring proper
converter performance, effective current control, improved output power quality, system
stability, and reliable operatigfh61]. Therefore, the main objective of this control is to prevent
the floating capacitors of both arm submodules from charging and discharging beyond a
predefined thresholdc. This means that the voltage of each cell must be maintained

approximately equal to its theoretical value/ed/N, whereN is the number of SMEL38].

The control of capacitor voltage consists of two related parts: the first part related to the leg
voltage control, and the second part is responsible for balancing the submodule capacitor
voltages. Furthermore, the balancing of cell capacitors is typiaalljeved using a sorting
algorithm in this research, which requires monitoring and measuring the voltage across each
cell capacitor and determining the direction of the arm curBmteral modulation methods

have been developed for balancing the voltzgeacitoraspreviously describefll58]. These
processes depend on the direction of the arm current as descrllaédieB.5. In the first mode,

if the current flows in the positive direction, the capacitor enters charging mode, causing its
voltage to increase. In the second process, if the arm current is negative, the capacitor enters
discharging mode, and its voltage decreabethe third process, if no current flows through

the capacitor, the submodule is in bypass mode, and the capacitor voltage remains constant
[124].
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Figure3.21: Schematic diagram of upper and lower voltage capacitors balancing using a
voltage sorting algorithrfil62].

Figure 3.21 shows the scheme for submodule capacitor voltage balancing. To simplify the
explanation of the arm submodule voltage balancing method based on a logarithmic function,

the following steps outline the implementation of this control strefte8g).

1. Measure the capacitor voltages of the converter submodules in both arms by feeding

their magnitude values into the sorting index box, as showingure3.21. This box
Is responsible for charging the capacitors with the lowest voltage values and
discharging those with the highest, among several submodule capacitors.

2. Sort the submodule index numbers in ascending or descending order depending on the
direction of the arm curremm.

3. Determine the direction of the arm currela) by measuring it. If the current is in the
positive direction larm > 0), thenlq =1; if the current is in the negative directidan
< 0), thenlg=0.

4. Obtain the measured submodule capacitor voltages ©f the upper and lower arms
from the sorting box and transfer them to the logarithmic modulation stage.

5. The actual index number of each submodule must be compared with the voltage
reference signa¥et to determine its switching stateither INSERT = 1 or BYPASS
= 0. This helps provide new gating signals by generating control functions to manage
the switching states, ensuring that the switching frequency of the converter

submodules remains stable and equal to the carrier frequeneyPWM scheme.
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3.8.5 Leg Voltage Control System

Figure3.22 shows the control scheme of the leg voltage. This control strategy consists of
an outer voltage control loop and an inner current control loop. The outer voltage loop is
responsible for maintaining the average voltage of the submodule capacitors iageatia |
constant reference valuéc, which corresponds to the submodule capacitor volagBy
minimizing the error between the reference and the actual average voltage, the voltage loop
generates the DC current commaha[157], [160} The DC bus current command is defined

as follows.
N Q & 0 N, 0 W™ (3.5

The symbol&kpvandkiv represent the proportional and integral gains of the voltage control loop,
respectively. Where the average voltage measured for each legig calculatedusing
Equation (3.6).

b — N N (3.6)

Where0 andb  represent the capacitor voltages of the upper and lower arm

submodules, respectively, in the same phase.

Pl PI

— Vdtx

Figure3.22: Scheme of the leg voltage contfb02].

The DC current component's magnitude is directly proportional tadtiee power required
by the load, along with power losses under stestdie conditions. It is regulated through an
inner current control loop system, which reduces the error between the reference and actual DC

current values and generates a compensating tsigral as.

0’ T QQ Q 0 M (3.7
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wherekpi and ki represent the proportional and integral gains of the current control loop,
respectively. Additionally, the real DBus current can be estimated using the measured arm

currents and is expressed as:
QN @ — (3.9

whereixu ¥ (iay, iby, icy) @and ki N (ial, ibl, ic). The compensating sign&lix adjusts the submodule

duty cycles to ensure that the average voltage of each leg remains constant.

3.8.6 MMC Output Current Control

The MMC can be employed in various power applications, as discussed in Sdgtiamd
each application has specific requirements for output current cgh@@jl The control of the
current generates modulation indices used to synthesize the required voltages in the MMC
arms. This part of the control is typically designed based on MMC dynamic models, which can
be modified to include both positive and negative saqa components to enable operation
under unbalanced voltage conditida®3]. To provide the MMC model with high dynamic
performance, the effect of capacitor voltage ripple in the arm currents should be considered
and filtered by employing a transformation process. This allows the extraction of the
fundamental voltage component, ialn can then be fed forward into the control |d&p9].
Reference frame theory is employed to simplify the modelling and simulation analysis of three
phase converter topologies connected to either passive load or the grid. The transformation
strategies include the stationddyband synchronoudq reference frames, which can be
implemented in the current control system. A brief overview of these techniques is presented
below[2].

3.8.6.1 Transformation froma-b-c to U fFrame

In the stationary-b-c frame, the space phasor is a timaying and complex function. It can

be split into its real and imaginary parts, forming what is known as the statiorifigme.

This transformation reduces the thy@®ase timevarying signals to twgphase timevarying
signals.Figure 3.23 illustrates the graphical representation of the transformation from the
stationarya-b-cf r ame t o t he d102 The cesulingspade phador iratlbde

frame is expressed as:

~

Qo Qo WO (3.9
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wherefi(t) andfe(t) represent the+ andb-axis components 68 (t), respectively. The space

phasor rotates at an arbitrary angular velogit9relative to a chosen reference point. The
magnitudes ofi(t) andfs(t) change depending on the positionfogt). The position of the

space phasor can be determined using the real and imaginary pagts. af follows:
—0 0WeE — (3.10

The transformation of threghase variables from the stationarp-c frame to the stationary

U Brame is performed utilizing the below transformation matrix.

o s _ _ Qo

Qo Y ;

o8 - Qo (3.11)
R

A scaling factorof - is intentionally introduced into the transformation matrix. This factor

ensures that the magnitude of the resulting-plvase quantities matches that of the original
threephase quantities after transformation. In a balanced-giirase system, whefst) + fo(t)

+ fe(t) = O, thefi(t) component in the stationaty Bframe corresponds directly fg(t) in the
stationarya-b-c frame. The reverse transformation, from the statiohhframe back to the

stationarya-b-c frame, is expressed as follows:

Qo o |/1|I Ul 06
Qo 'FoT o (3.12
e~ 1 . QO
Qo _ n .
v
) I -axis
b-axis A
fhj t
fi (t) (—I .................................. : ®
d(t) P
B PP » )-(—l 2 > N
Radians <, () b Z-axiss

Figure3.23: Graphical representation of voltages in #he-c andU Breference frameld02].
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3.8.6.2 Transformation froma-b-c to dq Frame

In this thesis, thedgframe transformation approach was used due to its effective
implementation for closetbop control of the AC voltages and currents in a tplease MMC

model connected to the grid. The simulation results of the MMC are presefkdptert.

The implementation process of ttig frame transformation strategy is similar to #b-c-to-

U firansformation. By performing this technique, the tipbase variables in the stationary

b-c frame can be converted into typhase variables in a rotating reference frame known as the
synchronousdq frame, where the directd and quadratureqf axes are orthogonal, as
illustrated inFigure 3.24. Unlike stationary reference frames, theathd gaxes rotate at an
angular speed relative to the fixed referercaxis (commonly the-axis). As a result, system
variables in thelqframe appear as DC signals, in contrast to the AC nature of variables in the
abc andJ Brames. The position of thdg reference frame relative to the abc frame is defined
by the angled, where — Q2 [163]. The corresponding space phasor in the synchrodqus

frame is expressed as:
£ O A6 Qo (3.13

The space phasb (t) is located at an anglerelative to the ehxis. Alternatively, aligning the
space phasdiq (t) with the daxis can be done to simplify system analysis, where the grid
voltage vector is enforced to align with theaxis. Using basic trigonometric functions, the
threephase variables in the stationarp-c frame can be converted to the synchrondgs

frame as follows:

06 Ai-6 Al & — Ai & — Q0
S o Qo (3.19
0 OE+ OER — OEL — g

Likewise, the inverse transformation from the synchromufsame back to the stationaay

b-c frame is expressed as follows:

s AT-© OB+
Qo . L oos o
o Ri 6 —  OER —
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Figure3.24: Graphical representation of voltages in #hle-c anddqreference frameld02].

3.8.7 MMC Circulating Current Control

The circulating current issue is one of the key challenges in the MMC model and must be
considered in converter modelling. These loop currents are generated on the DC side due to
voltage differences between the upper and lower arms of each phase leignatigithese
circulating currents typically contain negatisequence components at the fundamental
frequency[164]. Although these currents do not directly affect the AC output voltages and
currents, unsuitable control system can lead to increased peatcamdean squardk(1S)
values of the arm currents. This, in turn, results in higher device ratings, increased power
losses, and greater ripple in the submodule capacitor vol{ag&% Therefore, careful
selection of the arm inductance parameter can help reduce the magnitude of circulating
currents. However, to fully eliminate these currents, a clasga control system is also
required[165].

The synchronous reference fraim@sed control method is commonly adopted for the
suppression of unwanted currents. In this method, the converter circulating currents from the
stationarya-b-c frame are transformed into the synchrondgframe, which rotates at twice

the fundamental frequeng$02]. Within this frame, the circulating currents appear as DC
components, making them easy to regulate using sifRpleontrollers [166]. As an
alternative, resonant controllers can be applied directly in the statiatacyframe. In this

case, the resonant regulators are specifically designed to target and eliminate dominant
harmonic components such as seeamt fourthorder harmonics present in the unwanted
currentg167].
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3.8.8 Theoretical Mathematical Model

A general framework for the mathematical modelling and analysis of the MMC topology is
presented to provide a better understanding of the converter's operational belfragioar.
3.25 shows the pephase equivalent circuit of the converter. The converter leg currents flow
through the submodule cells of the upper and lower akaendix). The upper and lower arm

currents are expressed as

0 -Q Q0 -Q (3.19

Q -0 Q -Q (3.17)

The arm current is basically composed of three components: tHriBCurrent @); the AC
circulating current &% and the AC output currenfoWhen the upper and lower arm currents

are summed, a commanode current £) flows through each leg and is given by.

QM -0 Q -Q+7Q (3.19

Where the theoretical upper and lower arm voltages are expressed as:

b — 0 b— 1Q (3.19

b — 0 b— 17 (3.20

From (3.18), (3.19, and (3.20Equations the commormode current component can be

determined as follows:
¢c0— ¢ Q ® 0 +0 (3.2))

Where fromEquations (38) and (321), the mathematical model of the circulating current is

expressed as:
0b— 1" — -0 +0 i — (3.22

Based on Equations (@) and (3.2), the circulating current can be mathematically modelled

as follows:
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b— 1@ — -0 +0 (3.23

The independent control of active and reactive power usingdi thegame transformation can

be achieved through the following equations. fkexis voltage component is set to zero, as
the phasdocked loop (PLL) is synchronized with the grid voltage.

0 -%©0 (3.24)

0 -0 Q (3.2

The circulating current results from the mismatch between the phase output voltage, the arms

voltage, and the DC supply voltage, leading to an increase in RMS arm current and higher
power losses. The inner differential current is expressed as:

Mg — QiQg o ) 3.26
N g — MQOEGd] 0 — - 3.)27
Mg — MQOEE]T 6 — o (328

WhereQ 5, Q ghQ g represent the thrgehase differential currentss is the double
frequency circulating current, amd is the phase angle.
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Figure3.25: Schematic of the MMC equivalent circ{dtl12].
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3.8.9 Synchronous Reference Frame Contdaj) (

Circulating currents are primarily composed of eweeder harmonic components, with the
second and fourthorder harmonics being the most prominent. Due to their-tianging
nature, these harmonics are challenging to control UBInggulators without introducing
steadystate error. To address this, the tiwaying signals are converted into DC signals using
the a-b-c-dqg transformation matrix. Based diquation (39), the threephase circulating

current model in the stationary abc frame is expressed as:

C4

(3.29

Q
b— Qi
Q

In this research, a synchronadsframe controller is modelled to eliminate the secorder
harmonic component of the circulating currents. As a result, the circulating current model in a
synchronousig-frame rotating a2 ¥ 1 provided in120].

O— g qT[O qT[ ’ g ‘l g (3.30
Moreover, based on the mathematical framework presentédjuation (3.8), a control
system for circulating currents is implemented within the synchredqu®ference frame
[139]. Figure3.26 illustrates this control architecture. The system obtains feedback regarding
circulating currents by measuring the arm currents, which are then converted into the
synchronousiq frame to produce the; andiqz current components. Both reference current
components$“dz andi“yz are established at zero values. Current exqmgsand godz result from
comparing these reference values with the actual measured curremégul@tors are
employed to reduce these current errors to a minimum. The control system achieves decoupling
between the -dand gaxis current control loops by incorporatitige speednduced voltages
across the inductor into the current control structure. Theedilators produce reference
voltage commands‘sz and vz in the dq frame. These reference voltages engb inverse
transformation back to the stationaalyc frame through thki anctransformation matrix. The
resulting reference voltages’{ and work in conjunction with submodule capacitor voltage
controllers and output current controllers to enhance both the efficiency and reliability of the

MMC system[165], [167]
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Figure3.26: The control system of circulating current based ordthEame[102].

3.9 An Overview of MMGBased Hybrid Systems

This section provides an overview of MMC topologies based on hybrid configurations.
These configurations either use different cascaded cell submodules and each based on silicon
devices in each phase leg, or employ a single submodule, either unipolarotar,bip
incorporating poweelectronicdevices based on different technologies such as Si and SiC.
These hybrid converter models are designed to achieve a higher number of MMC output
voltage levels, provide DC fadittandling capability, and enhance the catemreperformance

compared to classical MMC mod¢is31].

Recently, numerous research efforts have focused on MMC topologies featuring new hybrid
systems that integrate two different cell models in each phase or combine two different power
switches within a single cell submodule. Examples of such topologiesedanuiid in[120],

[168], [169] and[170]. These models have been investigated in terms of MMC modelling
schemes, the integration of SiC devices into MBI cells, modulation strategies, and control
systems for voltage balancing and circulating current suppression. The hybrid MMC topology
offers ®veral advantages, including achieving higher output voltage levels with fewer cells,
reduced power losses, improved converter performance, and cost $a8jgSome types of

MMC-based hybrid systems are briefly described below.

Type one: The demand for comprehensive converter topologies for power transmission
systems, particularly in highower wind energy applications, has increased significantly.
These advanced converter models require further improvements in their operation, and the
integration of highperformance powezlectroniadevices, such as SiC MOSFETSs, may provide

an ideal solution for advancing converter developrfiefit]. In 2014 a new methodology was
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proposed to implement an MMC topology using both FBSMs and HBSMs in each converter
arm[120]. In this hybrid model design, the converter is constructed primarily with FBSMs,
with a single HBSM cell placed at the end of each arm, as shofigune 3.27. Combining

these two different submodule types in each converter arm results in a reduction of the number
of powerelectronicdevices and their associated power losses, enhanced D@dadling
capability, and lower overall converter cost. On the other hand, the complexity of the
modulation technique required to control the switching states biesased.

MMC Model

B
A P I
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[

Figure3.27: Schematic of a hybrid MMC topology using two classical submodule cells
(HBSMs and FBSMs|120].

Type two: In 2020, a new hybrid MMC model was introduced [{vV2], featuring a
configuration that combines two submodule structures: HBSMs based on Si IGBT
semiconductor devices and FBSMs based on SiC MOSFETS, arranged within each phase leg
as shown inFigure 3.28. In this design, the SiBased FBSM cells are placed in the first
submodule of each arm, while the remaining submodules avas8d HBSMs. The main
advantage of this hybrid converter model is the reduction of power losses and saving the cost.
Additionally, a specific modulation scheme was developed for magdgeswitching states

of the powetelectronicdevices.
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Figure3.28: Schematic of a hybrid MMC topology based on Si HBSMs and SiC FBSMs
[172]

Type three: As SiC MOSFETSs provide superior features in terms of switching and conduction
losses and can withstand higher switching frequencies compared to traditibaak8ipower
electronicdevices, they offer several opportunities for improving converter topologies. A
hybrid MMC approach using mixed submodule cells was propogé@&p Figure3.29 shows

the proposed hybrid MMC approach, which combiNesfferent submodules in each arm.

The design model was created using FBSMs based on SiC power switches and HBSMs based
on Si switches, with a new arrangement of submodule cells divided within each converter arm.
For example, if an arm consists of four submodules, two FBSMs are placetbliosted by

two HBSMs in each arm. Additionally, a modulation method was developed to control the
capacitor voltage of the FBSM cells in the hybrid model to be half that of the HBSMs, which
accommodates the blocking voltage requirements of the SiC MGSHHIS hybrid MMC

model provides several advantages compared to traditional models, including lower switching

and conduction losses, fawliearing capability, and reasonable cost.
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Figure3.29: Schematic of a hybrid MMC topology using mixed HBSMs and FBSMs in each
phase led168].

Type four: In 2022, a novel hybrid MMC topology was suggested using traditional HBSMs
[169]. The design of this proposed model was based on HBSM cells utilizing ptagéonic
devices from different technologies Si and SiC based devices. For better understanding of the
configuration model, assume that each phase arm has four HBSMs, where th fosis

are constructed using SiC MOSFETSs and plac¢op side followed by two HBSMs modelled

using Si IGBT devices as shownHRigure3.30. In the case of using three phases, the same cell
design should be implementethis hybrid cell arrangenmé, which employs different power
electronic switches fabricated from different materials, achieves a reduction in power losses
and improves converter performance and efficiertwever, the cost is higher compared to

an MMC model designed using only Si IGBT HBSMs. Furthermore, the main drawback of this
model is its lack of capability to handle DC faults.
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Figure3.30: Schematic of a hybrid MMC topology using Si and SiC HB3M9].

Type five: Power switches based on Si material are commonly used in power applications.
However, they have some shortcomings, such as high switching power loss and reduced
performance at high temperatures. The use oflfai€ed devices can provide better converter
performance due to their various advantages. However, the cost of SiC pme&onic
devices is still around six times higher than that of traditional Si devices. Therefore, the shift
towards hybrid converter systems could be the best approach for fuehernmnce

improvemen{173].

In 2023, a convertdevel hybrid MMC topology based on FBSMs was introduiced.74].

The configuration of the FBSM cells was selected for the proposed model due to their
capability for DC fault clearance. In this design, FBSMs using SiC MOSFETs were placed in
the upper arm leg, while FBSMimsed ortraditional Si IGBTs were used in the lower arm as
illustrated inFigure 3.31(a) and (b) As reported, the configuration of the proposed hybrid
converter provides lower power loss, higher flexibility, and improved reliability, making this

topology weltsuited for wind energy transmission systems

Moreover, another FBSM cell arrangement was suggested using a combinaticemnaoff SiC
based devices. In this design, Si IGBTs were placed in the firsbhadife of the cell, while
SiC MOSFETs were placed in the second half as showigure 3.31(c). This combination
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of switches made from different materials within the same cell improves converter performance
by minimizing power loss. Furthermore, a dedicated modulation scheme was developed for
this hybrid cell to fully extract the advantages of both paslectronicdeviceqg174].
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Figure3.31: Schematic of a hybrid MMC topology using FBSMs in each phase leg, (a) Si
FBSM, (b) SiC FBSM, (c) Si/SiC FBS[174].

The configuration of converter models using hybrid systems has gained increased attention and
has become an attractive research topic for academic researchers. Semiconductor devices based
on Si technology are widely used in various power applications altieetr low cost and
availability at high voltage and current levels. However, these peleetronicdevices suffer

from some limitations such as high switching and conduction losses, limited affordability at
high temperatures, and inability to withstand high switching frequencies. Therefore, the shift
towards power switches based on SiC technology offesignificant opportunity to improve
converter systems. However, Sif@sed devices are expensive, which has led academic
researchers to explore hybrid systems that combine pelgetronicdevices made from

different materials to combine their benefitslamhance converter performance.

After a detailed review of MM&ased hybrid systems, there remains significant scope to
further develop MMC topologies by adopting Sidsed power switches. The next chapter will
present the proposed hybrid MMC topology, which combines the benefitsraf Si@ devices

within HBSM cells. This approach aims to simplify converter construction, reduce control
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complexity, and achieve several improvements, including lower switching and conduction

losses, enhanced performance, and increased system efficiency.

Finally, this chapter provided a detailed review of MMC topologies and configurations in terms
of recent submodule developments and their control systems, along with advances in power
electronic switches and their roles in improving the conversion and transno$st@ctrical

power, especially in wind energy systems. Researchers have made significant efforts to develop
the MMC converter, as it is a preferred topology for hightage wind power applications,

which has attracted considerable attention. Howevee, @nthe common drawbacks of
modular converters in general, and tlecentMMC configurationsin particular, is the
requirement for a large number of semiconductor components, such as-Basgssh power
switches and associated gate drive circuits. This leads to increasedspotebesheat and

losses, a higher probability of failures, increased current harmonics due to low switching

frequencies, and a reduction in overall converter efficiency.

The converter topology utilizing advanced WBG power electronic devices based on SiC
technology has been only minimally studied and implemented in recent converter designs.
These designs often integrate different submodules within the converter modahaliomw
reduced power losses and enhanced overall performance. However, the control system
complexity for such hybrid topologies increases significantly. Therefore, there is an
opportunity to develop a MMC model using basic HBSMs that integrate both Si@tdsed

power electronic switches within the submodules. This approach enables the combination of
the advantages of both device types, simplifies the converter model and its associated control
system, reduces submodule power losses, and impowegall converteiperformance and

efficiency.
3.10 Chapter summary

This chapter presented a detailed review of MMC topology, covering the converter
configurations used for connecting wind systems to the utility grid, various developed
submodule configurations, operating principles, and applications of MMC topology. In
addition, PWM modulation methods for capacitor voltage balancing and control systems for
regulating converteside input and output voltages and currents were discussed, including
classical voltage and current control strategies applied on the grigisldbeir corresponding
mathematical analysis. Finally, an overview of recent MMC topologies was presented,
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focusing on hybrid systems that either use different submodule configurations in each phase
arm or employ cell submodules constructed with power devices based on different materials
such as Si and SiC technologies to achieve further improvements in eomperformance.

As the demand for more efficient MMC topologies remains a priority for researchers and
engineers, alongside advancements in viadedgap power semiconductor technologies, a
research gap still exists in the development and improvement of MMC power casVEnier

gap can be addressed by employing a simplified submodule structure that adopts high
efficiency SiCbased power electronic switches, with the aim of reducing switching and
conduction losses in the power devices and the overall converter, whilgasiemusly

simplifying the converter structure and improving its efficiency.
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Chapter 4: The Proposed Modular Multilevel Converter:
Design, a Hybrid SiC/Si HBSM, MMC Modulation Technique,
and Simulation Results

4.1 Introduction

This chapter presents the design, modelling, and analysis of the propose¢isasge
MMC model using a hybrid SIC MOSFET and Si IGBT Halidge submodules. This proposed
model aims to reduce switching and conduction power losses while improving overall
converter performance and system efficiency. The conventional HBSM was selected for the
proposed converter due to its simple structure, fewer power switches needed, and lower

complexity in controlling the switching states.

The integration of hybrid HBSM cells using power switches based on SiC and Si materials
provides several advantages, including reduced total power losses, the ability to withstand high
switching frequencies, higher junction temperature tolerance, andvetppmerformance of

the convertgls operational configuration. A simulation model of the proposed MMC was
implemented using MATLAB Simulink software for modelling of the converter topology, and
the analysis of the converter voltage and current was condidergmallscale experimental
prototype of the MMC model was developed to validate the voltage and current results and
evaluate the converter operation system using the proposed hybrid HBSMs.

4.2 Proposed MMC Configuration Connected to a Passive Load

The configuration of the MMC topology using the proposed hybrid SiC MOSFET and Si
IGBT HBSMs connected to a passive load, either an RL load or an LC filter is sh&wguiia
4.1. A singlephase fivevoltagelevel MMC utilizing the hybrid SiC and Si cell has been
implemented to verify the converter operation. The converter phase leg, which is responsible
for synthesizing the waveform of the required output voltage contains twq aanhk
consisting of four proposed HBSM cells connected through bufterctors, these inductors
help limit current faults and protect the components from damage due to mismatches between
the upper and lower arms. Whafe andlqc represent the rated voltage and current at the DC
side of the converteryp andiw are the upper and lower arm currekig, andUw represent the
capacitor voltages generated by the upper and lower HBSM§, amdiva are the voltage and

current in AC side, respectively.
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The hybrid HBSM was constructed using power switches made by SiC and Si technologies to
combine the benefits of these devices in one cell. The SIiC MOSFET is placed on the upper
side of the SM because the upper switch always experiences more voltageatréss lower

switch in the cell. Therefore, the SiC MOSFET is positioned at the top due to its ability to
handle high voltage stress effectively compared to Si IGBTs. More other features make SiC
MOSFETSs superior such as their high switching speedsgiuninon and turroff times, these
speeds help absorb voltage stress during transitions and reduce the risk of power switch failure.
Additionally, SiC MOSFETSs are more stable than Si IGBTs at high temperatures, allowing for

performance stability under tabe stress.

MMC Model

ldc lup Hybrid Half bridgesubmodules
0 x| e based on SiC MOSFET/Si IGB1

Vaco=pr |:

A 1] SMl_Iw

Ve = _,. SMew
Usmiw | |

] sMyw
—

v | sM

\ 4 _[ ,,,,,,,,,,,,

ilw'

Figure4.1: Singlephase MMC proposed model using a hybrid SiC MOSFET and SiIGBT

4.2.1 Configuration of a Hybrid SiC and Si HBSM

The construction and operation of the proposed HBSM are similar to those of the
conventional cell. However, replacing traditional power switches with-pégformance

power switches based on SiC material technology allows for better cell performaiee w
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maintaining a simple SM model, eliminating the need for a complex control system, reducing
converter size, and keeping costs reasonable. Basically, the HBSM cell consists of two power
semiconductor switches, including reverse recovery diodes: the uppelr Siiand the lower
switch S2, connected in series with a single capaCitms showrnin Figure4.2. They operate

in a complementary manner to generate two voltage levels at the output terminal0(either

Vc). By using a modulation technique, HBSMs are continuously activated and deactivated in
each arm, and their values are added to yield the desired multilevel arm voltage. The insertion
and bypassing modes for HBSM, as well as switching combinations and valiage levels,

have been discussed in Chapte$&¢tion3.4.

Figure4.2: The proposed HBSM using SiC MOSFET and Si IGBT

During the operation of the converter, the output voltage waveform on the AG side be
generated based on the insertion of a certain number of SMs in the phase leg. This can be
achieved by either subtracting the sum of the HBSM capacitor voltages in the uppégvarm

up, from the positive terminal of the DC voltage supply or by adding the sum of the HBSM

capacitor voltages in the lower ardswm, i, from the negative terminal of the DC voltage

supply.

To simplify the explanation of the MMC operation mode for one phasé&iggre4.3 shows

the steppedip output voltage waveforms for the upper and lower arms, including the phase
multilevel voltage waveform at the output terminal with 5 levels. As can be seen, when the
upper arm SMs are in the tuom state and the lower arm SMs ardghe turnoff state the
positive side of the voltage waveform is generated by the upper arm. Conversely, when the
lower arm SMs are in the twon state and the upper arm Shkte in the turroff state, the
negative side of the voltage output is generated by the lower arm. Taking into account the
mismatch between the upper and lower arm voltages and currents, as well as the capacitor
voltage ripples, which can be regulated gstontrol systems, which have been introduced in

previous chapter.
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Figure4.3: The output voltage waveforms: (a) upper arm, (b) lower arm, and (c) phase output
voltage

The MMC output voltage level can be determined based on the number of SMs. This means
that the output voltage on the AC side can be generated\wittioltage levels, depending on

the number of SMs in the converter's upper and lower arms. Additionally, as the number of
SMs increases, the waveforms of the output capacitor voltage and phase output voltage will be
smoother and more sinusoidal. However, tiienber of poweelectronicdevices and their
associated circuits will be increased which may lead to increase the power loss and size of the
converter. The capacitor voltage of each SM, denoted, agll be regulated to its nominal

capacitor voltage value using the relationship with the DC link voltage as expressed below.

V— (4.1)

During normal operation, the value of the DC link volt&gemust be maintained at a constant
level. This can be achieved through the sum of thedurstates of the SMs in the upper arm
Uswm, up, and the sum of the twan states of the SMs in the lower athav, w, to ensure that
the output voltage value in each converter phase leg is equal to the nudbtirothe upper

and lower arms as expressed below.

N = Nup + Nw (4.2)
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4.3 MMC Modulation and Control Technique

Several multicarrier PWM technigues have been employed, using multiple carriers to
control the semiconductor power switches of the converter model, ensuring capacitor voltage
balancing and proper converter operation. These PWM methods are discuSseghter 3,
Section3.7. A PD-PWM level shift technique has been implemented for the proposed MMC
model to control the converter power switches due to its multiple advantages. Among these
advantages, this PWM technique can provide high resolution in that@ignals by varying
the density of pulses rather than their width, requirements for filtering will be reduced due to
the capability of managing higinrequency components, and #WM has a continuous nature

of pulses, which allows for lower electromagoenterference (EMI).

In this PWM method, the required numb¢iof carrier signals must be positioned vertically

along the reference signal or modulating signal, which ranges-ftam1. In this approach,

the reference signal is compared with the carriers to manage the activation of the SM cells,
alongside dedicatezbntrol of the capacitor voltage balancing. In other wordsNFdroutput

voltage levels of the MMC convertay triangular carriers are placed with amplitudes and
frequencies that occupy contiguous bands overahge of the DC supply voltage (fronD . 5
VactoT O. 1} WV The modul ating signal of the phas

triangular carriers to generate pulse signal

SMs in both the wupper and | ower ar ms. The r
follows: i f the reference signal is greater
to that carrier iIs turned on, if the referen

corresponding to Fhmgdaddschaorwsi erh ei ss cthuermae d co fdfi .:
PWM modul ation technique i mplemented in the
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Figure4.4: The block diagram of the PWM modulation algorithm

As it can be seen in the modulation diagram, the control process of this PWM signals is always
in swapping mode to charge the SM voltage capacitors with lower voltage and discharge the
capacitor voltages with higher values. This can be achieved througigsadex modes. In

the first mode, when the arm current direction is on the positive side the capacitor voltages of
the SMs will be sorted in ascending order. In contrast, the second mode discharges the SM
voltage capacitors with higher voltage valuag] the sorting of the capacitor voltages will be

in descending order.

From the simulation resultgjgure4.5 shows four triangular carriers used for the generation
and control of the switching pulses for each SM in the upper and lower arms to achieve voltage
balancing and the desired output level. A sinusoidal modulating siaglbof frequency fer)

is utilized to derive the rectified reference signak{) for the upper and lower arms. To ensure
capacitor voltage balancing all possible switching state combinations must be used for all
switches, and all upper and lewarm SMs must have the same duty cycles. This is because
the duty cycles of the upper and lower SMs are related to the voltage level of the converter on
the output side. Frorfrigure 4.6 It can be observed that the upper arm pulses for (SM1
SM2yp, SM3p, and SM4,p), as well as the lower arm pulses f&M 1w, SM2w, SM3w, and

SM4w), synthesize a symmetiié+1 voltage level at the converter output terminal.
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Figure4.5: The waveforms of PWM carrier signals and the modulating signals for the upper

arm submodules
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Figure4.6: The waveforms of PWM output signals, (a) the upper arm submodules, and (a)
the lower arm submodules

It is worth noting that. This proposed MMC model is implemented with an-lmogncontrol
system, which operates without feedback. The control action is independent of the output. As
this research focuses on improving the converter model by reducing isgitabwer loss
through the use of power switches with two different technologies, the type of control system
applied in the model will not affect my research regarding the voltage and current analysis

flowing through the poweelectronicdevices.
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4.5 MMC Simulation Results and Discussions

The operation of the MMC singlehase based on hybrid system has been implemented.
Four proposed SiC and Si HBSM cells were used in each arm to achieve five levels of converter
output voltage at the output AC terminal. As showhRigure4.1, two types of load converters
have been considered (RL load and LC filter) for the purpose of output voltage and current
analysis. The proposed converter topology was modelled using both MATLAB and PLECS
software §éee Appendipd) that to verify the operation of the converter and the performance
characteristics of hybrid HBSM using two power switches made from different materials as

shownin Figure4.2.

The proposed model was tested under-Vmitage simulation conditions and connected to
passive loads for the purpose of matching and validating the operation of the converter
topology using a laboratory experimental model. This analysis is valid for ke-pimgse
converter connected to the grid. Therefore, this model issméktd for connection to a grid
system. The singiphase converter simulation model based on SiC and Si HBSMs will be
developed using a thrgghase MMC topology connected to the geidhploying a phaskcked

loop (PLL) control system, balancing submodule capacitor voltage regulators, and output
current controllers, which will be presenteddnaptes6. In this case, the singighase proposed
model operates in opdaop mode in this chapter, where the modulation integ adjusted
manually. Table 4.1 illustrates the main parameters of the singtase fivedevel MMC
proposed model connected to a passive Eadlsome of the model parameters have been
obtained fron{175].

Table4.1: Simulation Parameters of the Proposed MMC Skitjlase Model

Parameters Nomi nal v
Rated power 3 eV
DC |inkWwe¢ol tage, 4 o/
Number of SNMs per 4
Nomi nal SM ca¥Yaci 1w
SM CapacitorC Capa 0. BB
Arm I ndledt ance, 1.n8H
Arm ReskRisd ance, 0.0g5
Frequfency, 5MHz
Switchingfsfrequen 5k H
Load Re®iosdt ance, 22
Load i ndwegdt ance, 10nH
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4.5.1 Balancing of HBSM Voltage Capacitors

The process of transferring power from the DC side to the AC side using the MMC model
based on HBSMs has been discussed earlier. In this context, each HBSM cell is controlled
individually to be inserted at the positive voltage or at zero voltage level thiee8M is
bypassed. The control of the voltage passing through the converter can be effectively achieved
by distributing the DC supply voltage across several SMs. This means the voltage across the
capacitors of each SM must be approximately similar. WM modulation method has
been used for balancing the capacitor voltage of the proposed model SMs, as discussed
previously.Figure 4.7 illustrates the block diagram based on the algorithm system using to
control the output voltage of the HBSMs by managing the operation of power switching modes.

Despite the several advantages of theeEWM method compared to other modulation
techniques, this method may lead to issues with unbalanced capacitor voltages in the upper and
lower SMs due to the unequal switching of HBSMs, as the result showingumne 4.8.
Therefore, the implementation of this modulation method requires a sorting algorithm system,
which can be employed using MATLAB code functigese AppendiX) to control the signal

switching states and ensure capacitor voltage balancing for theampkEwer arm SMs.

Figure4.7 shows the schematic diagram of the dual sorting approach used in regulating the
proposed HBSMs' capacitor voltages. By measuring the cell capacitor voltages, the sorted SMs
can be classified into either SMs with high capacitor voltage or SMs with lowit@paltage,

as seem Figure4.7(b). These capacitor voltages can be sorted to determine whishctile
capacitors need to be charged and which ones need to be discharged. The modes of SM
capacitor charging and discharging can be achieasddon the instantaneous values of the

capacitor voltages and the direction of the arm current as shdviguire4.7(c).
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Figure4.7. Schematic of balancing voltage SMs, (a) The group of ON/OFF state cells, (b)
The group of high and low voltage capacitor cells, and (c) Flowchart of the dual sorting

algorithm

From the obtained resultBjgure 4.8 shows the unbalanced capacitor voltage waveforms of
four SMs in each arm. Then the dual sorting algorithm was successfully implemented for
voltage balancing. As seen in thigure4.9, the voltage across each SM is sorted and balanced

at10 V, based on the DC link voltage 40 Vdivided by the number of SMsc(= Vac/ N).
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Figure4.8: The unbalanced capacitor voltages of the SMs, the upper arm SMs on the top side

and the lower arm SMs on the bottom side
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Figure4.9: The balancing capacitor voltages of SMs, the upper arm SMs on the top side and

the lower arm SMs on the bottom side

Regardinghe capacitor voltage ripple, as shown in the figure above, the voltage ripple of the
upperarm submodule capacitors is equal to that of the lammrsubmodule capacitors. This

ripple is not sufficiently significant to affect the operation of the model at low vodade
currentlevels

4.5.2 Voltage and Current Analysis for MMC Connected with RL Load

In the first case, a singlghase MMC was connected to an RL load, where an-lmogn
control system was employed to test the converter's behaviour based on the proposed SiC and
Si hybrid HBSM cell. It is worth noting that the type of control system vall affect the
research focus of this thesis, which is on power loss. Therefore, the proposed model was

connected to passive loads in this study to simplify the converter design model.

As listed inTable4.1, the RL circuit is composed of a resistor and inductor with selected
parameters of 2@8hmsfor the resistor and 1@H for the inductor. This simulation design was
modelled to test and analyse the behaviour of the MMC output voltage and current waveforms.
A DC link voltage of 40 V and a power rating of @6are considered as the rated values for

the proposed MMC topology, resulting in an arm voltage level that is stepped up from O to 40
V for the upper and lower arms as showirigure4.10, which are synthesized by the chain

link SM cells.
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Figure4.10: The output voltage waveforms for the upper arm on the top side and the lower

arm on the bottom side

As can be seen in the figure, the upper and lower arm voltage waveforms exhibit distinct levels
up to 40 V, operating as pulsed rather than continuous sinusoidal waveforms. Both arm
voltages are considered AC voltages for the positive and negative\aramsly ). Wherevp

andwvn referring to the upper and lower arm AC voltages with a DC offdétdafmeaning that

the sum of the upper and lower arm voltages resulEs wihich is the DC link voltage value.
When the voltage of the upper arm increagdesybltage of the lower arm decreases, and vice
versa. Based on the relationship of the upper and lower arm operation, the output voltage on
the AC side can be generated. AssumeVthat E/ 2,ouy0=s (E¥ t2) ¢ JL antvw= 0 s (
E2(1 +.cos(¥t)

From the obtained resulfsigure4.11shows the output waveforms of the upper and lower arm
currents, which carry the positive and negative waveforms of the generated output phase
current at the converter's AC terminal of 0.9 A. Where usually the arm currents consist of AC
and DC componentS.hese currents contain some ripple. However, the combination of the
interleaved currents can eliminate some of these ripples, ensuring that this ripple does not affect
the cell current, arm current, or output phaseesur The circulating current known as part of

the leg current, is ignored in this section, but it can be regulated using a proper control system,
as discussed i€hapter 3,and will be implemented for the thrpbhase MMC topology in
Chapter 6.

Figure4.12illustrates the converter output voltage waveform, which contains five levels with
a peak voltage of 20 VA 10 mHinductive value was used on the load side to achieve a smooth

current output waveform. As can be seen, the obtained output current is nearly a pure sinusoidal
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waveform, with a peak value of 0.9 Appendix Apresents the mathematical analysis of the

converter with an RL load based on parameters given in Table 1 to verify the peak values of
the voltage and current waveforms.
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Figure4.11: The output current waveforms for the upper arm on the top side and the lower

arm on the bottom side
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Figure4.12: Voltage and current output waveforms for the MMC connected to a resistive and
inductive load (R =22, L = 10mH).

4.5.3 Voltage and Current Analysis for MMC Connected with LC Filter

In this stage, an analysis of the voltage and current waveforms for the proposegisisgle
MMC model is considered using an output inductor and capati@rfijter. Other converter
waveform results, such as the PWM modulation pulses, the balancing of SM voltage capacitors,
and the voltage and current for the upper and lower arms, are ignored because they are similar
to the results demonstrated in the presisaction. Therefore, the emphasis is placed only on
the voltage and current waveforms ggdifferent output loads.
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The main features of using an outpa@filter are to allow a smooth output voltage waveform,
reduce higHrequency harmonics generated by the converter's switching frequency, and
provide a more sinusoidal output current wavefdrigure4.12 shows the obtained voltage

and current waveforms for the proposed converter connected with an LC filter on the output
side. It can be observed that the voltage and current ripple have been effectively filtered,

resulting in pure sinusoidal waveforms.
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Figure4.13: Waveforms of a singiphase MMC connected with an output LC filter: (a)
Output voltage and (b) Output current

In the design of low pass an outdu€ filter for an MMC system, there are several key
parameters that should be considered to provide sufficient filtering of the voltage and current
waveforms. The combination &fC components in the same circuit makes the ripple factor
independent of the load resistance. The inductor becomes responsible for passing low
frequencies and blocking high frequencies, while the capacitor is responsible for passing high
frequencies and bl&ng low frequencies. There is a relatsbip between the frequency on the
input side and the inductive reactang)(and capacitive reactanckc]. This means that if

the frequency increases, the inductive reactaxcg Will increase, while the capacitive
reactance will decrease. Whete= 2 f, andXc=1/2 c.fThe cutoff frequendyc) parameter is

the frequency at whicKL.=XC, which can be calculated using equation 3,AsgendixA.

Based on the carrier switching frequency of 5 kHz used in the converter system, the frequency
of the LC filter circuit can be determined by multiplying this frequency by 0.1, resulting in 500
Hz. The values of both inductance and capacitance must be resonated, meaning that the
inductive and capacitiveeactanceshould be equal in magnitude. However, they are opposite

in phase. The resonant frequenty gf theLC filter circuit should be significantly higher than
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the switching frequency of the MMC model that to ensure successful filtering of the switching
harmonics, which can be determined by the selected and calculated values of the inductance
and capacitance using the safaemulathat used in calculation of cutoff frequency value,

where theR load resistance value used in th@filter circuit was 220hms

An inductance value of IHwas selected for the filter circuit of the MMC model to minimize
current ripple and achieve the desired voltage level across the filter. In addition, the capacitance
parameter was calculated usiBguation(4.4), resulting in a value of 10.18 Ro meet the
requirements for the desired resonant frequency and provide the necessary level of voltage

ripple attenuation.
N — (4.3)

The capacitance can be determined based on the desired cutoff frequency. By rearranging the

formula as follow.
0 ——— (4.4)

Where thdcis the cutoffL is the inductance ardis the capacitance. Both have a relation and
using the same formal. However, each one has own function. The cutoff frequency determines
the boundary between the passband and the stopband bftlier, and the resonant
frequency is the frequency at which the filter display the maximum response, which allows in

a purely resistive impedance.

4.6 Proposed MMC Prototype and Experimental Results

In this section, thedesign and construction processes for a-Voltage scaledlown
laboratory prototype of the proposed hybrid MMC model, based oibhidfe SMs using SiC
MOSFETs and Si IGBTs are presented to validate and confirm the feasibility of the hybrid
converter toplogy in a logical order that the author believes will facilitate understanding of
the converter's operation. However, dealing with any type of semiconductor power device
during the design process of the converter hardware was not easy, requiring sigeifara,
time, and careful connection of the devices. Therefore, some decisions were made that may not
have been the most appropriate ways to resolve certain issues during the development of the

converter model in the lab, which will be explained moogdhghly in the experimental design
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steps, including component selection, PWM modulation method, and finally the experimental

results.

4.6.1 Component Design and Selection for the MMC Experimental Model

The configuration of the power electronic converter requires several semiconductor power
electronicdevices and ordered design steps that can combine these passive devices and be used

to reshape the power fed from the source to the load, as detailed below.

4.6.2 Half-bridge Submodule Configuration

The configuration of the SM structure is a fundamental part of the MMC topology for
obtaining the required output voltage level. As explained in the simulation section, the HBSM
mainly consists of two semiconductor poveggctronicdevices & andS) connected in series
with a single capacitorQ) to generate either a zero or positive level at its output voltage
terminal. Two types of semiconductor devices have been selected for designing the SM
structure: the first switch is a SIC MOSFET, and the@sdcswitch is a Si IGBT as shown in
Figure4.14 More details are provided below.

Top side Front side

)

[ 1 pem.iceT
- - M sic mosFeT WITH FWD
(> Rasmuamesaviee ]
] - - ~
!

Figure4.14: Half-bridge submodule based SiC MOSFET and Si IGBT hybrid system
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During the selection of power switches made using different technologies, there are key
parameters of power device that should be considered to ensure that suitable power switches
are chosen for the design of the target converter model using simulatisrarsofand
experimental hardware, depending on the application requirements. Among these parameters

are the following:

A Ensure that the voltage and current ratings can handle the maximum voltage and current
required for the converter topology being designed.

A Switching Speed: Power switches that have faster switching speeds duriog tamnd
turn-off transients can reduce power loss compared to those devices with lower switching
speeds. In this context, several internal parameters may affect the speed @i¢he p
switches such as the power device gate chage dnd the device input and output
capacitances(ss, Cosg. These parameters should have low values to allow for the
charging and discharging of the capacitances during the operation of the powkr switc
SiC-based devices typically exhibit the fastest switching speeds.

A On-State Resistance: During the operation of the power switch, the device acts as a
variable resistance. This resistance is known as thstade resistance for MOSFETS or
the collectoremitter saturation voltage for IGBdased devices. It is responsibler f
wasting power as heat and affects conduction losses. Therefore, as the parameter of on
state resistance is lower as the less power will be wasted.

A Thermal Performance: The thermal resistance of the power device and the maximum
junction temperature should be considered to ensure reliable device operation under load.
In this context, it is worth mentioning that Sii@sed poweeglectronicdevices can handle
higher junction temperatures up to 200°C.

A Requirements of Gate Drive: Consider the gate drive circuit for controlling the switching
on and off the power device. Each power switch requires a specific gate drive circuit
depending on the gate voltage requirements of the power switch, which maélesitee
circuit more complex.

A Other Parameters: More considerations should be taken into account during the selection
of the power device, such as the characteristics of diode reverse recovery, reliability and

lifetime, and cost.

Based on the above considerations, the power switches for the proposed hybrid MMC model
were selected to design the converter and validate the model's performance and operational

system. The selected devices are described below.
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1. SiC Power MOSFET: SiC power switches are part of the wid@ndgap semiconductor
materials’ family that have become increasingly popular in recent years due to their
superior performance characteristics compared to traditional Si based devices. SiC
devices offer advantagesch as higher breakdown voltage, lowetresistancdps (on)
higher thermal conductivity, the ability to operate at higher frequencies. several power
electronics companies currently are producing commercially availablb&Si€t devices
with ratings of 650 V to 1700 V and current from 1 Ato 119 A.

A high performance SiC power MOSFETs (C3M0045065D) with a rated voltage of 650
V and a current rating up to 49 A has been selected from wolf3pleatto design the
proposed hybrid SM structurBigure4.15shows the SiC MOSFET, which includes the
gate drive and heat sink. Additional parameters for this device are listed in the

manufacturer's datasheet.

Figure4.15: The SiC MOSFET includes the gate drive and heat sink

2. Si IGBT Power Device The IGBT switch is a semiconductor device that combines the
advantages of a MOSFET, such as high switching speed and high input impedance, with
the benefits of a bipolar transistor, including high conductivity characteristics and low
saturation voltageSi IGBTs have been widely used in various power applications due to
their acceptable performance and wide availability, with several voltage levels reaching

up to 6.5 kV and different current ratings.

An enhanced IGBT switch (IKWH20N65WR6) with a rated voltage of 650 V and a
current rating up to 50 A has been chosen from infifigbat to design the SM cell.
Figure4.16shows the IGBT power switch, which includes the gate drive and heat sink.
This device offers a low collect@mitter saturation voltag®/¢esa), low turnoff energy
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(Eor), stable temperature behaviour, and low cost. More device parameters can be found

in the manufacturer's datasheet.

Figure4.16: The Si IGBT device includes the gate drive and heat sink

3. Submodule Capacitor The capacitor is an electrical component that can store energy
in the form of an electric charge. It is well known that the MBIKZ capacitance is used
to limit the voltage ripple of each SM capacitor. The charging and discharging of the
floating capacitooccur due to the presence of circulating currents in the upper and lower
arms. Thus, the arm currents produce a voltage ripple. While it is not possible to eliminate
all voltage ripple, but it can be limited and reduced by using acttapavith a high
capacitance value and high voltage rating. The selection of a voltage capacitor with a
suitable capacitance value for the converter model, depending on your voltage and power
rating, is a very important factor in ensuring proper operatitmreduced voltage ripple.
Figure4.17illustrates the selected submodule capacitor used in the MMC experimental

model.

Figure4.17: The submodule capacitor
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4. Arm inductors: The arm inductor or the buffer inductor is a necessary component in
design of MMC model to ensure the normal operation. Where each MMC phase leg is
consisting of upper and lower armgém, Iw arm), and each arm has a numbkof SM.

The arm inductors are used to connect the upper arm with the lower arm of converters.
Between each MMC phase leg and the DC side, circulating current components are
generated during system operation, caused by variations in the total SM voltage
cgoacitors in each arm. Thus, the arm inductors can handle the voltage difference
between the top and bottom sides of the converter. They are also used to limit the current
and maintain system stability during faults and short circtigure 4.18 shows the

MMC arm inductor. In the MMC experimental model, the issue of circulating currents
has been ignored, as the SM capacitors in the MMC prototype have been replaced with

DC voltage sources or batteries.

Figure4.18: The MMC arm inductar

5. Resistive Load:Resistive load with resistance value of 22 ohms has been used in testing
the MMC prototype for the analysis of voltage and current waveforms, as the single
phase converter model was evaluated usinglanad and am.C filter. Therefore, same
load parameters were used to collect the voltage and current wavefogmse4.19

shows the resistive loa® (oad).
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Figure4.19: The Resistive Load

6. Switch Breadboard: A development large switch breadboard with eight number of
switches capacity that can be used for each board, this board can be used for several
power electronicconverter typologies in different power applications with a limited
voltage up to 800 Vdc and current of 20 A and frequency up to 50 kHz, depending on the
topology and operating conditions. The board system is equipped with a digital PWM
inputs and readyotbe used with DSP Microontroller kit, as shown iRigure4.2Q It is
worth noting that this switchboard was developed in two stages. In the first stage, the

board was designed based on the specific requirements of the proposed model, and in the
second stage, it was manufactured by PEmé&dule
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Figure4.20: MMC Switches breadboard

7. F28379D DSP Microcontroller: The digital signal processor (DSP F28379D
LaunchPa# ) is one of the powerful 3Bit floating-point microcontroller equipment
manufactured by Texas Instruments (TI). It provides 800MIPS of total system
performance between dual 200MHz C28x central processing unit (CPUs) and dual

200MHz realtime-control ceprocessors control law accelerator (CLA), and it could be
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used for designers of higherformance digital control applicatiorfSigure4.21 shows
the F28379D DSP microcontroller bodid6].

This DSP microcontroller has been used in the MMC experimental model through the
MATLAB C2000 Microcontroller Blockset and code composer tools. The enhanced
Pulse Width Modulator (ePWM) programming is used for the generation of PWM
signals, which can there uploaded to the DSP controller by connecting the

microcontroller board to the simulation program.

Figure4.21: TI F28379D DSRHnicrocontrollore

The output PWM signals are generated by the comparison of a sinusoidal waveform with a
rectangular waveform. This produces a voltage level of either zero or one. This means if the
sinusoidal waveform is bigger than the rectangular waveform, it will pragloce, and if the
sinusoidal waveform is smaller than the rectangular waveform, it will produce a zero. The main
idea of using a sinusoidal waveform rather than a rectangular waveform in this MATLAB
program is that the sinusoidal waveform has a specifitude range of O to 1. However, the
amplitude of the rectangular waveform in the ePWM block is a variable number that has a

relation with the timer period.

The timer period is used to adjust the switching frequency or in other words to determine the
frequency of the rectangular waveform. In addition, the timer period for PWM signal
generation corresponds to the time required to complete one full PWM cycis dinelctly
determined by the selected PWM switching frequency. The design of the timer model is a
critical stage, and several parameters must be considered depending on the model and

application requirements. These parameters include the desired sgvitdtoency, control
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loop bandwidth, and PWM modulation strategy, as the timer design can directly affect

switching losses, harmonic performance, and capacitor voltage ripple.

The timer period is calculated as: Timer periodp=mta1p T j ¢z Q. where 100 x 10is

the CPU capacity of the DSP controller aleds the switching frequency. Based on this
equation, the timer period can be calculated by determining the switching frequency. For
example, if the switching frequency is 5000 Hz, the timer period would be 10,000 (since 100
x 10° / (2 x 5000) = 10,000). Thus, to compare the sinusoidal waveform with the rectangular
waveform, the sinusoidal waveform must be multiplied by a gain of 100 to match the amplitude
of both the sinusoidal and rectangular waveforms and the scaled sinusoidédnm can then

be insertednto the ePWM block.

It is worth noting that the sinusoidal waveform has both positive and negative sides, whereas
the rectangular waveform has only a positive side. To avoid this problem in comparison stage,
the sinusoidal waveform has been shifted to the positive side dtiglied by a gain that to
achieve the same amplitude of the sinusoidal and rectangular waveforms. In this MMC
experimental model, the amplitude has been determined as (a = 0.49), and the bias is (b = 0.5).
The carrier signals were shifted and calculateseld on the amplitude and bias parameters in
order to deliver the proper PWM signals required for each SM switch and achidesed 5
output voltage Then, the PWM modulation programming was uploaded to the DSP
microcontroller to be able to use the control board in the MMC protoBigare4.22 shows

the schematic diagram of a DSP microcontroller connected via a laptop with an ePWM

MATLAB programming block.
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Figure4.22: The schematic of a DSP microcontroller connected with an ePWM MATLAB

programming block (a&49 and b=0.5)

Moreover Figure 4.23 illustrates the schematic diagram of converting the triangular

waveforms into sinusoidal waveforms, enabling the application of the modified PWM signals

using the DSP controller to control the experiment SM power switthélse mathematical

model, the modified sinusoidal waveforms were generated using four sinusoidal blocks, which

were compared with the triangular carrier, referred t&€ as Figure 4.23, to calculate the

modified PWM signals. It is well known that the carrier operates between two levels, either

Zero or one.

C=C1105/0.5
C=2Ci11
Where carrier one ({fcan be found as follows:
Wi WO C1
wi @eo 0.5C+0.5
¢wi Wo p C

Where carrier two (&):

i WO C
cwi W0 0.5C
i @6 C

And carrier three (§):
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wi Mo Cs
wi MO 0.5C-05

cwi Mo p C (4.7

And carrier four (G):
cwi Mo 0.5C-1

cwi Mo p 0.5C

cwi Mo ¢ C (4.8
O Triangular carriers---.-...—..__., Modified signals----------------
| jasinete— - | Jasinet-1=c!
: i G i
pasnet— - | ognetsc
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Figure4.23: PWM modulation method: (a) Four triangular carriers used to achieve-a five

level voltage output, (b) schematic of the modified signals

4.6.3 Modulation Technique of MMC Prototype

As a key part of the MMC experimental platform, sinusoidal puiih modulation
techniquehas been modified using the digital signal processor (DSP F28379D LaukchPad
development kit to control the switching components of the MMC model. This DSP equipment
has been connected to the breadboards of power switches via a hex inverters board to generate
and drive the required voltage and current pulse signals for eachi&¥ sfithe MMC scaled
down prototype.The schematic diagram of the universal PWM cdnsignals platform

including the hex inverter board is illustratedrigure4.24

It is worth noting that, up to 12 PWM signals can be generated and processed by the DSP
F28379D LaunchPad controller. However, the MMC prototype needs more than 12 PWM
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signals. Therefore, to resolve this problem and avoid using two DSP controllers for the upper
and lower arms, including the synchronization problem, a hex inverter has been used as an
interface board between the DSP controller and the switch boards. &tnechwas used to
extend and deliver the required PWM signals for the last four SM switches in lower arm. In
addition, the issue of identical PWM signals and dead time for the last four SM switches has

been addressed using the hex inverter board in avdefoid overlapping signals.

Breadboard of power switches
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Figure4.24: The schematic diagram of PWM control signals platform including the hex

inverter board, and switches boards

4.6.3.1 Submodule Capacitor Voltage Balancing:

The balance of the voltage across the submodule capacitors is the main idea of the MMC
operation system. The voltage that passes through the capacitor cells must be balanced and
maintained afl/2Vdc Therefore, the capacitor voltage must be sorted and balanced based on
the DC supply value divided by the number of MMC submodules in the upper and lower arms

Vdc/N whereN is the total number of MMC submodules.

The capacitors voltage balancing is one of the challenges that faced during the design and

operation of the MMC model prototype. In simulation window, several control strategies have
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been proposed for the balancing of the voltage across each SM capacitor based on arm energy.
In this research, an algorithm control strategy using a MATLAB sort box has been used for the
MMC simulation model to handle the voltage balancing of all SM cagradn each arm. This

means the DC bus voltage is always equal to the sum of all capacitor voltages in each arm

phase.

In the MMC experimental model, the SM capacitors have been replaced with dc voltages
source used as a battery for each SM cell to avoid the issue of voltage balancing due to the
converter model was developed using open loop control system. This meth@ghased to
maintain the voltage level across each SM cell for the MMC upper and lower arms. Therefore,
by using a dc voltage source strategy for each SM, the capacitors voltage balancing can be
ignored, and ensuring the proper operation of MMC sedéadh laboratory prototype.

4.7 MMC Experiment Results

A low-voltage, scaledlown laboratory prototype has been implemented to validate and
confirm the effectiveness of the simulation study of the proposed MMC model using SiC and
Si hybrid HBSMs, aiming to i mprovigsysttme perf
Figure4.25shows the proposed MMC converter setup, which consists of eight SiC/Si hybrid
HBSMs in the upper and lower arms, connected via buffer inductoractiae power
applications, whether medium or high voltage, a large number of subenells is required.
This entails larger inductors and a greater number of control boards and other equipment

necessary to meet the requirements of the power transfer system.
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Figure4.25: A single-phase of the proposed MMC model using SiC/Si hybrid HBSMs is

connected to RL load

It is worth noting that the proposed MMéased hybrid system is intended for mediand
high-power applications. Therefore, in the simulation, the converter model was presented for
systems representative of mediwoltage applications. However, implemergisuch a model

in the laboratory is not feasible due to resource and safety constraints. Consequently, a low

voltage, scaledlown prototype was implemented in this research for validation purposes. The
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parameters of the experimental MMC converter model, including SM switches, capacitors, arm

inductors, and resistive load, have been selected and are summaifiabteih?.

Table4.2: Parameters of MMC experimental prototype

Parameters Nomi nal
Rated power 3 6V
DC IlinkWweol tage, 4
Nomi nal phlase curi 0.AM8
Number of NMs per 4
Nomi nal SM caYaci 1o
SM CapacitorC Capd 0. &E
Arm |I ndlbsct ance, 0. &bl
Frequfency, 5MHz
Switchingfsfrequer 5k H
Load Re®iosdqt ance, 28
Load i ndwedt ance, 1 OnH

Based on the component parameters listed in the table above, apbiaggs fivdevel output
voltage MMC model connected to an RL load resistor, and an LC filter was considered for
voltage and current experimental analysis. Howevignure 4.26 presents the output voltage

of the MMC with no load connected at the converter output terminals with-tpgedak

voltage of 40v. Subsequently, the model was tested using the two different loads.
60V Vout

40V

20 V/div

20V

c1

Voltage (V)

20

, -20 Vidiv
40V

}60 %
10 20 30 40 50 60
Time (ms)

Figure4.26: Singlephase fiveevel MMC output voltage waveform (without load)
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4.7.1 ExperimntResults of MMC tieeRL load

Using the same parameters as in the converter simulation model, aptiagee MMC
prototype was developed and tested with an RL load. In the MMC experimental model, the

SPWM was modified to generate the required signal pulses for each SM switch and achiev

five-level output voltage. The modified modulation technique was explained in detail in the

component selection section on the MMC prototype modulation mefiguake 4.27 shows

the PWM pulses for the upper and lower SM switches of the MMC prototype.
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Figure4.27. PWM signals for the upper and lower arm SMs, (a) Upper arm SMs, (b) Lower

arm SMs
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From the experimental results, the output voltages of the upper and lower arms are shown in
Figure4.28 As visible in the waveform, the peak voltage is 40 V, based on four balanced SMs,
each contributing 10 \WFigure4.29 shows the five levels steppeg output voltage waveform

with a peakto-peak value of 40 V, while it can also be observed fréfigure 4.30 the
corresponding current waveform with a peak value of around Q@hch exhibits some
oscillations because the experimental model was desigrsedi fnm an opeloop operating
system. This approach allows for a simpler model with less control complexity. However, it

may result in higher SM capacitor voltage ripples and loss in power.

Upper arm
60V .
/Vup =40 V/div

_ |40V
b
& lov
8
©°
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20V
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@ Time (ms)
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20V
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8
=
> a0V \

Viw = - i
— Iw 40 V/div
() 10 20 30 40 50
Time (ms)

Figure4.28. Upper and lower arm voltage waveforms, (a) Upper arm, (b) Lower arm
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Figure4.29: Five-level output voltage waveform of the converter with a peak amplitude of
+20 V under an RL loadR=22q andL= 10mH).
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Figure4.30: The output current waveform of the converter with a peak amplitude of around
+0.9 A under an RL loadR= 22q andL= 10mH).

4.7.2 Experiment results of MMC tieebutput LC filter

The experimental prototype of the singlease fivelevel MMC was tested with an output
LC filter to evaluate the quality of the output voltage and current waveforms. The design of the
output LC filter for the MMC prototype is more critical than in the dation. In both the
simulation and experimental models, the same parameters were used: an inductanud, of 10
a capacitance of around X F and a resistive load of 28. The converter operated
successfully, delivering a measured peak output voltageOo¥ 2and a load current of
approximately 0.9 A, as shown kigures4.31 and4.32, respectively. The LC filter provided

a significant improvement in waveform smoothness compared to the RL load case.
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In particular, the LC filter effectively attenuated the high frequency switching components and
reduced the voltage spikes observed in the RL load results. The voltage waveform at the filter
output became more sinusoidal, and the current waveform folltdveedbltage with minimal
distortion. This indicates that the LC filter not only suppresses switching ripple but also

improves the overall harmonic performance of the converter.

These results confirm that incorporating an LC filter at the output of the MMC enhances power
quality, reduces electromagnetic interference, and provides a cleaner sinusoidal voltage and

current profile suitable for power topologies connected with a pakshd.
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Figure4.31: Singlephase MMC voltage waveform using output LC filter, with a peak
amplitude of +20 VI(= 10mH, C = 10.13uF, andR = 229 and)
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Figure4.32: Singlephase MMC current waveform using outh filter, with a peak
amplitude of £0.9 Al(= 10mH, C = 10.13uF, andR =229 and)

It is worth noting that the obtained experimental results, specifically the output current
waveform when the converter was connected to an RL load, exhibit a high ripple. The high
current ripple observed in the figure can be attributed to a combinatiactofs related to the
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power converter operation and the load characteristics, such as limited filtering by the load
inductance. Therefore, an LC filter was implemented at the converter output to further suppress
high-frequency current components. However, the current ripplainsnrelatively high,
indicating the need for further investigation. In future work, Fast Fourier Transform (FFT)

analysis can be applied to better characterize the harmonic content of the output current.

4.8 Chapter summary

Themain objective of this chapter was to present a sipgsse MMC model connected to
two different passive loads. The converter model was designed and implemented-tmzereal
MATLAB simulation environment to verify the operation of the MMC topology and t
demonstrate the formation of voltage and current waveforms through several cascaded half
bridge submodule cells, as explained in Chapter Three. Four HBSMs were used in each arm to
achieve the desired fivevel voltage output. In addition, a PWModulation strategy for
capacitor voltage balancing was applied, and the corresponding voltage and current simulation

results were discussed.

Moreover, an experimental scalddwn MMC prototype was developed to validate the
simulationbased voltage and current analysis and to verify the operation of the converter
model using SiIC MOSFET and Si IGBT hybrid HBSM&e selection of the converter
components and parameters was described in detail. Finally, representative experimental
voltage and current results were presented and analysed for the MMC connected initially to an
RL load. In addition, an LC filter was imgrhented at the converter outputatibenuate the

high-frequency components of the current waveform, as discussed and analysed.
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Chapter 5:  Power Loss and Cost Comparison of Si IGBT
and SIC MOSFET Semiconductor Devices

5.1 Introduction

The main objective of this chapter is to investigate the power loss of the proposed single
phase MMC model, which utilizes four hybrid HBSMs incorporating SiC MOSFET and Si
IGBT power switches in each arm, as presented in the previous chapter. Firgtyéndogses
of the selected power switches were evaluated individually using the LTspice tool. Secondly,
the devices power losses were verified using the PLECS thermal model to analyse the
switching and conduction losses under various junction temperaSubsequently, the total
power loss of the proposed MMC topology was estimated based on the power loss results
obtained from different test methods applied to the selected power switches and from the

evaluation of a single hybrid HBSM cell power loss.

5.2 Assumptions

In this thesis, several assumptions were made to simplify the analysis of the proposed hybrid
converter topology, the output voltage and current characteristics, and the estimation of

switching and conduction power losses, thereby ensuring an accuratgiaen.

1. Assume that all the cell submodules in the upper and lower arms have identical power
losses. Therefore, analysing a single SM cell is sufficient to estimate the overall MMC
power losses, which depend on the number of leg SMs used in the converter.

2. The converter power losses were evaluated based on the losses of the power switches,
while the losses of other semiconductor devices were ignored.

3. The testing of individual SiC MOSFET and Si IGBT povedectronicdevices was
carried out using both methods described, based on the peak voltage and current values
across the top and bottom switches of the first HBSM submodule in the upper and lower
arms during converter operation, to ensure accurate power loss eralb@firess.1
and52i I l ustrate the measured peak voltage
and bottom power switches during their operation, with a voltage of approximately 10

V and a current of around 1 A. These voltage and current values were used in the two

(o)}

met hods applied for estimating the device

4. The gate drive power loss was ignored.
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5. Assume that the haliridge inverteoperatesas HBSM cell under specific voltage and
current levels that to investigate the upper and lower switching and conduction power
loss devices happening during the operation of the circuit.
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Figure5.1: Voltage and current waveforms across the top and bottom switches of the first

HBSM cell in the upper arm
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Figure5.2: Voltage and current waveforms across the top and bottom switches of the first

HBSM cell in the lower arm
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The above figures show the simulation results of the voltage and current waveforms across the
submodule power electronic switches during converter operation in the upper and lower arms.
In the study of power losses in power electronic converters suck 8MIC, which consists

of multiple cascaded submodule cells and numerous power electronic switches, it is essential
to measure the voltages and currents flowing through the switches in each individual
submodule. This validation is required to ensure aceyatver loss evaluatioopnsidering

the DC supply voltage and submodule voltage balancing. Therefore, the voltage and current
values shown in the above waveforms are used for calculating the power losses of the single

phase MMC based on hdifidge submodules.

5.3 Double Pulse Test (DPT)

The double pulse test (DPT) approach is widely used to evaluate the dynamic performance
of powerelectronicdevices in terms of switching spe@tstantaneoudissipated power during
turn-on and turroff transients, and the response of the reverse recovery diode under blocking
mode operating condition. Depending on the peak of éiaimce voltage\ps), as well as the
peak of drain currentlq) [177]. To investigate the performance of power switches, other
internal parameters should also be considered such as st@emesistance valud on), the
device gate charg€)g), the device input and output capacitan€as, (Cosg, and the junction
temperature coefficients, which are provided in the power switch dataShpet5.3 shows
the DPT circuif178].

+
DUT C— DC C_)
MOSFET |
-
Ry G K}' Vbs
—
PWM & gate
drive circuit |J UL | .' S

e GND Jd _G6ND _| _GND

Figure5.3: Diagram of double pulse test circ{d8].

The DPT method is employed in this section to evaluate the switching performance of two
selected poweglectronicdevices (SIC MOSFET and Si IGBT) as showiable5.1, focusing
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on switching speed and power dissipation during-turand turroff transients. The Sibased

device is manufactured by Wolfsp&eand the Si IGBT switch is made by Infin€ofigure
5.4shows the operating principle of the DPT circuit. The DPT circuit mainly consists of a DC
voltage supply, a capacitor for voltage and current filtration, an inductor load connected to a
freewheeling diode known as flyback diode, which used for currertgevecovery during

the device under test off time and for reducuaifage spikes. The DUT must also include a
gate drive circuit (GDC) to generate the pulse signals applied to the device's gate terminal for
voltage and current measurements. However, in this test circuit the gate drive circuit and its

power loss were igored179].

Table5.1: Specifications of SIC MOSFET and Si IGBT power switches

Paramet er Type of Switche
Si IGBTs SiC MOSFETs
Part Number | KWH2O0NG65Y C3M004506
Vol tVagves 659 659
Currpgt= 125 5% 4 A
Currpg(t= 1100 3 A 3 A
Vcetans R 25 1.95 4 5nY
VecesapREhe& 100 1.¥§0 6 OnY
Gate charge Vee= 15 V, | Ves=id4 NI V,

Figure5.4: Operating principle of the DPT circuit. (a) DUT duringtime; (b) DUT during
off-time[178].

Figure5.5 shows the waveforms of the DUT opening transient, which can be classified into
three stages: (a) the voltage of the gadarce terminaMcs) for the IGBT, and the gatemitter
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(Vce) for the MOSFET device; (b) the drasource voltage of the MOSFET or IGBT; and (c)

the drain current of the DUT178] By applying PWM voltage pulses to the device's gate
terminal via a gate drive circuit, the input voltage capacitance starts charging, which
represented by the gadeain and gatsource capacitances (CGD, CGS), and the-gatiece
voltage gradually increses from zero or a negative value to the gate threshold vltage
WhenVesreaches the threshold voltage value that specified to turn on the power switch., the
drain-source voltage begins to gradually decrease to zero, as shéigure5.5b), while the

drain current starts to increase at a certain rate. The timing of the PWM pulses is indicated as
pulse oneTy), with T2 representing the off time between the two pulses, and pulse Tajee (
The switching pulse ifii was chosen to be 2&longer than that ifiz andTs to allow sufficient

time to reach the desired output currantd to limit the current di/dt. Additionallyl;z was
chosen to be shorter th@n approximately 1/2 to 2/3 of that time to maintain the drain current
value during turroff and turnron transients at the same peak valuébas shown irfFigure

5.5(c), which allowing for the assessment of the switching loss of the @3]

| Gate drive signal |

A
T S I
(@) T
0 S — g >t
Tl T2 T3
A .
Vs Switch voltage
(b) |
0 = i
T1
A Switch current
(c) | Turn—off\_. T_A//Turrron
D ¥
0| < e >
Tl T2 T3

Figure5.5: Waveforms of the opening process of the DUT; (a) the-giaiece voltage; (b)

the drainsource voltage; and (c) the draiarrent[178].
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5.3.1 Evaluation of the Switching Performance of the SIC MOSFET

In this section, the switching and conduction power loss analysis were performed for the
selected SIC MOSFET device using LTspice software and investigated theoretically. The
power losses of any MOSFET or IGBT device depend on the dynamic switching @eréerm
and internal parameters of each device, and each device has its own specifications. To simplify
the analysis of device power logggure 5.6 illustrates the operation and behaviour of the
MOSFET, including the power dissipated during tomand turroff transientd180]. The Si
IGBT switch exhibits similar voltage, current, and power waveforms during its operation. The
SiC MOSFET with a part number o€8M0045065[) has a voltage rating of 650V and a
current rating of 49 A as listed imable 5.1. This device can operate at high switching
frequencies and higher temperatures, where thesistancdos (on) is 45m q at the normal

temperaturd.= 25°C and 60mqat Tc = 175C. Additional parameters can be found on the

data sheet.
Vesh  Turn-off transient tof) Vesp  Turnon transientty)
0 \ >t 0 >t
Vps4 Vos4
VDD t ---------- Vop
0 — v > {
ID“ :
=" ID(on)
0 ' > t 0 - v > t
E<—tfi —>! — [ —»
Eom T Eonf i i
0 £ >t 0 Prnt >t
I:>Ioss F)Ioss
(a) (b)

Figure5.6: DUT switching transients. (a) Twoff transient; (b)Turron transienf180].

5.3.1.1 Theoretical Switching Analysis of SIC MOSFET

When the MOSFET completely in the affate transient, the gate voltage is zero, and the
flowing of voltage between the drain and source terminals (denotesbass\blocked by the
device itself, while the drain current remains zero. When the MOSFET-statgand during

the turnoff transient, the gate voltage begins get back gradually to zero or may negative side,
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causing the drain current to decrease until it reaches its desired peak value. At this point, the
drain voltage starts to increase until it approaches peak voltage (referred to as the saturation
region). In this case, the MOSFET will be fully affate and the switching loss will occur. The
instantaneous power during the time of toffiand turron transients will appear as triangular
spikes as shown iRigure 5.6, these power losses are referred to as dissipated power. The

energy loss during MOSFET e$fate transient can be calculated using the following equation.

Eoff = D (on) X VDs X toff X - (5.2)

On the other hand, the MOSFET twwn process is similar to the tuaff transient but differs

in the transient durations and the directions of both voltage and current. During to@& turn
transient, the drain voltage decreases until it reaches zero,ict pdint the drain current
begins to rise until it reaches the desired value. During this interval, the switching power loss
occurs, forming a triangular energy curve known as thedarenergy loss, which can be

calculated using the following formula.

Eon =D (on)X Vbs X ton X - (5.2)

WhereEot and Eon are representing the energy loss of the MOSFET during the off and on
transients]o (on) is the drain current, whetterr andton are the duration time of the device's
voltage and current during off and on transients, which can be both expressed by the following
equations.

toff = trv + tii (5.3)

ton =t + tni (5.4)

tv andty represent the rise and fall times of the disonirce voltage, whilei andti represent
the rise and fall times of the drain current. From energy losses duringriuand turroff
transients the switching power losses of SIC MOSFET can be obtained using the following

formulas.
Pswitch (offy= Eoff X fsw (5.5)
Pswitch (ony= Eon % fsw (5.6)

Where Psuitch (ofyand Pswitch (onyrepresent the switching power losses of SiC MOSFET during

off-state and oistate transients, argh is the switching frequency.
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5.3.1.2 Conduction Power Loss

The conduction loss for any type of switching device occurs when the device is completely
in the on state and current flows from the drain to the source terminal. This loss depends on the
on-state resistance parameter for the SiC MOSFET that is isk&dblduring the MOSFET
operation when it reaches the saturation region. The conduction losses of the MOSFET can be

calculated usingquation 5.7).

Pcond= Ip (onf’ X Ros (on)* D (5.7)

Pcond represents the MOSFET conduction loss Bnig the duty cycle. The duty cycle was
calculated using the total durations of PWM pulsesadl OFFstates divided by the estate

time of pulses. The total PWM pulses tirffe,=ta+t2+t3= 65 €s, where the
be calculated usinBcycle = 0N time pulses oveélc, resulting in duty cycle of 0.7. Therefore,

the conduction loss of the SiC MOSFET at normal temperature, with a drain current of 0.9 A

and an orresistance of 45 g, was calculated and resulted in 2619V,

Finally, the total power losse®:a)) of both selected devices can be obtained using the

following equation.

Ptotal = Pswitch (onyt Pswitch (offy+ Pcond (5.8)

5.3.1.3 DPT and Simulation Results for the SIC MOSFET

The dynamic switching performance has been characterized by the DPT using the
simulation tool and a laboratory experimental setup to investigate the switching losses
occurring within the Si IGBT and SiC MOSFET devices a normal temperaturé@f2ible
5.2 shows the DPT circuit components used in the test circuits to evaluate the switching
characteristics of the selected poveézctronicdevices listed infable5.1. The DPT circuit
includes a DC power supply of 10 V, a load current of 1 A, asidlé capacitor of 1QF, and
an inductor load of 42Q0H connected with a freewheeling diode. The DUT includes a gate
drive circuit for controlling the gate signal pulses of +10 V for turning on the MOSFET device

and a 10n qgate resistance.

It is worth noting that the voltage and current parameters in this circuit test match the voltage
and current values of the top and bottom switches in the converter SM cell during its operation

to achieve accurate switching power loss assessment.

135



Table5.2: DPT Circuit Components and Parameters

Par ameter Symbol Value
DC voltage su Vi n 1w
Load current il oad 1A
DC capacitor C 1W©F
Load inductor Lioad 4 20H
Schott kMBRIS 191d Vbreakd 109
Gate resistor Re 1 OnY
Gate drive vo Vebpc +1V9
Switching fre fsw 5k Hz

From the obtained resultSjgure 57 shows the waveforms of the SIC MOSFET device gate
voltage at +10 V/div, draisource voltage at 10 V/div, and load current at 1 A/div along with

the instantaneous energy loss waveform, which exhibits triangular shapes during the MOSFET
transients.T1 and T2 represent the MOSFET's tuaff and turron transients, respectively.

These transients are analysed using instantaneous voltage and current measurements over the
time transition to calculate switching energy losses, considering the peak voltage antl curr

parameters at a switching frequency &d-sz

Figure 5.8(a)illustrates the average switching power loss of 0.828that was dissipated
during the turroff transient, as obtained usikguation §.5). The instantaneous energy loss

of 165nJ during the OFRransient time was calculated using the peak voltage and current
values viaEquation §.1). During the device turoff time the drairsource voltage begins to

rise until it reaches a steadjate region or peak value, while the current decreases until it
reaches zero. Throughout this voltage and current transition, the dissipation power&curs o
a total transient mhe of 33ns In the second transient, the average estimated dissipated power
was 0.375mW, as obtained using§quation 5.6) and shownn Figure 5.8(b). During the
MOSFET turnon transient, the voltage waveform begins decreasing until it reaches
approximately zero, while the current waveform starts rising until it reaches the peak value.
The instantaneous energy loss during this process resulteddrovér a total fast transient of

15ns as obtained usingquation §.2).
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Figure5.7: Output waveforms of SiC MOSFBEVcs, Vos, Ip. and instantaneous power
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Figure5.8: SiC MOSFET switching waveforms: (a) Tuoff transient and dissipated power
of 0.825mW, (b) Turnon transient and dissipated power of 0.87&.

The estimated power loss of the MOSFET diode during reverse recovery was also performed
via the simulation circuit. Reverse recovery refers to the phenomenon observed in power

switches or transistors when they transition from a conducting mode to a bloukide.
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During this transition, the reverse recovery currénttékes time of 2.8s which is very fast
and resulting in an energy lods+ of 12.39nJ, as obtained usingquation §.9). Figure5.9
shows the forward voltage and current process with a peak reverse recovery current (denoted

by Ir) of 0.841 A and a peak voltage of 10.53 V referred tgras

15 vrl2
IF
VR 10.5311 1.5
~ 11
z )
T/ T 05 +~
= 0 5
> o
4-0.5
—— - _ 1\
Irr -0.841519 1
-5 L I 1 1
1.04995 1.05 1.05005 1.0501 1.05015

x107
Figure5.9: Diode reverse recovery characteristics of SIC MOSFET

Er=In XVR Xt x - (5.9)
5.3.2 Evaluation of the Switching Performance of the Si IGBT

The performance and dynamic switching behaviours of the Si IGBT have also been analysed
using the same DPT circuit and component parameters that were used for testing of the SiC
MOSFET device, in order to investigate the switching power losses inac@op with the
SiC MOSFET. The parameters of Si IGBT tested device were listEdhle5.1. This device

operates similarly to a MOSFET device.

5.3.2.1 Theoretical Switching Analysis of Si IGBT

The energy losses during teom and turroff transients of IGBT device can be expressed

using the following equations.
Eoff = lc (on)X VCE X toff X — (5.10)

Eon = Ic (on)X VCE X ton X - (5.11)

Wherelc onythe collector current andceis the collectoemitter voltage. By measuring the
peak voltage and current during the off and on transitions, the instantaneous energy losses can
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be determined with considering the time transients. Following that, the switching dissipated
power can be calculated usikguations §.5) and 6.6) along with the determined switching

frequency.

5.3.2.2 Conduction Power Loss

The conduction loss of IGBT device can be obtained using the parameter of collector
emitter saturation voltagéce saninstead of usindRos (on). The conduction loss was calculated
usingEquation .12),and a similar duty cycle value along with a peak collector current of 1
A was used. Thé&/ce sapparameter is 1.35 V at normal temperature, as specified in the
manufacturer's datashe&tis results in 94%5nW of conduction power loss, which is much

higher than the conduction power loss of the SICI#@aT.

Pcond=Ic (on)2 X VcE (satyx D (5.12

5.3.2.3 DPT and Simulation Results for the Si IGBT

Power loss investigation was conducted using the same simulation DPT circuit and
parameters for the switching power loss characteristics of the Si IGBT. The simulation results
shownin Figure 5.10 display the measurements of colleetonitter voltage at 10 V/div,
collector current at 1 A/div, and gagenitter voltage at +10 V/div, including spikes of
instantaneous dissipated power. The peak drain voltage and current during-tfettansient
were measured. The transition period ofr@vas also considered to determine the switching
speed and calculate the instantaneous energy loss during this transielqusitign 5.10),
which resulting in a loss of 3Q@J. Following that, the estimation dissipated power during
the OFF transient resulted in 45\, as shown ifrigure5.11(a). In addition, Figuré.11(b)
shows the dissipated power of IGBT device during-tumrtransient of 1&s exhibiting an
estimated loss value of 0.45@\ obtained using the calculated instantaneous energy loss of
90 nJduring the ON transient and the specified switching frequency.
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Figure5.10: Output waveforms of Si IGBTVGE, Vck, Ic. and instantaneous power

The estimated power loss of the IGBT diode during reverse recovery was also measured via
the simulation circuit. During the switch blocking voltage and current mode, the diode exhibits
a reverse recovery current that takes $:1§8vhich results in an energy loss of 17n® as
obtainedusing Equation (5.9}igure 5.1Xhows the forward voltage and current process with

a peak reverse recovery current of 0.839 A and a peak voltage of 10.59 V.
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Figure5.12: Diode reverse recovery characteristics of Si IGBT

5.4 Experimental Doubléulse Test Prototype

Figure5.13shows a laboratory prototype of the double pulse test circuit conducted to verify
the switching behaviour and speeds of selected peleetronicdevices, as well as to estimate
the switching power loss under specific DC voltage supply and load inductance at normal
temperature. The circuit components and parameters are similar to those liBtdeis.2,
which used in the simulation circuit. The tested power switches, including their gate drive
circuit, are shown ifrigures4.15and4.16 in Chapter 4.
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Figure5.13: Laboratory Experiment of the DPT Circuit

The PWM pulses were generated using the Arduino Integrated Development Environment
(IDE) software with different time periods arranged as folldws:45¢ stz = 15¢ st3=5¢ s
resulting in a duty cycle of 0.7. The pulses are then transmitted to the switch gate drive circuit
via the Arduino Uno microcontroller to enable the operation of the gjlire5.14illustrates

the diagram of the double pulse generation process. The developed Arduino code can be found
in AppendixC.

Laptop Arduino Uno GDC & Heat sink & DUT

Figure5.14: The diagram of the double pulse generation process

g

[ 2o

5.4.1 SiC MOSFET Switching Performance and Experimental Results

The dynamic switching performance of the selected SiC MOSFET device was tested using
experimental circuit to verify the switching speeds and power losses durirgnamd turn
off transients. The experimental test was performed at a normal tempera2&ofFigure
5.15showsthe waveforms of the obtained results for the -gat@rce voltage at 10 V and the
drain-source voltage at 10 V, including a drain current of 1 A and the instantaneous dissipated

power spikes.
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Figure5.15: SiC MOSFET output waveforms: dragource voltage, drain current, and
instantaneous power

Figure5.16b) shows the estimated switching power loss of the SIC MOSFET during the turn

off transient was approximately 60.#D\, occurring over a transient time of 2.48 This

power loss was considered by calculating the instantaneous energy loss using the peak voltage
and current values, including the transition time. The device demonstrated the capability to
operate at high switching frequencies up tdvl8z. However, the switching loss analysis for

both devices was performed using a switching frequencykbizoin the second transient, the
duration of turron transition is 2.78is, during this transition the switching dissipated power

has been slightly increased to 6881V,

It is worth noting that, in SIC MOSFET drasource voltage waveform a small overshoot or
oscillation is often observed during teon and turroff transients. These overshoot peaks
appear due to several factors, including the device's internal capasjtaiieh need time to
charge and discharge the voltage, or due to the rapid change in the current load. Additionally,
the reverse recovery current of the body diode, which flows when the diode transitions from a
conducting to a neronducting state, is fetcted in the MOSFET's drain current. These factors

can adversely affect the device's switching performance. The range of this phenomenon
depends on the MOSFET's internal parameters, including leakage inductance and parasitic

capacitances. To mitigate vaffe overshoot and ringing issues, a clamp circuit with
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appropriately selected parameters, such as a Re€iafcitorDiode (RCD) configuration,
can be employed.
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Figure5.16: Ves, Vs, I, and power zoomed waveforms of SiC MOSFET: (a) faffn
transient and dissipated power of 60078/ (b) Turnon transient and dissipated power of
68.31mW.

5.4.2 Si IGBT Switching Performance and Experiment results

From the obtained experimental results, the waveforms of thicgéleetor voltage at 10
V, collectoii emitter voltage at 10 V, collector current at 1 A, and the instantaneous dissipated
power are illustrated iRigure5.17. The experimental results indicate that the toffrand turn
on transient times of the Si IGBT are longer than those of the SiC MOSFET. The OFF transition
of the IGBT device takes around 288to be completely in the OFF state. During this process,
70 mWof dissipated power, akewn inFigure5.18a). Meanwhile, the device shows a slight

increase in the dissipated power, resulting in ¥\ during the turron transient, with a
transition time of approximately 2.§.
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5.5 Comparison of MOSFET and IGBT Power Switching Losses

The analysis of switching power losses was performed for both Si IGBT and SiC MOSFET
devices using LTspice software. The DPT simulation model was run to evaluate the dissipated
power that occurs during the OFF and ON transitions, as well as to test itestswitching
speeds. Furthermore, a loxltage DPT experimental circuit was conducted to check the
switching speeds and power losses. However, it can be observed that the dissipated power of
both devices was higher than the simulation results due teathsient times, which take longer
periods during the OFF and ON transitions in experiment, resulting in higher power loss. The
simulation and experimental results indicate that the SIiC MOSFET has faster switching speeds
and lower dissipated power duribgth transients compared to the Si IGBT deviahle5.3

summarizes the simulation and experimental results of the DPT approach.

Table5.3: Comparison of SIiC MOSFET and Si IGBT switching and conduction power

losses

DPT simulation results DPT experimental results
Par ame

Si C MO Si | G| Si C MOY§ Si I G
Eott 165 30MJ 12ul 14
Eon 7% J 9 J 1 3 .u6J6 14u1l
Po t(r mW) 0.825 1.5 60. 75 70
Pon( mMW) 0. 375 0.450¢( 68. 31 70. 5
Pc o {amW) 25.5 945 - -
Pt o (amMW) 26. 7 946. 9 129.0 140. §

5.6 Half-bridge circuit and thermal model system.

A thermal model is a valuable component for evaluating conduction and switching power
losses in poweelectronicdevices such as IGBTs and MOSFETSs. It is known that the rise in
temperature of electrical components is responsible for increasing their power losses, which
may lead to the failure of these devices. Thus, a heat sink system is used to absorb the thermal
losses dissipated by the switching device at its terminals for power loss estimation, depending

on the device junction temperature.

In this section, it is assumed that the Halfilge inverter consists of two power switches,
forming one cell of an MMC halbridge submodule that uses the same voltage and current
values flowing through the top and bottom switches, as illustratéidimes5.1 and5.2 in the
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chapter. Therefore, a hdlfidge inverter circuit, including a thermal model system, was
created using PLECS software, and the cell was tested using three different cases. In the first
case, the cell was designed using two Si IGBTs, which means theddgo@®om switches of

the HB cell consist of traditional devices based on Si technology. In the second case, the cell
was designed and tested using a SiC MOSFET and Si IGBT hybrid system. In the third case,
the cell circuit was designed using two SIiC MOSBEEThe main purpose of this cell testing is

to evaluate the switching and conduction power loss of the one cell using @leateonic
devices made from different material technologies under different junction temperatures, as
well as to verify the improvements in cell performance using the SiC and Si hybrid system
compared to other power device arrangeméiggire5.19shows the designed test cell circuit
using a SiC MOSFET and Si IGBT hybrid system, including the heat sink model with a thermal
resistanceconnected to a grounded constant temperature for adjusting the device junction
temperature. The circuit is connected withRah o0 a d qoahd alsWitching frequency of
5kHz

Puise
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T > = :L
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|
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Voc |, Eg R_th vV,
T ™ = J D - § Rioad Vout
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Figure5.19: Configuration of haHbridge inverter circuit
5.6.1 Thermal switching energy loss.

The instantaneous switching power loss of the selected power electronic devices during
turn-on and turroff transitions was analysed using the thermal model. The power loss is
calculated as the product of the diaource voltage and the drain current. iDgrturnon, a
sharp power spike appears due to the overlap between the decbeaamtjthe increasin@.

During turnoff, power loss occurs wham rises while current is still flowing through the
device. The area under each power waveform represents thentamd turroff switching

energies, respectively. Owing to the fastitching speed and the absence of tail current, the
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SiC MOSFET exhibits shoduration switching loss pulses compared with conventional

silicon devices.

From the simulated thermal model of the Haitdge circuit,Figures 5.20 and 5.2llustrate

the switching energy losses of both SiC MOSFET and Si IGBT power devices. The devices
were tested under various junction temperatures with target voltage and current ratings of 10
V and 1 A. By analysing the switching energy losses duringutineoh and turroff transients

at these reference conditions, the energy losses at other voltage and current ratings can also be
estimated. As shown in the figures, the shiitg energy is evaluated under voltage levels of 3
V,5V, 8V, and 10 V, as well as current levels of 0.3 A, 0.5 A, 0.8 A, and 1 A. The results of
the energy losses for the SIC MOSFET at junction temperatures°@f, 225°C, and 175C

indicate that botltof andEon increase slightly with increasing voltage and current levels. It is
also observed that temperature has little influence on the switching energy, particularly in the
Eoff transient. This suggests that the switching energy losses of the SiC MOSFET are only
marginally affected by increases in junction temperature.

On the other hand, the Si IGBT device was tested under the same voltage and current
conditions, but it can withstand a maximum junction temperature of@5@¢t 25 °C, the

energy loss results show th&h is approximately three times higher &g about seven times

higher compared to the loss of SIC MOSFET. Furthermore, as the temperature increases the
energy losses of the IGBT gradually rise, particularly{eém More details of the estimated
device energy losses during tton and turroff transients at various voltage, current, and
temperature conditions, using the thermal model, are availaBlppandix G including the

ON and OFF equations used in the energy loss calculdtobsth power electronic devices.
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5.6.2 ThermalSwitching andConductionPowerLossAnalysis.

In this sectionthe analysis of switching and conduction power losses was conducted using
energy loss results from the thermal motled power losses of the selected power devices are
evaluated and calculated at the specified operating conditions of the HBSM cell (10 V and 1
A). The device losses are assessed under various junction temperatures, namely 25 °C, 125 °C,
and the maximum rat temperature450 °C for the IGBT and 175 °C for the MOSFET. This
analysis aims to verify the switching performarof the devices and to examine the impact of

increasing temperature on both switching and conduction losses

The obtained results of estimated switching and conduction power losses for both IGBT and
MOSFET devices are shown fiigures 5.22, 5.23, and 5.ZBhe switching power of the SiC
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MOSFET was calculated by combining the tomand turroff energy losses and multiplying

by the specified switching frequency, using the fornRikaitch = (Eon + Eoff). fs. The results

indicate a slight decrease in switching powsss as the junction temperature increases. In
contrast, the conduction loss gradually increases with increasing junction temperature,
resulting in a meablnpomwmalk 1 e ssWacd t'G3M5e 3and 4

On the other hand, the measured switching power losses of theld&#d devicavere 39.5
Wat25°C and 478Vat 150 AC, representing an increas
across the three temperature casesthermore, the corresponding conduction power losses

are approximately ten times higher when compared with those of the SiC MO®BHITing

in a total p OWaet r 2[BleeddeBaviodr of 2ilk&@base@d power electronic
switches is generally influenced by increasing junctionperature, particularly at higher

voltage levels, due to several physioachanismsAs the junction temperature increases,

carrier mobility within the semiconductor decreases, slowing the movement of charge carriers
and resulting in longer turan and turroff times. In addition, temperature rise affects theigate

emitter threshold voltagenad i nt er n al resistances, thereby
dynamics and contributing to increased switching losses. Furthermore, conduction losses
increase with temperature because thetate voltage dropd ¢ 3 of the IGBT rises as the

junction temperature increases.

Although the total power loss of the IGBT is higher than that of the MOSFET, the simulation
results show a gradual reduction in both switching and conduction power losses of the IGBT
device at elevated junction temperatures (125 °C and 150 °C). Thisdaheam be attributed

to several factors, including the relatively low tested blocking voltage, reduced tvottage

overlap during switching transitions, and operation within apower region.
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5.6.3 Half-bridge circuit power loss and efficiency improvements.

Based on the total power losses of the selected semiconductor devices obtained from the
switching and conduction losses of the thermal model, the power loss of a single HBSM cell
in the MMC model can be estimated under different cell configuration assun®pind
junction temperatures:rom Figure5.25 it can be observed that the estimated power loss of
the HBSM based Si IGBTs at various temperatures is higher than that of other cell
arrangements, while the configuration using two SiC MOSFETs deratesstthe lowest

power loss.

For better understanding, the cell power loss was estimated under three different cell
arrangements of the selected powkactronicdevices and various temperatures. In the first

case, two Si IGBT devices were used for the HBSM cell, resulting in a total power loss of
56 IMw&a t nor mal temper at ur eMw atvile imeximunad jeinctiore a s e d
temperature of 150 AC. Il n the second case,
system of a SiC MOSFET and a Si IGBT. The results indicate teabtal power loss was
reduced by approximately half across all three temperature cases compared to thas&B T
HBSM. In the third case, two SiC MOSFETs were used for the SM cell, demonstrating a
significant reduction in total power loss compared tol@BT-based cell. However, the cost

of a SIC MOSFETbased cell is about five times higher than that of a Si KBBJed cell and
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only twice as high as the hybrid Si€i system. This suggests that the hybridi SiGpproach

is an ideal solution for MME&HBSMs in terms of both power loss and cost, offering a

compromise between efficiency and affordability compared to conventional-B@Bdd or

pure SiC systems.
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Figure5.25: Comparison of power losses of the HBSM cell using different power switch

arrangements and various junction temperatures

Moreover, the efficiency of the habiridge circuit was analysed using three different power

switch arrangements at three cases of temperature. In the first approach, two IGBT devices

were used in the circuit design, demonstrating lower efficiency, achgevi 9 0 . 3 2
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92.

efficiency slightly improved as the junction temperature increased. This is because the

2 %

at

t he

ma X i

mu m

% at n

t empe

conduction power losses of the Si IGBT devices decreagbdising temperature. In contrast,

the haltbridge circuit based on two SiC MOSFETs in third approach shows the highest
% at

increases, the conduction losses rise slightiyistng a small decrease in efficiency. In the

ef fi

ciency,

around

99. 2

nor mal

temper :

second approach, a S&DdSi hybrid system was used, which combines the low switching and

conduction losses of the SIC MOSFET with the feature of the Si IGBT that improves efficiency

as temperature increasésh i s

temperature and

resul ts

n

cel

approxi mately

5

ef fi
%

Ci

ency in

abtidgema x i mu

circuit based on IGBT devices. Furthermore, the cost of the cell was estimated based on online

marketprices for the power switches, resulting in the hybrid system cost increasing by around
comparetlasedt berkcGBT,

9

%

153

whi l

e

bei

ng

appr ox



approach using two SiC MOSFETSs. The efficiency equation and output power parameters of

the circuits are provided ikppendix G in the thermal model section.
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Figure5.26: Efficiency improvements of the habiridge circuit using different power switch

arrangements at various temperatures

5.7 MMC model power losses and cost comparison

The comparison of power loss for a singletase MMC model using four HBSMs in each
arm, as presented @hapter 4was considered based on the analysis of semiconductor power
device losses, while other MMC components were ignored. Based on the total power loss
results of the halbridge circuit with three different power device configurations, the MMC
model power losss, in terms of power switches, can be estimated by counting the number of
submodule cells in the upper and lower arms, assuming conwgrézation at normal
temperature. Additionally, the optimization of converter performance can also be observed
through improvements in converter efficiency using three different power switch

configurations.

Based on the total power loss and system efficiency analysis shdwgune5.25 the MMC
total power loss was reduced by nearly half when using the SiC and Si-bgbad HBSM
cell compared to the cell using only-lssed devices, resulting in a 14.5 % improvement in

model efficiency. However, the model cost increased by approxyr@at@l%. A significant
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reduction in power loss was achieved when using a cell configuration based on SiC MOSFETS,
with model efficiency reaching 93.9 %. This came at the expense of higher cost about 18.6 %
more than the IGBbased model and around 10 % higher than the SiC amgb8d system.

Thus, the MMC model designed with SiC MOSFET and Si IGBT hybrid HBSM cells is
considered a suitable and effective approach. as it demonstrated low power loss, improved
converter performance and efficiency compared to the Si H&&EBd model while
maintaining lower cost than the Sahly model. It is worth noting that the costs of Si IGBT

and SiC MOSFET devices were obtained from online market sources.
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Figure5.27: Total power losses and model efficiency of MMC converter

Finally, a comparison of power losses wamsideredetween the proposed SiC/Si hybrid
HBSM and other unipolar and bipolar submodules reported in the literature. The power loss
comparison was based on the total losses of the selected tested devices under limited voltage
and current conditions, as usedhistresearch, assuming that the devices exhibit similar power
losses when operating in other submodule configuratimes total power loss was estimated

per submodule by accounting for the number of power electronic switches used in each
submodule Subsequentlythe power losses of a singlghase MMC model comprising eight
submodules in both the upper and lower arms were evaluated, assuming identical voltage,

current, and output power ratings.
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Table 5.4 summarizes the comparison of power losses. In terms of power loss per submodule,

the proposed Si/SiC hybrid HBSM demonstrates lower losses compared with the HBSM and

other submodule configurations that use a higher number of power switche®riRorth
when considering a singlghase MMC model using these submodules, the model based on the

proposed hybrid exhibits approximately three times lower power consumption compared with

the HBSM.

Table5.4: Summary of power losses per submodule cell and for a single MMC model using

the SiC and Si hybrid SM and other cell SMs

Switc|Loss Tot al q

Submodul e count W) P W) P
Si C MOSFETSs 2 0.317 2.5376
SSSM 3 0.842 6. 7416
DCSM 3 0.842 6. 7416
UFBSM 3 0.842 6. 7416
AUFBSM 3 0.842 6. 7416
FBSM 4 1.123 8.9888
DCSM 5 1.4014 11. 236§
TSMs 1 4 1.123 8. 9888
TSMs 2 3 0.842 6. 7416
DS M 8 2. 247 17. 977
CCS WM 5 1.404 11. 236

5.8 Chapter Summery

This chapter presents an investigation of the switching and conduction power losses of two

selected poweglectronicdevices manufactured using Si and SiC technologies. The evaluation

of power

switching speeds during turon and turroff transients and thessociatedoower losses
independently, followed by DPT laboratory experiments to verify the switching characteristics.
In addition, a thermal model was developed in PLECS wusihglfbridge circuit with Si and
SiC-based devices to evaluate both switching and conduction power |@$se<ircuit
employed three powewitch configurations: the Si IGBT approach, the iISChybrid
approach, and the SiC MOSFET approach, to verify the effectiveness of the hybliddgsf

circuit in terms of total power loss and improved cell efficienagar various temperature

conditions.

|l osses

was performed
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The DPT simulation results for the selected power switches show that the SIC MOSFET
exhibits faster switching speeds during the ON and OFF transients, with time periodssof 15
and 33s respectively. This results in power losses of approximately @n®v8uring the ON
transient and 0.82B1Wduring the OFF transienln comparison, the Si IGBT demonstrates
slower switching performance and higher power consumption. The conventiobasesi
device exhibits switching times of i8and 60nsfor the ON and OFF transients, respectively,
with corresponding power losses of 0.46@/during the ON transient and In®/Nduring the

OFF transientln addition, the experimentally measured DPT results show a close agreement
with the simulation results in terms of voltage and current characteristics during the ON and
OFF transients. However, the measured power losses are slightly higher than theegdimula
values due to several factors, including the longer transition time required for the current
waveforms to fully reach the ON or OFF states, which leads to increased switching losses.
Although there is a noticeable differenc¢he magnitude of power loss between the simulation
and experimental results, tests on both devices consistently demonstrate that the SiIC MOSFET
exhibits faster switching speeds and lower power losses.

The thermal model based on a Haidfdge circuit was implemented to evaluate the switching
and conduction power losses of both devices under specified voltage and current limits and at
different junction temperatures. The results indicate that the MOSH#Rits faster switching
performance and approximately three times lower power losses than the conventional IGBT.
Furthermore, an additional evaluation of power loss was conducted at the submodule (SM) cell
level, which consists of two power switches basedlifferent technologies. This analysis was
performed to verify the losses using various switch configurations, as detailed in Section 5.6.3.
The submodule employing a hybrid SIC MOSKBT IGBT configuration demonstrated a
reduction in power consumptiast approximately 43.5% compared with a cell using only
IGBT switches, achieving an improved SM efficiency of about 9%#tally, the total power

loss of a singlohase MMC model employing eight submodules based on a MOEFHET

hybrid system was compared with that of other submodule configurations. The hybrid approach
demonstrated an approximateiglf reduction in total power loss compared with the MMC
model based on halfridge submodules utilizing Si IGBTS, resulting in an overall model

efficiency improvement of approximately 17%.
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Chapter 6: ThreePhase Nind.evels Optimized MMC
Model Using SiC MOSFET and Si IGBT Hybrid HBSMs

6.1 Introduction

This chapter considers three phases of MMC topology connected with the grid. As the
singlephase MMC simulation results presented in Chapter Three were obtained using the
MATLAB simulation tool. A 3level output voltage for an average gtield MMC model lased
on a hybrid HBSM was modelled using the PLECS standalone tool to analyse voltage and
current characteristics as well as to verify the operation and effectiveness of the converter
based hybrid technology. The hybrid submodule cell was designed uUSIMCESFET and Si
IGBT devices. The model consists of three phase legs, with each leg containing eight hybrid
HBSMs arranged evenly between the upper and lower arms. The control systems on the DC
and AC sides are employed to regulate voltage, current, aver ggstem.

6.2 MMC Model Configuration

In chapter threehe MMC topology was introduced as the stit¢he-art for HVDC
applications. The generalized model was described in detail in terms of model configuration,
submodule circuits, operating principles, and both DC and AC control systems. In this chapter,
the focus is on modelling a specified MMC based on optimized hybrid HBSMs, using real
selected power switches for the converter design within the PLECS simulation environment. It
is worth noting that the use aictive power electronicdevices is enabled through device
libraries provided by the manufacturers, which capture the actual characteristics of the devices
during converter operation. However, this feature is available only in limited power electronics

softwar ebs s uisnbtsupported in IATSABEIMdIink.

A brief description of the modelled MMC topology, as showrFigure 6.1 the converter
consists of three phase legs connected to the grid. Each leg containing two arms upper and
lower (positive and negative) connected at the midpoint through arm inductors. These legs are
responsible for synthesizing the required AC voltage@aMMC output terminals to meet the
active and reactive power demands. This is achieved by switching thegleatesnicdevices

of each SM in each arm ON or OFF, generating thehegited voltage through the combined
action of the positive and negative arms. Each arm is composed of eight cascaded hybrid

HBSMs. The submodule cells are controlled and balanced using an appropriate modulation
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technique to ensure proper converter operation. Additionally, the capacitors must be sized
appropriately to prevent distortion in the output voltage waveform. In other words, the inserted
voltage should always remain lower than the available arm voltaging that the combined
voltage of the inserted capacitors must be sufficient to supply the required reference voltage of
the converterEquation (6.1)llustrates the constraint on the MMC terminal voltage in relation

to the number of SMs per arm, whichn be satisfied by pigharging the SM capacitors to the
nominal voltage defined iBquation (6.2]114.

mnov o U & o (6.1)
o — (6.1)

Whereb s the positive arm)  represents the number of submoduless the terminal

voltage,o is the SM capacitor voltage, add is the DC voltage.

b It *Y2 Ve
-

SM
SMs
Grid converter L
(primary side)  (secondary side) F::S
Voig T Road Licad >

SiC-Si hybrid HalfBridge
SM SMs

L —
- Y5 Vg

Figure6.1: Three phase MMC model connected with the.grid
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6.3 Theoretical Voltages and Currents of the MMC

The MMC model is based on a halfidge submodule, which can produce only two voltage
levels at the cell output terminal: zero or positive level. The voltages of the positive and
negative arms fall within the following ran¢E02].

T U — 0 0 (6.3)
T U — 0 0 (6.4)
WhereU is the phase voltage, is the capacitor voltage for the number of submodules,
andb i s the negative ar m. I n addition, by ap

internal dynamics of the MMC model can be explained where the voltage and current equations
can be obtained. The converter terminal voltage of phase A can be expredsguhbygns
(6.5).

b OhET )

In a symmetrical AC system, the voltage and current amplitudes are equal, with a 120° phase
displacement between the three phases. Accordingly, the voltage and current amplitudes are
denoted asilandQwhere® =w = = w andO ="0 ="0O="Q While the basic components

are represented iy andO. The voltages of the positive and negative arms are related to the
DC and link voltages and are exprestgdEquations (6.6) and (6. #gspectively. The positive

and negative arm currents are giverBoyations (6.8) and (6.9gspectively. The expressions
provided are for phase but the same approach can be applied to phases.

0 g — U U 4 (6.6)
b g — 0 0 4 (6.7)
Mg — — Q4 (6.8)
VMg — — Qg (6.9)
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0 5,0 gHQ g andQ 4 are represents the voltages and currents of upper and lower arms

respectively® and"O denote to the DC link voltage and current, while 3 andQ 4

are the voltage components along with their corresponding circulating currents. The
phenomenon of the circulating current is typically occurring in each phase leg and can be
controlled using a suitable modulation algorithm such as a proportes@hant antroller

(PR), which effectively reduces the impact of capacitor voltage fluctuations on the output

voltage.

Considering the amplitude, phase shift, and time difference, the periodic upper and lower arm
voltage and current can be expressedEbyations (6.10) and (6.1%9r positive arm and
Equations (6.12) and (6.18)r negative arm. In this modelled converter, the phase voltage is
taken as a reference with a phase angle of zero. Consequently, the current phéesggsnjt (

relative to the phase voltage is represented by the power factor.angle (

D g0 — ® QET 0O (6.10)
Mgd — —wéEf o ) (6.11)
0 g0 — ® ®WEF O (6.12)
Mgd — —@&ET o n) (6.13)

From the relationship between the ik voltage and the AC voltage amplitude at the MMC
output terminal, which is defined by the modulation indexthe grid AC voltage can be

obtained usindgequation (6.14).

O=m— (6. 14)

The analysis of the MMC instantaneous power is described in [2] and [3], where the
instantaneous power of the positive and negative arms is expres&egidtyons (6.15) and
(6.16).Additionally, the average power in each phase leg can be determined by integrating the

instantaneous power, as givenlguations (6.17) and (6.18).
Nn g 0 U g 00Q g O (6.15)
Nn g8 6 L g 0Q g 0 (6.16)
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0 wEé ) (6.17)

——0EH) (6.18)

Wheren; andr g representhe instantaneous powér, 3 and0 g are the positive and

negative average power.

The independent control of active and reactive power values is achieved ugiiiq treane
transformation, as described in the literature, and can be expressedhyahtiens (6.19nd
(6.20).Theg-axis voltage component is set to zero, since the PLL is synchronized with the grid

voltage.

0 -670Q (6.19)
0 - 00 (6.20)

As described previously, the circulating current in MMC operation system is generated due to
the mismatch between the DC voltage and output voltage of various phase arms. It manifests
as a negativsequenced, b andc) current with a frequency twice that of the fundamental
frequency. The presence of the circulating current leads to an increase of root mean square
(RMS) arm current value, subsequently causing increased in power loss. The expression of
inner differentialcurrent of three phases can be given by the following equations. \Where
represents the differential current for thygease, Q is the double frequency circulating
current,¥ is related to system frequency and represents the phase angle, where in AC
voltage and current waveforms, the phase angle defines the time shift between them, expressed

in either degrees or radians.

M s — QIiQY 0 o) (6.21)
M s — VIiNE] O — o (6.22)
Mg — QiQET 0 — o (6.23)
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6.4 Control system of the gridonnected MMC

The control system of a thrgghase MMC model connected to the grid involves various
subsystems and components, including the voltage control system, modulation technique, and
AC power control system, to ensure proper converter operation. The classtoal €gstems
of the MMC model are described in detiilChapter 3. Figuré.2 shows the phasecked
loop (PLL), current control, voltage control, DC control, and PWM modulation used for

balancing the submodule capacitor voltages of the MMC model codrtedtee grid173].

T”/Zvdc

SM\| *S*pos ]C

A . .
1 Capacitor averaging
9 Circulating current control

Iw{Capacitor balancing
SM switching
|| Spos & Sneg

Compensat%

ﬂVI Measurment
TP&Q
1
g3 SMi [ Sheq
‘ AC Control 1

Figure6.2: A control scheme of MMC model connected to the {idB].

Furthermore Figure6.3 illustrates the vector control technique under stesidie operating
conditions, implemented with an inner loop for current control and an outer loop for voltage
and power contrdé1]. In this setup, the outer loop provides the current reference to the inner
current controllers. The current controller enables decoupled control of active and reactive
power by regulating thg-d axis current components. Where in this schem&i¢ Vg, and

Vy.c represent the three phase grid voltage, Whikelg.a, andlg.a represent the grid current,

iud’ andiug” refer to the direct and quadrature current axes, and the reference voltages used to
generate insertion indices for each phase leg are representéd Mg . V'ac, P, andQ’
represent the DC voltage, active power, and reactive power respectively. Their measured values
(Vue, P andQ) were obtained using a Pl controller system, where the nominal voltage of each

SM is maintained as the total DC supply voltage divided by the number of subm¥stiNes
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Figure6.3: (a) Inner current control, (b) Outer loop power and voltage codtidl

6.5 The Simulation Results and Discussion

In this section, the simulation results of the MMC model connected to the grid are presented
to validate the convertero6s voltage Tabled curr
6.1 illustrates the main MMC parameters considered in the model simulation test. The system
has been implemented for medium voltage applications with a DC linkdfamd a power
rating of 10kW. The other component parameters are selected based on the configured system

model.

The balancing control applies a rotating algorithm to ensure that the capacitors remain
balanced, with their average voltage evenly distribute@hapter fourfFigure 4.7llustrates

the dual sorting algorithm approach used for sorting and balancing the SM capacitor voltages.
From the simulation resultjgure 6.4illustrates the measured voltages across each SM in the
upper and lower arms, which are sorted and balanced at 625 V, based onlihie \RGage

level divided by the number of SM¥dc/N. It can be noted that the average DC voltage
control was capable of forcing the average DC capacitor voltage in each arm to follow its
determined reference value, while the individual DC voltage control also demonstrated the

ability to force each SM cell todck its respective reference value.
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Table6.1: List of main parameters used in the MMC simulation model

Parameters Nomi nal v

Nomi nal AcRive P 1&kW
DC linkWwe¢ol tage, 5k V
Number of SNMs per 8

Nomi nal SM ca¥Yaci 6 2%
SM CapacitorC Capsé 1.n2F
Arm I ndls¢d ance, 3.470
Arm ReskRistance, 0.0g5
Modul atimn index, 0.94
Frequfency, 5MHz
Switchingfsfrequer 5k H
|l nductance lof AC 94 0
Resi stance Rf AC 5. 89

(2)

Voltage (V)

(b)

Voltage (V)
[®)) ()]
o [N
= X

I I

622 I I I I
0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

Figure6.4: Phase A submodules capacitor voltage balanciggt 625 V: (a) Upp
and (b) Lower arm

A nine-level output voltage MMC model connected to the grid has been considered for the
analysis of voltage, current, and poweigure 56 effectively demonstratethe N+1 voltage
output levels for the positive and negative arms, along with the output current of Phiiaige A.
primary threephase MMC output voltage waveform, with a peak value of 5 kV, is shown in

Figure 6.6(a), demonstrating the characteristic stepped output voltages of the MMC with clear
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threephase phase shifts. Figure 6.6(b) presents smooth sinusoidal output currents with a peak
value of 3 A, indicative of effective harmonic mitigation and balanced operation. Meanwhile,
Figure 6.6(c) illustrates the residual switching ripple presenhenoutput currents, which
provides important insights for filtering and control optimizatiéigure 6.7 illustrates the grid
voltage and current waveforms of a thease electrical system. The three sinusoidal voltage
and current outputs, with peak vatuof 2350 V and 3 A, respectively, are phsiséted by

120° relative to one another, representing normal operation of the MMC model with hybrid
HBSMs. The control parameters of both the AC and DC converters, including those on the grid

side, are provideth Appendix D.

Figure6.5: Phase A MMC output voltage and current waveforms: (a) Voltage peaik=56f
kV and (b) Current peak o = 2.2 A
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