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Abstract 

High voltage direct current transmission (HVDC) is used for massive transmission of electricity 

over long distances in the form of direct current (DC). HVDC power systems enable utilities to 

transfer bulk power, to efficiently integrate clean renewable energies, to interconnect grids, and 

to improve overall network performance with low losses. The latest generation of HVDC 

systems make use of modular multilevel converter (MMC) topologies to convert high voltage 

efficiently. Hybrid converter topologies combine the basic two- or three-level converter 

topologies with MMC topologies to reduce the number of semiconductor switches in the current-

conducting path, consequently reducing semiconductor losses. The hybrid converter investigated 

in this thesis is a hybrid 3-level converter (H3LC) which has been shown to have DC-fault 

blocking capabilities and remains compact while having less semiconductor losses than the 

conventional hybrid 2-level converter. The H3LC operates by using director switches (DS) 

composed of series connected IGBTs to generate 3-level voltage waveforms which are then 

passed through cascaded full bridge submodules (FBSMs) converting the 3-level voltage 

waveforms into multilevel sinusoidal voltage waveforms at the point of common coupling 

(PCC). However, in various industrial power system applications where individual phase voltage 

magnitude fluctuation and three-phase voltage unbalance at the PCC may occur, the H3LC 

would cause power quality problems during such events. 

The aim of this thesis is to provide a method that will optimize the H3LC operation during the 

event of a grid voltage imbalance. From the various negative-sequence control techniques 

proposed in recent research papers, the approach taken in this thesis is to employ the use of an 

auxiliary controller that that works in tandem with a main controller. The research challenge 

undertaken is to integrate a sequence analyzer and controller technology that was proven to have 
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worked for other converter topologies with an emerging hybrid multilevel converter, i.e., H3LC. 

This thesis presents an unbalanced PCC current regulation control method with positive and 

negative-sequence component analyzers and an auxiliary controller for the H3LC. A sequence 

component analyzer is first used to separate the signals measured from the grid at the PCC into 

its positive and negative sequence components. With the extracted sequence components, the 

negative sequence current can be found and controlled. The main controller is used to regulate 

the positive-sequence current at the PCC with respect to the reference current while the proposed 

auxiliary controller is used to suppress any negative-sequence currents at the PCC. The 

integration of the developed technology and the H3LC is implemented and, a simulation 

imitating an unbalanced grid voltage case is performed for proof of concept. This thesis explores 

the unbalanced current regulation scheme by outlining the underlying principles and simulating 

case studies for operations under different modes with a detailed equivalent model of the H3LC 

in a MATLAB® Simulink environment.  
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Lay summary 

HVDC power transmission systems are widely used across the world today. The transmission of 

power that is made possible through HVDC technology highlights the importance of power 

converter research. As there is an increase in the number of emerging converter circuit topology 

designs, the disadvantages and possible converter operation challenges are also being explored 

in-depth. One such challenge would be voltage magnitude fluctuations and unbalance that cause 

instability to the power transmission and inability for the converter to maintain voltage and 

power quality of the AC grid. This thesis presents one solution to this problem by adding to the 

conventional H3LC control a symmetrical component analyzer that detects any voltage 

unbalances and an auxiliary controller that suppresses unwanted negative-sequence current 

components. The fundamental principles will be discussed in greater detail in the thesis. The 

proposed control scheme will be simulated using MATLAB® Simulink/Simscape 

Electrical/Specialized Power System Blockset to validate the theoretical operation of the H3LC 

under unbalanced AC grid voltage conditions.  

 

 

 

 



vi 

 

Preface 

All the work in this thesis was completed in the School of Engineering, the University of 

British Columbia, Okanagan Campus (UBCO). The research was done under the 

supervision of Dr. Liwei Wang, an associate professor at UBCO. The principal contributor 

to this thesis is Paul Yoo. Mr. Levi Bieber provided the structure of the unbalanced voltage 

controller and advised me during the development of the simulation model. Dr. Liwei Wang 

provided the concept for this thesis and offered support and guidance throughout my 

research. This thesis contains material that is to be published in the future. 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

Table of Contents  
 

Abstract .......................................................................................................................................... iii 

Lay summary .................................................................................................................................. v 

Preface............................................................................................................................................ vi 

List of Figures .............................................................................................................................. viii 

List of Tables ................................................................................................................................. ix 

Abbreviations .................................................................................................................................. x 

Acknowledgement ......................................................................................................................... xi 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 Background ................................................................................................................... 4 

1.2 Literature Review ......................................................................................................... 7 

1.3 Research Objectives ................................................................................................... 16 

1.4 Thesis Contributions ................................................................................................... 16 

Chapter 2: H3LC Topology ...................................................................................................... 18 

2.1 H3LC Topology .......................................................................................................... 18 

2.2 Operating principle ..................................................................................................... 19 

Chapter 3: H3LC Control Design and Modeling ...................................................................... 26 

3.1 Current-Mode Power Control ..................................................................................... 26 

3.2 Switching Signal Generation ...................................................................................... 31 

3.3 DEM Model ................................................................................................................ 32 

Chapter 4: Simulation Results .................................................................................................. 33 

4.1 Performance Evaluation ............................................................................................. 36 

4.2 Conclusion/Summary ................................................................................................. 52 

Chapter 5: Conclusion............................................................................................................... 53 

5.1 Thesis Summary ......................................................................................................... 53 

5.2 Future Work ................................................................................................................ 54 

Bibliography ............................................................................................................................. 55 

 

 



viii 

 

List of Figures 

Figure 1.1 Half-bridge submodule .................................................................................................. 4 

Figure 1.2 Full-bridge submodule................................................................................................... 5 

Figure 1.3 Symmetrical Component Systems ................................................................................. 6 

Figure 1.4 Three-phase two-level VSC ........................................................................................ 10 

Figure 2.1 Power circuit schematic of H3LC ............................................................................... 18 

Figure 2.2 (a) Three-level converter voltage with corresponding fundamental frequency voltage. 

(b) Chainlink voltage .................................................................................................................... 21 

Figure 2.3 Chainlink energy balancing loop ................................................................................. 23 

Figure 2.4 DC-pole capacitor control loop ................................................................................... 24 

Figure 2.5 DS switching generation block .................................................................................... 25 

Figure 3.1 H3LC real and reactive power control scheme ........................................................... 26 

Figure 3.2 Main controller (red) and auxiliary controller (blue) .................................................. 27 

Figure 3.3 Submodule switching signal generation ...................................................................... 32 

Figure 4.1 Schematic of simulation model ................................................................................... 35 

Figure 4.2 Three-phase output measured at converter side. Converter voltage (Top) and converter 

current (Bottom)............................................................................................................................ 38 

Figure 4.3 Summation of three-phase FBSM capacitor voltages ................................................. 39 

Figure 4.4 Individual capacitor voltages showing 4 out of 20 SMs ............................................. 40 

Figure 4.5 DC-pole capacitor voltages ......................................................................................... 41 

Figure 4.6 Real and reactive power waveforms ............................................................................ 42 

Figure 4.7 Cascaded FBSM voltage for Phase-A ......................................................................... 43 

Figure 4.8 Three-level Phase-A NPC output ................................................................................ 44 

Figure 4.9 Positive and negative-sequence dq voltage components ............................................. 45 

Figure 4.10 Positive and negative-sequence dq current components ........................................... 46 

Figure 4.11 FFT analysis of converter sinusoidal three-phase voltage during grid voltage 

unbalance case. (a) Phase-A voltage. (b) Phase-B voltage. (c) Phase-C voltage. ........................ 47 

Figure 4.12 FFT analysis of converter sinusoidal three-phase voltage after the auxiliary 

controller is employed. (a) Phase-A voltage. (b) Phase-B voltage. (c) Phase-C voltage. ............ 48 

Figure 4.13 FFT analysis of converter sinusoidal three-phase current during grid voltage 

unbalance case. (a) Phase-A current. (b) Phase-B current. (c) Phase-C current. .......................... 50 

Figure 4.14 FFT analysis of converter sinusoidal three-phase current after the auxiliary controller 

is employed. (a) Phase-A current. (b) Phase-B current. (c) Phase-C current. .............................. 51 

 



ix 

 

List of Tables 

Table 1.1 Half-bridge submodule states ......................................................................................... 5 

Table 1.2 Full bridge submodule states .......................................................................................... 6 

Table 2.1 Voltage rating of H3LC components ............................................................................ 20 

Table 4.1 IBGT specifications ...................................................................................................... 34 

Table 4.2 H3LC model parameters ............................................................................................... 35 

 



x 

 

Abbreviations 

AAC  Alternate Arm Converter 

DS  Director Switch 

FB-MMC Full-Bridge Modular Multilevel Converter 

FBCL  Full-Bridge Chainlink 

FBSM  Full-Bridge Submodule 

H2LC  Hybrid Two-level Converter 

H3LC  Hybrid Three-level Converter 

HB-MMC Half-Bridge Modular Multilevel Converter 

HBSM  Half-Bridge Submodule 

HVDC  High Voltage Direct Current 

IGBT  Insulated Gate Bipolar Transistor 

LCC  Line-Commutated Converter 

MB-MMC Mixed-Bridge Modular Multilevel Converter 

MMC  Modular Multilevel Converter 

PCC  Point of Common Coupling 

PLL  Phase-Locked Loop 

PWM  Pulse-Width Modulation 

SM  Submodule 

THD  Total Harmonic Distortion 

VSC  Voltage Source Converter 

 



xi 

 

Acknowledgement 

I would like to give my warmest thanks to my supervisor, Dr. Liwei Wang, who made this work 

possible. His guidance has supported me throughout all the stages of this research project. I was 

fortunate to have Dr. Liwei Wang as my supervisor during my Master’s program as I have been 

inspired greatly from his expertise and guidance.  

A debt of gratitude is owed to my fellow research colleague Mr. Levi Bieber for his constructive 

comments, discussions, and timely suggestions. He has spent time and effort to reply to any 

questions I had during the course of my research which has enabled me to complete my thesis. 

I would also like to give special thanks to my family who has supported me throughout this 

endeavor. My parents have done their utmost to ensure I have a proper education. I also express 

thanks to my brother who has always encouraged me every step of the way. Their love and 

understanding were what sustained me this far. 

 



1 

 

Chapter 1: Introduction 

Electricity is essential to modern life and is important to the economics of every nation. This 

century is predicted to observe an unprecedented growth in electrical power usage and by the 

same token, challenges in electrical power generation and transmission [1]. The increase in 

demand for electricity worldwide creates a global race for greener energy generation and more 

efficient power transmission technologies to be invented. Alternatives to fossil fuels for energy 

production are desirable as the threat of global fossil fuel source depletion is imminent [2]. As 

fossil fuels become rarer, the result would be rising prices in everyday living as many 

applications rely on power generation for usage such as heating, cooling, lighting, computing, 

transportation, and machinery. Another reason to get rid of global dependence on fossil fuels 

would be the negative impact it has on the environment when used for power generation [3]. The 

research efforts in the field of renewable and environmentally friendly power sources have 

become increasingly important. The research in power electronic converter technologies to 

integrate renewable sources, such as hydro, photovoltaic and wind generations into the power 

grid brings forth new challenges, due to their intermittent nature, that are not present when 

dealing with conventional power generation systems [4]. Connecting a large-scale renewable 

power source to the AC grid is usually done by a power electronic converter.  

The paradigm shift of the research and development of power electronic converters from 

thyristor-based power semiconductor technology to self-commutating semiconductor devices, 

e.g., insulated gate bipolar transistor (IGBT) led to the creation of multilevel voltage source 

converters (VSC). Multilevel VSCs are widely used as they can satisfy demanding applications 

such as large motor drives, renewable (wind, solar) power generation, and utility systems [5]. 

Due to their scalability, multilevel VSC topologies are highly sought after for power converters 
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with high voltage and power ratings. An emerging challenge when using multilevel VSCs would 

be to deliver power to the AC grid in the case of unbalanced AC grid voltage. Typical power 

converters cannot operate in optimal fashion when there is a voltage unbalance from asymmetric 

grid faults or unbalanced loads. Other examples of when voltage unbalance occurs would be for 

single-phase loads such as traction drives, arc-furnaces, or adjustable speed drives [6].  

Under unbalanced grid voltage, power converters will not operate normally as grid voltage will 

fluctuate and grid currents will exhibit increased total harmonic distortion (THD) [7]. Mitigation 

of voltage unbalances requires load impedances to be equal among the three-phase system. 

Active mitigation of voltage unbalances is possible by using a controller of the power converter 

to compensate for the negative-sequence currents due to unbalanced grid voltage [8].  

This thesis will explore a voltage unbalance control scheme that uses a VSC-based hybrid 

converter to test for negative-sequence current suppression. The H3LC is different from other 

conventional multilevel converters or modular multilevel converters (MMC). The proposed 

negative-sequence current suppression controller will be implemented in the H3LC model which 

is a representative in the family of hybrid cascaded multilevel converters. The proposed 

controller can be extended to other similar but more complex hybrid multilevel converter 

topologies derived from the H3LC.  

The thesis is partitioned into five major sections as follows: 

1. Chapter 1 focuses on the research objective of the thesis as well as background information 

relevant to its content. After the introduction, the HBSM and FBSM are discussed as they are 

referenced throughout this thesis. A literature review was done on a brief history of HVDC 
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systems, conventional power converter topologies and control methods to mitigate negative 

effects, caused by unbalanced grid voltage.  

2. Chapter 2 describes the H3LC in greater detail. Its topology, operating principles and existing 

control model are discussed in this section. The capacitor energy balancing, DC-pole capacitor 

voltage balancing, and the switching-based detailed equivalent model of the converter are all 

addressed. 

3. In Chapter 3, the auxiliary negative-sequence current suppression controller for the H3LC is 

proposed. The purpose of the proposed controller as well as its function is described in Chapter 

3. The mathematical derivations for the symmetrical component extraction and individual 

positive and negative-sequence controllers are designed and developed.  

4. For Chapter 4, the MATLAB/Simulink based simulation results are used to verify that the 

auxiliary negative-sequence suppression controller is working as intended. The H3LC operations 

undergo a series of simulation tests to demonstrate how it responds to normal grid voltage 

condition, unbalanced grid voltage without the proposed auxiliary negative-sequence current 

suppression controller, and finally, unbalanced grid voltage with the proposed negative-sequence 

auxiliary controller. 

5. Chapter 5 states the results of the research and includes summaries and reflections on the work 

done. The key points from each section of the thesis are reiterated and a recommendation for 

possible future directions for this field of study is given. 
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1.1 Background 

This section will provide background information that helps in understanding the terms and 

principles described in Chapters 2 and 3. The background context includes an explanation of 

half-bridge and full-bridge submodules that are referenced heavily in later chapters, and a brief 

explanation of symmetrical components. 

1.1.1 Half-Bridge and Full-Bridge Submodules   

For high voltage direct current (HVDC) applications, MMCs are the most widely used high 

power converter technology as they provide less losses for the same power and voltage ratings 

used than the conventional two- or three-level converters. The MMCs can operate with hundreds 

of small voltage levels without propagating complexity in semiconductor connections. A typical 

three-phase MMC consists of six arms each comprised of a series of submodules (SM) [9]. A 

SM is comprised of a capacitor and semiconductor switches. The two most common SMs are the 

half-bridge submodule (HBSM) and full-bridge submodule (FBSM) configurations [10].  

The HBSM consists of two IGBTs and a capacitor as seen in Figure 1.1. The switching states, 

current polarities, output voltages and capacitor charging states are shown in Table 1.1 

 

Figure 1.1 Half-bridge submodule  
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Table 1.1 Half-bridge submodule states 

States S1 S2 iSM vSM ΔvCap 

𝐼𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 1 

Mode 2 

 

1 

1 

 

0 

0 

 

+ 

- 

 

Vc 

Vc 

 

+ 

- 

𝐵𝑦𝑝𝑎𝑠𝑠𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 3 

Mode 4 

 

0 

0 

 

1 

1 

 

+ 

- 

 

0 

0 

 

0 

0 

𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 5 

Mode 6 

 

0 

0 

 

0 

0 

 

+ 

- 

 

Vc 

0 

 

+ 

0 

 

The FBSM has two additional semiconductor switches compared to the HBSM topology, as 

shown in Figure 1.2. The FBSM is capable of generating bidirectional voltage. The switching 

states, current polarities, output voltages and capacitor charging states are shown in Table 1.2. 

 

Figure 1.2 Full-bridge submodule  
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Table 1.1 Full-bridge submodule states 

States S1 S2 S3 S4 iSM vSM ΔvCap 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑙𝑦 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 1 

Mode 2 

 

1 

1 

 

0 

0 

 

0 

0 

 

1 

1 

 

+ 

- 

 

Vc 

Vc 

 

+ 

- 

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑙𝑦 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 3 

Mode 4 

 

0 

0 

 

1 

1 

 

1 

1 

 

0 

0 

 

+ 

- 

 

-Vc 

-Vc 

 

- 

+ 

𝐵𝑦𝑝𝑎𝑠𝑠𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 5 

Mode 6 

Mode 7 

Mode 8 

 

0 

0 

1 

1 

 

1 

1 

0 

0 

 

0 

0 

1 

1 

 

1 

1 

0 

0 

 

+ 

- 

+ 

- 

 

0 

0 

0 

0 

 

0 

0 

0 

0 

𝐵𝑙𝑜𝑐𝑘𝑒𝑑 𝑠𝑡𝑎𝑡𝑒 

Mode 9 

Mode 10 

 

0 

0 

 

0 

0 

 

0 

0 

 

0 

0 

 

+ 

- 

 

Vc 

-Vc 

 

+ 

+ 

 

1.1.2 Symmetrical Components 

 

Figure 1.3 Symmetrical Component Systems  
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In a three-phase system, to be considered balanced, each phase must be equal in magnitude and 

phase shifted by 120°. The phase currents and voltages can be represented by phasors as 

symmetrical components. The theory of symmetrical components allows detection of any three-

phase unbalance in a power system. In symmetrical component theory, there are three 

components to consider: the positive-sequence, negative-sequence, and zero-sequence [42]. In a 

three-phase balanced system where the magnitudes are equal and the phases are 120° apart, only 

positive-sequence components will exist. In contrast, any other situation will mean that there is 

negative-sequence, and zero-sequence components present in the system. In Figure 1.3, an 

example of a voltage unbalance is shown. By convention, positive-sequence phasors rotate 

counterclockwise. In the original system, Phase-A voltage has its magnitude greater than those of 

Phases-B and C. The positive-sequence voltage is generated by the system voltage and has the 

sequence a-b-c. The negative-sequence shows smaller phasors with the sequence a-c-b according 

to the conventional phasor rotation with counterclockwise rotation. The zero-sequence section 

shows three vectors with equal magnitudes and the same phase angle.  

1.2 Literature Review 

This section will give a brief overview on the history of HVDC systems, background knowledge 

of power converters, and the ongoing challenge present in the current industry that is being 

undertaken by the proposed research work.  

1.2.1 A Brief History on HVDC Systems 

Despite the advantages of using AC in the field of power transmission that overshadowed DC in 

its inception, the possible benefits from using DC prevented the time-tested DC technology from 

becoming obsolete. To experience the advantages from both AC and DC power, a method to 

introduce a DC link to AC systems, the HVDC system, was invented by a Swedish engineer 



8 

 

named Uno Lamm who rectified AC and inverted DC power for a 100-kV, 20-MW cable system 

in 1954 [11]. HVDC systems have advantages over using only AC such as reduction in 

transmission losses and negligible skin effect, improvement in system stability, enabling AC 

voltage and reactive power regulation, and connecting asynchronous AC grids. There exist 

downsides to using conventional line-commutated-converter HVDC systems such as greater 

harmonics in converters, greater reactive power requirements, and converter susceptibility to 

overload. The applications where HVDC is most effective is listed in [12] as:  

• power transmission over long distances 

• asynchronous operation for AC systems with differing operating frequencies 

• power transmission through power cables crossing bodies of water  

A power electronic converter is an essential component of a HVDC system and is directly related 

to the amount of power transmissible by the system. The early-years commercial HVDC 

converters were constructed using mercury-arc valves by Uno Lamm [11]. Due to advances in 

technology, once semiconductor devices were invented in the 1950’s, the advent of the thyristor-

based converter came in the 1970s where most mercury-arc valves used in HVDC applications 

were replaced by solid-state technology [13]. Thus far, the mercury-arc valve and thyristor-based 

converter were considered to be current controlled devices, that is, requiring external circuit 

operation to block current conduction or in layman terms to ‘turn-off’ the switches. These types 

of converters which utilized thyristor switches are referred to as line-commutated converter 

(LCC). The LCC was the dominant technology until further development into semiconductor 

research resulted in the invention of the Insulated-Gate Bipolar Transistor (IGBT). The IGBT is 

a three-terminal power semiconductor switch that offers unprecedented energy efficiency [14]. 

The IGBT is a self-commutating device meaning it is fully controllable and can be turned on or 
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off by applying gate voltage. Due to the invention of the IGBT, voltage-sourced converter (VSC) 

became commonplace for HVDC applications. Advantages that the VSC over the LCC include 

full control over reactive power of an AC system at both ends while maintaining continuous 

balance of real power flow between these two ends. The LCC also requires a strong grid to 

commutate the thyristors and relies on a synchronous voltage source. Furthermore, the self-

commutating nature of the VSC-HVDC system means that it can provide power to passive AC 

networks such as a load on an island [15]. 

1.2.2 Two-level Voltage Sourced Converter 

The two-level VSC is a generic power converter topology and is considered to be the foundation 

of VSC HVDC technology. The first VSC HVDC technology coined “HVDC Light” by ABB 

emerged in the 1990s and made use of IGBT devices to convert AC to DC and vice-versa [16]. 

The two-level VSC operates at high frequencies in the range of 1-2kHz using pulse width 

modulation (PWM). The fast switching allows for rapid active and reactive power control. As a 

result, the two-level VSC does not require separate auxiliary components such as low-order 

passive filters and reactive power compensation devices. Due to this advantage, the two-level 

VSC was physically compact and novel for its time. The two-level VSC is used for low voltage 

applications and is rated for power in the hundreds of Megawatt range [17]. The graphical 

representation of a three-phase two-level VSC is shown in Figure 1.4. 
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Figure 1.4 Three-phase two-level VSC  

 

As seen in Figure 1.4, the two-level VSC has three phase legs, each grey shade of rectangle 

representing a phase. Each phase leg has two switches connected in series that are switched 

on/off to control the output voltage. The output branch or AC terminal is connected to the 

midpoint of a phase leg. In Figure 1.4, the switch is shown to be a combination of an IGBT and 

an antiparallel diode. This combination of semiconductor devices allows bidirectional 

power/current flow and positive DC voltage blocking. A typical method of switch modulation 

would be to use sinusoidal pulse width modulation (SPWM) [18]. With SPWM, there are two 

waveforms of note: the carrier waveform (triangle wave) and reference waveform (sine wave). 

The amplitude of the two waveforms is compared; if the reference waveform is greater than the 

carrier waveform then S1, the upper switch in Figure 1.4, is turned on while S2 is off. In this 

state, the output voltage is +VDC/2. Inversely, when the reference waveform is found to be less 

than the carrier waveform, S1 is off while S2 is on. The output in this state would be -VDC/2. 

This method of switching modulation ensures that the switches are complimentary and there are 
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two voltage levels observed at the AC side terminal. The output of the two-level VSC can be 

summarized in an equation relating the modulation signal (𝑚𝑗) and the capacitor voltage as 

follows: 

𝑉𝑜𝑢𝑡,𝑗 = 𝑚𝑗 ∙
VDC

2
 , 𝑗 ∈ {𝑎, 𝑏, 𝑐} (1) 

1.2.3 Modular Multilevel Converters 

The mentioned two-level VSC in the previous section are widely used for low voltage 

applications. A downside to the aforementioned converters would be the need for a large amount 

of semiconductor switches in series and increasingly complex connections and control for higher 

voltage requirements in HVDC transmission. However, in 2002, a VSC topology suited for 

medium to high voltage applications, named modular multilevel converter (MMC), was invented 

by Lesnicar and Marquardt [19]. The MMC has salient features over the two-level VSC and 

other existing multilevel topologies, in that, the MMC is modular and scalable to any voltage 

level, highly efficient, eliminates the need for DC side capacitors due to the SM capacitors, and 

has better harmonic quality which allows a reduction in the size of passive filters [20]. The basic 

building block in any MMC is the converter cell or otherwise labeled in this thesis as a SM. The 

use of SMs allow the MMC to be scalable to any voltage level required by simply linearly 

increasing the number of SMs added to each converter arm. The two different types of SMs 

typically used in MMCs are the HB and FB SMs both of which are mentioned in Section 1.1. A 

MMC consists of an upper and lower arm both rated for the converter DC side voltage, VDC. 

Each arm consists of series connected SMs referred to as a chainlink as well as an inductor to 

suppress low order circulating current components. Among all the MMC topologies, the half-

bridge MMC (HB-MMC), which uses HBSM is well known for its simplicity and low cost. The 



12 

 

disadvantage to the HB-MMC would be its vulnerability to DC side short-circuit fault. In the 

case of a DC side fault, the short-circuit current that occurs can bypass the HBSM through its 

diode path [21]. Due to the MMC’s modular nature, the HBSMs in each arm can be substituted 

by the FBSMs. The described full-bridge MMC (FB-MMC) has the ability to block DC fault 

currents as the short-circuit current in the FBSMs when all the switches are turned off flows 

through the SM capacitors which provide reverse blocking voltage [22]. The downsides to 

conventional MMC topologies such as the HB-MMC and FB-MMC would be the semiconductor 

losses that are incurred from employing a large number of IGBTs [44]. In the case of the FB-

MMC, the DC side fault blocking advantage over the HB-MMC is shadowed by the fact that 

twice the number of IGBTs need to be used per SM which leads increased conduction losses. 

Other MMC topologies use hybrid configurations with a mix of FBSM and HBSM or altered 

SMs aimed to improve converter efficiency. Some examples of these MMCs include the mixed 

bridge MMC (MB-MMC) which uses both FBSMs and HBSMs in a converter arm to reduce 

semiconductor losses while providing DC-fault handling capabilities; the clamp-double 

submodule MMC (CDSM-MMC) which uses a diode in the SM to add a conduction path to 

block DC fault current; and the series-connected double SM MMC (SDSM-MMC) which is 

designed to block fault currents while allowing the SMs to stay connected [23-25, 43]. 

1.2.4 Hybrid Converters 

Due to the inability of the HB-MMC to cope with DC side faults and the FB-MMC’s high 

conduction loss and cost of large quantities of semiconductor switches, extensive research is 

being done to create hybrid MMCs that effectively integrate the best qualities of the conventional 

converters. Some effective hybrid topologies that minimize losses and have reduced footprints 
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include the alternate arm converter (AAC), the hybrid 2-level converter (H2LC), and the hybrid 

3-level converter (H3LC).  

The AAC is a well-known alternative to the HB-MMC due to it being one of the first modular 

converter with DC side fault ride through capabilities without costing large amounts of power 

loss [26]. The AAC is a hybrid topology that is inspired by the conventional two-level VSC and 

the MMC. The basic layout of the AAC is to have series connected IGBTs called director 

switches (DS) in series with FBSMs in each converter arm. The operating principle of the AAC 

is to alternate the conduction of the upper and lower arms using the DSs to create a rectified AC 

current (DC current) while a small number of FBSMs are used as filters which improve the 

quality of the output waveforms while also maintaining DC side fault ride through capabilities. 

The AAC has six arms like the MMC but less costs because the voltage rating of the 

semiconductor devices does not have to be account for the full DC side voltage source due to the 

DSs [27]. The AAC is not a perfect design however, as the alternating conduction of the upper 

and lower arms produce large ripples in the output waveform and the control for the DSs as well 

as energy balancing of SM capacitors becomes a challenge at high frequencies [26][28]. 

In [29] the H2LC is introduced, which is a multilevel VSC-HVDC system that is based on a 

hybrid two-level converter design with cascaded FBSMs connected at the AC side or otherwise 

known as a full-bridge chainlink (FBCL). This two-level converter has many advantages over the 

conventional MMCs such as having inherent DC-fault reverse blocking from the FBCL. The DSs 

has low switching losses as the fundamental frequency voltage is controlled using selective 

harmonic elimination (SHE) with a switching frequency at three times the fundamental 

frequency. The FBCL also acts as an active power filter that smooths out the AC side output 
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waveforms and only requires a maximum sum of VDC/2 voltage rating, reducing the number of 

SMs required to a quarter of what is needed in the MMC [29]. 

The H3LC, which was introduced in [30] is a new hybrid topology that was derived from the 

H2LC. The H3LC consists of three T-type converters with a FBCL on the AC side and a 

protection branch that allows the converter to block DC-fault current. The H3LC is demonstrated 

to have better efficiency than the H2LC and FBSM-based MMCs, due to its use of fundamental 

frequency switching of the DS and the third-order harmonic voltage injection which limits the 

voltage rating of the AC side FBCL to a sum of VDC/4. The protection branch is required due to 

the low voltage rating of the FBCL which may not be sufficient to provide sufficient reverse 

blocking voltage to the DC side fault. Due to its novelty, modularity, and scalability, the H3LC 

was chosen as the topology of focus for this thesis. Due to the addition of an auxiliary controller, 

modifications were made to the H3LC proposed in [30]. More detail on the operating principle, 

control and modifications will be presented in the later chapters. 

1.2.5 Unbalanced Grid Voltage 

In the past decade or so, the number of power electronic devices that operate for long cycles with 

high power consumption/generation have become increasingly popular in demand. Due to higher 

reliance of modern society on devices such as electric cars, PV systems, battery storage and heat 

pumps, there is growing attention on how the devices may affect power transmission networks 

[31]. Voltage imbalance is a case that affects networks of all voltage levels. Voltage imbalance 

occurs due to an asymmetrical connection of loads. Some loads that may cause voltage 

imbalance are the rectifier or arc furnace as they are commonly known to be nonlinear and 

results in voltage and current distortions, voltage fluctuations and flicker [32]. In some new 
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HVDC systems, control methods to mitigate or inject negative-sequence current during 

imbalanced faults are a part of new grid code requirements [33]. 

In the case of an asymmetric fault, the positive-sequence voltage decreases while the negative-

sequence voltage increases. A few problems arise when the voltage imbalance occurs such as 

disturbed power quality and increased DC-pole capacitor voltage ripple [34]. As is with the 

H3LC, the system described in [35] is current controlled through current reference signals that 

are determined from active and reactive power controllers based on the grid side voltage and 

current measurements. The sudden emergence of negative-sequence current causes the reference 

current to be time variant, which makes the measured current unable to follow the reference 

values. Also, as a result, the converter will have second-order harmonics at the DC side due to 

modulating positive and negative-sequence components causing voltage ripples in the DC 

capacitor [35]. 

In order to resolve the issue of unbalanced grid voltages, there are a couple of methods one can 

employ.  One method is to use an external device with its own battery storage to detect when the 

amplitude of the negative-sequence voltage is above a certain set limit and to inject voltage to the 

grid [36]. This method is only cost effective and viable for low voltage applications. Most 

research papers start the process by decoupling the measured grid voltage and current waveforms 

into its positive and negative-sequence components [37]. This can be done using various 

methods one of which is to apply a delay to a signal in the αβ0-frame. More detail on the 

extraction process will be explained in a later section. After the separation into the positive and 

negative components, the negative-sequence current is generated as a function of the negative-

sequence voltage and is controlled using PI controllers [38]. It is important to note that full 

nullification of negative-sequence components is not possible as the reference negative-sequence 
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voltage value would become zero thus making the derived reference current signals 

undetermined, ultimately leaving the injected currents unsynchronized [39]. 

1.3 Research Objectives 

The research objective of the work done in this thesis is to study the fundamentals of HVDC 

systems, modular and scalable converter topologies and to challenge an issue that is prevalent in 

the industry today. When the grid voltage is unbalanced, the H3LC does not operate in optimal 

condition due to the presence of negative-sequence current. The main goal would be to integrate 

a negative-sequence current suppression control method with the H3LC and verify its viability 

using simulation software. The literature review will provide context for the research done and 

show some alternative perspective to the work done in this thesis. The presentation of the H3LC 

topology, operating principle and modeling will facilitate future improvements in designs with 

more complex topologies. The simulations provide verification of a working negative-sequence 

current suppression controller that mitigates voltage unbalance issues. 

1.4 Thesis Contributions 

This thesis proposes a negative-sequence current suppression control method for the H3LC, a 

relatively new multilevel VSC circuit topology. The negative-sequence current suppression 

control method is designed for various HVDC applications which demonstrate its desirable 

control performance over the conventional positive-sequence-based converter control method. 

The contributions of the thesis are listed in greater detail as follows: 

1. A symmetrical component decoupling method is introduced for the unbalanced grid operation 

conditions of the H3LC HVDC system. The symmetrical component decoupling method is 

shown to be able to decompose the unbalance voltage and current signals into symmetrical 
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negative, positive and zero-sequence signals during steady-state and transient operating 

conditions for the H3LC control hierarchy. 

2. An auxiliary negative-sequence current suppression controller is integrated with the H3LC for 

operation in unbalanced grid voltage conditions. The negative-sequence controller for the H3LC 

is based on a dq converter reference frame which enables the use of a PI controller for the 

proposed negative-sequence controller. 

3. The proposed negative-sequence current controller is implemented in the detailed switching 

based H3LC model in MATLAB/Simulink/Simscape Electrical/Specialized Power System 

Toolbox. The simulation results demonstrate the proposed negative-sequence current suppression 

controller can co-operate with the existing PI control loops of the H3LC to regulate positive-

sequence real and reactive powers and suppress the negative-sequence current in unbalanced grid 

voltage conditions.  
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Chapter 2: H3LC Topology 

This chapter presents the converter topology for the hybrid three-level converter (H3LC) used to 

test the proposed control scheme. The H3LC was chosen for this project because it is a modern 

hybrid type converter and is promising for the applications of the next generation medium to 

high voltage DC systems. It is noted that the H3LC can be extended for more complicated hybrid 

converter topologies. The proposed negative-sequence current suppression controller should, 

theoretically, be viable, when applied to similar hybrid converter topologies. The following 

sections will explain the operating principles of the H3LC, and any modifications made to 

account for the auxiliary controller. 

2.1 H3LC Topology 

 

Figure 2.1 Power circuit schematic of H3LC  

 



19 

 

The circuit topology of the H3LC is shown in Figure 2.1. The H3LC performs AC/DC power 

conversion. The main part of the converter displays four IGBTs T1 through T4 which indicate the 

positions of the series-connected director switches (DS). The two DC pole capacitors are labeled, 

C1 and C2. The AC chainlink branch in Figure 2.1 consists of a series of cascaded full-bridge 

submodules (FBSM). This AC side branch of FBSMs act as active harmonic filters to shape the 

waveforms of the three-phase, three-level square wave voltages into smooth three-phase 

sinusoidal waveforms. The output at the AC terminals is labeled in Figure 2.1 as Vj with j 

representing AC phase terminals: a, b and c. It is noted that the H3LC investigated in the thesis 

assumes the AC side chainlink FBSMs in each phase has the blocking voltage rating of VDC/2 

and ignores the AC side protection branch to simplify the converter analysis. The AC side 

protection branch and its DC side fault blocking operation can be used in the proposed modified 

H3LC, similarly to [30].   

2.2 Operating principle  

Table 2.1 shows the switching states for the H3LC. The director switches T1 through T4 output 

fundamental frequency square waves with three AC voltage levels, VDC/2, 0 and -VDC/2. The 

fundamental frequency voltage is regulated through the pulse width of the square wave. This 

implies that the switching of the DSs is done at fundamental frequency. The DSs, T1 and T4, are 

the upper and lower leg series-connected switches, respectively. Due to their location, they are 

rated for voltages of up to VDC. The DSs, T2 and T3, are anti-series connected and are located in 

the midpoint of the 3-level converter, thus both have a voltage rating of VDC/2.  

The chainlink FBSMs in the normal operation branch smooths the square wave voltages into 

sinusoidal waveforms with peak amplitudes ±VDC/2. This means that the sum of 𝑁 number of 
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FBSM voltages must be limited to ±VDC/2. Each chainlink FBSM has a DC-link voltage of 

±VDC/2𝑁.  

Table 2.1 Voltage rating of H3LC components 

Director Switches Full-Bridge Submodules 

Output 

Voltage 

T1 T2 T3 T4 Output 

Voltage 

S1 S2 S3 S4 

VDC

2
 

1 1 0 0 VDC

2𝑁
 

1 0 0 1 

0 0 1 1 0 0 1 

0 

0 

1 

1 

0 

0 

1 

−
VDC

2
 

0 0 1 1 
−

VDC

2𝑁
 

0 1 1 0 

Voltage 

rating 

VDC VDC

2
 

VDC

2
 

𝑉𝐷𝐶  Voltage 

rating 

VDC

2𝑁
 

VDC

2𝑁
 

VDC

2𝑁
 

VDC

2𝑁
 

 

2.2.1 Fundamental Voltage Component 

The H3LC outputs a three-phase square wave with three voltage levels, VDC/2, 0 and -VDC/2. 

The switching angle α, is used to regulate the fundamental frequency sinusoidal waveform 

shown in Figure 2.2(a). The fundamental frequency voltage waveform is calculated using (1) 

V1H,j =
2

𝜋
cos(𝛼𝑗) ∗ VDC (1) 

Equation (1) can be rearranged to find the switching angle α, as is shown below:  

𝛼𝑗 = cos−1 (
𝜋

2
∗
V1H,j

VDC
) (2) 

When the switching angle α = 0, the modulation index of the H3LC is �̂�1H = 
V1H
VDC

2

= 
4

𝜋
  .  
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The chainlink voltage can be calculated using the equation (3) where θ is the converter angle. 

The chainlink voltage is equal to the three-level square wave minus the fundamental frequency 

waveform as: 

𝑣CL(θ) = 𝑣3LC(θ) − V1Hsin(θ) (3)  

 

Figure 2.2 (a) Three-level converter voltage with corresponding fundamental frequency voltage. 

(b) Chainlink voltage  

 

In the prior-art works of the H2LC [29] and the H3LC [30], the third order harmonic voltage 

injection technique is used to reduce the voltage ratings of the AC side chainlink FBSMs to 

VDC/2 and VDC/4, respectively for the H2LC and H3LC. The use of the third order harmonic 

voltage injection has the implicit assumption that the converter output fundamental frequency 
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voltage is symmetrical or balanced, leading to balanced three-phase third order harmonic voltage 

injection to the AC side FBSM chainlink. The balanced three-phase third order harmonic voltage 

is canceled at the Delta side transformer, which is connected to the AC power grid. Therefore, 

the use of the third order harmonic voltage injection technique for the H2LC and the H3LC is 

only viable for symmetrical 3-phase AC grid voltage.  

Unlike the H2LC and H3LC proposed in [29] and [30], the proposed negative-sequence current 

suppression control requires negative-sequence voltage regulation which exclude the use of the 

third order harmonic voltage injection in the AC side FBSM chainlinks. The absence of the third 

order harmonic injection means that the chainlink voltage of H3LC is not bound within ±VDC/4 

but ±VDC/2. This means that in order to compensate the negative-sequence current, the voltage 

rating of the FBSMs must be at greater than ±VDC/4, i.e., ±VDC/2. The increased FBSM chainlink 

rating of the H3LC from VDC/4 to VDC/2 indicate the higher semiconductor conduction losses 

which is the trade-off of the negative-sequence current suppression control. In order to avoid the 

extra semiconductor conduction losses of the AC side FBSM chainlink, the addition of the extra 

FBSM chainlink with the VDC/4 voltage rating can be realized in the protection branch, as 

proposed in [30]. The FBSM chainlink in the protection branch is bypassed through the use of a 

fast mechanical switch in the normal operation of the H3LC and is inserted into the converter AC 

side main circuit during DC side fault [30] or negative-sequence current suppression control 

operations.  

2.2.2 Chainlink Capacitor Energy Balancing and FBSM Capacitor Voltage Balancing 

In the AC side FBCL, the FBSMs act as active harmonic filters to smooth out the output three-

phase square wave voltage from the H3LC. This results in the total energy of the capacitors of 

the FBSMs being constant with zero deviation over the fundamental cycle. However, there are 
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losses to be accounted for due to imperfect semiconductor switches with conduction and 

switching losses. The consequence of a lossy chainlink is energy drifting observed in each 

individual SM making each capacitor have slightly differing voltages. This may lead to an 

undesirable situation such as the total average capacitor voltage of the FBSMs experiencing drift. 

To counteract the possible total FBSM capacitor energy drift, a PI controller is used, as seen in 

Figure 2.3, to modulate positive fundamental frequency voltage into the FBCLs as necessary to 

balance the total energy of the FBSM capacitors. It is noted that the injected fundamental 

frequency voltage, Δ𝑣𝑎𝑏𝑐, is small and is a negligible demand for the converter system. 

 

Figure 2.3 Chainlink energy balancing loop (adapted from [30]) 

 

To reduce the FBSM capacitor voltage ripple, Level-Shifted PWM (LSPWM) or Nearest Level 

Modulation (NLM) can be used to generate a switching function Nins for the chainlink FBSM. 

Similar to the conventional MMC or H2LC, a voltage sorting algorithm can be used to generate 

switching signals for every IGBT. With Nins and AC phase current direction, the FBSM 

capacitors are selected based on highest or lowest voltage and inserted into the chainlink. In this 

thesis, the voltage sorting algorithm is tightly balanced, reducing FBSM capacitor voltage ripple 

for better proof of concept. 
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2.2.3 DC-Pole Capacitor Balancing  

 

Figure 2.4 DC-pole capacitor control loop (adapted from [30]) 

 

Typically for a VSC, the DC side voltage is maintained constant using a capacitor since it 

functions as an energy storage device. For the H3LC, two capacitors are used for DC link voltage 

as they allow the converter to operate in three voltage levels. These two capacitors are connected 

in series with a ground connected in-between the pole capacitors, also known as the midpoint 

(neutral point) of the DC side. Due to the slight varying charging and discharging states that may 

differ between the two DC pole capacitors, a DC-pole balancing controller needs to be employed 

to prevent the DC pole capacitor voltage drifting from the rated half of the DC pole-to-pole 

voltage (VDC/2). The DC-pole capacitor balancing loop shown in Figure 2.4 injects small 

currents into the upper and lower pole capacitors to compensate for voltage differences 𝑣1 − 𝑣2 . 

This method of modulation appears similar to that of the fundamental voltage injection loop. 

However, in this loop the calculation of two switching angles, α1, α2 are required for modulating 

the upper and lower legs DSs separately. As seen in Figure 2.5, when θ = {α1, π-α1}, 𝑣3LC(θ) ≈

VDC/2 and when θ = {α2, π-α2}, 𝑣3LC(θ) ≈ −VDC/2. Any difference in voltage of the DC-pole 

capacitors is mitigated by Δα = α1- α2 from the output of a PI controller. As α1 = α+Δα and α2 = 
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α−Δα, any voltage differences will be eliminated by injecting a positive or negative DC voltage 

component.  

  

Figure 2.5 DS switching generation block (adapted from [30]) 
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Chapter 3: H3LC Control Design and Modeling 

This chapter discusses how the negative-sequence current suppression controller of the H3LC 

operates, the theory behind its design and the modeling performed using MATLAB/Simulink 

/Simscape/Specialized Power System Toolbox. The fundamental operating principle and lower-

level controls of the H3LC were reviewed in Chapter 2. In this chapter, the current mode control 

of a VSC is reviewed first. Then, the negative-sequence current suppression control design is 

presented for the H3LC system operating under unbalanced network conditions. The chapter is 

separated into three parts: a description of the proposed control method, the switching signal 

generation for the modified H3LC, and the detailed-switching-based simulation model to verify 

the proposed converter control method. 

3.1  Current-Mode Power Control 

 

Figure 3.1 H3LC real and reactive power control scheme (adapted from [30]) 

 

For the H3LC, the basic upper-level current control system is similar to the conventional VSC 

HVDC controllers [53]. The control system consists of an outer P, Q control and inner-loop dq-

frame current control. In more detail, the control system creates reference fundamental frequency 

waveforms combined with other reference waveforms that generate all the switching signals for 

the DS and FBSM chainlinks. This is done by transforming the measured voltage and current at 
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the AC terminal to dq converter synchronous reference frame. The transformed values calculated 

to instantaneous real and reactive power, P* and Q*, respectively, and are then compared to the 

set real and reactive power reference values. Resulting error signals are input into PI controllers 

which minimize the variation between the reference value and measured value with a small 

tolerance.  

The proposed current control system is analyzed in the positive and negative synchronous 

reference frames. The control system is split into a main controller and an auxiliary controller as 

seen in Figure 3.2. The main controller works within the positive dq-frame while the auxiliary 

controller works within the negative dq-frame. 

 

Figure 3.2 Main controller (red) and auxiliary controller (blue)  
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As PQ control is formulated in the dq-frame, a phase-locked loop (PLL) is required to 

synchronize the three-phase sinusoidal signals. The angular position of the rotating frame is 

found using the PLL, thus a different ω needs to be used for positive-sequence and negative-

sequence components. As mentioned in Section 1.1.2, the positive-sequence currents and 

voltages are rotating in the counterclockwise direction, following convention while the negative-

sequence rotates in the opposite direction. Therefore, the PLLs for positive-sequence and 

negative-sequence output ωt and –ωt, respectively. 

To generate the input for the auxiliary controller, the original grid signals need to be decomposed 

into positive and negative-sequence components. The extraction of the positive and negative-

sequence components is done by first transforming from the abc-frame to the αβ-frame using 

Clarke transformation (4). 

𝑓𝛼𝛽𝛾(𝑡) = 𝑇𝑓𝑎𝑏𝑐(𝑡) =
2

3
 

[
 
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

2

1

2

1

2 ]
 
 
 
 
 

[

𝑓𝑎(𝑡)

𝑓𝑏(𝑡)

𝑓𝑐(𝑡)
] (4) 

 Assuming there is no zero-sequence voltage component, as there is no simple method to control 

zero-sequence current due to the absence of a neutral wire and the placement of the decoupling 

transformer [7], the three-phase voltage and current may be decomposed into its positive and 

negative components as seen in (5).  

𝑓𝛼𝛽(𝑡) =  𝑓𝛼𝛽+(𝑡) + 𝑓𝛼𝛽−(𝑡) (5) 
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To obtain the separate sequence components, the original grid signals are split into two parts, the 

original αβ signal and the said signal delayed by a quarter of the fundamental frequency period 

[40].  

𝑓𝛼𝛽+(𝑡) =
[𝑓𝛼𝛽(𝑡) + 𝑗 ∗ 𝑓𝛼𝛽 (𝑡 −

𝑇
4)]

2
 (6) 

𝑓𝛼𝛽−(𝑡) =
[𝑓𝛼𝛽(𝑡) − 𝑗 ∗ 𝑓𝛼𝛽 (𝑡 −

𝑇
4)]

2
  

The subsequent step would be to take each sequence signal found using (6) and apply the inverse 

Clarke transformation (7) to obtain the positive and negative-sequence voltage and current in the 

abc-frame.  

𝑓𝑎𝑏𝑐(𝑡) = 𝑇−1𝑓𝛼𝛽𝛾(𝑡) =
2

3
 

[
 
 
 
 

1 0 1

−
1

2

√3

2
1

−
1

2
−

√3

2
1]
 
 
 
 

[

𝑓𝛼(𝑡)

𝑓𝛽(𝑡)

𝑓𝛾(𝑡)
] (7) 

The sequence signals are transformed from the abc-frame to the dq-frame using Park 

transformation (8). 

𝑓𝑑𝑞0(𝑡) = 𝑇𝑓𝑎𝑏𝑐(𝑡) =
2

3

[
 
 
 
 sin(𝜃) sin (𝜃 −

2𝜋

3
) sin (𝜃 +

2𝜋

3
)

cos(𝜃) cos (𝜃 −
2𝜋

3
) cos (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

[

𝑓𝑎(𝑡)

𝑓𝑏(𝑡)

𝑓𝑐(𝑡)
] (8)

The dq signals are then fed through a PI controller. The positive-sequence voltage is regulated to 

the rated positive-sequence real and reactive power at the PCC while the negative-sequence 

voltage is used to suppress the negative-sequence current or power to null. For the previously 

mentioned H3LC control such as DC-pole capacitor balancing and switching generation, the 
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positive and negative-sequence dq signals are transformed into the abc-frame using the inverse 

Park transform (9) for the three-phase voltages seen in (10). The fundamental frequency voltage 

amplitude for each phase is found by taking the root-mean-square value of the calculated 

summations and multiplying by √2 to find the peak of each phase (11). Note that 𝜑𝑗 angle 

[−
2𝜋

3
, 0,

2𝜋

3
] is from (10). Using (11), the phase voltage amplitudes can be found as seen in (12).  

𝑓𝑎𝑏𝑐(𝑡) = 𝑇𝑓𝑑𝑞0(𝑡) =
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sin(𝜃) cos(𝜃) 1
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) 1
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3
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𝑓𝑑(𝑡)

𝑓𝑞(𝑡)

𝑓0(𝑡)

] (10) 

𝑣𝑗
∗(𝜃𝑗) =  𝑉𝑑

+ sin(𝜃 + 𝜑𝑗) + 𝑉𝑞
+ cos(𝜃 + 𝜑𝑗) + 𝑉𝑑

−  sin(−𝜃 + 𝜑𝑗) + 𝑉𝑞
− cos(−𝜃 + 𝜑𝑗) (10) 

V1H,j = √2√
1
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              (12) 
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With V1H,abc found in (13), 𝛼𝑗, from (2) can be found. The per-phase voltages 𝑣𝑎𝑏𝑐
∗ (𝜃𝑎𝑏𝑐) can be 

described using (13) 

𝑣𝑗
∗(𝜃𝑗) = V1H,j sin(𝜃𝑗) (13) 
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The phase angles, 𝜃𝑗 , can be found using (12) and (13) and are summarized in (14). 

𝜃𝑎 = − sin−1

(

 
sin(𝜃) (𝑉𝑑

+ − 𝑉𝑑
−) − cos(𝜃) (𝑉𝑞
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√𝑉𝑑
−2 − 2𝑉𝑑
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The magnitude and angle of the resulting three-phase signal are used in generating the input 

signals for switching signal generation. 

3.2 Switching Signal Generation  

The model uses level shifting PWM (LSPWM), as seen in Figure 3.3, to generate switching 

signals for FBSMs. The LSPWM determines the number of FBSMs used in the AC side FBCL 

using the control signals from all the control loops described in Chapter 2 and the output in 

Section 3.1 [47].  
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Figure 3.3 Submodule switching signal generation (adapted from [30]) 

 

3.3 DEM Model 

This thesis places importance on making the simulated model as scalable and modular as 

possible. To simulate a large number of FBSMs for higher voltage levels, each electromagnetic 

transient simulation would be computationally expensive when the discrete circuit components 

are used in the so-called Detailed Model (DM) to construct the FBSMs in the chainlinks of the 

H3LC due to the large amount of internal electrical nodes of the AC side chainlinks. To reduce 

simulation time compared to the DM as described in [30], the Detailed Equivalent Model (DEM) 

of the H3LC based on [41] is used instead. The DEM discretizes the FBSM capacitors using a 

numerical integration rule and sum up all the FBSM output voltages based on the SM switching 

functions, the equivalent history sources, and equivalent resistances of the SMs in each chainlink 

in the discrete-time domain. Thus, each chainlink can be represented by a Thevenin equivalent 

circuit to eliminate all the internal electrical nodes which greatly reduces the dimension of the 

system matrix to be solved by the electric circuit solver of Simulink/Simscape Electrical/ 

Specialized Power System.  
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Chapter 4: Simulation Results  

This chapter shows the simulation results of the H3LC using the proposed sequence controller in 

the MATLAB/Simulink/Simscape Electrical/Specialized Power System. These simulation 

studies cover the scenarios when the H3LC operates in healthy balanced grid condition, without 

the proposed negative-sequence current suppression controller during unbalanced grid voltage 

condition, and finally, with the addition of the proposed negative-sequence current controller 

during unbalanced grid voltage condition. These simulation scenarios are performed with a fixed 

10µs simulation time step for 2s simulation time. The simulation model is shown in Figure 4.1 

and consists of a H3LC connected to a 600kV DC source through 100 km transmission lines, 

based on the π-section model. The converter output is connected to a 360 kV AC grid through a 

Delta-Wye three-phase transformer. The DEM model is used to simulate the H3LC as opposed 

to the DM for accelerated simulation without compromising on the accuracy of the simulation 

results. The H3LC consists of four discrete IGBT positions which act as director switches and 

twenty AC side FBSMs in each chainlink of an AC phase, with a voltage rating of VDC/2. The 

IGBT positions simulated are based on the series connected multiple T1800GB45A Westcode 

IGBT modules [52] with specifications listed in Table 4.1. 
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Table 4.1 IGBT specifications 

Vref 2.5 kV 

Iref 1.8 kA 

Eon 11 J 

Eoff 11 J 

Erec 2.8 J 

vT0 1.82 V 

rT 1.21 mΩ 

vD0 2.27 V 

rD 1.07 mΩ 

 

Since the chainlink has the voltage rating of VDC/2 and twenty FBSMs, each FBSM has the 

nominal DC capacitor voltage of 15kV. The specification of the H3LC is listed in Table 4.2. 
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Table 4.2 H3LC model parameters 

VDC 600 kV 

Vgrid  440 kV 

SM voltage in AC side chainlink 15 kV 

Number of SMs in AC side chainlink 20 

DC pole-to-pole capacitance 400 µF 

Transformer leakage impedance 0.001+0.18j pu 

Transformer winding ratio 360 kV/600 kV 

AC inductance 60 mH 

DC inductance 70 mH 

 

 

Figure 4.1 Schematic of simulation model (adapted from [30]) 
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4.1 Performance Evaluation 

The simulation starts at t = 0s during which the model works in balanced grid voltage operation 

mode. At the beginning of the simulation, the H3LC acts as an inverter supplying real power to 

the grid. The real and reactive power references are set to 1GW and 0GVAR, respectively. At t = 

0.5s, a voltage imbalance at the grid is simulated, where the peak voltage values of each phase 

are unequal, thus causing negative-sequence components to appear. The conventional PQ 

controller mentioned in [30] is used during the imbalance state from t = 0.5s to 1s. Without the 

auxiliary negative-sequence current suppression controller, the original signals, which contain 

unbalanced grid voltage, is fed into the main controller. The performance of the original 

controller under unbalanced AC voltage operation will be compared with the case with the 

auxiliary negative-sequence current suppression controller. From t = 1s and beyond, the 

proposed auxiliary negative-sequence suppression controller is implemented. The simulation is 

similar to the previous case where an imbalance to the AC grid voltage amplitudes is introduced. 

In this case, however, the input from the AC grid into the PQ-controller passes through a 

sequence analyzer, which decomposes the signal into its positive and negative-sequence 

components. The proposed auxiliary controller is used to suppress the negative-sequence current. 

The benefits of using the proposed auxiliary negative-sequence current suppression controller 

will be demonstrated in this section through the following figures that show various waveforms 

that undergo the normal operation state, imbalance state and negative-sequence suppression 

state.  

During normal operation, t = 0s to 0.5s, the closed-loop control of the H3LC operates as intended 

with balanced three-phase converter voltage and current outputs. The converter-side three-phase 

voltage has the amplitude of around 590kV while the three-phase converter current is around 
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2000A, as shown in Figure 4.2. In the second case where t = 0.5s to 1s, using a gain block, the 

three-phase AC grid voltages are made to have different amplitudes to create unbalanced grid 

voltage intentionally. As expected, with unbalanced grid voltage, the output line currents 

displayed on the converter side is likewise unbalanced.  The line-to-line voltages on the 

converter side are filtered through the AC side FBSM and have an amplitude of around 350kV, 

320kV and 300 kV for phases a, b and c, respectively, at steady state. The average grid voltage is 

calculated as (260𝑘𝑉 +  320𝑘𝑉 +  360𝑘𝑉)/3 =  313.33𝑘𝑉. The maximum voltage devation 

from the average is 360𝑘𝑉 − 313.33𝑘𝑉 = 46.67𝑘𝑉, which represents the voltage  unbalance of 

14.9%. 

 As can be seen in Figure 4.2 when t = 0.5s to 1s, the H3LC without the negative-sequence 

current suppression controller does not perform well in maintaining a proper balanced three-

phase sinusoidal waveforms of the converter output voltage and current. The asymmetrical 

voltage and current waveforms are a good indicator that the power measurements will also 

display undesirable oscillations, as shown in Figure 4.6.  

The line-to-line voltages and line currents measured from the converter side of the transformer 

terminals are displayed in Figure 4.2 from t = 1s to 1.6s. It is evident that the three-phase 

voltages are not equal in amplitude, yet the phase currents remains balanced. As a result, the 

auxiliary controller suppresses the flow of negative-sequence current thereby canceling negative-

sequence power flow as well. The implications of supressing negative sequence current will be 

shown later in this chapter. 
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Figure 4.2 Three-phase output measured at converter side. Converter voltage (Top) and 

converter current (Bottom) 

 

As shown in Figure 4.3, the total SM capacitor voltages of each AC side chainlink phase in the 

normal operation case do not experience much voltage ripples and stay within 2% of 300kV 

during the first 0.5s. Past t = 0.5s, the waveforms display more ripple and are not reduced when 

the negative-sequence current is suppressed. This is because the energy variation of a chainlink 

depends on the chainlink voltage and AC current flow through the chainlink. The unbalanced 
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grid voltage condition causes different chainlink energy variations for each of the three phases 

and a different operating condition before and after the unbalanced grid voltage is applied. It is 

shown in Figure. 4.3 that the chainlink energy variations in Phase-B and Phase-C are larger than 

Phase-A after the unbalanced grid voltage is applied, which results in greater SM capacitor 

voltage ripples. Figure 4.4 shows the individual SM voltages in each chainlink. As seen in the 

subfigure, there is relatively small voltage ripple which is due to the voltage balancing scheme 

described in section 2.2.2. 

 

Figure 4.3 Summation of three-phase FBSM capacitor voltages 
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Figure 4.4 Individual capacitor voltages showing 4 out of 20 SMs 

 

For Figure 4.5, the DC-pole capacitor voltages do not fluctuate much from t = 0s to 0.5s. From t 

= 0.5s to 1s, without the auxiliary negative-sequence current suppression controller, the DC-pole 

capacitor voltages show greater fluctuation due to the unbalanced grid voltage. From t = 1s to 2s, 

the negative-sequence current is suppressed. However, the auxiliary negative-sequence current 

suppression control does not reduce the DC-pole capacitor voltage ripple and the total DC-link 

voltage ripple, as shown in Figure 4.5. 
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Figure 4.5 DC-pole capacitor voltages 

 

The real power reference for the positive-sequence control is set to be 1GW. For the negative-

sequence real power, the power reference is 0W as any existing negative-sequence current is 

targeted to be suppressed. Similarily, the reactive power reference for the positive-sequence 

control is 0VAR. For the negative-sequence reactive power, the power reference is also 0VAR as 

any negative-sequence current is suppressed. The real and reactive power waveforms in Figure 

4.6 behave as expected from t = 0s to 0.5s and follow the reference lines well. There is negligible 

negative-sequence real or reactive power present during normal operation. However, during the 

grid voltage imbalance state, the real power and reactive power plots are shown in Figure 4.6 to 

have an order of magnitude of greater oscillations, meaning significant negative-sequence power 

flow. There exists some oscillatory instantaneous reactive power due to switching harmonics, but 

it is orders of magnitude less than the real power measured as seen in the combined scaled figure. 
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Figure 4.6 Real and reactive power waveforms 
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Figures 4.7 and 4.8 show the cascaded FBSM voltage and three-level NPC voltage for Phase-A 

respectively. As third-order harmonic injection is not employed concurrently with the auxiliary 

controller, there the cascaded FBSM voltage is not bound within 𝑉𝐷𝐶/4. To account for the 

voltage ripples that exceed 150kV present during the grid voltage imbalance state in Figure 4.7, 

the voltage rating for the FBSMs is set to 𝑉𝐷𝐶/2.  

 

 

Figure 4.7 Cascaded FBSM voltage for Phase-A 
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Figure 4.8 Three-level Phase-A NPC output 

 

Figure 4.9 shows the positive and negative-sequence dq components of the grid voltage. Prior to 

the grid voltage imbalance, the negative-sequence components are null. During the grid voltage 

imbalance case, the voltage waveforms display high oscillations showing high degree of voltage 

imbalance among the three phases. The oscillations are suppressed from t = 1s to 1.6s as the 

auxiliary controller is employed. In Figure 4.10, the different sequence grid current components 

are plotted. As shown in Figure 4.10, the negative-sequence current has an amplitude of less than 

5A once it is suppressed.  

From figures 4.9 and 4.10, the oscillations that occur during the voltage unbalance case indicate 

the presence of double-line frequency components otherwise known as 2nd order harmonics. 

When the dq voltages and currents are transformed back to the abc-frame in the control scheme, 

the cosine and sine functions in the inverse Park transformation matrix translate 2nd order 

harmonics into fundamental and 3rd order harmonic components in the converter sinusoidal 

three-phase voltage and current waveforms. The THD caused by the harmonics are undesirable 
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and are eliminated by using the auxiliary controller at t = 1s which removes the double-line 

frequency components in the dq voltage and currents as seen in the magnified subplots in the 

figures 4.9 and 4.10. 

 

 

Figure 4.9 Positive and negative-sequence dq voltage components 
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Figure 4.10 Positive and negative-sequence dq current components 

 

Figures 4.11 to 4.14 show the results of Fast Fourier Transform (FFT) applied on the converter 

three-phase AC voltage and current. The analysis is done for two cases, where t = 0.8 to 1s for 

the case of unbalanced grid voltage and t = 1.4 to 1.6s for when the negative-sequence current is 

suppressed. The FFT is done to compare the THDs for the cases with and without large negative- 

sequence current. 

Figure 4.11 displays the FFT results of the converter sinusoidal three-phase voltage when the 

grid voltage is unbalanced. From the figure, the THD ranges from 8.04% to 10.19% and shows 

very high fundamental and 3rd order harmonics in the magnitude of 104 V. The results can be 
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compared to figure 4.12 where the THD ranges from 1.78% to 2.41% and the 3rd order 

harmonics are negligible in magnitude compared to the previous case. 

 

 

Figure 4.11 FFT analysis of converter sinusoidal three-phase voltage during grid voltage 

unbalance case. (a) Phase-A voltage. (b) Phase-B voltage. (c) Phase-C voltage. 
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Figure 4.12 FFT analysis of converter sinusoidal three-phase voltage after the auxiliary 

controller is employed. (a) Phase-A voltage. (b) Phase-B voltage. (c) Phase-C voltage. 
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A similar comparison can be made by observing the FFT analysis shown in Figures 4.13 and 

4.14. Figure 4.13 show displays the FFT results of the converter sinusoidal three-phase current 

when the grid voltage is unbalanced. In figure 4.13, the THD is shown to range from 7.45% to 

7.56%. The magnitude of the 3rd order harmonic is around 180 V which is comparatively 

extremely large compared to the magnitude of the 3rd order harmonic in figure 4.14 which does 

not exceed 2 V. The THD is also small, ranging from 0.13% to 0.15% validating that the 

harmonics caused by the negative-sequence current have been eliminated through the use of the 

auxiliary controller. 
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Figure 4.13 FFT analysis of converter sinusoidal three-phase current during grid voltage 

unbalance case. (a) Phase-A current. (b) Phase-B current. (c) Phase-C current. 
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Figure 4.14 FFT analysis of converter sinusoidal three-phase current after the auxiliary 

controller is employed. (a) Phase-A current. (b) Phase-B current. (c) Phase-C current. 
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4.2 Conclusion/Summary 

To summarize, the auxiliary controller, when the H3LC enters unbalanced mode, suppresses the 

negative-sequence current that flows from the AC grid. As the converter voltage is decreased 

from the imbalance, the current, in turn, is increased. With the negative-sequence controller, the 

three-phase current waveform is balanced, however. The power measurements show that there is 

significantly less oscillation in the case of the auxiliary controller than without. Also, the FBSM 

voltages are shown to be well balanced with negative-sequence suppression controller which 

demonstrates that the energy balancing discussed in Chapter 3 is working as intended. Lastly, the 

double-line frequency components that were present during the voltage unbalance case are seen 

to be suppressed after the use of the auxiliary controller when observing the FFT analysis of the 

waveforms. 
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Chapter 5: Conclusion 

Due to the increasing demand in energy distribution and generation, there is a rapid increase in 

research and development activities in the field of grid connected high power electronic 

converters, e.g., HVDC and FACTS systems. While there are several novel power electronic 

converter circuit topologies and control methods being unveiled, challenges in control 

development of the power electronic converters during abnormal or faulted grid operating 

conditions are also being discovered. Grid voltage sagging is an example of an issue that needs 

to be taken into consideration for safe and reliable system operation [46]. Grid voltage sags 

produce negative-sequence components that can greatly affect the performance of the power 

electronic converter system if the power converter controls are not designed properly. Negative-

sequence grid voltage at the PCC results in an uncontrolled negative-sequence current flowing 

from the converter to power grid which may destabilize the power injected into the AC grid and, 

in turn, produces DC bus voltage ripples of the power electronic converter. There are different 

mitigation strategies proposed in the literature for different power converter types. The negative-

sequence current suppression controller proposed in this thesis, offers a control method that has 

been designed for the H3LC, an emergent cascaded hybrid multilevel converter, and has been 

verified by the detailed simulation model of a H3LC in Simulink/Simscape 

Electrical/Specialized Power System environment. The method can be applied to other cascaded 

hybrid multilevel converters, e.g., thyristor-based hybrid 3-level converter [30] and hybrid 5-

level converter [54] with a similar circuit topology to the H3LC. 

5.1 Thesis Summary 

This thesis analyzed negative-sequence current suppression control methods used in various 

power electronic converters. An existing symmetrical-component-based negative-sequence 
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control method is formulated in the dq converter reference frame for the H3LC. This thesis 

discussed the theory behind the development of the negative-sequence suppression control and 

evaluated its performance through simulations for multiple case studies. The theoretical and 

evaluation sections in this thesis offered a different perspective in developing a working 

negative-sequence suppression controller for the emerging hybrid multilevel converters for 

HVDC and FACTS applications. These new hybrid converters including the H2LC, H3LC and 

AAC can be viable alternatives to the state-of-the-art MMCs, applied to various applications that 

are accompanied by grid voltage unbalance issues.  

5.2 Future Work 

An improvement to compensating the unbalanced voltages would be to mitigate the effects of 

zero-sequence current on the grid. Due to the decoupling transformer in the H3LC and the lack 

of a neutral wire, creating a zero-sequence current controller is not viable using the same 

methods outlined in this thesis. Another topic of research that could be expanded upon would be 

the simulations. Doing more stringent simulations based on industrial codes and standards for 

stricter performance evaluation and points of failure would help add to the feasibility of a 

negative-sequence controller used for the H3LC and similar topologies. Lastly, according to 

[45], simply using the negated version of the positive-sequence phase angle from the PLL for the 

negative-sequence creates a small steady-state error in the output power. As creating a separate 

PLL tracker for the negative-sequence was determined to be beyond the scope of this thesis, it 

would be a method of further optimization to the H3LC negative-sequence current suppression 

controller.  

 



55 

 

Bibliography 

[1] M. H. Nehrir, C. Wang, K. Strunz, H. Aki, R. Ramakumar, J. Bing, Z. Miao, and Z. Salameh, 

“A review of hybrid renewable/alternative energy systems for electric power generation: 

Configurations, control, and applications,” IEEE Trans. Sustain. Energy, vol. 2, no. 4, pp. 

392_403, 2011. 

[2] P. Rao and S. Pingali, “Sustainable energy generation,” 2008 IEEE International Symposium 

on Electronics and the Environment, 2008, pp. 1-4, doi: 10.1109/ISEE.2008.4562870. 

[3] J. Tuma, “The ways of decreasing the impacts of power engineering on our environment,” 

2003 IEEE Power Engineering Society General Meeting (IEEE Cat. No.03CH37491), 2003, pp. 

2016-2019 Vol. 4, doi: 10.1109/PES.2003.1270923. 

[4] F. Blaabjerg, Z. Chen, and S. B. Kjaer, “Power electronics as efficient interface in dispersed 

power generation systems,” IEEE Trans. Power Electron., vol. 19, no. 5, pp. 1184_1194, Sep. 

2004. 

[5] X. Yuan, “Ultimate Generalized Multilevel Converter Topology,” in IEEE Transactions on 

Power Electronics, vol. 36, no. 8, pp. 8634-8639, Aug. 2021, doi: 10.1109/TPEL.2021.3056646. 

[6] I. Marzo, A. Sanchez-Ruiz, J. A. Barrena, G. Abad and I. Muguruza, “Power Balancing in 

Cascaded H-Bridge and Modular Multilevel Converters Under Unbalanced Operation: A 

Review,” in IEEE Access, vol. 9, pp. 110525-110543, 2021, doi: 

10.1109/ACCESS.2021.3103337. 

[7] W. Ma, S. Ouyang, Q. Ke and S. Ma, “Research on control strategy for PV inverter under 

unbalanced power grid,” 2017 2nd International Conference on Power and Renewable Energy 

(ICPRE), 2017, pp. 1036-1040, doi: 10.1109/ICPRE.2017.8390690. 

[8] T. Seiphetlho and J. Rens, “Practical evaluation of voltage unbalance at a distribution 

transformer based on 50 Hz negative-sequence active power,” IEEE Africon '11, 2011, pp. 1-4, 

doi: 10.1109/AFRCON.2011.6072129. 

[9] M. Alharbi, S. Isik and S. Bhattacharya, "Reliability Comparison and Evaluation of MMC 

Based HVDC Systems," 2018 IEEE Electronic Power Grid (eGrid), 2018, pp. 1-5, doi: 

10.1109/eGRID.2018.8598662. 

[10] G. J. M. de Sousa and M. L. Heldwein, “Concentrated submodules model for modular 

multilevel converters,” 2017 IEEE Southern Power Electronics Conference (SPEC), 2017, pp. 1-

6, doi: 10.1109/SPEC.2017.8333622. 

[11] M. Korytowski, “Uno Lamm: The Father of HVdc Transmission [History],” in IEEE Power 

and Energy Magazine, vol. 15, no. 5, pp. 92-102, Sept.-Oct. 2017, doi: 

10.1109/MPE.2017.2711759. 

[12] L. de Andrade and T. P. de Leão, “A brief history of direct current in electrical power 

systems,” 2012 Third IEEE HISTory of ELectro-technology CONference (HISTELCON), 2012, 

pp. 1-6, doi: 10.1109/HISTELCON.2012.6487566.  



56 

 

[13] R. N. Hall, “Power Rectifiers and Transistors,” in Proceedings of the IRE, vol. 40, no. 11, 

pp. 1512-1518, Nov. 1952, doi: 10.1109/JRPROC.1952.273990. 

[14] K. Shenai, “The Invention and Demonstration of the IGBT [A Look Back],” in IEEE Power 

Electronics Magazine, vol. 2, no. 2, pp. 12-16, June 2015, doi: 10.1109/MPEL.2015.2421751. 

[15] Hongtao Liu, Zheng Xu and Zhi Gao, "A control strategy for three-level VSC-HVDC 

system," IEEE Power Engineering Society Summer Meeting, 2002, pp. 480-485 vol.1, doi: 

10.1109/PESS.2002.1043280. 

[16] M. P. Bahrman and B. K. Johnson, “The ABCs of HVDC transmission technologies” 

IEEE Power & Energy Mag., vol. 5, no. 2, pp. 32-44, Mar./Apr. 2007. 

[17] G. Asplund, “HVDC Using Voltage Source Converters - A New Way to Build Highly 

Controllable and Compact HVDC Substations,” in Proc.CIGRE 2000, P2-04 

[18] L. Vanfretti, N. A. Khan, W. Li, M. R. Hasan and A. Haider, "Generic VSC and low-level 

switching control models for offline simulation of VSC-HVDC systems," 2014 Electric Power 

Quality and Supply Reliability Conference (PQ), 2014, pp. 265-272, doi: 

10.1109/PQ.2014.6866825. 

[19] A. Lesnicar and R. Marquardt, “An innovative modular multilevel converter topology 

suitable for a wide power range,” 2003 IEEE Bologna Power Tech Conference Proceedings, 

2003, vol. 3, pp. 6, doi: 10.1109/PTC.2003.1304403. 

[20] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard and P. Barbosa, “Operation, Control, and 

Applications of the Modular Multilevel Converter: A Review,” in IEEE Transactions on Power 

Electronics, vol. 30, no. 1, pp. 37-53, Jan. 2015, doi: 10.1109/TPEL.2014.2309937. 

[21] Wang Y, Aksoz A, Geury T, Ozturk SB, Kivanc OC, and Hegazy O, “A Review of Modular 

Multilevel Converters for Stationary Applications,” Applied Sciences, vol. 10, no. 21, pg. 7719, 

2020. Doi: 10.3390/app10217719 

[22] Alharbi M, Isik S, Alfaris FE, Alkuhayli A, Bhattacharya S., “A Fault Clearance and 

Restoration Approach for MMC-Based MTDC Grid,” Electronics, vol. 11, no. 14, pg. 2127, 

2022, Doi:10.3390/electronics11142127  

[23] J. -J. Jung, S. Cui and S. -K. Sul, "A new topology of multilevel VSC converter for hybrid 

HVDC transmission system," 2016 IEEE Applied Power Electronics Conference and Exposition 

(APEC), 2016, pp. 2620-2628, doi: 10.1109/APEC.2016.7468234. 

[24] M. Ji, Y. Wang, K. Tan and C. Wang, “A voltage-balanced hybrid MMC topology for DC 

fault ride-through,” 2019 IEEE Innovative Smart Grid Technologies - Asia (ISGT Asia), 2019, 

pp. 2282-2286, doi: 10.1109/ISGT-Asia.2019.8880904. 

[25] J. Zhang and C. Zhao, “The Research of SM Topology With DC Fault Tolerance in MMC-

HVDC,” in IEEE Transactions on Power Delivery, vol. 30, no. 3, pp. 1561-1568, June 2015, doi: 

10.1109/TPWRD.2015.2399412. 

[26] M. M. C. Merlin et al., “The Extended Overlap Alternate Arm Converter: A Voltage-Source 

Converter With DC Fault Ride-Through Capability and a Compact Design,” in IEEE 



57 

 

Transactions on Power Electronics, vol. 33, no. 5, pp. 3898-3910, May 2018, doi: 

10.1109/TPEL.2017.2723948. 

[27] W. Liu, J. Zhu, Q. Huo and T. Wei, “Accelerated model of alternate arm voltage source 

converters,” 2015 5th International Conference on Electric Utility Deregulation and 

Restructuring and Power Technologies (DRPT), 2015, pp. 2400-2404, doi: 

10.1109/DRPT.2015.7432648. 

[28] J. M. Kharade and A. R. Thorat, “Simulation of an Alternate Arm Modular Multilevel 

Converter with overlap angle control for capacitor voltage balancing,” 2015 International 

Conference on Industrial Instrumentation and Control (ICIC), 2015, pp. 502-506, doi: 

10.1109/IIC.2015.7150794. 

[29] G. P. Adam, K. H. Ahmed, S. J. Finney, K. Bell, and B. W. Williams, “A new breed of 

network fault-tolerant voltage-source-converter HVDC transmission system,” IEEE Trans.Power 

Syst., vol. 28, no. 1, pp. 335–346, Feb. 2013 

[30] L. Bieber, J. Pfannschmidt, L. Wang, A. Nami, and W. Li, “A hybrid three-level and 

modular multilevel converter with DC fault blocking capability and reduced semiconductor 

losses,” IEEE Trans. Power Del., vol. 35, no. 4, pp. 1895–1908, Aug. 2020. 

[31] F. Möller and J. Meyer, “Survey of voltage unbalance and unbalanced power in German 

public LV networks,” 2022 20th International Conference on Harmonics & Quality of Power 

(ICHQP), 2022, pp. 1-6, doi: 10.1109/ICHQP53011.2022.9808568. 

[32] Guiping Yi and Renjie Hu, “The impact of grid negative-sequence voltage to STATCOM 

and control,” 2013 International Conference on Electrical Machines and Systems (ICEMS), 

2013, pp. 1549-1553, doi: 10.1109/ICEMS.2013.6713344. 

[33] H. Aji, M. Ndreko, M. Popov and M. A. M. M. van der Meijden, “Investigation on different 

negative-sequence current control options for MMC-HVDC during single line to ground AC 

faults,” 2016 IEEE PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), 

2016, pp. 1-6, doi: 10.1109/ISGTEurope.2016.7856182. 

[34] W. Xu, R. J. Dian and C. X. Mu, “Novel negative-sequence current detection and control 

strategy for H-bridge three-level active power filter,” 2015 IEEE International Conference on 

Applied Superconductivity and Electromagnetic Devices (ASEMD), 2015, pp. 85-86, doi: 

10.1109/ASEMD.2015.7453478. 

[35] C. H. Ng, L. Ran and J. Bumby, “Unbalanced-Grid-Fault Ride-Through Control for a Wind 

Turbine Inverter,” in IEEE Transactions on Industry Applications, vol. 44, no. 3, pp. 845-856, 

May-june 2008, doi: 10.1109/TIA.2008.921429.  

[36] O. P. Taiwo, R. Tiako and I. E. Davidson, “An improvement of voltage unbalance in a low 

voltage 11/0.4 kV electric power distribution network under 3-phase unbalance load condition 

using dynamic voltage restorer,” 2017 IEEE PES PowerAfrica, 2017, pp. 126-131, doi: 

10.1109/PowerAfrica.2017.7991211. 

[37] D. Siemaszko, “Positive and negative-sequence control for power converters under weak 

unbalanced networks,” 2012 Electrical Systems for Aircraft, Railway and Ship Propulsion, 2012, 

pp. 1-6, doi: 10.1109/ESARS.2012.6387479. 



58 

 

[38] M. B. Shamseh, R. Inzunza, I. Fukasawa, T. Tanaka and T. Ambo, “Grid Support During 

Asymmetrical Faults using Negative-sequence Current Injection,” 2019 IEEE 4th International 

Future Energy Electronics Conference (IFEEC), 2019, pp. 1-6, doi: 

10.1109/IFEEC47410.2019.9015036. 

[39] A. Camacho, M. Castilla, J. Miret, M. Velasco and R. Guzman, “Positive-Sequence Voltage 

Control, Full Negative-Sequence Cancellation, and Current Limitation for Static Compensators,” 

in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 9, no. 6, pp. 6613-

6623, Dec. 2021, doi: 10.1109/JESTPE.2021.3066681. 

[40] Lie Xu, B. R. Andersen and P. Cartwright, “VSC transmission operating under unbalanced 

AC conditions - analysis and control design,” in IEEE Transactions on Power Delivery, vol. 20, 

no. 1, pp. 427-434, Jan. 2005, doi: 10.1109/TPWRD.2004.835032. 

[41] J. Han, L. Bieber, Y. Zhang, L. Wang, W. Li and J. Belanger, “Detailed Equivalent and 

Average Value Models of Hybrid Cascaded Multilevel Converters for Efficient and Accurate 

EMT-Type Simulation,” in IEEE Transactions on Power Delivery, vol. 35, no. 6, pp. 2951-2962, 

Dec. 2020, doi: 10.1109/TPWRD.2020.3002237. 

[42] E. O. Schweitzer, S. E. Zocholl, “Introduction to Symmetrical Components”, Schweitzer 

Engineering Laboratories, Inc, May. 2011 

[43] X. Fang, C. Chen, Z. Wang, J. Xiong and K. Zhang, “An Improved Modular Multilevel 

Converter With DC Fault Blocking Capability Based on Half-Bridge Submodules and H-Bridge 

Circuit,” in IEEE Transactions on Power Delivery, vol. 35, no. 6, pp. 2682-2691, Dec. 2020, 

doi: 10.1109/TPWRD.2020.2971276. 

[44] R. Li, L. Xu, L. Yu and L. Yao, “A Hybrid Modular Multilevel Converter with Reduced 

Full-Bridge Submodules,” in IEEE Transactions on Power Delivery, vol. 35, no. 4, pp. 1876-

1885, Aug. 2020, doi: 10.1109/TPWRD.2019.2956265. 

[45] L. B. Larumbe, Z. Qin and P. Bauer, “On the Importance of Tracking the Negative-

Sequence Phase-Angle in Three-Phase Inverters with Double Synchronous Reference Frame 

Current Control,” 2020 IEEE 29th International Symposium on Industrial Electronics 

(ISIE),2020, pp. 1284-1289, doi: 10.1109/ISIE45063.2020.9152442. 

[46] M. Mirhosseini, J. Pou, B. Karanayil and V. G. Agelidis, “Positive- and negative-sequence 

control of grid-connected photovoltaic systems under unbalanced voltage conditions,” 2013 

Australasian Universities Power Engineering Conference (AUPEC), 2013, pp. 1-6, doi: 

10.1109/AUPEC.2013.6725406. 

[47] A. R. Kumar, T. Deepa, S. Padmanaban, and D. P. Kothari, “A guide to nearest level 

modulation and selective harmonics elimination modulation scheme for multilevel 

inverters,” in 2019 Innov. Power Adv. Comput. Technol. (i-PACT), pp. 1-8 

 

[48] L. Bieber, L. Wang, J. Jatskevich and W. Li, “A Quantitative Analysis of Energy Storage 

Requirements for the Hybrid Cascaded Multilevel Converters,” 2020 IEEE 21st Workshop on 

Control and Modeling for Power Electronics (COMPEL), 2020, pp. 1-7, doi: 

10.1109/COMPEL49091.2020.9265647. 

 



59 

 

[49] M. Izhar, C. M. Hadzer, S. Masri, and S. Idris, “A study of the fundamental prin- 

ciples to power system harmonic,” in Proc. Nat. Power Eng. Conf., 2003 (PECon), 

pp. 225-232. 

 

[50] B. K. Kimaiyo, C. Sirisamphanwong and S. Somkun, “Effect of Voltage Unbalance on the 

Power Quality of Three-Phase Grid-Connected PV Inverters,” 2019 7th International Electrical 

Engineering Congress (iEECON), 2019, pp. 1-4, doi: 10.1109/iEECON45304.2019.8939046. 

 

[51] E. Behrouzian and M. Bongiorno, "Investigation of Negative-Sequence Injection Capability 

of Cascaded H-Bridge Converters in Star and Delta Configuration,” in IEEE Transactions on 

Power Electronics, vol. 32, no. 2, pp. 1675-1683, Feb. 2017, doi: 10.1109/TPEL.2016.2554322. 

 

[52] IXYS, Westcode IGBT Type T1800GB45A datasheet, Nov. 2014. 

 

[53] A. Yazdani and R. Iravani, “Voltage-Sourced Converters in Power Systems: Modeling, 

Control, and Applications”, Wiley-IEEE Press, 2010 

 

[54] L. M. Bieber, J. A. Pfannschmidt, L. Wang, J. Jatskevich and W. Li, "A Hybrid Five-Level 

Modular Multilevel Converter With High Efficiency and Small Energy Storage Requirements for 

HVDC Transmission," in IEEE Transactions on Industrial Electronics, vol. 70, no. 2, pp. 1597-

1608, Feb. 2023, doi: 10.1109/TIE.2022.3158006. 

 


