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Abstract 

     This research project proposes a configuration of the MMC topology based on a 

conventional half-bridge submodule (HBSM), utilizing a SiC MOSFET and Si IGBT hybrid 

approach to improve the performance of the MMC topology based on conventional Si devices. 

The combination of SiC and Si-based 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 cost-effectiveness and high voltage 

capability of Si IGBTs. A SiC MOSFET and Si IGBT hybrid HBSM structure-based MMC 

model simplifies the converter model by reducing the required number of switching devices, 

withstanding high switching frequencies and temperatures, lowering the complexity of the 

MMC voltage balancing control, and minimizing the total power losses in each SM cell. A 

single-phase MMC model based on the proposed hybrid configuration was simulated using 

both MATLAB and PLECS® Standalone tools to verify the effectiveness of the converter 

operation using hybrid system, resulting in normal voltage and current waveforms. 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 results, which demonstrated 

normal voltage and current behaviour across 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 operational behaviour. 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 losses compared with the Si IGBT 

device. Furthermore, the submodule employing a hybrid SiC MOSFETïSi IGBT 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 single-phase MMC model comprising eight submodules 

based on the MOSFET/IGBT hybrid configuration was evaluated, showing nearly half 

reduction in power loss compared with conventional configurations, and resulting in an overall 

efficiency improvement of approximately 17%. 

Finally, a three-phase 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 grid-connected conditions. The power losses were evaluated, showing an 
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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) Power Electronics Devices, Switching and Conduction Power 

Losses, Silicon Carbide (SiC) and Silicon (Si) Hybrid Half-Bridge Submodule (HB-SM). 
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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 properties. This resource 

has been recognized as an effective way to mitigate the impacts of climate change while 

supplying sustainable energy [1]. 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 Figure 1.1, which 

illustrates the stages of a grid-connected WECS [2]. Several wind energy conversion systems 

(WECS) have been established for different power rates, from few of hundred kilowatts to 

multi-megawatts as specified in Table 1.1 [3]. 
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Figure 1.1. Wind energy conversion system [2]. 

 According to the Global Wind Energy Council (GWEC), the total wind installed capacity has 

developed and increased globally from 591 GW in 2018 to 830 GW in 2021, with a growth of 

6.8% [4]. In 2022, around 76 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 

12.6% [5]. In 2023, the highest number of new wind installations was achieved within a single 

year, with over 110 GW of onshore wind and up to 11 GW of offshore wind and the global 

installed wind capacity has passed the symbolic milestone of 1 TW. Furthermore, the Global 
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Wind Workforce Outlook report indicates that from 2024 to 2030, the wind energy market is 

expected to experience remarkable growth, anticipating that global operational wind capacity 

will surpass 1,800 GW by 2028 and expected to reach 2 TW by the end of 2030. Figure 1.2 

shows the growth of onshore and offshore wind capacity worldwide between 2018 and 2028 

[4][6]. 
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Figure 1.2. The global onshore and offshore wind capacity [4]. 

 

Table 1.1. Various categories of WECSs and their corresponding power ratings [3]. 

 
Typical Applications Power Rating (kW) Example of Turbine Models 

Small utility-scale, community wind 

projects 
100 - 500 kW GE 1.5s, Siemens SG 2.1-132 

Medium-scale wind farms and larger 

distributed generation 
500 - 1,000 kW Vestas V52, Nordex N60/1300 

Utility -scale wind farms 1,000 - 2,000 kW 
Siemens Gamesa SG 1.4-132, GE 

1.8-132 

Utility -scale projects, offshore and 

onshore 
2,000 - 3,000 kW 

Siemens Gamesa SG 2.2-122, 

Vestas V80 

Large utility-scale wind farms 3,000 - 5,000 kW 
Siemens Gamesa SG 3.4-132, GE 

Haliade-X 12 MW 

Offshore and very large utility-scale 

wind farms 
5,000 kW and above 

Siemens Gamesa SG 10.0-193, GE 

Haliade-X 14 MW 
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     Generally, from the wind turbine side, there are two main generator topologies that have 

been used in WECSs. Fixed-speed wind turbines (FSWT) were developed in Denmark in the 

1970s using squirrel-cage induction generators, and variable-speed wind turbines (VSWT), 

proposed in the early 1980s, use doubly fed induction (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 higher 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 important for ensuring the proper 

operation of the system when variable wind sources are connected to the main grid, especially 

in the power electronic converter section, which will be highlighted in this research [8]. Since 

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, reduce power losses, and enhance 

overall system efficiency [9]. 

     In the power conversion stage, the power electronic converter is a critical component used 

as an efficient interface for the integration of wind turbines (WT) with the grid [9]. The 

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 (MVDC-HVDC) applications and Alternating Current (AC) transmission 

systems [10]. It is well-known that most of the electric energy is converted by power electronics 

devices before it reaches consumers. Therefore, 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, which are usually a combination of conductors, capacitors, and resistors, before 

feeding the energy to the grid. Additionally, during the conversion 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, depending on the type of converter and the rated power [11]. 

    Moreover, the power electronic converter topologies which have been used for MVDC and 

HVDC applications can be classified into two main categories: Current Source Converters 
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(CSCs) and Voltage Source Converters (VSCs). CSCs project has been historically used as one 

of the solutions for line-commutated converters (LCCs) based HVDC systems. Figure 1.3(a) 

shows the first LCC-HVDC application designed with thyristor valves was the Eel River 

scheme in Canada, implemented in 1972 [12]. Later, advancements in power electronic 

devices, particularly the development of the insulated-gate bipolar transistor (IGBT) in the 

1980s, enabled the introduction of VSC-based HVDC transmission technology, as shown in 

Figure 1.3(b) [13]. LCC-HVDC and VSC-HVDC systems employ switching commutation to 

different groups of semiconductor switches in their converter topologies to perform AC-to-DC 

(rectifying) or DC-to-AC (inverting) conversion. However, there are main differences in how 

their switches are commutated, which introduces different advantages and disadvantages 

between the two technologies [14]. Additionally, the first 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 kV) [15]. VSC-HVDC technology has gained 

wide acceptance and offers more flexibility for AC grid disturbances and faults [14]. 
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Figure 1.3. HVDC system based on CSC and VSC technologies: (a) HVDC system based on 

CSC with thyristors, and (b) HVDC system based on VSC technology using IGBTs [14]. 

     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 (NPC) converter [16], the flying capacitor (FC) converter 

topology [17], and cascaded H-bridge (CHB) converters [18]. Other modular converter models, 

such as and modular multilevel converters (MMC) [19], and T-type converters, active-NPC 

(ANPC) converters [20], have been introduced later. These power electronic converters have 
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been successfully implemented in power transfer systems of various Renewable Energy 

Resources (RESs). Among these topologies, the modular multilevel converter (MMC) 

topology has gained wide acceptance in medium and high-power applications and has become 

the preferred choice for wind energy conversion systems due to its main features. These 

features include easy scalability of voltage and current, the capability to operate as either a 

rectifier (AC ï DC) or an inverter (DC ï AC), and its fault ride-through (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 Half-Bridge Submodule (HBSM) and the Full-Bridge 

Submodule (FBSM). The HB-SM is known as a simple SM structure with only two switches 

(S1 and S2) connected in series with a single capacitor (C). The switches operate in a 

complementary manner, and two voltage levels (0 and VC) can be generated at its output 

terminal. The HB-SM topology has fewer switching devices, resulting in lower power loss. 

However, it does not have the ability to block DC faults. In contrast, the FB-SM circuit consists 

of four switches (S1, S2, S3, and S4) connected in series with a single capacitor (C), and three 

voltage levels (0, VC, and -VC) can be generated at its output terminal. The FB-SM provides 

DC fault-blocking capability. However, the increased number of switches results in higher 

power loss compared to the HB-SM [21]. Figure 1.4 shows the general schematic diagram of 

the three phases of the MMC topology [22]. 
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Figure 1.4. Three phases of MMC topology [22]. 



 

6 

 

Various attractive MMC topologies have been proposed in the last two decades in [23], [24], 

[25] and [26], including a T-MMC topology that was proposed in [27]. These MMC topologies 

have been investigated in terms of modelling schemes, 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 friendly integration of wind turbine systems with the grid [28]. 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 

electronic devices 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 inductors, present challenges with 

harmonics, and lead to an overall increase in system size.  

Furthermore, to improve the performance and operation of the MMC topology or other power 

electronic converter 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 more efficient and 

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 power loss, a less complex control 

system, better power quality, and improved DC fault resilience. 

     Nowadays, developers of power electronic semiconductors are continually seeking power 

electronic devices with higher efficiency, greater power density, and more integrated systems. 

In this journey, the junction-gate field-effect 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 silicon (Si), these 

both power switches are the most common transistors have been used in design of power 

electronic converter topologies [29]. The main features of a MOSFET transistor include 

voltage-controlled operation, high switching speed, and low power loss compared to IGBTs 

and earlier transistors. However, these devices are suitable primarily for low-voltage 

applications. On the other hand, IGBT devices combine the current-driving capability of a BJT 

with the voltage-controlled operation of a MOSFET, making them the preferred choice for 

high-power applications due to their efficiency at high voltage levels [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 kV [31]. However, it appears that Si-based 

power electronic devices 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 ÁC, which is a significant concern, particularly in medium- and high-power applications. 

Additionally, Si devices tend to have higher on-resistance leading to increased heat generation 

and power dissipation during switching transients. Therefore, the further development and 

improvements of power electronic devices are necessary for more reliable solutions of power 

generation, energy storage and power conversion system [32]. 

 

     In this context, in this context, as voltage and power levels increase, the design and 

modelling of power electronic converters with higher efficiency and greater power density is 

required. consequently, the high-performance new wide-bandgap power semiconductors 

devices such as silicon carbide (SiC) and gallium nitride (GaN) devices are expected to replace 

the traditional Si power transistors in upcoming years [33]. Power electronic converters based 

on wide-bandgap semiconductors, such as SiC-based devices, offer many advantages over 

traditional Si-based converters. They can operate at higher switching frequencies and 

temperatures, and their low on-resistance helps significantly reduce power losses. Thus, the 

use of SiC-based MOSFETs in modelling the MMC converter topology presents new 

opportunities to enhance converter performance, these include higher efficiency, greater power 

density, reduced power switching and conduction losses, 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 volume [34], [35]. Although devices based on 

WBG technologies such as SiC and GaN offer significant performance advantages over Si 

power electronic devices, 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 Si-based technologies in many applications [33]. In addition, ongoing research 

efforts are focused on the manufacturing and fabrication of new devices based WBG 

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 potentially lead to the complete 

replacement of existing silicon-based converters [36]. 
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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 topologies and their SMs structures, 

aiming to improve the performance of MMC topology for WECSs. From the perspective of 

MMC topology, most recently developed MMC submodule cells have been designed by 

increasing the number of Si power electronic devices. This results in higher switching and 

conduction power losses, increased complexity of the control system-particularly in capacitor 

voltage balancing, an increase in the overall size and cost of the converter, and a reduction in 

efficiency. Additionally, conventional Si-based devices are not well-suited for high-frequency 

and high-temperature operation due to high internal junction temperatures and significant 

leakage currents. These factors contribute to increased switching and conduction losses, slower 

switching speeds, and ultimately reduced overall converter efficiency. 

     Nowadays, the world is moving towards high-performance power electronic devices 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 development devices have superior 

switching characteristics such as, higher breakdown voltage, lower switching and conduction 

losses, higher thermal conductivity, and the ability to operate at higher frequencies. The SiC 

base devices provide an ideal opportunity to improve the converter topologies of low and 

medium power systems. Furthermore, the devices based SiC technology have the potential to 

be integrated into M-HVDC wind system applications. Therefore, 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 the grid. A major 

part of this project presents an optimized MMC topology using a hybrid half-bridge submodule 

(MMC-HBSM) that combines SiC MOSFETs and Si IGBTs within a single submodule cell. 

Additionally, the study investigates the switching and conduction power losses of the selected 

power electronic devices. The power loss analysis is conducted both individually-under 

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 MMC-SM, the ability to operate under 

higher temperature conditions, improved energy system efficiency, and enhanced converter 
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performance at a reasonable cost. To achieve the main aim of this project and ensure the 

efficient and reliable operation of the power system, the following objectives should be 

accomplished. 

 

Á A detailed review of the fundamental concepts of MMC topology, covering its 

configurations, operation, and control systems with a particular focus on the SM 

topologies used in MMC-based models. The review also discusses various cell 

structures, the arrangement of power switches, their respective control strategies, and 

the associated technical challenges during the transfer of power. 

Á Conduct overview research on 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 challenges associated with adopting and integrating 

these devices to improve the conventional MMC architecture. 

Á Perform a device under test (DUT) analysis for Si IGBT and SiC MOSFET devices 

using LTspice and PLECS thermal modelling tools to identify the switching and 

conduction power losses of each power transistor. 

Á Identifying the optimized SM structure for the proposed MMC topology using a SiC 

and Si hybrid approach. 

Á Designing and modelling the enhanced MMC topology using the modified hybrid SM, 

followed by the development of a small-scale 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 research. Figure 1.5 illustrates the schematic diagram of the research 

methodology for achieving the research goals, which can be outlined in three parts. In the first 

part, detailed research of 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 complex sub-module cells. In 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 conduction power losses analysis. In the third part, a single 

phase of the proposed MMC topology is designed using both MATLAB® Simulink and 
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PLECS® Standalone tools to verify the effectiveness of the enhanced converter topology, a 

scaled-down laboratory prototype of the proposed MMC was developed to validate the 

simulation results. 
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Figure 1.5. Research methodology Flowchart. 
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1.4 Thesis Contributions and Publications 

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

1. A modified half-bridge submodule based on a hybrid system using SiC MOSFET and 

Si IGBT power electronic devices has been proposed for the MMC topology aiming to 

minimize power losses during power transfer from the source to the load, simplify the 

converter model, and 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 half-bridge submodule power loss evaluation was 

considered by assuming a half-bridge circuit, consisting of two power electronic devices 

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 PLECS thermal 

model was used, which allowed testing of the selected devices under different junction 

temperatures. 

 

3. Performed a DUT for switching power losses analysis using the LTspice tool to evaluate 

the selected Si and SiC devices in terms of turn-on and turn-off switching losses, as well 

as their ability to withstand high frequencies, including switch speeds during on and off 

times. Additionally, a small-scale DUT prototype was conducted in the laboratory using 

the selected devices to verify the switching power loss. 

 

4. A single-phase, five-level 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 well as the balancing of the submodule capacitor voltages. In addition, 

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, scaled-down experimental validation of the single-phase 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 three-phase 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 nine-level output voltage 

waveform was achieved, and the simulation results demonstrated stable operation. 

Additionally, an estimation of a three-phase 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 systems." Energies 16, no. 

14 (2023): 5324. 

Conferences 

1. Athwer, A., Darwish, A. and Ma, X., 2024, June. Optimized modular multilevel converter 

topology using Si/SiC hybrid half-bridge submodule. In 13th International Conference on 

Power Electronics, Machines and Drives (PEMD 2024) (Vol. 2024, pp. 154-160). IET. 

2. A. Athwer, Ahmed Darwish, Xiandong Ma, "Enhancing the Performance of a DC-DC Ĺuk 

Converter Topology Using Wide Bandgap-Based Devices," 60th International Universities 

Power Engineering Conference: Brunel University London | 2ï5 September 2025, pp. 1-6. 

1.5 Organization of the thesis 

The research work of this thesis is organized as follows: 

Chapter 2: presents a literature review on feasible configurations of WECS and the important 

role of semiconductor power electronic devices 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 3: this chapter, the MMC configuration system is reviewed in terms of unipolar and 

bipolar submodule designs, the operating principle of MMCs based on the half-bridge 

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 the research gap. 

Chapter 4: A single-phase MMC model using four half-bridge submodules connected to 

passive loads was simulated in MATLAB/Simulink to verify the converterôs operation based 

on the theoretical voltage and current analysis. The simulation also ensured that the appropriate 

modulation technique was applied for balancing the capacitor voltages. In addition, the design 

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

Chapter 5: An investigation of two selected power electronic devices, manufactured using 

different material technologies, was carried out using two methods to ensure accurate power 

loss results. The first method employed a double-pulse test circuit, which is widely used in 

power electronics to characterize device performance. 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 loss of a single submodule cell was 

considered, and the overall MMC loss, including model efficiency, was discussed. 

Chapter 6: A three-phase MMC model connected to the grid was developed using PLECS 

standalone. The converter was designed with a modified half-bridge submodule employing SiC 

MOSFETs and Si IGBTs to verify the operation of the modified model under grid-connected 

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 power electronic devices. 

Chapter 7: provides the summary and conclusions of the research presented in this thesis and 

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 resources [37]. 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 energy [38]. However, the use of fossil fuels to generate 

electrical energy presents several issues, including the limitation of natural resources, which 

are considered non-renewable. The phenomenon of global warming is also caused by the 

burning of fossil fuels during the 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 warming [39]. 

Therefore, due to the high consumption of fossil fuels for energy generation and the 

environmental concerns about global warming, there is an increasing need for renewable 

energy resources (RESs), 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 energy [38]. 

     Among several renewable energy resources, wind energy is known as one of the fastest-

growing RES due to its clean and sustainable properties [37]. According 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 14.2% [4]. 

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 of 2028. Figure 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 9.2% [6]. The 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 grid with minimal power loss, pose significant 
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technical challenges in consistently and reliably meeting electric demand and transferring 

energy [40]. 

 

Figure 2.1: Onshore and offshore new installations outlook of 2024-2028 (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 geographic conditions 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, typically comprising 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 slow rotational 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 turbine [38], [41]. Figure 2.2 shows the key components of the 

horizontal axis wind turbine system [42]. 
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Figure 2.2: Horizontal axis wind turbine system and its key components [42]. 

      Moreover, in the power conversion stage, power electronic converters such as the MMC 

serve as an interface between the wind turbine side and the grid side. This type of power 

electronic converter is responsible for transferring the generated power from the source via a 

transformer to the electrical power grid. Figure 2.3 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 integration requirements [41]. 

 

Figure 2.3: The structure of Wind Energy Conversion System [41]. 

     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 in different ways 

as follows [43]. 



 

17 

 

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 to 2 kW and can be utilized in places 

requiring relatively low power or for remote applications. Medium systems have an 

output power between 2 and 100 kW 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 megawatts [43]. 

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 large-scale wind energy systems. However, these generators might be 

used in small-scale 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 large-scale 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 stationary 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 

need to 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 

cage designs), the absence of a separate DC source, self-protection 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 generators [41], [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 variable-speed wind systems [45]. 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 speed. Wind systems with fixed-speed 

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 supply grid frequency and gear ratio. 

Generally, wind systems based on fixed-speed topologies are reliable in their electrical 

components. However, the mechanical components experience high stress, requiring 

additional safety factors to avoid any failures [46]. 

Moreover, over time, the size modern wind turbine systems and moved towards variable-speed 

wind topologies to address the problems associated with fixed-speed systems. With variable-

speed systems, wind variations can be absorbed by changes in rotor speed. Hence, this wind 

topology includes a speed system integrated into the generator control system that can operate 

at variable speeds. Where the variable-voltage and variable-frequency (VVVF) power 

produced by the machine is transferred to fixed voltage and fixed-frequency power using a 

back-to-back power electronic converter [43]. The variable-speed 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 capture, improve power quality, and reduce acoustic noise. The wind systems 

based on fixed and variable-speed 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]. 

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

Á Type 2: Semi-Variable-Speed WECS with Wound Rotor Induction Generator (WRIG). 

Á Type 3: Semi-Variable-speed wind WECS with Doubly Fed Induction Generator. 

Á 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 1990s [48]. In this generator topology, the rotor is connected to the wind 

turbine via a fixed-ratio 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, a power electronic 

converter is unnecessary as shown in Figure 2.4 [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 control, output power fluctuations due to varying wind speeds, low 

efficiency in transferring wind power, and the need for a power electronic converter to enhance 

the wind integration system [46]. 
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Figure 2.4: Schematic diagram of the FSWT using the SCIG topology [43]. 

 

Type 2: Semi-Variable-Speed Wind Turbines with Wound Rotor Induction Generators. As 

wind energy systems have developed, the size of wind turbines has increased, leading to the 

emergence of semi-variable-speed generator topologies. Operating wind turbines at variable 

speeds improves energy conversion efficiency, reduces mechanical stress caused by wind 

gusts, minimizes wear and tear on gearboxes and bearings, lowers maintenance requirements, 

and ultimately extends the operational lifespan of the turbines [2]. This topology known as 

limited variable velocity generator concepts. The wind WECS based on this topology consists 

of a wind turbine that converts the windôs kinetic energy into mechanical energy. In the 

mechanical part, the low-speed shaft transmits the energy to the high-speed shaft through a 

gearbox, which allows for an increase in rotational speed. The high-speed shaft is connected to 

the rotor of a WRIG featuring adjustable rotor resistance [49]. 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 maintenance. This type of WECS is connected to the grid 

through a partially rated power electronic converter, which consists of a diode rectifier and a 

chopper used to change the rotor resistance, affecting the generator torque-speed characteristics 

to enable a speed adjustment of around 10% of its rated speed. Figure 2.5 shows the 

configuration of limited variable speed wind turbine system [38]. 
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Figure 2.5: Schematic diagram of VSWT-based wind turbine system [38]. 
 

Type 3: Semi-variable-speed wind turbines with partial power electronic converters are known 

as doubly fed induction generators. Figure 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 a back-to-back 

power electronic converter. The back-to-back power electronic converter composed of three 

parts: the rotor side converter (RSC) part, which acts as an AC-DC rectifier; the grid side 

converter (GSC) part, functioning as a DC-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 transfer 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 voltage of 

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 commonly used and offer many 

advantages, such as a simple mechanical and electrical structure, high efficiency, and power 

quality. They can reach approximately 30% of synchronous speed, and the power electronic 

converter rating is only 25% to 30% in DFIG systems. These features make the WECS-based 

DFIG a prominent technology in the wind industry, accounting for approximately 50% of the 

market share [50], [51]. 
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Figure 2.6: Schematic diagram of DFIG-based wind turbine system [38]. 

Type 4: Figure 2.7 shows a full-variable 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 hardware [52]. 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, back-to-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 capability to handle 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 advantages of PMSG technology are power high 

density, high efficiency, and the capability to compensate for reactive power [41], [47]. 
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Figure 2.7: Schematic diagram of PMSG-based wind turbine system [47]. 
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2.2.1 Comparison of WECS Generators  

     Since the invention of the fixed-speed turbine system, research has been conducted over 

time to explore alternative generator topologies for implementing multi-megawatt (multi-MW) 

wind energy conversion systems. Two common types of generators that have been 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 WRSG [41], [53]. A brief comparison 

between fixed-speed and variable-speed wind generators is described in Table 2.1. 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 demonstrated excellent performance 

and improved the wind energy systems compared to previous generator topologies [54]. 

However, SG configurations have some disadvantages, such as large diameter, excessive 

weight, and high cost [2]. 

Table 2.1: Comparison of WECS Generator Topologies[2], [54]. 

Feature SCIG WRIG  DFIG PMSG/WRSG 

Speed Operation Fixed speed Semi-variable-speed Semi-variable-speed Full-variable-speed 

Gearbox Usage Always used Always used Usually used Optional 

Power electronic 

Converter 
None Diode + Chopper AC-DC-AC AC-DC-AC 

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 

Control  

Active Stall, 

Stall  
Pitch Pitch Pitch 

MPPT Operation Not Possible Limited Achievable Achievable 

FRT Compliance 
By External 

Hardware 

By External 

Hardware 

By Power electronic 

Converter 

By Power electronic 

Converter 

External Reactive 

Power Compensation 
Required Required Not Required Not Required 

Maintenance 

Requirements 
Low (simple 

design) 
Moderate 

Low (no brushes or 

gearboxes in some 

cases) 

High (brushes, 

cooling systems) 

Example of Typical 

Application 

Vestas V82, 

1.65 MW 

Suzlon S88ï2.1 MW Repower 6M, 6.0 

MW 

DeWind D8.2, 2.2 

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), pitch drives, 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 wind turbine system and the grid, grid-side filter, 

transformer, and the point of collection or utility grid [2]. 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 steady-state performance of the WECS. Figure 2.8 shows the 

main control functions of WECS using a back-to-back 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 current, to adjust 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 integration of the wind system [7]. 
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Figure 2.8: The main control functions of WECS using a back-to-back MMC topology [7]. 
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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 pitch-angle control, including changing the 

angle of the turbine blades to limit power extraction when wind speeds exceed the design 

threshold, thereby protecting the turbine from over-speeding. Maximum Power Point Tracking 

(MPPT) is also utilized to extract the maximum possible power 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 conditions [7], [47]. 

2.3.2 Electrical Control System (ECS) 

     The ECS can be divided into three stages aimed at controlling the electrical components and 

ensuring the proper operation of the power electronic converter and generator. In the first stage, 

the main focuses are the current and voltage control loops, dc-link control, and grid 

synchronization. In the second control stage, specific functions of the WECS, such as 

maximum power point tracking and grid fault ride-through, are addressed. The third control 

stage includes grid stability and power quality. Figure 2.8 above shows all these control 

features [2]. 

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 reactive power to meet grid requirements. The GSC must operate in 

coordination with the rotor-side control to maximise power extraction from the wind 

across varying speeds. This coordination allows the wind turbine to operate efficiently and 

reliably under fluctuating wind conditions [55]. In addition, in both type 3 and type 4 wind 

generators, the speed control of the wind turbine is achieved by the generator-side power 

electronic converter 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 reactive power references serve the rotor current reference, which in turn 

determines the rotor voltage to be synthesized by the converter of generator-side so that to 

fulfil the control objectives are achieved [56]. In WECSs based PMSG 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 generator-side so that 

to fulfil the control objectives are achieved [55], [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 voltage 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 both normal operating conditions and grid faults. By utilizing a dq 

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. The DC-Link 

controller regulates the direct current, while the quadrature current is controlled based 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 standards [56], [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 another. Some of the common 

categories of worldwide grid code requirements for WECS can be described as follows [58]. 

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 defined frequency range, commonly ±0.5 Hz around the 

nominal frequency (e.g., 50 Hz or 60 Hz), depending on the countryôs requirements. 

B. Reactive Power Management: Wind 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 by 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 countries 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 controllability, FRT 

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 systems. Table 2.2 presents a 

summary of grid code requirements for some European countries  [59], [60]. 

Table 2.2: National grid code requirements for various countries around the world [59], [60]. 

 

Country/  

Region 
Voltage Level 

Frequency 

Range (Hz) 

Fault 

Duration(ms) 

Fault 

Restoration(s) 

Reactive Power 

Support 

Grid 

Code 

United States 

(USA) 

240,600, 2.4 kV 

and 230 kV 
59.3 ï 60.5 Hz 150 2.3 

Dynamic VAR 

control required 
NERC 

China 
220, 110, 66 kV 

and 330 kV 49.8 ï 50.2 Hz 625 0.7 
Static and 

dynamic  CEPRI 

India 
400, 220, 132, 

110, 66, 33 kV 
47.5 ï 52.0 Hz 300 3 

Mandatory 
IEGC 

Great Britain 

(GB) 

400, 275, 132 

kV and below 
47.0 ï 52.0 Hz 140 1.5 

Required (P-Q 

support zone) 
ESO 

Germany 
380, 220 and 

110 kV 155 kV 
47.5 ï 51.5 Hz 150 1.5 

Full dynamic 

voltage support 
E. ON 

Italy 
380, 220 and 

150 kV 
47.5 ï 51.5 Hz 150 0.8 

Capability curve 

required 
Terna 

Ireland 
400, 220 and 

110 kV 
47.0 ï 52.0 Hz 625 0.75 

Dynamic 
EirGrid 

Spain 220, 132, 66 kV 47.0 ï 52.0 Hz 150 1 P-Q capability HTSO 

Denmark 
400, 220, 150 

and 132 kV 
47.5-51.0 Hz 140 0.75 

Required: Inject 

reactive current 
Energine 

Sweden 
400, 220 kV 

47.0 ï 52.0 Hz 250 0.75 
mandatory 

Swedish 
 

Turkey 
380 220 154,66 

kV 
47.5ï 52.5 Hz 420 3 

Required: inject 

reactive power TEIAS 
 

 

Moreover, FRT requirements determine the behaviour of WT system during the faults 

under Zero Voltage Ride-Through (ZVRT), Low Voltage Ride-Through (LVRT), and 
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High Voltage Ride-Through (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 conditions [2]. 

Among all the grid codes, Figure 2.9 illustrates the standard Fault Ride-Through 

requirements of the German Transmission and Distribution Utility (E. ON) as an example 

of grid code specifications, which were introduced in early 2003 [58]. 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. Disconnection from 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 requirements across the world. Also, the 

generatorôs capability to remain the WT connected to the power system during voltage 

sags depends on its technology, design, and control characteristics [2], [33]. 
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Figure 2.9: The standard of VRT requirements according to the E. ON regulation [2]. 

 

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 systems (ESSs), which 

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 provide grid frequency 

support when needed [58]. 
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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 possible [61]. Power electronic devices 

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 high-power applications, to electric vehicles, electrical 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 power electronic devices in advanced energy conversion systems has increased and they 

used in several parts of WECS to meet the requirements of power system integration [62]. This 

includes the converter model, the design of both-sides transformers to regulate the voltage and 

current waveforms during injection into the grid, and power storage systems. Figure 2.10 shows 

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 systems [33]. 
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Figure 2.10: The role of semiconductor power electronic devices in WECS integration 

systems [33]. 

     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 devices such as Junction-Gate Field-

Effect Transistors and Bipolar Junction Transistors have largely been replaced by silicon-based 

Metal-Oxide-Semiconductor Field-Effect Transistors and Insulated Gate Bipolar Transistors 

between the 1970s and 1980s, which are now widely used 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 decades, silicon-based power semiconductor device technology 

has matured significantly. Where trench-gate Si MOSFETs dominate the market for 

applications operating below 600 V. Meanwhile, Si super-junction MOSFETs and Si IGBTs, 

which utilize field-stop and injection enhancement technologies, 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 transmission systems 

[29]. 

On the other hand, With the increasing demand for power, these devices have shown certain 

limitations, such as poor performance at high temperatures and high-frequencies operation, as 

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

of the converter and the overall WECS performance [32]. 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, over time, researchers have continuously worked to develop 

and introduce high-performance power switches capable of operating under various conditions 

at medium and high voltage applications [63]. 

The integration of WECSs 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 power electronic converters and increasing the 

overall efficiency of the system [63]. In addition, with the development of power 

semiconductor devices, advanced power switches based on wide bandgap technologies, such 

as power electronic devices 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 

temperatures up to 300 degrees. Therefore, SiC and GaN-based high-efficiency devices are 

anticipated to be alternative solutions to replace conventional switches in several power 

applications [33], [64]. Figure 2.11 shows the overall distribution of power electronic devices 

based on both WBC and Si technologies, which have been utilized in various power 

applications. In Figure 2.11(a), it is evident that the power switches of Si-IGBT and Si 

MOSFET constitute approximately 75% of the total, while the utilization of SiC and GaN-

based devices remains limited. Figures 2.11(b) and 2.11(c) demonstrate that Si-IGBT devices 

are predominantly employed in high-power applications such as inverters, motor drives, and 
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the transmission of electricity. In renewable energy systems, Si-IGBT is primarily utilized in 

large-capacity systems such as megasolar installations and wind turbines. On the other hand, 

Figure 2.11(d) shows that Si-MOSFET is primarily utilized in relatively small-capacity 

systems [65]. It is worth noting that power electronic devices 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 under development, and most researchers' predictions suggest that 

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

(a) (b)

(c) (d)
 

Figure 2.11: The usage of power switches in power applications [65]. 

 

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 of MOS-gate control with the 

low forward voltage drop of bipolar conduction. This integration simplifies control circuitry 

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 Scharf [67], Leipold 
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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 1982 [71]. Subsequent research was 

conducted by Russell [72], Chang et al [73] Goodman et al. [74], Yilmaz et al. [75], and 

Nikagawa et al [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 200 kW [77]. 

In the construction of an IGBT-based 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 and voltage-controlled 

operation. This integration allows for a compact design and low-cost drive circuitry. 

Additionally, the power MOSFET structure functions to supply base current to the built-in p-

n-p bipolar power transistor. The bipolar transistor, in turn, enhances 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 drop [13]. 

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 well-established substitute for power BJTs, Darlington transistors, GTO thyristors, 

and MOSFETs in medium-voltage (600ï2500 V), medium-power (around 10 kW), and 

medium-frequency applications up to 20 kHz. Additionally, commercially available 600 V / 50 

A IGBTs are capable of hard switching at frequencies as high as 150 kHz. Similar to how power 

MOSFETs have replaced BJTs in low-voltage applications (below 200 V), IGBTs have taken 

over in the medium-voltage range (200ï2000 V) and are well-suited for use in compact smart 

power modules. Devices with blocking voltage ratings up to 6500 V and current capacities of 

200 A, 400 A, and 600 A have been reported. High-voltage IGBTs are commonly employed in 

electric traction 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 structure represents 

the most advanced form of IGBT power electronic devices. Additionally, the adoption of thin-

wafer designs combined with optimized field-stop vertical cell profiles has played a crucial 

role in pushing the performance boundaries of IGBTsðparticularly 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 various power electronic converter 

topologies, particularly in high-power applications [13][73]. 
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2.4.2 Wide Bandgap Based Devices Technology 

     In this section, the most-promising commercial WBG power electronic devices 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 bandgap (typically >2 eV) compared to Si-

based technology, which has a bandgap of approximately 1.12 eV [78]. The most prominent 

power electronic devices based on WBG materials used in power electronics today include 

SiC- and GaN-based 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 ÁC, switch at higher frequencies, and exhibit low switching 

and conduction losses. Table 2.3 summarizes the specifications of WBG semiconductor 

materials compared to silicon materials [79], [80]. 

Table 2.3: A comparison of WBG semiconductor materials with silicon technology 

Properties 
1st Generation 2nd Generation 3rd Generation 

Si GaAs SiC GaN 

Energy band gap. EG (eV) ~1.12 ~1.4 ~3.2 ~3.5 

Breakdown field. EB (V/cm) × 106 0.3 0.4 2.2 3.3 

Saturation drift velocity. vs (cm/s) × 107 1 2 2.7 2.7 

Thermal conductivity (W/cmK) 1.5 0.5 4.9 2.3 

Permittivity Ůr 11.8 12.8 9.7 9.5 

Electron mobility ɛn (cm^2/Vs) 1500 8500 650 900-2000 

 

     Based on the material characteristics listed in Table 2.3, the incorporation of WBG 

technology into power semiconductors has proven to be superior to traditional silicon-based 

technologies [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), DCïDC converters, DCïAC inverters, 

motor drives, battery chargers and adapters, electric vehicle propulsion converters and 

chargers, switched-mode power supplies (SMPS), and numerous other industrial applications. 

WBG-based devices present superior characteristics and are considered a promising alternative 

to traditional Si-based semiconductors [81]. 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 lower on-resistance (RDS (on)) 
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values compared to silicon-based devices. This results in reduced switching and conduction 

losses. For the same RDS (on) 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 cycle [82]. 

2.4.2.1 Overview 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 society [83]. Silicon carbide is a well-established yet emerging 

semiconductor and one of the WBG semiconductor materials family. It holds great promise for 

advanced power electronic devices due to its superior physical properties. Devices based on 

SiC technology are ideal for high-temperature and radiation-resistant operations. Physically, 

SiC is a group IVïIV compound that possesses distinctive physical and chemical 

characteristics. Its strong chemical bonds between Si and carbon atoms contribute to its 

exceptional hardness, 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 n-type and p-type devices. These characteristics make SiC stand 

out among wide bandgap semiconductors. Additionally, its ability to form silicon dioxide 

(SiO ) as a native oxide is a significant advantage in device fabrication. Therefore, SiC is 

considered a promising material for high-power and high-temperature electronic applications 

[84], [85]. 

In early history, the first synthesis of a compound material containing siliconïcarbon bonds 

were introduced by Berzelius in 1824 [85]. Over time, natural SiC material was discovered and 

identified as a mineral by Moissan in 1907 [86]. 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 the 6H-SiC 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 began in the 1960s. 

However, in the late 1970s, research and development of SiC-based semiconductor technology 

slowed down due to the small size of Lely platelets and a limited supply of material [88]. In 

addition, between 1978 and 1981, Tairov and Tsvetkov introduced a seeded sublimation 

method for growing SiC boules. Using a 6H-SiC seed crystal, they designed a sublimation 

growth furnace with a carefully controlled temperature gradient to manage mass transport from 
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the SiC source to the seed, based on thermodynamic and kinetic principles [89], [90]. 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 defects [91]. In 1991, the 

first SiC (6H-SiC) wafers were commercialized. Where the availability of single-crystal wafers 

has accelerated the development of SiC-based electronic devices. However, the performance 

of electronic devices such as Schottky barrier diodes (SBDs), MOSFETs, and pn diodes was 

below expectations [89]. 

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 6H-SiC [92]. Palmour also played a major role in advancing 4H-SiC 

trench MOSFETs, thyristors, and bipolar junction transistors, marking significant progress 

toward high-power electronics [34]. In 1997, at Purdue University, the first planar double-

implanted metal-oxide-semiconductor field-effect transistor based on 4H-SiC with voltage 

level of 760 V and low on-resistance was introduced [93]. Then, after one year, the same group 

reported a 1.4 kVï15 mɋĿcmĮ 4H-SiC trench MOSFET featuring several innovative design 

elements [94]. For further improvements in power electronics based on SiC technology, 

vertical junction field-effect transistors were developed, which eventually led to the 

commercialization of 4H-SiC power JFETs in the mid-2000s [31]. Since 2010, 4H-SiC 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 was Infineonôs® groundbreaking 3.3 kV trench 

SiC MOSFET, which is part of their CoolSiCÊ XHPÊ2 module series. However, power 

switching devices based on SiC technology are still under development and require further 

improvements in performance and cost reduction to expand their market and become more 

attractive for various power applications. Figure 2.12 shows the development of SiC power 

switching devices between 2001 and 2024 [33]. 
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Figure 2.12: The development of SiC power switching devices between 2001 and 2024 [33]. 

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 turn-on and turn-off control capability enabled forced 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 demonstrated greater market 

penetration and more significant development compared to Current Source Converters and 

matrix converters. Figure 2.13 illustrates the most prominent developments of VSC converter 

technologies [95]. 
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Figure 2.13: The development of VSCs based converters topologies [96]. 
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The conventional two-level (TL)converter was the standard VSC, suitable for low-power 

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 voltage. The TL 

converter has a simple design and was effective for short-distance DC transmission systems. 

However, several limitations have emerged with this topology, including high switching losses, 

uneven voltage blocking in series-connected devices, poor power quality, and harmonic voltage 

issues. These drawbacks make TL converters unsuitable for medium- and high-power 

applications [97]. 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 (MLI) Topology, 

which is more suitable for medium- and high-power applications. Converters based on the MLI 

concept offer significant advantages over two-level converters. They enable the generation of 

multiple voltage levels at the output terminal, resulting in a smoother voltage waveform, lower 

dv/dt, and reduced harmonic distortion. However, MLI topologies require many semiconductor 

devices, which leads to a more complex control system [98]. 

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 WECS into the grid and 

ensure efficient energy delivery [99]. Power MLI is a high-voltage 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 output terminal [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 implemented in wind and solar power systems. 

Among these topologies a neutral-point-clamped model, also known as a diode-clamped 

inverter, is the first multilevel topology used in wind turbines, dating back to 1981 [16]. The 

single-phase NPC converter is essentially composed of four power switches, two clamping 

diodes, and two capacitors, as shown in Figure 2.14(a). The DC voltage is split into two equal 

parts using the capacitors, allowing the converter to generate three output voltage levels: (+Vdc, 

0, and īVdc) [101]. The Capacitor-Clamped Inverter, also known as the Flying Capacitor 

inverter, was first reported in 1992 [17]. 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 in Figure 2.14(b). The Cascaded H-Bridge Inverter, the first model 

was presented in 1975 [95]. 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 in Figure 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 conversion, and improved output power quality. However, topologies 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 topology 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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Figure 2.14: MLC topologies, (a) NPC topology; (b) FC topology; (c) CHB topology; (d) 

MMC topology [97]. 

MLCs like the NPC and FC topologies can handle voltages up to 6.6 kV without requiring 

series-connected 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 cost-effective, low-voltage 

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 medium-high wind 

power applications. Its modular design offers full scalability and ease of expansion to meet 

varying voltage and power requirements [19]. 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 industry [28]. A typical voltage range of 

±140 kV to ±515 kV has been achieved using multi-terminal MMC-HVDC systems, with rated 

power capacities ranging from 63 MW to 1,400 MW [103]. 

The implementation of the MMC topology for high-power WECS can be constructed using a 

number of half-bridge or full-bridge submodules as shown in Figure 2.14(d). These submodule 

cells are built using a series connection of power electronic devices 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 terminal. Figure 2.15 shows the configuration of a WECS 

using a back-to-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, affordable cost, and less control system 

complexity in WECSs. However, the main disadvantage of the HBSM-based MMC model is 

its inability to block DC-side short-circuit 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, and improving fault ride-through performance. However, this 

configuration requires more power switches, which leads to increased cost, higher power 

losses, and greater control complexity of an 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 the DC side can reduce the converterôs effective power output. The 

complexity of the control system is also a concern, as it must manage individual capacitor 

voltage balancing to ensure proper operation of the converter. Table 2.4 summarizes the 

comparison of the MMC with other mentioned MLI topologies, highlighting why MMC has 

become the preferred choice for modern wind energy and transmission systems [105]. 
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Figure 2.15: The configuration of a WECS using a back-to-back MMC topology. 

 

Table 2.4: A concise comparison between traditional MLIs and MMC topology[105]. 

Feature NCP FC CHB MMC  

Voltage Source Single DC Single DC 
Multiple isolated DC 

sources 

Single or multiple DC 

sources via submodules 

Modularity  Low Low Moderate High 

Scalability (Voltage 

Levels) 
Limited Limited Moderate Excellent 

Components Count 
High (many 

diodes) 

High (many 

capacitors) 

Moderate (many H-

bridges) 

Moderate (many 

identical submodules) 

Voltage Balancing Complex Very Complex Moderate 
Naturally balanced 

(through control) 

Suitability for 

HVDC 
Limited Not ideal Moderate Excellent 

Control Complexity Moderate High High High 

Stress on power 

electronic switches 
High High Moderate Less 

Quality of Voltage 

Output Waveform 
Good Good Very Good Excellent 

Power Quality Low Low High Very High 

Harmonic 

Distortion 
High High Low Low 

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 power electronic converters 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. MLC-based power systems offer several key features. However, 

there are certain issues related to converters, such as the ability of power electronic devices to 

withstand high switching frequencies, gate pulse generation and circuit complexity, harmonic 

distortion, and the need for filtering systems [97], [98] Some of the challenges associated with 

MLCs are described below [106]. 

Á The output voltage on the AC side of a converter typically contains significant harmonic 

components, particularly at multiples of the switching frequency. Using low-voltage 

power semiconductor devices capable of operating at high switching frequencies can be 

an effective solution to mitigate this issue. However, in power transmission applications, 

converters generally use high-voltage IGBT-based devices capable of handling several 

kilovolts of blocking voltage. These high-voltage devices typically incur substantial 

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 power grid. 

Á To achieve a high-voltage 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 complexity 

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 voltage levels. 

Á In a two-level 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 the challenges, significant improvements have been achieved through the use of MLCs. 

In constructing MLCs, more than one DC-link 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 than the entire DC-link voltage. 

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

for additional series-connected power semiconductor devices [107]. 

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 important because 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 result, the dominant harmonics in the spectrum are shifted 

to higher frequencies, making them easier to filter. Figure 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 reduction [98]. 

As shown in Figure 2.16, the shape of the two-level waveform does not resemble a sinusoid. 

However, the use of pulse-width modulation enables separation in the frequency domain 

between the desired fundamental component and the undesired harmonics [101]. As 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 magnitude, potentially decreasing 

the need for extensive filtering [97]. 
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Figure 2.16: Positive impact of transitioning to MLCs in reducing harmonics. Voltage 

waveforms of phase converters with two- to seven-level output voltages are shown in the 

time domain (left) and the frequency domain (right) [98]. 

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 medium-voltage converter technology, 

consisting of various low-voltage cells, was proposed by A. Lesnicar and R. Marquardt [19]. 

These power cells can be individually controlled and generate a stepped-up output voltage 

using their local energy storage units, each contributing a portion of the link voltage. This 

allows for improvements in medium- and high-voltage power applications. 
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Modular converters refer to multilevel converter topologies such as the cascaded multilevel 

inverter, the series-connected H-bridge converter, or the chain-link multilevel inverter, which 

was commercialized by Robicon Corporation [108]. 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 standard topology shown in Figure 2.17(d). However, the configurations 

of the Modular Multilevel Cascade Converter (MMCC) family can be classified into four main 

concepts, as shown in Figure 2.17 and described below [108], [109]. 

1. Single-Star Bridge-Cells (SSBC): This concept utilizes single-phase full-bridge cells 

arranged in three clusters connected in a star configuration, as illustrated in Figure 

2.17(a). This topology is also known as the CHB converter, which described above. 

2. Single-Delta Bridge-Cells (SDBC): This circuit concept is built on single-phase full-

bridge cells arranged in three clusters connected in a delta configuration, as shown in 

Figure 2.17(b). 

3. Double-Star Chopper-Cells (DSCC): The Double-Star circuit configuration is based on 

the conventional topology introduced in [19], and it can be designed with either coupled 

or non-coupled arm inductors, as shown in Figure 2.17(c). The name of DSCC 

originates from the presence of two star-connected 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 compact and lightweight 

design compared to using two separate non-coupled inductors. 

4. Double-Star Bridge-Cells (DSBC): The circuit of this type of multilevel converter 

consists of two star-connected MMCC units, where the low-voltage AC sides of several 

single-phase full-bridge voltage-source 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. 



 

44 

 

3S

C

S4

1S

S2

LL L

Cell

Cell

T
h

e
 v
-p

h
a

s
e

 C
lu

s
te

r

T
h

e
 w

-p
h

a
s
e

 C
lu

s
te

r

3S

C

S4

1S

S2

LL L

Cell

Cell

T
h

e
 v
-p

h
a

s
e

 C
lu

s
te

r

T
h

e
 w

-p
h

a
s
e

 C
lu

s
te

r

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

D
c
 l
in

k

AC

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

Cell

LLL

LLL D
c
 l
in

k

AC

u-phase v-phase w-phaseu-phase v-phase w-phase

(a)
(b)

(c) (d)

3S

C

S4

1S

S2

C

1S

S2

(e) (f)  

Figure 2.17: Classifications of the MMCC family: (a) SSBC circuit, (b) SDBC circuit, (c) 

DSCC circuit, (d) DSBC circuit, (e) HBSM cell, (f) FBSM cell [108]. 

Attention to using the MMC model for medium- and high-power applications either with 

DSCC or DSBC topologies has rapidly increased, especially in HVDC wind energy conversion 

systems. This is primarily because the converter offers full modularity and easy scalability 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 systems. The 

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 fixed- and variable-

speed wind energy conversion systems, including a comparison of WECS generator topologies 

and the requirements of integrating wind systems with the grid. Additionally, the 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 the advanced properties of SiC based WBG 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 medium- and high-power applications. 

Finally, a brief review of multilevel inverter topologies and their role in improving output 

voltage waveforms and reducing harmonics was presented, with emphasis on MMC 

configurations, which have gained wide acceptance in medium- and high-power 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 some high-power multilevel converters was 

presented in the last section of Chapter 2, which discussed their use in medium and high-power 

applications, as well as the improvements in power conversion systems based on these 

converter topologies. It was noted that MLI topologies require a large number of power 

electronic devices 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 step-up transformers to regulate the output voltage, 

which increases the overall system cost and size of the converters. On the other hand, modular 

power electronic converters based on multi-cell configurations, such as the CHB model, have 

been successfully implemented in power transfer. However, this topology suffers from some 

limitations, including the requirement for isolated DC sources and an operating voltage limited 

to 6.6ï13.8 kV.  Recently, the MMC topology based on multi-cell models has been introduced 

for high voltage and power levels, which gained wide 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 increasing the number of cells, the absence of required filtering, and an 

independent control system for active and reactive power. Figure 3.1 shows the three phase 

MMC topology based on HBSM [110]. 

The Modular Multilevel Converter based on Voltage-Sourced Converter High-Voltage Direct 

Current (VSC-HVDC) technology has been available since early 2003 for AC/DC and DC/AC 

conversion systems in medium- and high-power applications [19]. The MMC is a relatively 

recent advancement within the family of multi-cell converter technologies [111]. It retains the 

benefits of cascaded converter structures while eliminating the need for isolated DC sources 

and complex phase-shifting transformers. As a result, MMCs are capable of operating across a 

wide voltage range from medium voltage (2.3ï13.8 kV) to high voltage (33ï400 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 high-power applications. These include medium-voltage motor 

drives, high-voltage direct current transmission, multi-terminal HVDC systems, offshore wind 

energy systems, and static synchronous compensators (STATCOMs) [112]. 
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Figure 3.1: The configurations of three-phase MMC topology [110]. 

3.2 MMC Configuration System 

The generalized circuit layout of a three-phase MMC model is depicted in Figure 3.1. The DC 

part of the MMC is commonly called a DC-bus or DC-link, linked to the positive and negative 

terminals of the converter legs. The three-phase AC system connects to the midpoint of each 

leg (a, b, c). 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 inductor (L). The submodule structure consists of several power 

electronic devices paired with a capacitor. The arm inductor is arranged 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 as follows [102]. 

Á It features a modular construction that allows for scaling of both voltage and power 

ratings. 

Á In the MMC topology, only one isolated DC supply is required. 
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Á Each SM has a capacitor with an average voltage of the voltage supply divided by the 

number of SMs, Vdc/N. 

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

Á The MMC can generate output voltage waveforms with a higher number of voltage levels, 

allowing the submodules to operate at very low switching frequencies. 

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

Á It can use redundant submodules in each arm to ensure fault-tolerant operation. 

Á Bulk filters are not required on the AC side. 

On the other hand, there are some disadvantages that can be summarized as follows: 

Á 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. 

Á The control of individual capacitor voltages at each SM should be implemented, which 

makes the control system more complex. 

Á 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 flow of voltage and 

current and converting them into a form suitable for user loads [104]. 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 converters, such as pulse width modulation or 

nearest level modulation, the chain can generate high-quality waveforms while providing high 

modularity, redundancy, and scalability [113]. The unipolar SM configuration can produce 

zero and positive voltage levels, while the bipolar SM configuration can produce zero, positive, 

and negative voltage levels [114]. 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 terminals (0, VC). On the other hand, these types of SM 

configurations suffer from a lack of DC fault-clearing capabilities within the arm, which 

requires further protection. An overview of advanced unipolar submodule cells developed for 

modular converter topologies in various power transmission systems [115]. 

A. Half -Bridge Submodule: The most common type of unipolar SM circuit is favoured 

due to its simple structure and cost-effectiveness. Figure 3.2 shows the HBSM 

structure, which mainly consists of two IGBT switches (S1, S2) connected to a single 

capacitor C and operating in a complementary manner to produce two voltage levels 

on the output side (0, VC) as shown in Figure 3.2. The HB-SM cell has lower power 

loss compared to other topologies; however, it has a significant shortcoming in 

handling DC faults [116]. 
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Figure 3.2: Half-Bridge submodule circuit and its output voltage level [102]. 

 

Table 3.1: The switching states for of HBSM [102]. 

Voltage 

levels 

Switching devices states Current 

polarity 

SM capacitor charge 

and discharge modes 

Power 

path S1 S2 

Vout = VC 1 
ix > 0        VC = Charge D1 

ix < 0 VC = Discharge T1 

Vout = 0 0 
ix > 0       VC = Stable T2 

ix < 0       VC = Stable D2 

 

Table 3.1 illustrates the switching devices states. MMC-HBSM generates Vout = VC 

when S1 is ON (S1 = 1) and S2 is OFF (S2 = 0) and generates Vout = 0 when S1 is OFF 

(S1 = 0) and S2 is ON (S2 = 1). Depending on current polarity Ὥ, means that during the 
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states of S1 = 1 and S2 = 0 the SM capacitor will be in charge mode when  Ὥ > 0, and 

will be in discharge mode when  Ὥ < 0. When S1 = 0 and S2 = 1, the voltage of SM 

capacitor remains unaffected regardless of current polarity [102]. 

 

B. 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 configuration can be used for HVDC transmission systems, where the 

SSSM is capable of blocking fault current during DC-cable short-circuit conditions. 

Compared to the FBSM and hybrid SM types, the cost of the SSSM-MMC type is 

approximately 59.4% and 79.2% 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 types [118]. 
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Figure 3.3: Series switch submodule circuit and its output voltage level [117]. 

 

The switching states of the SM are shown in Table 3.2, where the generated output 

voltage of the SSSM can be either 0 or the capacitor voltage VC , depending on the 

switching states of S1 and S2. The switch S3 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 current [117]. 

Table 3.2: The switching states of SSSM 

S1 S2 S3 Voltage levels Current polarity Current path  SM capacitor modes 

1 0 1 Vout = VC ix > 0 D1 and D3 Charging 

1 0 1 Vout = VC ix < 0 S1 and S3 Discharging 

0 1 1 Vout = 0 ix > 0 S2 and D3 Unchanged 

0 1 1 Vout = 0 ix < 0 D2 and S3 Unchanged 
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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 in [119]. As shown in 

Figure 3.4, the SM topology consists of three power switches along with their 

antiparallel diodes. S1 and S2 operate as in a conventional HBSM, while S3 and the 

diode D4 have been added to the circuit to achieve the envisioned fault-blocking 

capability. The permitted direction of current flow ix through S3 is opposite to that of 

S1 and S2 but aligns with that of D2. The DCSM consists of two capacitors connected 

in series (C1, C2). Where D4 is positioned between the two capacitors as a clamp diode, 

the voltage across S3 and D3 is limited to half the voltage of the capacitors.  

The DCSM is able to generate three voltage levels (0, VC, and 2VC) and has the 

capability to block DC-side 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. 
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Figure 3.4: Diode Clamp submodule circuit [119]. 

 

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 

(S1, S2, and S4), one capacitor, and an antiparallel diode (D3) replacing S3 for enhancing 

the module's ability to handle bidirectional current flow as shown in Figure 3.5. During 

normal operation, the UFBSM is able to generate two voltage levels (0, VC) by 

controlling switching states of S1 and S2 to insert or bypass the capacitor SM, while S4 

is always turned on [120]. The UFBSM is designed to be stacked with multiple 

modular converter modules, providing scalability and flexibility in system design, and 

is typically used in high-voltage MMC-based systems. In terms of switching and 

conduction power loss, S1 and S2 are assumed to be identical to those in the FBSM. 
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However, the conduction loss of S4 will be greater than that of any other switch in the 

circuit [118]. 
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Figure 3.5: Unipolar full-bridge submodule circuit [120]. 

 

E. An asymmetrical unipolar full -bridge submodule (AUFBSM): The AUBSM was 

proposed in [121], which consists of three IGBTs, four diodes, and two voltage 

capacitors as shown in 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 turn-on and turn-off switching states of this SM are controlled 

by the power switches S1 and S2, while switch S4 remains in the turn-on mode during 

normal operation. In the 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 

(Clw) and both diodes (D2 and D3). The AUBSM is able to generate four voltage levels 

(0, VC, īVC, and 2VC), while handling DC fault current and effectively producing a 

higher opposing voltage than the conventional FBSM. 
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Figure 3.6: An asymmetrical unipolar full-bridge submodule circuit [121]. 
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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 (+VC, 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 than N. 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 medium- or 

high-power systems [115]. 

A. Full -Bridge Submodule (FBSM): The FBSM, also known as the H-bridge converter, 

as shown in Figure 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 switches (S1, S2, S3, and S4) are connected to a DC capacitor (C) and 

operate in a complementary manner [122]. The turned-on and turned-off power switches, 

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

modulation techniques [123]. 

 

va

S1

S2

vb

D1

T1

D2
T2

V
o
u

t

ix

S4

C

D4

T4

D3

T3S3

0

+VC

t

-VC

 

Figure 3.7: Full-bridge submodule circuit and its output voltage level [112]. 

 

This SM is capable of suppling both positive and negative output voltages (+VC and -

VC). The output voltage is either equal to the capacitor voltage ὠC when 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 current ix. The AC output voltage equals VC when 

both power switches S1 and S2 are turned on. In this operating mode, the DC capacitor 

voltage increases with positive current flow and decreases with negative current flow. 

Conversely, when either S1 is on and S2 is off, or S1 is off and S2 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 current ix [102]. 

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 the H-bridge cell capacitor within 

sub-cycles of the fundamental period. However, the increased number of 

semiconductor switches in the FBSM model may lead to additional control 

complexity, higher power losses, and increased overall cost of the MMC compared to 

an HBSM-based MMC [124]. 
 

Table 3.3: The possible switching states of FBSM 

S1 S2 S3 S4 
Voltage 

levels 

Current 

polarity 

Current 

path  

SM capacitor 

modes 

1 0 0 1 + VC ix > 0 D1 and D4 Charging 

1 0 0 1 + VC ix < 0 S1 and S4 Discharging 

0 0 1 1 0 ix > 0 S3 and D4 Unchanged 

0 0 1 1 0 ix < 0 D3 and S4 Unchanged 

1 1 0 0 0 ix > 0 D1 and S2 Unchanged 

1 1 0 0 0 ix < 0 S1 and D2 Unchanged 

0 1 1 0 ᵹ  VC ix > 0 S2 and S3 Discharging 

0 1 1 0 ᵹ  VC ix < 0 D2 and D3 Charging 
 

B. Double Clamp Submodule (DCSM): Figure 3.8 shows the DCSM cell structure, 

which consists of two HBSMs connected in series through two diodes (D5, D6) and a 

centrally placed IGBT power switch (S5). The normal operation of the DCSM 

resembles that of a cascaded half-bridge submodule, capable of producing three 

voltage levels: VC1, VC2, and 0, using four different switching combinations. In standard 

operating mode, the IGBT switch S5 remains continuously turn on. When both switches 

S1 and S2 are turned on, the two DC capacitors from the HBSMs are connected in series 

via diodes D5, D6 and the switch S5, resulting in an AC output voltage equal to VC1 + 

VC2. To generate a voltage level of VC1 or VC2, one of the DC capacitors must be 

bypassed by switching OFF either S1 or S2. The output voltage level of zero can be 

achieved by turning off both S1 and S2 [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 low-frequency operation of the MMC 

topology, as it helps reduce capacitor voltage ripple [125]. However, the submodule 

has about 35% higher power losses compared to the traditional HBSM [102]. 
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Figure 3.8: Double clamp submodule circuit [125]. 

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 

output voltage equals VC1 + VC2 when current flows in the positive direction, where 

diodes D1, D4, D6, and D7 are conduct, allowing the arm current to split between the 

two capacitors. Because these capacitors are connected in parallel, only half of the 

submoduleôs total voltage is applied to oppose the fault. As a result, the total voltage 

inserted by one arm is equal to half of the DC-side 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 equals īVC1 or īVC2. 

Means that when the power switches are turned off the current can only flow through 

diodes D2, D3, and D5, forcing it to pass through both capacitors in series. 

Consequently, in case of a pole-to-pole fault on the DC side, twice the DC-side voltage 

becomes available to block the fault current that travels from one AC phase, through 

the DC fault, and returns via another AC phase [102]. 
 

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

converter were proposed in [23]. 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 anti-parallel diodes and one 4-quadrant bidirectional 

switch in a common-emitter 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 equal (VC1 = VC2 = VC / 2), it can produce three voltage levels: VC, VC / 

2, and 0. 

The second TSM consists of an HBSM connected to two capacitors via a unidirectional 

IGBT with anti-parallel diodes as shown in Figure 3.9(b). This topology operates 

similarly to the first TSM, where the two capacitors (C1 and C2) are controlled to 

maintain equal voltages. Three voltage levels (VC, VC / 2, and 0) 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-on, 

half-on, and bypass. Depending on the current direction, the full-on state is achieved 

by turning on S1, where either the power switch S1 or its anti-parallel diode D1 

conducts, resulting in a submodule voltage equal to VC. The half-on state occurs when 

the bidirectional switch conducts, producing half of the voltage (VC/2) across the 

submodule. The bypass state is achieved by turning on S2, which bypasses the 

submodule voltage [23]. 
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Figure 3.9: T-Submodules circuits: (a) First TSM topology, (b) Second TSM topology [23]. 
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D. Double Submodule (DSM): Figure 3.10 shows the configuration of the DSM cell, 

which is composed of two full-bridge 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 parallel, or fully bypassing the two capacitors. The 

elimination of low-frequency components helps reduce the peak-to-peak capacitor 

voltage ripple to approximately 18%, meaning that the DSM can lower the capacitor 

voltage ripple without increasing the switching frequency [126]. 

The proposed submodule increases the number of power switches to eight, compared 

to four in a conventional full-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 required by switches in an equivalent half-

bridge submodule. As a result, the total power rating of the semiconductors in this 

configuration remains equivalent to that of a solution using half-bridge 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 topology is to increase the current rating of the 

submodule [126]. 
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Figure 3.10: Double Submodule circuit [126]. 

 

E. Cross-Connected Submodule (CCSM): As shown in 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 the five-level cross-connected and 

clamp-double circuits. Its operation during normal conditions is similar to that of the 

CDSM and can generate three output voltage levels: 0, VC, and 2VC. In this SM cell, 

the conduction power loss and blocking voltage of switch S5 are higher than those of 

switches S1 and S4, which is different from the CDSM circuit. The topology of the 

cross-connected SM has the capability to generate a reverse voltage of Vdc per 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 zero [120]. 

This SM topology has the capability to block short-circuit current. However, the high 

ratings required for the cross-connected switches, along with their relatively large 

number, add complexity to the CCSM configuration [102]. 
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Figure 3.11: Three-level cross-connected submodule circuit [120]. 

3.3 Comparison of MMC SMs  

     In the last two decades, several advanced submodule topologies have been introduced and 

successfully implemented in medium- and high-voltage MMC power systems. Some of these 

developed submodule cells have been briefly described in this chapter within the context of 

MMC submodule configurations. Additional developed submodules for modular power 

electronic converters can be found in [115], [118], [127]. 

Table 3.4 provides a comparison of the aforementioned MMC submodule types based on their 

design and operating principles in terms of total number of switches (TNSs), additional diodes 

(ADs), total number of capacitors (TNCs), voltage levels (VLs), maximum blocking voltage 

(MBV), DC fault-handling capability (DC-FHC), mitigation of capacitor voltage ripple 

(MCVR), cell control complexity (CCC), and cell cost (CC) [124]. 
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Table 3.4: Comparison of Unipolar and Bipolar MMC Submodules [124]. 

 

Parameters TNS AD TNC VLs MBV DC-FHC MCVR CCC 

U
n
i
p
o
l
a
r
 
S
M
s

 HBSM 2 0 1 2 VC No No Low 

SSSM 3 0 1 2 VC Yes No Low 

DCSM 3 1 2 2 2VC Yes No Low 

UFBSM 3 1 2 2 VC Yes No Moderate 

AUFBSM 3 1 1 2 VC Yes No Moderate 

B
i
p
o
l
a
r
 
S
M
s

 FBSM 4 0 1 3 VC Yes No Low 

CDSM 5 2 2 3 2VC Yes Yes Moderate 

TSM1,2 4, 3 0, 4 2 3 2VC No No High 

DSM 8 0 2 4 2VC Yes Yes Moderate 

CCSM 5 1 2 3 2VC No No High 

 

Moreover, after a detailed review of submodule topologies for modular converters, it is clear 

that these model designs are inspired by the basic configuration of M2C technology [128], 

enabling improvements in MMC system topology and offering various advantages for modular 

power electronic converters 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 protection circuits. 

This results in increased cost, volume, power losses, and control system complexity. Therefore, 

there is a growing demand for simpler MMC topologies 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 complex 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 inductance L and resistance R is shown in Figure 3.12 [102]. 

These legs are connected in parallel across the DC source, which is modelled as a split DC 

source with a voltage of Vdc/2. Each leg is divided into two arms: an upper arm (up arm) and a 

lower arm (lw arm). The two arms per leg are connected via buffer inductors Larm, 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 circuits [22]. Each 

arm uses a series connection of N identical half bridge submodules, 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. 
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Figure 3.12: Configuration of a three-phase MMC topology connected to a passive load 

[102]. 
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Figure 3.13. Possible Switching States and Cell Capacitor Voltage Balancing Process 

[124]. 
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The three legs of the MMC correspond to the three phases (a, b, and c). The voltage across 

each SM capacitor must be maintained at Vdc/2 by controlling the switching devices in each 

cell using an appropriate Pulse Width Modulation technique such as Selective Harmonic 

Elimination PWM, Carrier-Based PWM, or Space Vector PWM. These techniques allow 

individual insertion or bypassing of the cell capacitor to regulate the voltage across it through 

appropriate switching states, as shown in Figure 3.13. The flow of voltage 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 converter [102][129].  

To simplify the MMC operating principle and better understand how the output voltage is 

generated, Figure 3.14 presents a schematic example of a single-phase, five-level MMC model 

consisting of two arms, each containing four HBSMs [130]. Each submodule includes a 

capacitor with a voltage rating of vc, and their output voltages are labelled as vc1, vc2, vc3, and 

vc4. These submodules are connected in series at their output terminals to form the total upper 

arm voltage VSMs, up, between the positive terminal and the load midpoint va, p with a voltage 

ranging from 0 to the DC-link voltage. Similarly, the lower arm voltage VSMs, lw is measured 

between the negative terminal and the load midpoint va, n, with a voltage ranging from 0 to the 

negative DC-link voltage, this means there is an offset equal to half of the DC-link voltage 

between the upper and lower arms. Therefore, by 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 generated has N + 1 levels as 

illustrated in Figure 3.14 [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 considered in MMC model to ensure high-quality output voltage and current. These 

aspects will be discussed in the sections of PWM modulation strategies and MMC control 

system. 
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Figure 3.14: Schematic of a single-phase five-level MMC and the output voltage waveforms 

of the phase leg, including upper and lower arm voltages [130]. 

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 terminal: 0, vc1, 2vc, 3vc, and 4vc. The highest voltage level (4vc ) can be generated by 

turning ON the switches S1, S2, S3, and S4. While the lowest voltage level (0) 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 voltages of SMs in 

MMC model [102]. The Equations (3.1) and (3.2) describing the operation of the leg arm, 

known as the arm voltage equation, is expressed as follows. 

vxy = vc1 + vc2 + vc3 + vc4                                                     (3.1) 

VSMs= S1 + S2 + S3 + S4                                                       (3.2) 
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Where vxy represents the input and output arm voltages (Va, Vb), and VSMs denotes the total 

voltage of all submodules in each arm. 

Table 3.5: Possible switching combinations and output voltage levels[102]. 

S1 S2 S3 S4 vc1 vc2 vc3 vc4 vxy Vout level 

0 0 0 0 0 0 0 0 0 0 

1 0 0 0 vc 0 0 0 vc 

1 
0 1 0 0 0 vc 0 0 vc 

0 0 1 0 0 0 vc 0 vc 

0 0 0 1 0 0 0 vc vc 

1 1 0 0 vc vc 0 0 2vc 

2 

1 0 1 0 vc 0 vc 0 2vc 

1 0 0 1 vc 0 0 vc 2vc 

0 1 1 0 0 vc vc 0 2vc 

0 1 0 1 0 vc 0 vc 2vc 

0 0 1 1 0 0 vc vc 2vc 

1 1 1 0 vc vc vc 0 3vc 

3 
1 1 0 1 vc vc 0 vc 3vc 

1 0 1 1 vc 0 vc vc 3vc 

0 1 1 1 0 vc vc vc 3vc 

1 1 1 1 vc vc vc vc 4vc 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 outlined in previous sections. Figure 3.15 provides an overview of various MMC 

topologies available on the market, offered as a range of standard and customized solutions for 

medium- and high-power applications. These applications include motor drives [132]. wind 

power transmission systems such as HVDC and multi-terminal transmission networks [133], 

and power quality improvement [131]. MMCs also enable the integration of energy storage 

systems and renewable energy sources, which 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 found in [102], [124]. 
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Figure 3.15: Overview of MMC power applications [124]. 

1. HVDC Power Transmission System: Since the invention of the MMC topology, 

MMC-based HVDC systems have emerged as a preferred and cost-effective solution 

for wind energy applications, particularly for high-power, long-distance transmission. 

Compared to HVAC systems, HVDC technology offers enhanced grid stability, 

improved controllability of the power conversion process, and reduced transmission 

losses. Furthermore, MMC-HVDC systems provide the flexibility to integrate offshore 

wind farms into AC transmission networks via submarine cables and enable the 

interconnection of multiple asynchronous AC grids [22]. 

Typically, offshore wind farms are generally very far from the utility grids. One of the 

viable and economical ways of connecting these offshore wind forms to the óacô grids 

is a HVDC transmission system [226ï228]. Moreover, with the advancement in the 

semiconductor technology, the MMC-HVDC 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 wind farms to the óacô grids is available in 

[124]. 

MMC-based technology can also be applied to multi-terminal HVDC systems. In 

earlier implementations, current source converter technology was employed for multi-

terminal HVDC schemes, where one terminal operated in current control mode while 

another operated in voltage control mode. However, the control of multi-terminal 

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 controllability, 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 medium-voltage applications such as 

pumps, compressors, traction systems, grinding mills, steel industries, and marine 

propulsion systems, due to its multiple advantages as mentioned previously [5]. 

However, medium-voltage 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 challenge. Although 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 common-mode voltage into the system. Nevertheless, this technique 

may cause voltage stress on motor windings and can also damage the bearings. Thus, 

to prevent common-mode currents in MMC-based medium-voltage applications, the 

use of a transformer is important. Additionally, the MMC matrix configuration allows 

the suppression of submodule capacitor voltage ripples [124], [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 optimize 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 

performance [124]. 

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 the number 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 produced by unbalanced and distorted loads [124], [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 below [102]. 
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1. MMC Design Restrictions: In the MMC topologies, the only passive components 

used are the SM capacitor (C) and the arm inductance (L). 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 short-circuit current conditions. Additionally, the clearing 

of undesirable low-frequency currents must be taken into account during the selection 

or design of the 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 based on a trade-off 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 Pre-Charging: 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 post-fault recovery, the capacitor charging process can result in 

significant inrush currents due to the converterôs low equivalent impedance. 

Effectively pre-charging the cells capacitors without causing inrush current remains 

one of the key challenges in the design of MMC systems [137]. 

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 of two arms, 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 terminal [138]. The control of cell capacitor voltage is typically 

implemented in three stages, leg 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, voltage 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 currents [138]. This ripple is primarily 

dominated by the fundamental and second-order harmonic components. In motor drive 

applications, each cell needs a large capacitance to minimize voltage ripple during zero 

and low-speed operation, which increases the overall converter cost 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 non-power-transferring current that 

arises due to the voltage difference between the upper and lower arms in each leg of 

the converter. This current appears only on the DC side and typically consists of 

negative-sequence components, flowing within the converter legs. It affects the 

converter system by increasing switching and conduction power losses, placing 

additional stress on passive 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 the MMC [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 redundant SM can then be inserted into the arm 

to maintain converter operation [140]. 

 

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 a two-level voltage 

source inverter (2L-VSI), as introduced in [141]. This modulation strategy was later developed 

and extended in the works of [142] [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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electronic converters, 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 voltage amplitude at a 

given switching frequency [131]. In addition, these modulation strategies aim to achieve other 

control objectives such as capacitor voltage balancing, reduction of common-mode voltage, 

minimization of switching frequency, reduction of power losses, and suppression of output 

current ripple [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 in Figure 3.16. High switching frequency strategies, including Phase-Shifted Carrier 

Modulation (PSC-PWM) and Level-Shifted Carrier Modulation (LSC-PWM), will be reviewed 

due to their multiple advantages, as they are widely used and preferred for multilevel 

converters. Additionally, one of these PWM techniques is employed in this research to control 

the capacitor voltages of the proposed MMC [145]. 

The carrier modulation scheme, commonly referred to as sine-triangle modulation, is also 

known as a multicarrier PWM control technique. It helps reduce the THD in MMCs. The 

implementation of LSC-PWM can be achieved by comparing a sinusoidal reference signal with 

triangular carrier signals, depending on the number and type of carrier arrangements. The gate 

signals for the power electronic devices are directly determined through a simple comparison 

between the reference voltage and the carrier signals. This means that when multiple cascaded 

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

sharing the same control voltage allows the generation of a load output voltage with reduced 

distortion [146]. The PSC-PWM and LSC-PWM multi-carrier modulation techniques are 

described below. 
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Figure 3.16: Pulse Width Modulation (PWM) Strategies [102]. 

3.7.1 Phase-Shifted Carrier Modulation (PSC-PWM) 

     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 function for each cell is 

divided into two parts: averaging control and balancing control. Several 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 adjacent carriers. This phase shift cʟ is given by Equation 

(3.3) [147]. Figure 3.17 shows the arrangement of carrier signals and the resulting modulated 

output voltage waveform based on the PSC-PWM technique [102]. 

ūc = 
Ј

                                                                (3.3) 

The triangular carrier signals for the upper and lower arms can be phase-shifted using an 

interleaving angle (ʟci) as shown in Equation (3.4). When this interleaving angle is applied, the 

MMC can produce an output voltage with 2N + 1 levels. Alternatively, if identical triangular 

carrier signals are used for both arms (i.e., cʟi = 0), the output voltage consists of only N + 1 

levels. However, this reduction in voltage levels leads to an increase in the THD of the output 

waveform [102]. 

ūci = 
Ј

                                                                (3.4) 
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This PWM technique is commonly used to control multilevel converters such as NPC, FC, 

CHB, and other modular converters. However, the main drawback of the PSC-PWM 

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 reduced DC-bus 

current ripple, decreased stress on power switches, even distribution of power among the 

switches, and natural balancing of SM capacitor voltages at high switching frequencies [148]. 
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Figure 3.17: PSC-PWM Strategy, (a) Carriers and reference signals, (b) The modulated 

waveform of a multilevel voltage output [102]. 

3.7.2 Level-Shifted Carrier Modulation (LSC-PWM)  

     LSC-PWM is a second type of high switching frequency modulation strategy used to control 

multilevel power electronic converters by using multiple carrier signals stacked on top of each 

other. Triangular carrier signals with identical switching frequency and peak-to-peak 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 Level-Shifted [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 carriers (N = 4) will be used and vertically 

distributed from Vdc/2 to -Vdc/2 volts. 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, 

resulting in an output with Nī1 voltage levels [150]. 

The level-shifted 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 in Figure 3.18 [151]. 
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Figure 3.18: Carrier and reference signals, including the modulated output voltage waveforms 

using LSC-PWM strategies: (a) PD-PWM, (b) POD-PWM, (c) APOD-PWM [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 Disposition: In this method, the carrier signals over the zero level 

are phase-shifted by ˊ radians relative to those below the zero level. 

3. Alternative Phase Opposition Disposition: In this PWM strategy, alternating phase 

shifts of zero and ˊ radians are applied, causing adjacent carrier signals to be in 

opposite phase (anti-phase). 



 

72 

 

Despite the carrier signals having different configurations and phase-shift arrangements, as 

shown in Figures 3.18(a), (b), and (c), they result in similar multilevel output voltage 

waveforms with a generally constant pulse frequency [152]. The main drawbacks of the second 

and third LSC-PWM methods include the unequal distribution of voltage ripple across the 

converter cell capacitors, which affects the harmonic distortion of the AC-side voltages, as well 

as the generation of large circulating currents [22]. In contrast, the PD-PWM technique can 

produce phase output voltage levels of 2N+1, which allows for improved THD performance at 

the AC terminal compared to the first and second PWM methods [149]. However, PD-PWM 

and other LSC-PWM methods suffer from uneven power loss distribution among the 

semiconductor switches and may also lead to unequal energy distribution among the 

submodules [112]. Several modified strategies based on the LSC-PWM technique have been 

developed in [153], [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 must fulfil  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 shown in Figure 3.19 [131]. The 

primary objectives involve voltage control strategies, including the generation of modulation 

indicators that 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 control, including circulating 

current regulation, to ensure AC and DC power balance as well as energy distribution between 

the converter arms [102][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 common-mode voltages [133]. 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 operation [131]. 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 network [104]. 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 as described below [157]. 
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Figure 3.19: The General MMC Control System [131]. 

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 classified into two parts [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 level, which is typically equal to Vdc. 

ii. Voltage balancing control: The main objective of this control is to prevent the floating 

capacitors of both arm submodules from charging and discharging beyond a predefined 

threshold vc. This means that the voltage of each cell must be maintained approximately 

equal to its theoretical value of Vdc/N, where N is the number of SMs [139]. 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 current. Several modulation methods have been developed for 

balancing the voltage capacitor [158], among which SPWM technologies, which have 

been discussed in Section 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 

Table 3.1. 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 capacitor enters 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 constant [124]. 

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 sequence 

components to enable operation under unbalanced voltage conditions [103]. 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, which can 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 in Figure 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 currents [132]. The voltage balancing method maintains the 

submodule capacitor voltages at identical values within each arm by dividing the DC supply 

voltage Vdc  by the number of arm submodules N, resulting Vdc/N. Either a modulation strategy 

or a closed-loop controller can be implemented to achieve capacitor voltage balancing in each 

phase leg, by selecting a certain number of submodules out of the ὔ SMs in each arm, the 
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required voltage levels can be generated [133]. The phase leg voltage control maintains the 

average voltage of the 2N submodule capacitors at a steady value of vC. The function of this 

controller is to generate compensating ὺᶻ  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 

closed-loop controller to produce control commands v*
xy and v*

xz, respectively [102][159]. 

ὺᶻ ὺᶻ ὺᶻ ὺᶻ                                                           (5) 

ὺᶻ ὺᶻ ὺᶻ ὺᶻ                                                           (6) 

Where ὺᶻ and ὺ  
ᶻdenote 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 the DP-PWM strategy due 

to its several advantages, including simple implementation, improved voltage balancing, lower 

circulating currents, and reduced total harmonic distortion. The implementation of PWM 

modulation strategies has been discussed in the previous section [160]. 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, T4 ..., TN). The outputs from all comparators are then summed to generate a 

normalized voltage waveform, denoted as Dxu. 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 arm Dxl is produced by comparing the lower arm modulation 

signals with the corresponding carrier signals (TN+1, ..., T2N). The waveforms of normalized 

voltage (Dxu and Dxl) contain discrete voltage levels ranging from 0 to N, indicating the 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 the real-time capacitor 

voltage values and the direction of the arm current [102]. 
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Figure 3.20: Schematic diagram of the classical MMC control system [102]. 

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 operation [161]. Therefore, the main objective of this control is to prevent 

the floating capacitors of both arm submodules from charging and discharging beyond a 

predefined threshold vc. This means that the voltage of each cell must be maintained 

approximately equal to its theoretical value of Vdc/N, where N is the number of SMs [138].  

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 typically achieved 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 current. Several modulation methods 

have been developed for balancing the voltage capacitor as previously described [158]. These 

processes depend on the direction of the arm current as described in Table 3.5. 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 decreases. In the 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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Figure 3.21: Schematic diagram of upper and lower voltage capacitors balancing using a 

voltage sorting algorithm [162]. 

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 strategy [162]. 

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

their magnitude values into the sorting index box, as shown in Figure 3.21. 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 current Iarm. 

3. Determine the direction of the arm current (Id) by measuring it. If the current is in the 

positive direction (Iarm > 0), then Id =1; if the current is in the negative direction (Iarm 

< 0), then Id = 0. 

4. Obtain the measured submodule capacitor voltages (vSMs) of 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 signal Vref to determine its switching state, either 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 frequency of the PWM scheme. 
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3.8.5 Leg Voltage Control System 

     Figure 3.22 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 in each leg at a 

constant reference value V*
C, which corresponds to the submodule capacitor voltage vc. By 

minimizing the error between the reference and the actual average voltage, the voltage loop 

generates the DC current command i*xd [157], [160]. The DC bus current command is defined 

as follows. 

Ὥᶻ Ὧ ὠᶻ ὺ Ὧ᷿ὠᶻ ὺ Ὠὸ                                               (3.5) 

The symbols kpv and kiv represent the proportional and integral gains of the voltage control loop, 

respectively. Where the average voltage measured for each leg (ὺ ) is calculated using 

Equation (3.6). 

ὺ  ὺ  ὺ                                                         (3.6) 

Where ὺ  and ὺ   represent the capacitor voltages of the upper and lower arm 

submodules, respectively, in the same phase. 
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Figure 3.22: Scheme of the leg voltage control [102]. 

The DC current component's magnitude is directly proportional to the active power required 

by the load, along with power losses under steady-state 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 control signal as. 

ὺᶻ Ὧ Ὥᶻ Ὥ Ὧ᷿Ὥᶻ Ὥ Ὠὸ                                     (3.7) 
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where kpi and kii represent the proportional and integral gains of the current control loop, 

respectively. Additionally, the real DC-bus current can be estimated using the measured arm 

currents and is expressed as: 

Ὥ                                                            (3.8) 

where ixu ɴ  (iau, ibu, icu) and ixl ɴ  (ial, ibl, icl). The compensating signal v dztx 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 Section 3.5, and 

each application has specific requirements for output current control [102]. 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 sequence components to enable operation 

under unbalanced voltage conditions [103]. 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, which can then be fed forward into the control loop [159]. 

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 stationary-Ŭɓ and synchronous-dq 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 from a-b-c to Ŭɓ Frame 

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

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

This transformation reduces the three-phase time-varying signals to two-phase time-varying 

signals. Figure 3.23 illustrates the graphical representation of the transformation from the 

stationary a-b-c frame to the stationary Ŭɓ frame [102]. The resulting space phasor in the Ŭɓ 

frame is expressed as: 

Ὢ ὸ Ὢὸ Ὦ Ὢ ὸ                                                       (3.9) 
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where fŬ(t) and fɓ(t) represent the Ŭ- and ɓ-axis components of Ὢ  (t), respectively. The space 

phasor rotates at an arbitrary angular velocity ɤ0 relative to a chosen reference point. The 

magnitudes of fŬ(t) and fɓ(t) change depending on the position of fŬɓ(t). The position of the 

space phasor can be determined using the real and imaginary parts of fŬɓ(t). as follows:  

—ὸ ὸὥὲ                                                       (3.10) 

The transformation of three-phase variables from the stationary a-b-c frame to the stationary 

Ŭɓ frame is performed utilizing the below transformation matrix. 

Ὢὸ

Ὢ ὸ

ρ

π
Ѝ Ѝ

Ὢὸ

Ὢὸ

Ὢὸ

                                           (3.11) 

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

ensures that the magnitude of the resulting two-phase quantities matches that of the original 

three-phase quantities after transformation. In a balanced three-phase system, where fa(t) + fb(t) 

+ fc(t) = 0, the fŬ(t) component in the stationary-Ŭɓ frame corresponds directly to fa(t) in the 

stationary a-b-c frame. The reverse transformation, from the stationary Ŭɓ frame back to the 

stationary a-b-c frame, is expressed as follows: 
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Figure 3.23: Graphical representation of voltages in the a-b-c and Ŭɓ reference frames [102]. 
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3.8.6.2 Transformation from a-b-c to dq Frame 

In this thesis, the dq-frame transformation approach was used due to its effective 

implementation for closed-loop control of the AC voltages and currents in a three-phase MMC 

model connected to the grid. The simulation results of the MMC are presented in Chapter 6. 

The implementation process of the dq-frame transformation strategy is similar to the a-b-c-to-

Ŭɓ transformation. By performing this technique, the three-phase variables in the stationary a-

b-c frame can be converted into two-phase variables in a rotating reference frame known as the 

synchronous dq frame, where the direct (d) and quadrature (q) axes are orthogonal, as 

illustrated in Figure 3.24. Unlike stationary reference frames, the d- and q-axes rotate at an 

angular speed relative to the fixed reference axis (commonly the a-axis). As a result, system ‫ 

variables in the dq frame appear as DC signals, in contrast to the AC nature of variables in the 

abc and Ŭɓ frames. The position of the dq reference frame relative to the abc frame is defined 

by the angle ɗ, where — =Ὠ  [163]. The corresponding space phasor in the synchronous dq 

frame is expressed as: 

Æ Ô Æὸ Ὦ Ὢὸ                                                     (3.13) 

The space phasor fdq (t) is located at an angle ʟ  relative to the d-axis. Alternatively, aligning the 

space phasor fdq (t) with the d-axis can be done to simplify system analysis, where the grid 

voltage vector is enforced to align with the d-axis. Using basic trigonometric functions, the 

three-phase variables in the stationary a-b-c frame can be converted to the synchronous dq 

frame as follows: 

Ὢ ὸ

Ὢὸ
 
ÃÏÓ— ÃÏÓ— ÃÏÓ—

ÓÉÎ— ÓÉÎ— ÓÉÎ—
 

Ὢὸ

Ὢὸ

Ὢὸ

                     (3.14) 

Likewise, the inverse transformation from the synchronous dq frame back to the stationary a-

b-c frame is expressed as follows: 

Ὢὸ

Ὢὸ

Ὢὸ

  

ÃÏÓ—

ÃÏÓ—

ÃÏÓ—

     ÓÉÎ—

          ÓÉÎ—

          ÓÉÎ—

 
Ὢ ὸ

Ὢὸ
                        (3.15) 
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Figure 3.24: Graphical representation of voltages in the a-b-c and dq reference frames [102]. 

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 leg. Additionally, these 

circulating currents typically contain negative-sequence 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 peak and root mean square (RMS) 

values of the arm currents. This, in turn, results in higher device ratings, increased power 

losses, and greater ripple in the submodule capacitor voltages [165]. Therefore, careful 

selection of the arm inductance parameter can help reduce the magnitude of circulating 

currents. However, to fully eliminate these currents, a closed-loop control system is also 

required [165]. 

The synchronous reference frame-based control method is commonly adopted for the 

suppression of unwanted currents. In this method, the converter circulating currents from the 

stationary a-b-c frame are transformed into the synchronous dq frame, which rotates at twice 

the fundamental frequency [102]. Within this frame, the circulating currents appear as DC 

components, making them easy to regulate using simple PI controllers [166]. As an 

alternative, resonant controllers can be applied directly in the stationary a-b-c frame. In this 

case, the resonant regulators are specifically designed to target and eliminate dominant 

harmonic components such as second- and fourth-order harmonics present in the unwanted 

currents [167]. 



 

83 

 

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 behaviour. Figure 

3.25 shows the per-phase equivalent circuit of the converter. The converter leg currents flow 

through the submodule cells of the upper and lower arms (ixu and ixl). The upper and lower arm 

currents are expressed as: 

Ὥ Ὥ Ὥ Ὥ                                                   (3.16) 

Ὥ Ὥ Ὥ Ὥ                                                    (3.17) 

The arm current is basically composed of three components: the DC-bus current (ὭὨὧ), the AC 

circulating current (Ὥὼᾀ), and the AC output current (ὭὼὭ). When the upper and lower arm currents 

are summed, a common-mode current (Ὥὼzf ) flows through each leg and is given by. 

Ὥ Ὥ Ὥ Ὥ  + Ὥ                                         (3.18) 

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

ὺ ὺ ὒ  ὶ Ὥ                                        (3.19) 

ὺ ὺ ὒ  ὶ Ὥ                                         (3.20) 

From (3.18), (3.19, and (3.20) Equations, the common-mode current component can be 

determined as follows: 

ςὒ ςὶ Ὥ ὠ ὺ  + ὺ                                    (3.21) 

Where from Equations (3.18) and (3.21), the mathematical model of the circulating current is 

expressed as: 

ὒ ὶ Ὥ ὺ  + ὺ ὶ                               (3.22) 

Based on Equations (3.18) and (3.21), the circulating current can be mathematically modelled 

as follows: 
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ὒ ὶ Ὥ ὺ  + ὺ                                     (3.23) 

The independent control of active and reactive power using the dïq frame transformation can 

be achieved through the following equations. The q-axis voltage component is set to zero, as 

the phase-locked loop (PLL) is synchronized with the grid voltage. 

ὖ  ὠ Ὥ                                                            (3.24) 

ὗ  ὠ Ὥ                                                         (3.25) 

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: 

Ὥ Ȣ   Ὥ ίὭὲς‫ὸ  •)                                        (3.26) 

Ὥ Ȣ   Ὥ ÓÉÎ ς ‫ὸ  •                                 (3.27) 

Ὥ Ȣ   Ὥ ÓÉÎ ς ‫ὸ  •                                  (3.28) 

Where Ὥ Ȣ, Ὥ ȢȟὭ Ȣ represent the three-phase differential currents, i2f is the double 

frequency circulating current, and •  is the phase angle. 
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Figure 3.25: Schematic of the MMC equivalent circuit [112]. 
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3.8.9 Synchronous Reference Frame Control (dq) 

Circulating currents are primarily composed of even-order harmonic components, with the 

second- and fourth-order harmonics being the most prominent. Due to their time-varying 

nature, these harmonics are challenging to control using PI regulators without introducing 

steady-state error. To address this, the time-varying signals are converted into DC signals using 

the a-b-c-dq transformation matrix. Based on Equation (3.29), the three-phase circulating 

current model in the stationary abc frame is expressed as: 

ὺ
ὺ
ὺ

ὒ  

Ὥ
Ὥ
Ὥ

ὶ 
Ὥ
Ὥ
Ὥ

                                               (3.29) 

In this research, a synchronous dq-frame controller is modelled to eliminate the second-order 

harmonic component of the circulating currents. As a result, the circulating current model in a 

synchronous dq-frame rotating at 2ɤo is provided in [120]. 
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Ὥ ὶ 
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Ὥ                       (3.30) 

Moreover, based on the mathematical framework presented in Equation (3.30), a control 

system for circulating currents is implemented within the synchronous-dq reference frame 

[139]. Figure 3.26 illustrates this control architecture. The system obtains feedback regarding 

circulating currents by measuring the arm currents, which are then converted into the 

synchronous-dq frame to produce the idz and iqz current components. Both reference current 

components i dzz and i qzz are established at zero values. Current errors ȹidz and ȹiqz result from 

comparing these reference values with the actual measured currents. PI-regulators are 

employed to reduce these current errors to a minimum. The control system achieves decoupling 

between the d- and q-axis current control loops by incorporating the speed-induced voltages 

across the inductor into the current control structure. The PI-regulators produce reference 

voltage commands v dzz and v qzz in the dq frame. These reference voltages undergo inverse 

transformation back to the stationary-abc frame through the Tdqᵼ abc transformation matrix. The 

resulting reference voltages (v zz, abc) 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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Figure 3.26: The control system of circulating current based on the dq-frame [102]. 

3.9 An Overview of MMC-Based 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 unipolar or bipolar, 

incorporating power electronic devices 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 fault-handling capability, and enhance the converter performance 

compared to classical MMC models [131]. 

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 topologies can be found in [120], 

[168], [169] and [170]. These models have been investigated in terms of MMC modelling 

schemes, the integration of SiC devices into MMC-SM cells, modulation strategies, and control 

systems for voltage balancing and circulating current suppression. The hybrid MMC topology 

offers several advantages, including achieving higher output voltage levels with fewer cells, 

reduced power losses, improved converter performance, and cost savings [131]. Some types of 

MMC-based hybrid systems are briefly described below. 

Type one: The demand for comprehensive converter topologies for power transmission 

systems, particularly in high-power wind energy applications, has increased significantly. 

These advanced converter models require further improvements in their operation, and the 

integration of high-performance power electronic devices, such as SiC MOSFETs, may provide 

an ideal solution for advancing converter development [171].  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 shown in Figure 3.27. Combining 

these two different submodule types in each converter arm results in a reduction of the number 

of power electronic devices and their associated power losses, enhanced DC fault-handling 

capability, and lower overall converter cost. On the other hand, the complexity of the 

modulation technique required to control the switching states has increased. 
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Figure 3.27: 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 in [172], 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 in Figure 3.28. In this design, the SiC-based FBSM cells are placed in the first 

submodule of each arm, while the remaining submodules are Si-based 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 managing the switching states 

of the power electronic devices. 
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Figure 3.28: Schematic of a hybrid MMC topology based on Si HBSMs and SiC FBSMs 

[172] 

Type three: As SiC MOSFETs provide superior features in terms of switching and conduction 

losses and can withstand higher switching frequencies compared to traditional Si-based power 

electronic devices, they offer several opportunities for improving converter topologies. A 

hybrid MMC approach using mixed submodule cells was proposed in [168]. Figure 3.29 shows 

the proposed hybrid MMC approach, which combines N different 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 placed first, followed 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 MOSFETs. This hybrid MMC 

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

and conduction losses, fault-clearing capability, and reasonable cost. 
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Figure 3.29: Schematic of a hybrid MMC topology using mixed HBSMs and FBSMs in each 

phase leg [168]. 

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 power electronic 

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 the first two cells 

are constructed using SiC MOSFETs and placed in top side, followed by two HBSMs modelled 

using Si IGBT devices as shown in Figure 3.30. In the case of using three phases, the same cell 

design should be implemented. This hybrid cell arrangement, which employs different power 

electronic switches fabricated from different materials, achieves a reduction in power losses 

and improves converter performance and efficiency. However, 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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Figure 3.30: Schematic of a hybrid MMC topology using Si and SiC HBSMs [169]. 

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 of SiC-based devices can provide better converter 

performance due to their various advantages. However, the cost of SiC power electronic 

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 further performance 

improvement [173]. 

In 2023, a converter-level hybrid MMC topology based on FBSMs was introduced in [174]. 

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 FBSMs based on traditional Si IGBTs were used in the lower arm as 

illustrated in Figure 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 well-suited for wind energy transmission systems. 

Moreover, another FBSM cell arrangement was suggested using a combination of Si- and SiC-

based devices. In this design, Si IGBTs were placed in the first half-bridge of the cell, while 

SiC MOSFETs were placed in the second half as shown in Figure 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 power electronic devices [174]. 
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Figure 3.31: Schematic of a hybrid MMC topology using FBSMs in each phase leg, (a) Si 

FBSM, (b) SiC FBSM, (c) Si/SiC FBSM [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 due to their low cost and 

availability at high voltage and current levels. However, these power electronic devices 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 offers a significant opportunity to improve 

converter systems. However, SiC-based devices are expensive, which has led academic 

researchers to explore hybrid systems that combine power electronic devices made from 

different materials to combine their benefits and enhance converter performance. 

After a detailed review of MMC-based hybrid systems, there remains significant scope to 

further develop MMC topologies by adopting SiC-based power switches. The next chapter will 

present the proposed hybrid MMC topology, which combines the benefits of Si and SiC 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 transmission of electrical 

power, especially in wind energy systems. Researchers have made significant efforts to develop 

the MMC converter, as it is a preferred topology for high-voltage wind power applications, 

which has attracted considerable attention. However, one of the common drawbacks of 

modular converters in general, and the recent MMC configurations in particular, is the 

requirement for a large number of semiconductor components, such as Silicon-based power 

switches and associated gate drive circuits. This leads to increased power switches heat 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 model, allowing for 

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 and SiC-based 

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 improves overall converter performance 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 converter-side input and output voltages and currents were discussed, including 

classical voltage and current control strategies applied on the grid side and their 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 converter performance. 

As the demand for more efficient MMC topologies remains a priority for researchers and 

engineers, alongside advancements in wide-bandgap power semiconductor technologies, a 

research gap still exists in the development and improvement of MMC power converters. This 

gap can be addressed by employing a simplified submodule structure that adopts high-

efficiency SiC-based power electronic switches, with the aim of reducing switching and 

conduction losses in the power devices and the overall converter, while simultaneously 

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 proposed single-phase 

MMC model using a hybrid SiC MOSFET and Si IGBT half-bridge 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, and improved performance of 

the converterôs 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 considered. A small-scale 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 shown in Figure 

4.1. A single-phase five-voltage-level 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 two arms, each 

consisting of four proposed HBSM cells connected through buffer inductors, these inductors 

help limit current faults and protect the components from damage due to mismatches between 

the upper and lower arms. Where Vdc and Idc represent the rated voltage and current at the DC 

side of the converter, iup and i lw are the upper and lower arm currents, Uup and Ulw represent the 

capacitor voltages generated by the upper and lower HBSMs, and ia and va are the voltage and 

current in AC side, respectively.  



 

95 

 

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 SiC MOSFET is placed on the upper 

side of the SM because the upper switch always experiences more voltage stress than the 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 

MOSFETs superior such as their high switching speeds during turn-on and turn-off times, these 

speeds help absorb voltage stress during transitions and reduce the risk of power switch failure. 

Additionally, SiC MOSFETs are more stable than Si IGBTs at high temperatures, allowing for 

performance stability under voltage stress. 
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Figure 4.1: Single-phase MMC proposed model using a hybrid SiC MOSFET and Si IGBT. 

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 high-performance 

power switches based on SiC material technology allows for better cell performance while 
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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 upper switch S1 and the lower 

switch S2, connected in series with a single capacitor C as shown in Figure 4.2. They operate 

in a complementary manner to generate two voltage levels at the output terminal (either 0 or 

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 output voltage levels, 

have been discussed in Chapter 3, Section 3.4. 
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Figure 4.2: The proposed HBSM using SiC MOSFET and Si IGBT. 

During the operation of the converter, the output voltage waveform on the AC side va, can 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 upper arm USM, 

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

capacitor voltages in the lower arm USM, lw, from the negative terminal of the DC voltage 

supply. 

To simplify the explanation of the MMC operation mode for one phase leg, Figure 4.3 shows 

the stepped-up 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 turn-on state and the lower arm SMs are in the turn-off state the 

positive side of the voltage waveform is generated by the upper arm. Conversely, when the 

lower arm SMs are in the turn-on state and the upper arm SMs are in the turn-off 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 using control systems, which have been introduced in 

previous chapter. 
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Figure 4.3: 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 with N+1voltage 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, the number of power electronic devices 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 as vc, will be regulated to its nominal 

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

ὺ                                                                       (4.1) 

During normal operation, the value of the DC link voltage Vdc must be maintained at a constant 

level. This can be achieved through the sum of the turn-on states of the SMs in the upper arm 

USM, up , and the sum of the turn-on states of the SMs in the lower arm USM, lw , to ensure that 

the output voltage value in each converter phase leg is equal to the number of SMs in the upper 

and lower arms as expressed below. 

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

     Several multicarrier PWM techniques 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 discussed in Chapter 3, 

Section 3.7. 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 the output signals by varying 

the density of pulses rather than their width, requirements for filtering will be reduced due to 

the capability of managing high-frequency components, and PD-PWM has a continuous nature 

of pulses, which allows for lower electromagnetic interference (EMI).  

In this PWM method, the required number N of carrier signals must be positioned vertically 

along the reference signal or modulating signal, which ranges from -1 to 1. In this approach, 

the reference signal is compared with the carriers to manage the activation of the SM cells, 

alongside dedicated control of the capacitor voltage balancing. In other words, For N+1 output 

voltage levels of the MMC converter, N triangular carriers are placed with amplitudes and 

frequencies that occupy contiguous bands over the range of the DC supply voltage (from + 0.5 

Vdc to ï 0.5 Vdc). The modulating signal of the phase leg is compared with the arranged 

triangular carriers to generate pulse signals that can control the switching states of the phase 

SMs in both the upper and lower arms. The process of switching states can be applied as 

follows: if the reference signal is greater than the carrier signal, the active switch corresponding 

to that carrier is turned on, if the reference signal is less than the carrier signal, the active switch 

corresponding to that carrier is turned off. Figure 4.4 shows the schematic diagram of the PD-

PWM modulation technique implemented in the MMC model. 
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Figure 4.4: 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 through sorting index 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 values, and the sorting of the capacitor voltages will be 

in descending order. 

From the simulation results, Figure 4.5 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 signal (Vref) of frequency (fref) 

is utilized to derive the rectified reference signal (|Vref|) 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 lower arm 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. From Figure 4.6 It can be observed that the upper arm pulses for (SM1up, 

SM2up, SM3up, and SM4up), as well as the lower arm pulses for (SM1lw, SM2lw, SM3lw, and 

SM4lw), synthesize a symmetric N+1 voltage level at the converter output terminal. 
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Figure 4.5: The waveforms of PWM carrier signals and the modulating signals for the upper 

arm submodules. 

 

 

Figure 4.6: 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 open-loop control 

system, which operates without feedback. The control action is independent of the output. As 

this research focuses on improving the converter model by reducing switching power 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 power electronic devices. 
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4.5 MMC Simulation Results and Discussions 

     The operation of the MMC single-phase 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 shown in Figure 4.1, 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 (see Appendix A) that to verify the operation of the converter and the performance 

characteristics of hybrid HBSM using two power switches made from different materials as 

shown in Figure 4.2. 

The proposed model was tested under low-voltage 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 a single-phase 

converter connected to the grid. Therefore, this model is well-suited for connection to a grid 

system. The single-phase converter simulation model based on SiC and Si HBSMs will be 

developed using a three-phase MMC topology connected to the grid, employing a phase-locked 

loop (PLL) control system, balancing submodule capacitor voltage regulators, and output 

current controllers, which will be presented in Chapter 6. In this case, the single-phase proposed 

model operates in open-loop mode in this chapter, where the modulation index m is adjusted 

manually. Table 4.1 illustrates the main parameters of the single-phase five-level MMC 

proposed model connected to a passive load and some of the model parameters have been 

obtained from [175]. 

Table 4.1: Simulation Parameters of the Proposed MMC Single-Phase Model 

Parameters Nominal values 

Rated power 36 W 

DC link voltage, VDC 40 V 

Number of SMs per arm, NSM 4 

Nominal SM capacitor voltage, VSM 10 V 

SM Capacitor Capacitance, C 0.39 mF 

Arm Inductance, Larm 1.3 mH 

Arm Resistance, Rarm 0.5 ɋ 

Frequency, f 50 Hz 

Switching frequency, fs 5 kH 

Load Resistance, RLoad 22 ɋ 

Load inductance, LLoad 10 mH 
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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 when the SM 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. The PD-PWM 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 the DP-PWM 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 shown in Figure 4.8. 

Therefore, the implementation of this modulation method requires a sorting algorithm system, 

which can be employed using MATLAB code functions (see Appendix A) to control the signal 

switching states and ensure capacitor voltage balancing for the upper and lower arm SMs. 

Figure 4.7 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 low capacitor voltage, 

as seen in Figure 4.7(b). These capacitor voltages can be sorted to determine which sub-module 

capacitors need to be charged and which ones need to be discharged. The modes of SM 

capacitor charging and discharging can be achieved based on the instantaneous values of the 

capacitor voltages and the direction of the arm current as shown in Figure 4.7(c). 
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Figure 4.7. 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 results, Figure 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 the Figure 4.9, the voltage across each SM is sorted and balanced 

at 10 V, based on the DC link voltage of 40 V divided by the number of SMs (vc = Vdc / N). 

 

Figure 4.8: 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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Figure 4.9: The balancing capacitor voltages of SMs, the upper arm SMs on the top side and 

the lower arm SMs on the bottom side 

Regarding the capacitor voltage ripple, as shown in the figure above, the voltage ripple of the 

upper arm submodule capacitors is equal to that of the lower arm submodule capacitors. This 

ripple is not sufficiently significant to affect the operation of the model at low voltage and 

current levels. 

4.5.2 Voltage and Current Analysis for MMC Connected with RL Load 

     In the first case, a single-phase MMC was connected to an RL load, where an open-loop 

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 will not 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 in Table 4.1, the RL circuit is composed of a resistor and inductor with selected 

parameters of 22 ohms for the resistor and 10 mH 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 36 W are considered as the rated values for 

the proposed MMC topology, resulting in an arm voltage level that is stepped up from 0 to 40 

V for the upper and lower arms as shown in Figure 4.10, which are synthesized by the chain-

link SM cells. 
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Figure 4.10: 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 arms (v and v). Where vp 

and vn referring to the upper and lower arm AC voltages with a DC offset of E/4 , meaning that 

the sum of the upper and lower arm voltages results in E, which is the DC link voltage value. 

When the voltage of the upper arm increases, the voltage 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. Assume that Vout = E/ 2cos(ɤt), vup = E/2 (1 ī cos(ɤt), and vlw = 

E2(1 + cos(ɤt). 

From the obtained results, Figure 4.11 shows 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. These 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 phase current. 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 in Chapter 3, and will be implemented for the three-phase MMC topology in 

Chapter 6. 

Figure 4.12 illustrates the converter output voltage waveform, which contains five levels with 

a peak voltage of 20 V. A 10 mH inductive 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 A. Appendix A presents 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. 

 

Figure 4.11: The output current waveforms for the upper arm on the top side and the lower 

arm on the bottom side. 

 

Figure 4.12: Voltage and current output waveforms for the MMC connected to a resistive and 

inductive load (R = 22 ɋ, L = 10 mH). 

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 proposed single-phase 

MMC model is considered using an output inductor and capacitor (LC) filter. 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 previous section. Therefore, the emphasis is placed only on 

the voltage and current waveforms using different output loads. 
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The main features of using an output LC filter are to allow a smooth output voltage waveform, 

reduce high-frequency harmonics generated by the converter's switching frequency, and 

provide a more sinusoidal output current waveform. Figure 4.12 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. 

 

Figure 4.13: Waveforms of a single-phase MMC connected with an output LC filter: (a) 

Output voltage and (b) Output current. 

In the design of low pass an output LC 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 of LC 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 blocking low frequencies. There is a relationship between the frequency on the 

input side and the inductive reactance (XL) and capacitive reactance (XC). This means that if 

the frequency increases, the inductive reactance (XL) will increase, while the capacitive 

reactance will decrease. Where XL = 2f́L, and XC = 1/2ˊfC. The cutoff frequency(fc) parameter is 

the frequency at which XL=XC, which can be calculated using equation 3, see Appendix A. 

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 capacitive reactance should be equal in magnitude. However, they are opposite 

in phase. The resonant frequency (fr) of the LC 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 same formula that used in calculation of cutoff frequency value, 

where the R load resistance value used in the LC filter circuit was 22 ohms. 

An inductance value of 10 mH was 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 using Equation (4.4), resulting in a value of 10.13 ɛF to meet the 

requirements for the desired resonant frequency and provide the necessary level of voltage 

ripple attenuation. 

Ὢ
  Ѝ   

                                                                                     (4.3) 

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

formula as follow. 

ὅ                                                                                               (4.4) 

Where the fc is the cutoff, L is the inductance and C is 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 of the LC filter, 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, the design and construction processes for a low-voltage scaled-down 

laboratory prototype of the proposed hybrid MMC model, based on half-bridge SMs using SiC 

MOSFETs and Si IGBTs are presented to validate and confirm the feasibility of the hybrid 

converter topology 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 significant effort, 

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 more thoroughly 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 

electronic devices 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 power electronic devices (S1 and S2) connected in series 

with a single capacitor (C) 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 second switch is a Si IGBT as shown in 

Figure 4.14. More details are provided below. 

 

Top side Front side

 

Figure 4.14: 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 simulation software and 

experimental hardware, depending on the application requirements. Among these parameters 

are the following: 

Á Ensure that the voltage and current ratings can handle the maximum voltage and current 

required for the converter topology being designed. 

Á Switching Speed: Power switches that have faster switching speeds during turn-on and 

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 of the power 

switches such as the power device gate charge (Qg) and the device input and output 

capacitances (Ciss, Coss). These parameters should have low values to allow for the 

charging and discharging of the capacitances during the operation of the power switch. 

SiC-based devices typically exhibit the fastest switching speeds. 

Á On-State Resistance: During the operation of the power switch, the device acts as a 

variable resistance. This resistance is known as the on-state resistance for MOSFETs or 

the collector-emitter saturation voltage for IGBT-based devices. It is responsible for 

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. 

Á 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 SiC-based power electronic devices can handle 

higher junction temperatures up to 200°C. 

Á 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 makes the device 

circuit more complex. 

Á 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 wide-bandgap 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 advantages such as higher breakdown voltage, lower on-resistance RDS (on), 

higher thermal conductivity, the ability to operate at higher frequencies. several power 

electronics companies currently are producing commercially available SiC-based devices 

with ratings of 650 V to 1700 V and current from 1 A to 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 wolfspeed® that to design the 

proposed hybrid SM structure. Figure 4.15 shows the SiC MOSFET, which includes the 

gate drive and heat sink. Additional parameters for this device are listed in the 

manufacturer's datasheet. 

 

Figure 4.15: 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 voltage. Si 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 infineon® that to design the SM cell. 

Figure 4.16 shows the IGBT power switch, which includes the gate drive and heat sink. 

This device offers a low collector-emitter saturation voltage (VCEsat), low turn-off energy 
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(Eoff), stable temperature behaviour, and low cost. More device parameters can be found 

in the manufacturer's datasheet. 

 

Figure 4.16: 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 MMC-SM capacitance is used 

to limit the voltage ripple of each SM capacitor. The charging and discharging of the 

floating capacitor occur 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 a capacitor with 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 operation with reduced voltage ripple. 

Figure 4.17 illustrates the selected submodule capacitor used in the MMC experimental 

model. 

 

Figure 4.17: 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 arms (up arm, lw arm), and each arm has a number N of 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 

capacitors 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 circuits. Figure 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. 

 

Figure 4.18: The MMC arm inductor. 

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 using an RL load and an LC filter. Therefore, same 

load parameters were used to collect the voltage and current waveforms. Figure 4.19 

shows the resistive load (R load). 
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Figure 4.19: 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 electronic converter 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 ready to be used with DSP Micro-controller kit, as shown in Figure 4.20. 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 PEmodule®. 

 

Figure 4.20: MMC Switches breadboard. 

7. F28379D DSP Microcontroller: The digital signal processor (DSP F28379D 

LaunchPadÊ) is one of the powerful 32-bit 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 real-time-control co-processors control law accelerator (CLA), and it could be 
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used for designers of high-performance digital control applications. Figure 4.21 shows 

the F28379D DSP microcontroller board [176]. 

 

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 then be uploaded to the DSP controller by connecting the 

microcontroller board to the simulation program.  

 

Figure 4.21: TI F28379D DSP microcontrollore. 

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 produce a one, 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 specific amplitude range of 0 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 cycle and is directly 

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 switching frequency, 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 period = ρππzρπ  ςz Ὢϳ . where 100 × 106 is 

the CPU capacity of the DSP controller and fs is 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 

× 106 / (2 × 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 sinusoidal waveform can then 

be inserted into 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 and multiplied 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 calculated based on the amplitude and bias parameters in 

order to deliver the proper PWM signals required for each SM switch and achieve a 5-level 

output voltage. Then, the PWM modulation programming was uploaded to the DSP 

microcontroller to be able to use the control board in the MMC prototype. Figure 4.22 shows 

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

MATLAB programming block.  
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Figure 4.22: The schematic of a DSP microcontroller connected with an ePWM MATLAB 

programming block (a=0.49 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 switches. In the mathematical 

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

were compared with the triangular carrier, referred to as C in 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 = C1 ï 0.5 / 0.5 

C = 2C1 ï 1 

Where carrier one (C1) can be found as follows:  

                                                                ὥ ίὭὲύὸ  C1 

   ὥ ίὭὲύὸ  0.5C + 0.5 

ςὥ ίὭὲύὸ ρ  C                                                    (4.5) 

Where carrier two (C2): 

                                                            ςὥ ίὭὲύὸ  C2 

                                                            ςὥ ίὭὲύὸ  0.5C 

                                                            ςὥ ίὭὲύὸ  C                                                         (4.6) 

And carrier three (C3):  
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                                                              ὥ ίὭὲύὸ  C3     

   ὥ ίὭὲύὸ  0.5C - 0.5 

     ςὥ ίὭὲύὸ ρ  C                                                   (4.7) 

And carrier four (C4): 

ςὥ ίὭὲύὸ  0.5C - 1 

 ςὥ ίὭὲύὸ ρ  0.5C 

ςὥ ίὭὲύὸ ς  C                                                     (4.8) 
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Figure 4.23: 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 pulse width modulation 

technique has been modified using the digital signal processor (DSP F28379D LaunchPadÊ) 

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 each SM switch of the MMC scaled-

down prototype. The schematic diagram of the universal PWM control signals platform 

including the hex inverter board is illustrated in Figure 4.24. 

It is worth noting that, up to 12 PWM signals can be generated and processed by the DSP 

F28379D LaunchPadÊ 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. This method was 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 order to avoid overlapping signals. 
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Figure 4.24: 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 at 1/2Vdc. 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, where N 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 capacitors in 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 method has been used 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 scaled-down laboratory prototype. 

4.7 MMC Experiment Results 

     A low-voltage, scaled-down 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 improve the performance of the converterôs operating system. 

Figure 4.25 shows the proposed MMC converter setup, which consists of eight SiC/Si hybrid 

HBSMs in the upper and lower arms, connected via buffer inductors. In active power 

applications, whether medium or high voltage, a large number of submodule cells 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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Figure 4.25: 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 MMC-based hybrid system is intended for medium- and 

high-power applications. Therefore, in the simulation, the converter model was presented for 

systems representative of medium-voltage applications. However, implementing such a model 

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

voltage, scaled-down 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 summarized in Table 4.2. 

Table 4.2: Parameters of MMC experimental prototype. 

Parameters Nominal values 

Rated power 36 W 

DC link voltage, VDC 40 V 

Nominal phase current, Ia 0.8 A 

Number of SMs per arm, NSM 4 

Nominal SM capacitor voltage, VSM 10 V 

SM Capacitor Capacitance, C 0.39 mF 

Arm Inductance, La 0.99 mH 

Frequency, f 50 Hz 

Switching frequency, fs 5 kH 

Load Resistance, RLoad 22ɋ 

Load inductance, LLoad 10 mH 

 

Based on the component parameters listed in the table above, a single-phase, five-level output 

voltage MMC model connected to an RL load resistor, and an LC filter was considered for 

voltage and current experimental analysis. However, Figure 4.26 presents the output voltage 

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

voltage of 40 V. Subsequently, the model was tested using the two different loads. 
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Figure 4.26: Single-phase five-level MMC output voltage waveform (without load). 
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4.7.1 Experimnt Results of MMC tied-RL load 

     Using the same parameters as in the converter simulation model, a single-phase 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 achieve a 

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

component selection section on the MMC prototype modulation method. Figure 4.27 shows 

the PWM pulses for the upper and lower SM switches of the MMC prototype. 
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Figure 4.27: 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 

Figure 4.28. As visible in the waveform, the peak voltage is 40 V, based on four balanced SMs, 

each contributing 10 V. Figure 4.29 shows the five levels stepped-up output voltage waveform 

with a peak-to-peak value of 40 V, while it can also be observed from  Figure 4.30 the 

corresponding current waveform with a peak value of around 0.9 A, which exhibits some 

oscillations because the experimental model was designed based on an open-loop 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. 
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Figure 4.28: Upper and lower arm voltage waveforms, (a) Upper arm, (b) Lower arm. 
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Figure 4.29: Five-level output voltage waveform of the converter with a peak amplitude of 

±20 V under an RL load (R = 22 ɋ and L= 10 mH). 

C
u

rr
e

n
t 

(A
)

0.9 A/div

Iout

10 20 30 40 50

Time (ms)

60

1 A

0.5 A

C1

1.5 A

-1.5 A

-0.5 A

-1 A

 

Figure 4.30: The output current waveform of the converter with a peak amplitude of around 

±0.9 A under an RL load (R = 22 ɋ and L= 10 mH). 

4.7.2 Experiment results of MMC tied-output LC filter 

     The experimental prototype of the single-phase five-level 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 simulation. In both the 

simulation and experimental models, the same parameters were used: an inductance of 10 mH, 

a capacitance of around 10 ɛF, and a resistive load of 22 ɋ. The converter operated 

successfully, delivering a measured peak output voltage of 20 V and a load current of 

approximately 0.9 A, as shown in Figures 4.31 and 4.32, 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 followed the voltage 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 passive load. 
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Figure 4.31: Single-phase MMC voltage waveform using output LC filter, with a peak 

amplitude of ±20 V (L= 10 mH, C = 10.13 uF, and R = 22 ɋ and). 
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Figure 4.32: Single-phase MMC current waveform using output LC filter, with a peak 

amplitude of ±0.9 A (L= 10 mH, C = 10.13 uF, and R = 22 ɋ 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 combination of factors 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 ripple remains relatively 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 

     The main objective of this chapter was to present a single-phase MMC model connected to 

two different passive loads. The converter model was designed and implemented in a real-time 

MATLAB simulation environment to verify the operation of the MMC topology and to 

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 five-level voltage output. In addition, a PWM modulation strategy for 

capacitor voltage balancing was applied, and the corresponding voltage and current simulation 

results were discussed.  

Moreover, an experimental scaled-down MMC prototype was developed to validate the 

simulation-based voltage and current analysis and to verify the operation of the converter 

model using SiC MOSFET and Si IGBT hybrid HBSMs. The 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 implemented at the converter output to attenuate 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. First, the power losses 

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 temperatures. Subsequently, 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 accurate investigation. 

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 power electronic devices 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 evaluation. Figures 5.1 

and 5.2 illustrate the measured peak voltage and current flowing through the cellôs top 

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 

methods applied for estimating the devicesô power loss. 

4. The gate drive power loss was ignored. 
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5. Assume that the half-bridge inverter operates as 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. 

 

Figure 5.1: Voltage and current waveforms across the top and bottom switches of the first 

HBSM cell in the upper arm. 

 

Figure 5.2: Voltage and current waveforms across the top and bottom switches of the first 

HBSM cell in the lower arm. 



 

130 

 

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 such as the MMC, 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 accurate power loss evaluation, considering 

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 half-bridge submodules. 

5.3 Double Pulse Test (DPT) 

     The double pulse test (DPT) approach is widely used to evaluate the dynamic performance 

of power electronic devices in terms of switching speed, instantaneous dissipated power during 

turn-on and turn-off transients, and the response of the reverse recovery diode under blocking 

mode operating condition. Depending on the peak of drain-source voltage (VDS), as well as the 

peak of drain current (ID) [177]. To investigate the performance of power switches, other 

internal parameters should also be considered such as the on-state resistance value (Rds (on)), the 

device gate charge (Qg), the device input and output capacitances (Ciss, Coss), and the junction 

temperature coefficients, which are provided in the power switch datasheet. Figure 5.3 shows 

the DPT circuit [178]. 
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Figure 5.3: Diagram of double pulse test circuit [178]. 

The DPT method is employed in this section to evaluate the switching performance of two 

selected power electronic devices (SiC MOSFET and Si IGBT) as shown in Table 5.1, focusing 
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on switching speed and power dissipation during turn-on and turn-off transients. The SiC-based 

device is manufactured by Wolfspeed®, and the Si IGBT switch is made by Infineon®. Figure 

5.4 shows 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 current reverse recovery during 

the device under test off time and for reducing voltage 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 ignored[179]. 

Table 5.1: Specifications of SIC MOSFET and Si IGBT power switches. 

Parameters 
Type of Switches 

Si IGBTs SiC MOSFETs 

Part Number IKWH20N65WR6 C3M0045065D 

Voltage VCE, VDS 650 V 650 V 

Current IDS (Tc = 25 ÁC) 55 A 49 A 

Current IDS (Tc = 100 ÁC) 35 A 35 A 

VCEsat, RDS.on (Tc = 25 ÁC) 1.35 V 45 mÝ 

VCEsat, RDS.on (Tc = 100 ÁC) 1.60 V 60 mÝ 

Gate charge (QG) VGE = 15 V, 20 A VGS = ï4 V/15 V, 17.6 A 
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Figure 5.4: Operating principle of the DPT circuit. (a) DUT during on-time; (b) DUT during 

off-time[178]. 

Figure 5.5 shows the waveforms of the DUT opening transient, which can be classified into 

three stages: (a) the voltage of the gate-source terminal (VGS) for the IGBT, and the gate-emitter 
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(VGE) for the MOSFET device; (b) the drain-source voltage of the MOSFET or IGBT; and (c) 

the drain current of the DUT [178] 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 gate-drain and gate-source capacitances (CGD, CGS), and the gate-source 

voltage gradually increases from zero or a negative value to the gate threshold voltage [179]. 

When VGS reaches the threshold voltage value that specified to turn on the power switch., the 

drain-source voltage begins to gradually decrease to zero, as shown in Figure 5.5(b), while the 

drain current starts to increase at a certain rate. The timing of the PWM pulses is indicated as 

pulse one (T1), with T2 representing the off time between the two pulses, and pulse three (T3). 

The switching pulse in T1 was chosen to be 25 µs longer than that in T2 and T3 to allow sufficient 

time to reach the desired output current and to limit the current di/dt. Additionally, T2 was 

chosen to be shorter than T1, approximately 1/2 to 2/3 of that time to maintain the drain current 

value during turn-off and turn-on transients at the same peak value of ID as shown in Figure 

5.5(c), which allowing for the assessment of the switching loss of the DUT [178] 
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Figure 5.5: Waveforms of the opening process of the DUT; (a) the gate-source voltage; (b) 

the drain-source voltage; and (c) the drain-current [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 performance 

and internal parameters of each device, and each device has its own specifications. To simplify 

the analysis of device power loss, Figure 5.6 illustrates the operation and behaviour of the 

MOSFET, including the power dissipated during turn-on and turn-off transients [180]. The Si 

IGBT switch exhibits similar voltage, current, and power waveforms during its operation. The 

SiC MOSFET with a part number of (C3M0045065D) has a voltage rating of 650V and a 

current rating of 49 A as listed in Table 5.1. This device can operate at high switching 

frequencies and higher temperatures, where the on-resistance RDS (on) is 45 mɋ at the normal 

temperature Tc = 25°C and 60 mɋ at Tc = 175°C. Additional parameters can be found on the 

data sheet.  
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Figure 5.6: DUT switching transients. (a) Turn-off transient; (b)Turn-on transient [180]. 

5.3.1.1 Theoretical Switching Analysis of SiC MOSFET 

     When the MOSFET completely in the off-state transient, the gate voltage is zero, and the 

flowing of voltage between the drain and source terminals (denoted as VDD) is blocked by the 

device itself, while the drain current remains zero. When the MOSFET in on-state and during 

the turn-off 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 off-state, and the switching loss will occur. The 

instantaneous power during the time of turn-off and turn-on transients will appear as triangular 

spikes as shown in Figure 5.6, these power losses are referred to as dissipated power. The 

energy loss during MOSFET off-state transient can be calculated using the following equation. 

Eoff = ID (on) × VDS × toff ×                                                  (5.1) 

On the other hand, the MOSFET turn-on process is similar to the turn-off transient but differs 

in the transient durations and the directions of both voltage and current. During the turn-on 

transient, the drain voltage decreases until it reaches zero, at which point 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 the turn-on energy loss, which can be 

calculated using the following formula. 

Eon = ID (on) × VDS × ton ×                                              (5.2) 

Where Eoff and Eon are representing the energy loss of the MOSFET during the off and on 

transients, ID (on) is the drain current, where toff and ton 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 + tfi                                                        (5.3) 

ton = tfv + tri                                                         (5.4) 

trv and tfv  represent the rise and fall times of the drain-source voltage, while tri and tfi represent 

the rise and fall times of the drain current. From energy losses during turn-on and turn-off 

transients the switching power losses of SiC MOSFET can be obtained using the following 

formulas. 

Pswitch (off) = Eoff × fsw                                               (5.5) 

Pswitch (on) = Eon × fsw                                                (5.6) 

Where Pswitch (off) and Pswitch (on) represent the switching power losses of SiC MOSFET during 

off-state and on-state transients, and fsw 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 established during the MOSFET 

operation when it reaches the saturation region. The conduction losses of the MOSFET can be 

calculated using Equation (5.7). 

Pcond = ID (on)
2 × RDS (on) × D                                        (5.7) 

Pcond represents the MOSFET conduction loss and D is the duty cycle. The duty cycle was 

calculated using the total durations of PWM pulses ON and OFF states divided by the on-state 

time of pulses. The total PWM pulses time, TC = t1 + t2 + t3 = 65 ɛs, where the duty cycle can 

be calculated using Dcycle = on time pulses over TC, 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 on-resistance of 45 mɋ, was calculated and resulted in 25.5 mW. 

Finally, the total power losses (Ptotal) of both selected devices can be obtained using the 

following equation. 

Ptotal = Pswitch (on) + Pswitch (off) + 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 temperature of 25°C. Table 

5.2 shows the DPT circuit components used in the test circuits to evaluate the switching 

characteristics of the selected power electronic devices listed in Table 5.1. The DPT circuit 

includes a DC power supply of 10 V, a load current of 1 A, a DC-side capacitor of 10 µF, and 

an inductor load of 420 µH 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 10 mɋ gate 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. 
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Table 5.2: DPT Circuit Components and Parameters 

Parameters Symbol Value 

DC voltage supply Vin 10 V 

Load current  Iload 1 A 

DC capacitor C 10 uF 

Load inductor Lload 420 uH 

Schottky diode (MBRS1100) Vbreakd 100 V 

Gate resistor RG 10 mÝ 

Gate drive voltage supply VGDC +10 V 

Switching frequency fsw 5 kHz 

 

From the obtained results, Figure 5.7 shows the waveforms of the SiC MOSFET device gate 

voltage at +10 V/div, drain-source 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 turn-off and turn-on 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 and current 

parameters at a switching frequency of 5 kHz. 

 Figure 5.8(a) illustrates the average switching power loss of 0.825 mW that was dissipated 

during the turn-off transient, as obtained using Equation (5.5). The instantaneous energy loss 

of 165 nJ during the OFF transient time was calculated using the peak voltage and current 

values via Equation (5.1). During the device turn-off time the drain-source voltage begins to 

rise until it reaches a steady-state region or peak value, while the current decreases until it 

reaches zero. Throughout this voltage and current transition, the dissipation power occurs over 

a total transient time of 33 ns. In the second transient, the average estimated dissipated power 

was 0.375 mW, as obtained using Equation (5.6) and shown in Figure 5.8(b). During the 

MOSFET turn-on 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 resulted in 75 nJ over a total fast transient of 

15 ns, as obtained using Equation (5.2). 
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Figure 5.7: Output waveforms of SiC MOSFET VGS, VDS, ID. and instantaneous power. 

 

Figure 5.8: SiC MOSFET switching waveforms: (a) Turn-off transient and dissipated power 

of 0.825 mW; (b) Turn-on transient and dissipated power of 0.375 mW. 

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 blocking mode. 
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During this transition, the reverse recovery current (trr) takes time of 2.8 ns, which is very fast 

and resulting in an energy loss (Err) of 12.39 nJ, as obtained using Equation (5.9). Figure 5.9 

shows the forward voltage and current process with a peak reverse recovery current (denoted 

by Irr) of 0.841 A and a peak voltage of 10.53 V referred to as VR. 

 

Figure 5.9: Diode reverse recovery characteristics of SiC MOSFET. 

Err = I rr 
 × VR  × trr  ×                                                   (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 in comparison with the 

SiC MOSFET. The parameters of Si IGBT tested device were listed in Table 5.1. This device 

operates similarly to a MOSFET device. 

5.3.2.1 Theoretical Switching Analysis of Si IGBT 

     The energy losses during turn-on and turn-off transients of IGBT device can be expressed 

using the following equations.  

Eoff = IC (on) × VCE × toff ×                                        (5.10) 

Eon = IC (on) × VCE × ton ×                                        (5.11) 

Where IC (on) the collector current and VCE is the collector-emitter 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 using Equations (5.5) and (5.6) 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 voltage VCE (sat) instead of using RDS (on). The conduction loss was calculated 

using Equation (5.12), and a similar duty cycle value along with a peak collector current of 1 

A was used. The VCE (sat) parameter is 1.35 V at normal temperature, as specified in the 

manufacturer's datasheet. This results in 945 mW of conduction power loss, which is much 

higher than the conduction power loss of the SiC MOSFET.  

Pcond = IC (on)
2 × VCE (sat) × 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 

shown in Figure 5.10 display the measurements of collector-emitter voltage at 10 V/div, 

collector current at 1 A/div, and gate-emitter voltage at +10 V/div, including spikes of 

instantaneous dissipated power. The peak drain voltage and current during the turn-off transient 

were measured. The transition period of 60 ns was also considered to determine the switching 

speed and calculate the instantaneous energy loss during this transient using Equation (5.10), 

which resulting in a loss of 300 nJ. Following that, the estimation of dissipated power during 

the OFF transient resulted in 45.9 mW, as shown in Figure 5.11(a). In addition, Figure 5.11(b) 

shows the dissipated power of IGBT device during turn-on transient of 18 ns, exhibiting an 

estimated loss value of 0.450 mW, obtained using the calculated instantaneous energy loss of 

90 nJ during the ON transient and the specified switching frequency. 
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Figure 5.10: Output waveforms of Si IGBT; VGE, VCE, 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 3.58 ns, which results in an energy loss of 17.79 nJ, as 

obtained using Equation (5.9). Figure 5.12 shows the forward voltage and current process with 

a peak reverse recovery current of 0.839 A and a peak voltage of 10.59 V. 

 



 

141 

 

 

Figure 5.11: Si IGBT switching waveforms: (a) Turn-off transient and dissipated power of 

1.5 mW; (b) Turn-on transient and dissipated power of 0.450 mW. 

 

Figure 5.12: Diode reverse recovery characteristics of Si IGBT. 

5.4 Experimental Double-Pulse Test Prototype 

     Figure 5.13 shows a laboratory prototype of the double pulse test circuit conducted to verify 

the switching behaviour and speeds of selected power electronic devices, 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 listed in Table 5.2, 

which used in the simulation circuit. The tested power switches, including their gate drive 

circuit, are shown in Figures 4.15and 4.16 in Chapter 4. 
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Figure 5.13: 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 follows: t1 = 45 ɛs, t2 = 15 ɛs, t3 = 5 ɛs, 

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 DUT. Figure 5.14 illustrates 

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

in Appendix C. 

Arduino Uno GDC & Heat sink & DUTLaptop

 

Figure 5.14: The diagram of the double pulse generation process. 

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 during turn-on and turn-

off transients. The experimental test was performed at a normal temperature of 25°C. Figure 

5.15 shows the waveforms of the obtained results for the gate-source 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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Figure 5.15: SiC MOSFET output waveforms: drain-source voltage, drain current, and 

instantaneous power. 

Figure 5.16(b) shows the estimated switching power loss of the SiC MOSFET during the turn-

off transient was approximately 60.75 mW, occurring over a transient time of 2.43 µs. 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 to 20 MHz. However, the switching loss analysis for 

both devices was performed using a switching frequency of 5 kHz. In the second transient, the 

duration of turn-on transition is 2.73 µs, during this transition the switching dissipated power 

has been slightly increased to 68.31 mW.  

It is worth noting that, in SiC MOSFET drain-source voltage waveform a small overshoot or 

oscillation is often observed during turn-on and turn-off transients. These overshoot peaks 

appear due to several factors, including the device's internal capacitances, which 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 non-conducting state, is reflected 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 voltage overshoot and ringing issues, a clamp circuit with 
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appropriately selected parameters, such as a Resistor-Capacitor-Diode (RCD) configuration, 

can be employed. 

 

Figure 5.16: VGS, VDS, ID, and power zoomed waveforms of SiC MOSFET: (a) Turn-off 

transient and dissipated power of 60.75 mW; (b) Turn-on transient and dissipated power of 

68.31 mW. 

5.4.2 Si IGBT Switching Performance and Experiment results 

     From the obtained experimental results, the waveforms of the gateïcollector voltage at 10 

V, collectorïemitter voltage at 10 V, collector current at 1 A, and the instantaneous dissipated 

power are illustrated in Figure 5.17. The experimental results indicate that the turn-off and 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 2.80 µs to be completely in the OFF state. During this process, 

70 mW of dissipated power, as shown in Figure 5.18(a). Meanwhile, the device shows a slight 

increase in the dissipated power, resulting in 70.5 mW during the turn-on transient, with a 

transition time of approximately 2.82 µs. 
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Figure 5.17: Si IGBT output waveforms: collector-emitter voltage, collector current, and 

instantaneous power. 

 

Figure 5.18: VGE, VCE, IC, and power zoomed waveforms of Si IGBT: (a) Turn-off transient 

and dissipated power of 70 mW; (b) Turn-on transient and dissipated power of 70.5 mW. 
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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 the devices' switching 

speeds. Furthermore, a low-voltage 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 to the transient 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 SiC MOSFET has faster switching speeds 

and lower dissipated power during both transients compared to the Si IGBT device. Table 5.3 

summarizes the simulation and experimental results of the DPT approach. 

Table 5.3: Comparison of SiC MOSFET and Si IGBT switching and conduction power 

losses. 

Parameters 
DPT simulation results DPT experimental results 

SiC MOSFET Si IGBT SiC MOSFET Si IGBT 

Eoff  165 nJ 300 nJ 12.5 uJ 14 uJ 

Eon  75 nJ 90 nJ 13.66 uJ 14.1 uJ 

Poff (mW) 0.825 1.5 60.75 70 

Pon (mW) 0.375 0.450 68.31 70.5 

Pcond (mW) 25.5 945 - - 

Ptotal (mW) 26.7 946.95 129.06 140.5 

 

5.6 Half-bridge circuit and thermal model system. 

     A thermal model is a valuable component for evaluating conduction and switching power 

losses in power electronic devices such as IGBTs and MOSFETs. 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 half-bridge inverter consists of two power switches, 

forming one cell of an MMC half-bridge submodule that uses the same voltage and current 

values flowing through the top and bottom switches, as illustrated in Figures 5.1 and 5.2 in the 
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chapter. Therefore, a half-bridge 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 the top and bottom 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 SiC MOSFETs. The main purpose of this cell testing is 

to evaluate the switching and conduction power loss of the one cell using power electronic 

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 arrangements. Figure 5.19 shows the designed test cell circuit 

using a SiC MOSFET and Si IGBT hybrid system, including the heat sink model with a thermal 

resistance connected to a grounded constant temperature for adjusting the device junction 

temperature. The circuit is connected with an R load of 10ɋ and a switching frequency of 

5kHz. 
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Figure 5.19: Configuration of half-bridge inverter circuit. 

5.6.1 Thermal switching energy loss. 

     The instantaneous switching power loss of the selected power electronic devices during 

turn-on and turn-off transitions was analysed using the thermal model. The power loss is 

calculated as the product of the drainïsource voltage and the drain current. During turn-on, a 

sharp power spike appears due to the overlap between the decreasing ὺ and the increasing Ὥ. 

During turn-off, power loss occurs when ὺ  rises while current is still flowing through the 

device. The area under each power waveform represents the turn-on and turn-off switching 

energies, respectively. Owing to the fast-switching speed and the absence of tail current, the 
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SiC MOSFET exhibits short-duration switching loss pulses compared with conventional 

silicon devices. 

From the simulated thermal model of the half-bridge circuit, Figures 5.20 and 5.21 illustrate 

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 during the turn-on and turn-off transients 

at these reference conditions, the energy losses at other voltage and current ratings can also be 

estimated. As shown in the figures, the switching energy is evaluated under voltage levels of 3 

V, 5 V, 8 V, 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 of 25 °C, 125 °C, and 175 °C 

indicate that both Eoff and Eon 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 150 °C. At 25 °C, the 

energy loss results show that Eon is approximately three times higher and Eoff   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 in Eoff. More details of the estimated 

device energy losses during turn-on and turn-off transients at various voltage, current, and 

temperature conditions, using the thermal model, are available in Appendix C, including the 

ON and OFF equations used in the energy loss calculations for both power electronic devices. 
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(a) (b)

Eoff Eon

 

            Figure 5.20: Thermal energy loss of SiC MOSFET: (a) Eoff loss of 0.5µJ at a blocking        

voltage of 10 V and current of 1 A at normal temperature of 25 ÁC, and (b) Eon  loss of 

1.8µJ at the same voltage and current levels at normal temperature. 

(a) (b)

Eoff Eon

 

        Figure 5.21: Thermal energy loss of Si IGBT: (a) Eoff loss of 3.2µJ at a blocking         

voltage of 10 V and current of 1 A at normal temperature, and (b) Eon  loss of 4.7꜡µJ at 

the same voltage, current, and temperature levels. 

5.6.2 Thermal Switching and Conduction Power Loss Analysis. 

     In this section, the analysis of switching and conduction power losses was conducted using 

energy loss results from the thermal model, the 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 rated temperatures, 150 °C for the IGBT and 175 °C for the MOSFET. This 

analysis aims to verify the switching performance of 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 in Figures 5.22, 5.23, and 5.24. The switching power of the SiC 



 

150 

 

MOSFET was calculated by combining the turn-on and turn-off energy losses and multiplying 

by the specified switching frequency, using the formula P switch = (Eon + Eoff). fs. The results 

indicate a slight decrease in switching power loss as the junction temperature increases. In 

contrast, the conduction loss gradually increases with increasing junction temperature, 

resulting in a total power loss of 36.3mW at normal temperature and 40.7mW at 175°C.  

On the other hand, the measured switching power losses of the IGBT-based device were 39.5 

W at 25°C and 47.5 W at 150 ÁC, representing an increase of approximately a factor of three 

across the three temperature cases. Furthermore, the corresponding conduction power losses 

are approximately ten times higher when compared with those of the SiC MOSFET, resulting 

in a total power loss of 280.9W at 25 ÁC. The behaviour of silicon-based power electronic 

switches is generally influenced by increasing junction temperature, particularly at higher 

voltage levels, due to several physical mechanisms. As the junction temperature increases, 

carrier mobility within the semiconductor decreases, slowing the movement of charge carriers 

and resulting in longer turn-on and turn-off times. In addition, temperature rise affects the gateï

emitter threshold voltage and internal resistances, thereby modifying the deviceôs switching 

dynamics and contributing to increased switching losses. Furthermore, conduction losses 

increase with temperature because the on-state voltage drop, ὠὅὉ(έὲ), 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). This behaviour can be attributed 

to several factors, including the relatively low tested blocking voltage, reduced currentïvoltage 

overlap during switching transitions, and operation within a low-power region. 
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Figure 5.22: Thermal power loss comparison of Si IGBT and SiC MOSFET devices at Tj = 

25°C and fs = 5 kHz. 
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Figure 5.23: Thermal power loss comparison of Si IGBT and SiC MOSFET devices at Tj = 

125°C and fs = 5 kHz. 
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Figure 5.24: Thermal power loss comparison of Si IGBT and SiC MOSFET devices at their 

maximum junction temperatures, Tj = 150°C and 175°C, with fs = 5 kHz. 

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 assumptions and 

junction temperatures. From Figure 5.25, 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 demonstrates the lowest 

power loss. 

For better understanding, the cell power loss was estimated under three different cell 

arrangements of the selected power electronic devices and various temperatures. In the first 

case, two Si IGBT devices were used for the HBSM cell, resulting in a total power loss of 

561.8Mw at normal temperature, which decreased to 446.8Mw at the maximum junction 

temperature of 150 ÁC. In the second case, the proposed HBSM cell was tested using a hybrid 

system of a SiC MOSFET and a Si IGBT. The results indicate that the total power loss was 

reduced by approximately half across all three temperature cases compared to the IGBT-based 

HBSM. In the third case, two SiC MOSFETs were used for the SM cell, demonstrating a 

significant reduction in total power loss compared to the IGBT-based cell. However, the cost 

of a SiC MOSFET-based cell is about five times higher than that of a Si IGBT-based cell and 
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only twice as high as the hybrid SiCïSi system. This suggests that the hybrid SiCïSi approach 

is an ideal solution for MMC-HBSMs in terms of both power loss and cost, offering a 

compromise between efficiency and affordability compared to conventional IGBT-based or 

pure SiC systems. 
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Figure 5.25: Comparison of power losses of the HBSM cell using different power switch 

arrangements and various junction temperatures. 

Moreover, the efficiency of the half-bridge 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, achieving 90.32 % at normal 

temperature and 92.2 % at the maximum temperature. However, it can be observed that the 

efficiency slightly improved as the junction temperature increased. This is because the 

conduction power losses of the Si IGBT devices decreased with rising temperature. In contrast, 

the half-bridge circuit based on two SiC MOSFETs in third approach shows the highest 

efficiency, around 99.2 % at normal temperature. However, as the junction temperature 

increases, the conduction losses rise slightly, causing a small decrease in efficiency. In the 

second approach, a SiC and Si 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 increases. This results in cell efficiency improvements of around 7 % at normal 

temperature and approximately 5 % at maximum temperature compared to the half-bridge 

circuit based on IGBT devices. Furthermore, the cost of the cell was estimated based on online 

market prices for the power switches, resulting in the hybrid system cost increasing by around 

9 % compared to the IGBT-based circuit, while being approximately 8.4 % lower than the third 
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approach using two SiC MOSFETs. The efficiency equation and output power parameters of 

the circuits are provided in Appendix C, in the thermal model section. 
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Figure 5.26: Efficiency improvements of the half-bridge 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 single-phase MMC model using four HBSMs in each 

arm, as presented in Chapter 4, was 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 half-bridge circuit with three different power device configurations, the MMC 

model power losses, in terms of power switches, can be estimated by counting the number of 

submodule cells in the upper and lower arms, assuming converter operation 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 shown in Figure 5.25, the MMC 

total power loss was reduced by nearly half when using the SiC and Si hybrid-based HBSM 

cell compared to the cell using only Si-based devices, resulting in a 14.5 % improvement in 

model efficiency. However, the model cost increased by approximately 9.3 %. 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 IGBT-based model and around 10 % higher than the SiC and Si hybrid 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 IGBT-based model, while 

maintaining lower cost than the SiC-only 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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Figure 5.27: Total power losses and model efficiency of MMC converter 

 

Finally, a comparison of power losses was considered between 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 used in this research, assuming that the devices exhibit similar power 

losses when operating in other submodule configurations. The total power loss was estimated 

per submodule by accounting for the number of power electronic switches used in each 

submodule. Subsequently, the power losses of a single-phase 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 switches. Furthermore, 

when considering a single-phase MMC model using these submodules, the model based on the 

proposed hybrid exhibits approximately three times lower power consumption compared with 

the HBSM. 

Table 5.4: Summary of power losses per submodule cell and for a single MMC model using 

the SiC and Si hybrid SM and other cell SMs. 

Submodule type 
Switches 

count 

Loss per cell 

(W) 

Total power loss 

(W) 

SiC MOSFETs and Si IGBTs 2 0.3172 2.5376 

SSSM 3 0.8427 6.7416 

DCSM 3 0.8427 6.7416 

UFBSM 3 0.8427 6.7416 

AUFBSM 3 0.8427 6.7416 

FBSM 4 1.1236 8.9888 

DCSM 5 1.4045 11.236 

TSMs 1 4 1.1236 8.9888 

TSMs 2 3 0.8427 6.7416 

DSM 8 2.2472 17.9776 

CCSM 5 1.4045 11.236 

 

5.8 Chapter Summery 

     This chapter presents an investigation of the switching and conduction power losses of two 

selected power electronic devices manufactured using Si and SiC technologies. The evaluation 

of power losses was performed through simulations of a DPT circuit to test the devicesô 

switching speeds during turn-on and turn-off transients and the associated power losses 

independently, followed by DPT laboratory experiments to verify the switching characteristics. 

In addition, a thermal model was developed in PLECS using a half-bridge circuit with Si and 

SiC-based devices to evaluate both switching and conduction power losses. The circuit 

employed three power-switch configurations: the Si IGBT approach, the SiCïSi hybrid 

approach, and the SiC MOSFET approach, to verify the effectiveness of the hybrid half-bridge 

circuit in terms of total power loss and improved cell efficiency under various temperature 

conditions. 
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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 periods of 15 ns 

and 33 ns, respectively. This results in power losses of approximately 0.275 mW during the ON 

transient and 0.825 mW during the OFF transient. In comparison, the Si IGBT demonstrates 

slower switching performance and higher power consumption. The conventional Si-based 

device exhibits switching times of 18 ns and 60 ns for the ON and OFF transients, respectively, 

with corresponding power losses of 0.450 mW during the ON transient and 1.5 mW during the 

OFF transient. In 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 the simulated 

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 difference in the magnitude of power loss between the simulation 

and experimental results, tests on both devices consistently demonstrate that the SiC MOSFET 

exhibits faster switching speeds and lower power losses. 

The thermal model based on a half-bridge 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 MOSFET exhibits 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 based on different 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 MOSFETïSi IGBT configuration demonstrated a 

reduction in power consumption of approximately 43.5% compared with a cell using only 

IGBT switches, achieving an improved SM efficiency of about 96%. Finally, the total power 

loss of a single-phase MMC model employing eight submodules based on a MOSFET/IGBT 

hybrid system was compared with that of other submodule configurations. The hybrid approach 

demonstrated an approximately half reduction in total power loss compared with the MMC 

model based on half-bridge submodules utilizing Si IGBTs, resulting in an overall model 

efficiency improvement of approximately 17%. 
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Chapter 6: Three-Phase Nine-Levels 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 

single-phase MMC simulation results presented in Chapter Three were obtained using the 

MATLAB simulation tool. A 9-level output voltage for an average grid-tied MMC model based 

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 using SiC MOSFET 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, and power system. 

6.2 MMC Model Configuration 

     In chapter three, he MMC topology was introduced as the state-of-the-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 of active power electronic devices 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 

softwareôs such as PLECS and is not supported in MATLAB/Simulink.   

A brief description of the modelled MMC topology, as shown in Figure 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 at the MMC output terminals to meet the 

active and reactive power demands. This is achieved by switching the power electronic devices 

of each SM in each arm ON or OFF, generating the synthesized 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 voltage, meaning that the combined 

voltage of the inserted capacitors must be sufficient to supply the required reference voltage of 

the converter. Equation (6.1) illustrates the constraint on the MMC terminal voltage in relation 

to the number of SMs per arm, which can be satisfied by pre-charging the SM capacitors to the 

nominal voltage defined in Equation (6.2) [116]. 

π ὺ ὸ ὔ Ȣὺ ὸ                                                (6.1) 

ὠ                                                             (6.1) 

Where ὺ  is the positive arm, ὔ  represents the number of submodules, ὺ is the terminal 

voltage, ὠ   is the SM capacitor voltage, and ὠ  is the DC voltage. 
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Figure 6.1: 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 half-bridge 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 range [102]. 

π ὺ  ὺ ὔ                                               (6.3) 

π ὺ  ὺ ὔ                                               (6.4) 

Where ὺ is the phase voltage, ὔ  is the capacitor voltage for the number of submodules, 

and ὺ  is the negative arm. In addition, by applying Kirchhoffôs law, the steady state and 

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 expressed by Equations 

(6.5).   

ὺ ὠὧέί(6.5)                                                          (‫ 

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 as ὠand Ὅ, where ὠ = ὠ = ὠ= ὠ and Ὅ = Ὅ= Ὅ= Ὅ. While the basic components 

are represented by ὠ  and Ὅ . The voltages of the positive and negative arms are related to the 

DC and link voltages and are expressed by Equations (6.6) and (6.7), respectively. The positive 

and negative arm currents are given by Equations (6.8) and (6.9), respectively. The expressions 

provided are for phase a, but the same approach can be applied to phases. 

ὺ Ȣ   ὺ  ὺ Ȣ                                           (6.6) 

ὺ Ȣ   ὺ  ὺ Ȣ                                          (6.7) 

Ὥ Ȣ    Ὥ Ȣ                                             (6.8) 

Ὥ Ȣ    Ὥ Ȣ                                            (6.9) 
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ὺ Ȣ, ὺ ȢȟὭ Ȣ and Ὥ Ȣ are represents the voltages and currents of upper and lower arms 

respectively. ὠ  and Ὅ  denote to the DC link voltage and current, while ὺ Ȣ   and Ὥ Ȣ   

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 proportional-resonant controller 

(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 expressed by Equations (6.10) and (6.11) for positive arm and 

Equations (6.12) and (6.13) for negative arm. In this modelled converter, the phase voltage is 

taken as a reference with a phase angle of zero. Consequently, the current phase shift (lagging) 

relative to the phase voltage is represented by the power factor angle ()ɲ. 

ὺ Ȣ ὸ   ὠ ὧέί‫ὸ)                                           (6.10) 

Ὥ Ȣ ὸ    ὧέί‫ὸ  ɲ)                                     (6.11) 

ὺ Ȣ ὸ   ὠ ὧέί‫ὸ)                                           (6.12) 

Ὥ Ȣ ὸ    ὧέί‫ὸ  ɲ)                                    (6.13) 

From the relationship between the DC-link voltage and the AC voltage amplitude at the MMC 

output terminal, which is defined by the modulation index mi, the grid AC voltage can be 

obtained using Equation (6.14). 

ὠ = mi                                                                (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 expressed by Equations (6.15) and 

(6.16). Additionally, the average power in each phase leg can be determined by integrating the 

instantaneous power, as given by Equations (6.17) and (6.18). 

ὴ Ȣ  ὸ  ὺ Ȣ ὸ Ὥ Ȣ ὸ                                    (6.15) 

ὴ Ȣ ὸ  ὺ Ȣ ὸ Ὥ Ȣ ὸ                                    (6.16) 
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ὖ Ȣ  
   
ὧέίɲ)                                           (6.17) 

ὖ Ȣ  
  
ὧέίɲ)                                           (6.18) 

Where ὴ  and ὴ Ȣ represent the instantaneous power, ὖ Ȣ and ὖ Ȣ are the positive and 

negative average power. 

The independent control of active and reactive power values is achieved using the dïq frame 

transformation, as described in the literature, and can be expressed by the Equations (6.19) and 

(6.20). The q-axis voltage component is set to zero, since the PLL is synchronized with the grid 

voltage. 

ὖ   ὠὭ                                                       (6.19) 

ὗ   ὠὭ                                                    (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 negative-sequence (a, b and c) 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 differential current of three phases can be given by the following equations. Where Ὥ  

represents the differential current for three-phase, Ὥ  is the double frequency circulating 

current, ɤ 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. 

Ὥ Ȣ   Ὥ ίὭὲς‫ὸ  •)                                   (6.21) 

Ὥ Ȣ   Ὥ ίὭὲ ς ‫ὸ  •                             (6.22) 

Ὥ Ȣ   Ὥ ίὭὲ ς ‫ὸ  •                            (6.23) 
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6.4 Control system of the grid-connected MMC 

     The control system of a three-phase 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 classical control systems 

of the MMC model are described in detail in Chapter 3. Figure 6.2 shows the phase-locked 

loop (PLL), current control, voltage control, DC control, and PWM modulation used for 

balancing the submodule capacitor voltages of the MMC model connected to the grid [173]. 
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Figure 6.2: A control scheme of MMC model connected to the grid [173]. 

Furthermore, Figure 6.3 illustrates the vector control technique under steady-state operating 

conditions, implemented with an inner loop for current control and an outer loop for voltage 

and power control [41]. 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 the q-d axis current components. Where in this schematic Vg.a, Vg.b, and 

Vg.c represent the three phase grid voltage, while Ig.a, Ig.a, and Ig.a represent  the grid current, 

iud
* and iuq

* refer to the direct and quadrature current axes, and the reference voltages used to 

generate insertion indices for each phase leg are represented by Vud, Vuq . V*
dc, P*, and Q* 

represent the DC voltage, active power, and reactive power respectively. Their measured values 

(Vdc, P and Q) were obtained using a PI controller system, where the nominal voltage of each 

SM is maintained as the total DC supply voltage divided by the number of submodules VDC/N. 
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Figure 6.3: (a) Inner current control, (b) Outer loop power and voltage control [41]. 

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 converterôs voltage and current behaviour using a hybrid HBSM system. Table 

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 link of 5 kV and a power 

rating of 10 kW. 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 distributed. In Chapter four, Figure 4.7 illustrates 

the dual sorting algorithm approach used for sorting and balancing the SM capacitor voltages. 

From the simulation results, Figure 6.4 illustrates the measured voltages across each SM in the 

upper and lower arms, which are sorted and balanced at 625 V, based on the DC-link voltage 

level divided by the number of SMs (Vdc/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 to track its respective reference value. 
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Table 6.1: List of main parameters used in the MMC simulation model 

Parameters Nominal values 

Nominal Active Power, P 10 kW 

DC link voltage, VDC 5 kV 

Number of SMs per arm, NSM 8 

Nominal SM capacitor voltage, VSM 625 V 

SM Capacitor Capacitance, C 1.2 mF 

Arm Inductance, Larm 3.7 άὌ 

Arm Resistance, Ra 0.5 ɋ 

Modulation index, mi 0.94 

Frequency, f 50 Hz 

Switching frequency, fs 5 kH 

Inductance of AC system, L 9 άὌ 

Resistance of AC system, R 5.59 ɋ 

 

 

Figure 6.4: Phase A submodules capacitor voltage balancing at Vcap= 625 V: (a) Upper arm, 

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 power. Figure 5.6 effectively demonstrates the N+1 voltage 

output levels for the positive and negative arms, along with the output current of Phase A. The 

primary three-phase 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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three-phase 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 present in the output currents, which 

provides important insights for filtering and control optimization. Figure 6.7 illustrates the grid 

voltage and current waveforms of a three-phase electrical system. The three sinusoidal voltage 

and current outputs, with peak values of 2350 V and 3 A, respectively, are phase-shifted 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 provided in Appendix D. 

 

Figure 6.5: Phase A MMC output voltage and current waveforms: (a) Voltage peak of Va =5 

kV and (b) Current peak of Ia = 2.2 A. 
















































































