
Title
Studies on Low Frequency AC Transmission System
Using Modular Multilevel Matrix Converter Based
Virtual Synchronous Generator Control

Author(s) Al-Tameemi, Mustafa Jawad Kadhim

Citation 大阪大学, 2020, 博士論文

Version Type VoR

URL https://doi.org/10.18910/77494

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



 

Doctoral Dissertation 

 

Studies on Low Frequency AC 

Transmission System Using Modular 

Multilevel Matrix Converter Based 

Virtual Synchronous Generator 

Control 
（モジュラーマルチレベルマトリックスコンバータにおける

仮想同期発電機制御を適用した低周波交流送電システムに関

する研究） 

 

 

 

 

 

 

Al-Tameemi Mustafa Jawad Kadhim  

 
 June, 2020 

 

Division of Electrical, Electronic 

and Information Engineering 

Graduate School of Engineering 

Osaka University 



Abstract 

i 

 

Abstract 

This thesis studies the operation, control, and applications of a low frequency ac 

transmission (LFAC) system driven by a modular multilevel matrix converter (M3C) and 

controlled using a virtual synchronous generator (VSG) concept. The LFAC system is 

receiving noticeable attention to be an alternative transmission technology solution along 

with nominal frequency (50 Hz and/or 60 Hz) high voltage ac (HVAC) transmission 

technology and high voltage direct current (HVDC) transmission technology.  

In this work, the LFAC system, the M3C and the VSG controller are introduced altogether 

to provide a combination of technical advantages, such as; 1) transmission distance can be 

increased compared to the HVAC system; 2) more reliable response against fault compared 

to the HVDC system. The M3C is expected to be the next ac/ac generation converter due to 

the technical advantages such as lower harmonics, higher power factor and quick response. 

These advantages make the M3C employment promising in the LFAC power systems.   

Application of VSG control is proposed to enable proper power-sharing, to provide 

synchronization of each terminal and frequency stabilization. The VSG controller provides 

power synchronization between frequency converter terminals in an autonomous manner 

with virtual inertia by emulating the equivalent swing equation of a synchronous generator 

(SG). This scheme is meant to present a new control scheme for the LFAC transmission 

system in order to extend the point-to-point concept to form a multi-terminal LFAC (MT-

LFAC) system, which has not yet been reported before in literature. This configuration is 

also meant for applications that require interconnection of remote power systems operating 

in nominal frequency via LFAC transmission lines.  

A novel control scheme of the remote ac grid-side M3C, which makes both interactions 

with the LFAC system and the remote ac grid behave like a synchronous generator using a 

dual VSG control scheme is studied. This control scheme can enhance the frequency 

regulation in the remote ac grid, which the existing control schemes cannot provide. 

This dissertation is organized as follows: 
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In Chapter 1, it gives a brief idea of the current situation of the existing power grid. The 

feasibility of the current transmission technologies, power electronic converters, and 

associated control schemes to respond to the drastic change in the power grid is discussed. 

The discussion is then translated into the objectives of this study.  

In Chapter 2, it compares the existing transmission technologies against the proposed 

LFAC system, and reason for choosing the LFAC system in this work. Furthermore, the M3C 

configuration, topology and control are described. Besides, the VSG concept and its 

adaptation to the M3C-LFAC system is explained. 

In Chapter 3, the M3C-LFAC system with the VSG controller to form and operate a point-

to-point configuration is studied. The VSG droop controller based on conventional and 

reversed one is applied for this configuration. Case studies included a power flow from one 

point to the other following a command change and a direction of power flow change 

scenario.  

In Chapter 4, a multiterminal-LFAC (MT-LFAC) configuration is formed by extending 

the point-to-point M3C-LFAC configuration using VSG control. This configuration and its 

controller are studied. Moreover, a control technique for sharing the reactive power of an 

MT-LFAC system using an automatic voltage regulator (AVR) and automatic reactive power 

regulator (AQR) is investigated and applied in the system. Issues related to the design of the 

LFAC system are emerged and solved, such as the problem of the low X/R ratio when 

selecting the parameters of the LFAC transmission. A stator virtual impedance for improving 

the X/R ratio of the LFAC system is proposed. Autonomous operation is established based 

on the frequency restoration mode (FRM) for the governor part of the VSG controller. This 

frequency restoration mode relies on the online output power instead of a predefined 

command. Three dynamic scenarios are simulated to fully validate this configuration and its 

proposed control schemes. Two case studies were applied based on selecting a commanded 

mode (CM) or FRM for operating the terminals, and a third case study to ensure that the VSG 

can guarantee smooth and stable operation when transitioning between those operating 

modes.  
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In Chapter 5, a dual VSG controller is employed for each M3Cs in the point-to-point LFAC 

configuration. This system is connected to a remote ac grid in order to enhance its frequency 

regulation. This system can increase the total inertia of a remote ac grid in which conventional 

current controllers cannot provide. Dynamic cases include; a load changing and an 

occurrence of a fault. The target of this work is to compare the conventional controller for 

the M3C converter with a dual VSG-based M3C on both LFAC and grid sides in terms of 

providing a frequency regulation support to a remote ac grid. 

In Chapter 6, conclusions are presented and some suggestions for the LFAC as well as the 

M3C need to be considered in the future are discussed. 
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Chapter 1 

Introduction 

In this chapter, a general background about the existed transmission systems, power control 

schemes, and power conversion devices are explained. Then, the issues related to existed 

technologies based on past works in the literature are briefly reviewed. Finally, the proposed 

target of this dissertation is outlined.  

1.1 Background 

The large penetration of Renewable Energy Resources (RES) has added a large power density to the 

existed power system. This increased power density and efficiency have brought many challenges to 

emerged, such as; power quality, power delivery, and transmission, as it is illustrated in Fig. 1.1.  

 

Fig. 1.1 An example of a future power grid configuration. 

Numerous topologies and schemes have been suggested to deal with power control and transmission 

issues. Especially, when now, the expansion in the power systems in the shape of wind farms, which are 

located far from the load centers, and thus, require a long distance of transmission. For farther wind farms 

installations, current trends in research and practice point towards the use of High Voltage Direct Current 

(HVDC) transmission with Voltage Source Converter (VSC) based HVDC transmission being the 

preferred approach as it displays distinct control and design advantages over traditional Line Commutated 

Converter (LCC) technology [1]. In such installations, the wind farm collector network typically operates 

at 50 or 60 Hz, which is then converted to HVDC by a wind farm converter station for transmission to a 



Chapter 1 Introduction  

2 

 

load center converter station. VSC-HVDC is currently considered the market leader for wind integration 

at distances longer than 60-80 km largely due to its established use in point to point bulk power transfer 

[2].  

However, the entire VSC-HVDC existed transmission system has its own limitations starting from the 

drawbacks of the protection level of the HVDC circuit breakers, to the VSC converter and the existed 

control approaches used. 

 

1.2 Review of Current Transmission Systems 

Conventionally, there are two potential solutions for either power transmission based on the 

conventional 50 Hz or 60 Hz High Voltage AC. 

The HVAC cable transmission system is used for medium distances (up to 80 km), which offers 

advantages, such as more reliability of the well-known protection schemes and the change capability of 

voltage levels using transformers [3]. However, the HVAC transmission system’s main disadvantage is 

the existence of reactive power in comparison to no reactive power in the HVDC electrical energy system. 

Due to that, the existence of the reactive power can be translated as losses in the grid [4]. Moreover, the 

HVAC system has a low transient stability characteristic. 

On the other hand, the HVDC system is broadly applied for point-to-point interconnection of two power 

systems. Moreover, it is well known for interconnecting the offshore wind farm with the onshore stations 

using a submarine cable. However, the existence of the power electronic switches in the dc circuit breakers 

of the HVDC system makes them more vulnerable than the HVAC transmission system, especially when 

a fault takes place in the converter, due to the low dc-side impedances and sensitive semiconductor power 

converters. Moreover, the HVDC system current has no zero-crossing points, and thus it will require time 

in order to disconnect the system [5], [6]. In addition, the existing topologies used with the HVDC system 

have their own limitations. For example, the line-commutated converter based HVDC (LCC-HVDC) still 

remains the dominant technology for long-distance bulk power transmission due to lower investment costs 

and high maximum power transfer capacities. It naturally is able to withstand short circuit currents due to 

dc inductors limiting the current during fault conditions. Power reversal, however, the multiterminal DC 

(MTDC) system usually needs a complicated switching technique in the case of using LCCs [7]. 

In contrast, a VSC-HVDC system is sensitive to faults on the dc lines. When a fault occurs on the dc 

side of a VSC-HVDC system, the IGBT cannot control and freewheeling diodes work as a bridge rectifier. 

It is not able to withstand large surge currents and may be damaged before the fault is cleared. Some 

solutions are proposed, however additional control and switching devices are needed. 
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Based on the discussion above, the LFAC system is proposed [8] in order to respond to the limitations 

of both transmission technologies. More details regarding the LFAC system are furtherly discussed in 

chapter 2.  

 

1.3 Review of LFAC Converters 

The ac-ac converter is the core of the power conversion process. The converter acts as an interface 

between two sides with different frequencies as well as dc transmission. For the LFAC system, many 

existing applications act as frequency converters choices for the LFAC system. The cycloconverter is one 

of the most commonly applied choices to connect the LFAC system with the main grid, which is used as 

a step-down example for several years [9], [10], [11]. Nevertheless, one of the cycloconverter drawbacks 

is that it is a line-commutated converter, and thus, it is difficult to use in a weak grid. In addition, the 

cycloconverter has a low power factor and poor quality of output voltage response. They can be 

represented by the existence of a significant low order harmonic distortion that calls to the need for using 

large filters [12]. 

On the other hand, the back-to-back modular multilevel converter (BTB-MMC) in which two MMC 

type AC/DC converters are connected by a back-to-back scheme is often employed to the HVDC system 

[13]. However, with the use of the M3C instead of MMC, the number of converters, converter arms can 

be reduced, and the HVDC links can be eliminated [14]. Moreover, when the BTB-MMC is employed for 

the LFAC system, current commutation among bridge legs in the MMC is conducted along with the low-

frequency system. As a result, the current in the MMC circuit tends to concentrate in the arm for a long 

time. Therefore, derating of power devices is required for the design of converters.  

 

1.4 Review of Existed Control Schemes 

Generally, in terms of power control, existed approaches are dc voltage and active power droop control 

(V-P) or dc-link voltage versus active power versus frequency control (V-P-𝜔) for the VSC-HVDC system 

[15], [16], [17]. These control methods can offer controlled power and interconnection between the main 

utility grid and/or remote grid using the HVDC system.  Moreover, a conventional method of power 

control using the dq coordination frame with a Phase Locked Loop (PLL) is usually implemented.    

Previous work on the M3C control scheme for LFAC system is based on controlling the power on a dq 

coordinate frame with a Phase-Locked Loop (PLL) for power synchronization. However, this conventional 

control method has limitations [18], [19], such as: 

1- Weak dynamics response. 

2- The system configuration cannot be extended. 
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3- The M3C-LFAC system cannot be operated autonomously, which requires a mean of 

communication 

4- Most importantly, it lacks inertia property and thus it does not enjoy the dynamic features of a 

Synchronous Generator (SG), which can overcome all the mentioned limitations.  

 

1.5 Research Objectives 

From the previous reviews on the existed transmission technologies, ac/ac converters and control 

schemes, they have shown that the existed HVAC and HVDC transmission systems are becoming more 

sensitive to grid evolution. The length of the HVAC system and its transient response are not well serving 

the power grid expansion. The HVDC system can be more applicable than the HVAC system except for 

its fault tolerance, which is weaker. Thus, in this study, LFAC transmission has been introduced as an 

alternative. However, the current ac/ac converters are also showing some fatal drawbacks and cannot well 

contribute to the formation of a reliable and flexible LFAC power grid. From this, the M3C is introduced 

as a promising converter to create the LFAC power grid. Although the M3C has been successfully 

employed for the wind energy conversion system, it is based on the conventional controller which has 

limitation in providing an inertial response, power synchronization and transient blocking. 

In order to propose a reliable system, a Virtual Synchronous Generator (VSG) control instead of the 

conventional control is proposed to the M3C-LFAC system. This combination can open a wide door of 

various applications that can be applied. This set can resolve all the aforementioned challenges related 

with the evolution of the power grid. 

The main objectives of this study is to construct the LFAC network and confirm its ability to support 

the existed power grid.  

Detailed discussion in the following chapters are organized as follows; at the beginning, in chapter 2 

comparison is made between the existed technologies and the proposed ones based on the previous works 

done in the literature. In the following chapter 3, a point-to-point configuration of M3C-LFAC system is 

built using a VSG control. Afterwards, the point-to-point configuration is extended to include a 

multiterminal configuration. Different operating modes based on the speed governor control scheme are 

applied to add an autonomous operation property to the system. Finally, the M3C-LFAC system using a 

dual VSG control to interconnect the M3C-LAFC system with a remote ac grid in order to help in 

frequency regulation and fault ride through, which is investigated in chapter 5.  
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Fig. 1.2 The configuration of the M3C-LFAC system-based VSG control applications of chapters 3, 4, and 5. 

1.6 Summary 

This chapter started with introducing the major challenges facing the existed power grid due to the 

increased power density caused by the expansion of the power grid. The feasibility of the available 

technologies that deal with the expansion of the power grid in terms of amount, distance, and stability is 

discussed as well as the limitations and the possible solutions provided. With the proposed LFAC 

transmission system driven by M3C-based VSG control, these issues can be overcome. Moreover, to 

enable synchronous generator (SG) characteristics to the system, a VSG control is incorporated, which has 

opened a wide gate of available applications that the M3C-LFAC system can contribute.  
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Chapter 2 

Review of Related Technologies 

2.1 Low Frequency AC Transmission Technology 

2.1.1 Overview 

LFAC has been utilized for almost a century in railway systems in Germany, Austria, Switzerland and 

Norway. The traction system in these European countries utilizes 16.7 Hz and some train systems in the 

USA use 25 Hz [1]. In the early 1900s all traction systems were coal-based, however, prior to the First 

World War, coal shortages forced train operators to develop electric traction systems. DC drives were the 

motor of choice for controllable speed, however, DC could not be transformed easily and therefore long-

distance railway lines were not a viable option with DC [2]. Universal motors were then used, however 

when fed AC at standard distribution frequency the large inductance of the windings made the design of 

large motors impractical. Furthermore, eddy currents induced at standard frequencies caused overheating 

and reduced efficiency [3]. The solution was to use powerful propulsion motors at a lower frequency to 

reduce eddy current losses and reduce the complexity of the design. The lower frequency was created 

using a motor-generator pair. From this, the rail network of 16 Hz was developed (1/3 of 50 Hz) [2], and 

was altered slightly to 16.7 Hz during the 1990s for stability purposes. The increased use of static power 

electronic converters made the transition from 16 Hz to 16.7 Hz less difficult. Lower frequency also has 

the advantage that train tracks can have large distances between electrical sub-stations, which are 

advantageous for long railway lines.  

LFAC was first proposed for high power transmission by Xifan Wang in 1994 [4] in the form of a 

Fractional Frequency Transmission System (FFTS), which uses lower frequency to reduce the reactance 

of AC transmission system. The motivation behind the FFTS was to transmit hydro resources from the 

west of China to the large load centers in the east and south coast. At the time the conventionally used DC 

transmission was deemed too expensive, and the highest voltage HVAC transmission was 550 kV, which 

limited the distance [4]. FFTS at a frequency of 50/3 Hz was proposed as a solution to this issue. They 

concluded that FFTS can increase the amount of transmissible power. For example, their calculations, 

which were based on examination of the power-angle curves at different frequencies, indicated that for a 

550 kV, 1200 km transmission line at 50Hz the transmission power limit was 850 MW, whereas with 

FFTS the limit was 1700 MW. In a follow-up paper, the same group demonstrated a scaled hardware 

model of the frequency-changing converter [5]. A scaled model was produced from a hydro plant, with 
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the generator configured to produce 16.7 Hz (adding extra poles to the generator), connection via LFAC 

transmission to the load center 1200 km away, and connecting to the local grid via a frequency changer, 

in this case, a cycloconverter. The analysis concluded that LFAC could reduce the number of lines 

required, by increasing the maximum power transfer capability of AC cables. It was also concluded that 

the cycloconverter could change the frequency from 16.7 to 50 Hz; however, there were concerns with the 

low power factor and the introduction of significant harmonics in the output voltage from the thyristor 

switching. The feasibility of connecting large-scale wind generation at a long distance from the load center 

is further investigated in Wang et al. [6], via FFTS or LFAC. Again, the motivation was to reduce the 

investment cost required for transmission of vast wind resources 915 km from the biggest load centers. 

The authors present a specific case study comparing conventional 50 Hz transmission and FFTS to 

integrate 10,000 MW of wind power. A power flow analysis concludes that the voltage variation of the 50 

Hz system spends more time outside the voltage limit of 5% than the variation at FFTS. Therefore, the 

FFTS system can transmit more wind power without curtailment due to voltage constraints. It is interesting 

to note that an HVDC option is not included in this analysis as this could be the most feasible way of 

transmitting power at such distances. The authors concluded that the added cost of larger transformers and 

the frequency changer may make the system more expensive. Further work considering the power flow in 

an FFTS system connected to onshore wind farms is presented in [7]. The steady-state performance of 

LFAC with transmission lines and a cyclonconverter as the frequency-changing converter is presented in 

[8]. A range of operating frequencies is examined from 5 to 60 Hz with the conclusion that the lower 

frequency systems have a superior voltage profile due to the reduced voltage drop, adding to the potential 

benefits of LFAC for bulk power transmission. It has also been proposed that LFAC may be used to 

interconnect two grids, which operate at different frequencies or voltages, in much the same way as HVDC 

has done in many cases [9]. Funaki and Matsuura [4] propose LFAC transmission and compare it to both 

HVAC and HVDC transmission in the form of a feasibility study for interconnecting two grids. The basic 

operation was demonstrated and confirmed by transient simulation. A control system was implemented 

based on the swing equation to maintain frequency stability in the simulation. Simulation results indicated 

that the LFAC system had comparable control compared to an HVDC system in terms of AC power flow 

control; however, the low order harmonics on the output of the frequency converter are a concern. 

2.1.2 Comparison with Existing Transmission Technologies 

HVAC cables have two main limiting factors, which limit the power transfer capability of the cable. 

These are the maximum allowable voltage deviation at the receiving end of the cable, and the cable current 

carrying capability. Current carrying capability is a combination of the active current and the charging 

current (reactive current) which depends on the frequency, length and capacitance of the cable [10]. As 
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can be seen from Equation 2.1, at lower frequencies the charging current is reduced, therefore reactive 

power generated in the cable is reduced, from Equation 2.2, leaving more space for active power, thus 

increasing the current carrying capability, and the maximum active power calculated by Equation 2.3. 

𝐼𝐶 = 2𝜋𝑓𝑙𝐶𝐸 (2.1) 

𝑄𝐶 = 𝐼𝐶𝐸 (2.2) 

𝑃𝑅 = √𝑆2 −𝑄𝐶
2 (2.3) 

where E rated voltage,  f frequency, l length of cable, C cable capacitance per unit length, S apparent 

power, PR maximum active power transmission capability. 

To increase the transmission capability of a cable, the options are to increase the voltage or decrease 

the inductive reactance of the cable. If a cable is operated at a lower frequency, its inductive reactance 

decreases resulting in a reduced voltage deviation across the cable reduced charging current and therefore 

reduced generated reactive power. This results in an increase in active power that can be transmitted in the 

cable PR. 

 

Fig. 2.1: Transmission capability curves for 220 kV, 1000A cable at different 

frequencies. 

Fig. 2.1 shows the effect of alternative frequencies on a 220 kV 3 core XPLE subsea transmission cable. 

It can be seen in Fig. 2.1 that a reduction in frequency provides an increased maximum length that power 

can be transmitted through an offshore cable. The maximum distance allowed is limited by the voltage 

deviation constraint at the receiving end. For transmission, at 16.7 Hz the maximum distance allowable is 

almost three times that at 50 Hz [4]. 

On the other hand, the HVDC system is well preferred for long-distance transmission and for submarine 

transmission cables especially to connect offshore wind farms with an onshore grid. However, with the 

HVDC system technology, a few major technical challenges need to be addressed before such systems, 

with dc side protection, are realized. One of the main challenges is the lack of fast, low loss and reliable 
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HVDC circuit breakers (CBs) capable of clearing dc faults. Therefore, an intensive investigation (which 

is being done) for improving the HVDC Circuit Breakers (CBs) is required in order to improve its fault 

tolerance as well as response.  

2.2 Modular Multilevel Matrix Converter  

2.2.1 Introduction 

The Multilevel Matrix Converter (Multilevel MC) is a basic type of the direct ac/ac multilevel converter 

family which was created for applications which required a good harmonic and conversion factors and to 

solve the problem of low converter efficiency at low voltage, low power [11], [12]. A schematic of the 

converter with a basic configuration is illustrated in Fig. 2.2(a). The converter is a hybrid of multilevel 

and matrix technologies. The conversion approach of the converter is based on H-bridge switch cell. The 

use of a matrix configuration eliminates the need for DC voltage sources to supply average power. 

Therefore, the DC voltage sources can be replaced by DC capacitors, as shown in Fig. 2.2(b). The 

Multilevel MC synthesizes the input and the output voltages by space vector pulse width modulation 

(SVPWM) of the DC capacitor voltages of the H-bridge switch cells. This operation differs from that of 

the conventional matrix converter in which the voltages are synthesized on one side and currents on the 

other. Therefore, inductors can be used as filter elements on both sides of the converter. Because of the 

symmetry of the multilevel matrix converter structure, both step-up and step-down of the voltage 

magnitude are possible. 

 

(a) 

 

(b) 
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Fig. 2.2 Basic configuration of a multilevel matrix converter: (a) converter topology, (b) schematic of 

an H-bridge switch cell 

Similarly, for same applications mentioned for the multilevel MC but aiming at high voltage and high 

power ratings, a Modular Multilevel Matrix Converter (M3C) was created. The M3C has advantages over 

traditional topologies including modularity, a simple extensions to enable operation at high voltage levels 

with options for redundancy, control flexibility and enhanced waveform quality [13], [14]. The basic 

structure of the M3C is shown in Fig. 2.3, which is almost similar to the relevant Modular MC except that 

the arms of the converter are constructed of number of H-Bridge switch cells, the increased number of the 

cells is decided in order to enable the converter to be suitable to operate in high ratings conditions. 

 

Fig. 2.3 Basic structure of a modular multilevel matrix converter (M3C).  

2.2.2 Applications  

Using an M3C for the integration of LFAC offshore wind power was proposed by Miura et al. [15] and 

an updated control strategy for M3C in LFAC systems has been presented in [16]. In [15] it is shown that 

in theory, the multilevel matrix converter can act as the onshore frequency changer, with active and 

reactive power control [17].  

Another application that uses the M3C is in a mill drive to work as a low-speed, high-torque motor 

drive application that was proposed by Kawamura et al. [18]. This work provided experimental verification 

of a modular multilevel cascade converter based on triple-star bridge cells (MMCC-TSBC). A downscaled 

motor drive, combining a 400-V, 15-kW TSBC equipped with four bridge cells per cluster and a 320-V, 

38-Hz, 6-pole, 15-kW induction motor loaded at the rated torque has been designed, constructed and tested 

to verify the effectiveness and viability of the motor drive. The authors of this work found out that the 

M3C is suitable for such applications due to the absence of circulating currents. This comes from the 



Chapter 2 Review of Related Technologies  

13 

 

principle configuration that requires to connect an inductor with each converter arm and thus, it allows the 

M3C to control four independent circulating currents for dc-voltage balancing and ac-voltage mitigating 

of all the floating dc capacitors [19]. 

2.2.3. Existed Control Methods 

The conventional control scheme for the M3C consists of two parts that must be performed 

simultaneously: (1) terminal AC voltage synthesizing and (2) capacitor voltage regulating. The space 

vector pulse width modulation (SVPWM) technique is employed for synthesizing the terminal AC 

voltages. The single-capacitor control scheme and the capacitor voltage-balancing scheme, which are 

based on the space vector modulation (SVM), are proposed for the multilevel matrix converter operating 

in the two-level switching mode. The SVM is performed in the dq coordinate; hence, the three-phase 

variables are transformed into two-phase dq variables. The M3C converter can generate several 

combinations of the three-phase line-line voltages corresponding to multiple space vectors in the dq 

coordinate. 

 

Fig. 2.4 Configuration of control system of M3C 

The conventional control of the M3C starts with power control and capacitor average voltage control. 

Fig 2.4 shows the configuration of the conventional control system of M3C. This control consists of two 

parts; the input side part and output side part, in which both are controlled in dq coordination frame. The 

dq transformation is a method of converting three-phase alternating current from a three-phase stationary 

coordinate system to a two-phase rotating coordinate system, and it is carried out by equation (2.4). Here, 
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ω represents angular frequency, which is obtained from the Phase-Locked Loop (PLL). When the dq 

conversion is performed, the measured voltages and currents are converted to direct current. For this 

reason, the control on the dq coordinate system can make the steady-state deviation of the voltages and 

currents zero, unlike the control on the stationary coordinate. 

[𝐶] = √
2

3
[
𝑐𝑜𝑠(𝜔𝑡) 𝑐𝑜𝑠 (𝜔𝑡 −

2𝜋

3
) cos⁡(𝜔𝑡 −

4𝜋

3
)

−𝑠𝑖𝑛(𝜔𝑡) −𝑠𝑖𝑛 (𝜔𝑡 −
2𝜋

3
) −𝑠𝑖𝑛 (𝜔𝑡 −

4𝜋

3
)

] (2.4) 

Each part of the conventional control combines outer power control and inner current control. The outer 

part control task is to control active and reactive power and to generate the reference currents. On the other 

hand, the inner control generates the reference dq coordinate voltages to be used later in the SVPWM for 

determining the switching pulses. Generally, in order to keep the capacitor average voltage constant in 

steady-state, instead of controlling the active power on the output side, a capacitor average voltage control 

is required instead. The active power is expressed by equation (2.5) on the dq coordinate. 

𝑝 = 𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞 (2.5) 

 

Also, when dq conversion is performed with the d-axis of the system voltage as a reference, from 𝑣𝑞 = 0,  

𝑝 = 𝑣𝑑𝑖𝑑 (2.6) 

On the dq coordinate, the reactive power is expressed by equation (2.7) 

𝑞 = 𝑣𝑑 − 𝑣𝑞𝑖𝑑 (2.7) 

 

 Also, when dq conversion is performed with the d-axis of the system voltage as a reference, from 𝑣𝑞 = 

0,  

𝑞 = 𝑣𝑑𝑖𝑞 (2.8) 

M3C outputs a voltage with the capacitor in the cell as a DC voltage source and controls the AC current. 

When the capacitor voltage in all the cells is greatly reduced, it becomes impossible to output the voltage 

required for controlling the AC current, which is determined by the rated voltage of the system. On the 

other hand, when the capacitor voltage in all the cells is greatly increased, the number of cells for 

outputting the voltage necessary for the AC current control becomes small. In this case, the number of 

levels of the output voltage decreases and the harmonic wave increases. Besides, overcharging of the 

capacitor also leads to failure. Therefore, it is desirable that the average value of all capacitors is a constant 

value.  
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However, when the sum of the active power p1 on the input side, the active power on the output side p2, 

and the circuit loss Ploss is not 0, the voltage of all the capacitors is decreased or increased, and the voltage 

of all the capacitors fluctuates. Therefore, in order to keep the total capacitor voltage of the M3C at a 

constant value, active power control is performed on the input side, and feedback control is performed on 

the output side by using the average value Vave of the capacitor voltage as shown in Fig. 2.4, and is 

calculated based on the average sum of all H-bridge cells capacitors voltages as 

𝑉𝑎𝑣𝑒 = ∑
𝑣𝑥𝑦𝑖

9𝑛
𝑥=𝑎,𝑏,𝑐
𝑦=𝑢,𝑣,𝑤
𝑖=1,2,…,𝑛

 (2.9) 

where, i represents the number of the cell’s measured voltage. 

The control principle of the average value of the voltage, that is, when the average value of the capacitor 

voltage is higher than the command value, the active power on the output side is controlled so that all the 

capacitors are discharged. Whereas, when the average value is lower than the command value, the active 

power on the output side is controlled to charge. By this control, the average value of the total capacitor 

voltages is controlled to a constant value.  

To determine PWM pattern from the voltage references, a voltage space vector scheme is used. The 

capacitor in each H-bridge cell is regarded as a voltage source and various line-to-line voltages can be 

realized by a combination of the output voltage of these cells. Available line-to-line voltage vectors of the 

7-level M3C are shown in Fig. 2.5. Each vertex represents a terminal point of each voltage vector. A 

voltage reference vector (Vref) is realized by a combination of three voltage vectors whose terminal points 

configure the triangle containing the terminal point of the voltage reference vector (Vk_in, Vl_in, Vm_in) for 

input side power system which are calculated using (2.10) and (2.11) for systems #1 and #2. 

Fig. 2.5 Voltage vector diagram between the output lines of the 4-stage M3C 
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𝑉𝑟𝑒𝑓 = 𝑑𝑘_𝑖𝑛𝑉𝑘_𝑖𝑛 + 𝑑𝑙_𝑖𝑛𝑉𝑙_𝑖𝑛 + 𝑑𝑚_𝑖𝑛𝑉𝑚_𝑖𝑛 

𝑑𝑘_𝑖𝑛 + 𝑑𝑙_𝑖𝑛+𝑑𝑚_𝑖𝑛 = 1 

(2.10) 

(2.11) 

Duty ratios (dk_in, dl_in, dm_in) for the input side power system are also calculated using voltage vectors 

(Vk_in, Vl_in, Vm_in) in the same way. Finally, each voltage vector is output in one sampling period (Ts) 

according to the timing chart shown in Fig. 2.6. Similar determination for the duty ratios and voltage 

vectors is done in the output side power system. 

 

Fig. 2.6. Timing chart for input voltage vectors. 

2.3 Virtual Synchronous Generator Control 

2.3.1 Introduction 

In this section, the virtual synchronous generator (VSG) concept was introduced as a promising solution 

towards the grid stability issues caused by high penetration RES in the electrical grid. A VSG can be 

established by using short-term energy storage systems coupled with the power electronics 

inverter/converter with the proper control mechanism [20]. In addition, since it depends on the existence 

of the energy storage system (such as capacitors), it can be expected to implement the VSG for the M3C 

control.  

 

Fig. 2.7 General structure of VSG and adaptation for M3C 
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The general architecture of VSG is presented in Fig. 2.7. In this scheme, a distributed generator 

(DG)/RESs unit is connected to the grid via VSG. It is expected to operate as a conventional synchronous 

generator by providing inertia and damping property virtually and by displaying the same reaction as the 

conventional synchronous generator when there is a sudden change of load or disturbance in the system. 

The VSG control block is expected to regulate the output of the inverter based on the rate of change of 

frequency and the difference between the reference frequency and grid frequency much like the way 

conventional synchronous generators are governed by the swing equation: 

∆𝑃𝑉𝑆𝐺 = 𝑃𝑚 − 𝑃𝑒 = 𝐽∆𝜔 + 𝐷∆𝜔 (2.12) 

where J is the inertia coefficient and D is the damping coefficient. Pm, Pe, and ∆𝜔 are; input mechanical 

power, output electrical power and frequency deviation, respectively. 

In contrast, for a robust transient stability, it is essential for any power system to include a swing 

equation as it represents the heart of a power system. The swing equation describes the relative motion of 

the rotor with respect to the stator field as a function of time and is given by [21], [22] 

𝜏𝑚(𝑡) − 𝜏𝑒(𝑡) = 𝐽
𝑑2

𝑑𝑡2
𝛿(𝑡) + 𝐷

𝑑

𝑑𝑡
𝛿(𝑡) 

(2.13) 

where 𝝉𝒎 is the rotor electromagnetic torque, 𝝉𝒆 is the mechanical torque, 𝜹 is the rotor angular position 

difference from its reference position, 𝒕 is the time in second. The generator inertia reacts to the disturbance 

and plays a significant role in power system stability, which is the most important property of a 

synchronous machine. 

2.3.2 Conventional Virtual Synchronous Generator Control 

The concept of VSG was introduced in 2007 as a method of resolving stability problems in the power 

grid due to the integration of renewable energy sources [23], [24]. Many research groups are still working 

to develop various designs and control strategies to replicate the inertia and damping properties of 

conventional synchronous generators. The concept of Synchroconverter was also introduced [25] that 

mimic properties of synchronous generators. The most active research groups working on VSG’s are; 

VSYNC project under the 6th European Research Framework program [23], [26], [30], the Virtual 

Synchronous Machine (VISMA) project [31], [34] at the Institute of Electrical Power Engineering, (IEPE) 

at the Clausthal University of Technology in Germany, the VSG research team at Kawasaki Heavy 

Industries (KHI) [28], and the ISE Laboratory in Osaka University [20], [35], [37] in Japan. In this 

subsection, the latest VSG is described, which is developed to control the M3C-LFAC system in this work. 
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The VSG developed by Ise’s lab at Osaka university is meant for inverter-based distributed generators 

(DGs), cycloconverter in LFAC system, and HVDC transmission, and it has further been developed to 

operate with the M3C-based LFAC transmission systems environment shown in Fig 2.8. 

 

Fig. 2.8 VSG Structure developed for M3C-LFAC system 

In this model, the swing equation used by Ise’s lab is adapted to work in synchronism along with the 

conventional control to operate the M3C. The swing equation for this model can be expressed by the 

following equation 

𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 = 𝐽∆𝜔𝑚

𝑑∆𝜔𝑚

𝑑𝑡
− 𝐷∆𝜔𝑚 

(2.14) 

where Pin is the input power, i.e., prime mover power to a synchronous machine, Pout is the output power 

of the VSG, and 𝜔m is the rotor speed. This swing equation plays a vital role in this VSG model. Based 

on the relation between the VSG input and output power (as explained in equation (2.14)), they set the 

reference real power Pin. Output power Pout and the grid frequency are measured by the power/frequency 

meter. Using the swing equation, the VSG controller provides the virtual rotational speed 𝜔m. Numerical 

integration of this rotational speed 𝜔m as in equation (2.14), will deliver the virtual mechanical phase angle 

𝜃m to PWM for generating pulses. 

The M3C generally, requires two independent controls on both input and output sides. Due to this 

freedom and depending on the applications, it is used for any control scheme, which can be implemented. 

For example, based on Fig. 2.8, a VSG control is included for the LFAC side while a conventional control 

is controlling the grid side. If a certain application requires frequency support, from the frequency stability 
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point of view, it is more reliable to replace the conventional control with another VSG control, thus the 

M3C will have two VSGs control schemes on both sides. 

2.3.3 Applications of Virtual Synchronous Generator Control 

The objective of the VSG scheme is to reproduce the dynamic properties of a real synchronous generator 

(SG) for the power electronics‐based units, in order to inherit the advantages of an SG in stability 

enhancement. The application of VSGs in power systems has been reported in the research [38], [41]. For 

example, an improved VSG controller was proposed in [38] by linearizing and decoupling voltage 

deviation and damping factor in order to suppress output power oscillations. In [39], VSG was used to 

propose an adaptive active power and dc voltage droop control for multi-terminal HVDC (MTDC) 

systems. As another example, [40] provided a comparison of simple frequency droop control and VSG 

control using small-signal models. The VSG concept was successfully implemented in [42] for multi-

terminal HVDC systems in order to propose a systematic control method that:  

1) Resolves the problem of low-frequency oscillation. 

2) Enhances the power oscillation damping performance of the ac/dc system. 

In fact, VSG provides numerous advantages to the power system stability in various applications. 

2.4. Summary 

This chapter provides a review of the related technologies introduced in this dissertation. Starting from 

the Low-Frequency AC (LFAC) transmission, which is of significant interest for power transmission as 

an adaptation of HVAC transmission. The key advantage of the LFAC system compared to the HVDC 

system is the reliable dependence on the use of the circuit breakers inherited from the conventional HVAC 

as well as reduced losses and extended transmission distance compared with the conventional HVAC. A 

comprehensive review of existing research conducted on LFAC and a discussion centering on the design 

considerations for LFAC transmission is presented.  

The M3C is explained in details as a promising technology to handle the LFAC system for high ratings. 

The M3C conventional controller is discussed as state-of-the-art for the M3C control in addition to the 

space vector pulse width modulation (SVPWM) technique used inside the M3C control. 

Finally, the VSG control is introduced and discussed as a key solution to adapt the M3C-LFAC for 

promising applications. The brief history about the VSG control is discussed and the contribution towards 

the development of this control scheme by several teams is presented in addition to introducing the 

conventional VSG which is used in this work. 
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Chapter 3 

Point-to-Point Low Frequency AC Transmission 

System Operation using Modular Multilevel Matrix 

Converter with Virtual Synchronous Generator 

Control 

3.1 Introduction 

The discussion in the previous chapters have theoretically demonstrated that the proposed LFAC, M3C 

and VSG can individually respond to provide robust features compared with each one’s counterpart. Thus, 

in this chapter, the application of M3C-LFAC system using VSG control for point-to-point configuration 

is studied. The merits of this system are: 

1- The LFAC system is advantageous with a higher power capacity than the commercial frequency 

high voltage ac (HVAC) system and better fault protection than the high voltage dc (HVDC) 

system. 

2- The M3C enjoys technical features such as; low harmonic content and high power factor than a 

cycloconverter that is frequently used in the LFAC system 

3- The virtual synchronous generator (VSG) is a control strategy that has been proposed to mitigate 

stability issues in power systems, enabling solid-state converters to imitate synchronous generators’ 

characteristics and can potentially contribute to the future formation of the LFAC expanded 

network. Moreover, by using the VSG control, the active power can be sent and received 

automatically and autonomously, thus avoiding the use of the master-slave power control scheme. 

3.2 System Configuration 

The configuration of the two-terminal model is shown in Fig. 3.1. It is combined of two terminals and 

each of which has an M3C connected via 275 kV and 200 km LFAC transmission system.  
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Fig. 3.1 A configuration of two-terminal LFAC system using M3C with VSG control. 

Fig 3.2 shows the circuit configuration of the M3C. It consists of nine arms, each arm has four H-bridge 

cells connected in series, and these cells connect the input side (60 Hz side) to the output side (10 Hz side). 

Generally, in a large system, each arm will consist of hundreds of H-bridge cells considering the high 

voltage level, thus the filter inductance 𝐿𝑓 can be quite small. However, in this study, the number of cells 

is reduced to four for simplicity and less computational time of the simulation and a relatively large 𝐿𝑓 is 

used. Small inductors called arm inductors, which are omitted in Fig 3.2, were connected with each 

converter arm in order to suppress the current flowing at the timing of commutation between those arms. 

Fig. 3.2 A circuit configuration of a 9-level modular multilevel matrix converter. 

The main feature of the M3C is the cascaded connection of a number of power cells that are composed 

of power electronic devices and the dc capacitor works as a dc voltage source. These cells work as 

bidirectional switches and can easily be applied for low frequency, high voltage and high-power 

applications. 

It is noteworthy to mention that, there is a tradeoff when selecting the operating frequency of the LFAC 

system [1], [2]. For instance, if the 20 Hz frequency is selected, it will require to use a smaller transformer 
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in terms of weight and size as well as for the sub-module capacitor of the M3C [3], unlike the case of 10 

Hz, which requires a larger footprint. In contrast, for the 20 Hz frequency, the transmission distance will 

be reduced compared with the case of 10 Hz. Moreover, the capacitive current for the 20 Hz is larger, as 

reported in [2], [3]. Therefore, in this work, the 10 Hz frequency is selected merely to operate the MT-

LFAC system. The investigation on the optimal frequency of LFAC system is beyond the scope of this 

dissertation. 

3.3 Control Scheme 

This section describes the control method of M3C. The overall control scheme of both input (60 Hz) 

and output (10 Hz) sides is shown in Fig. 3.3. 

 

Fig. 3.3. Overall control block diagram of VSG and conventional control 

3.3.1 Control Scheme of Converter Current and Capacitor Voltage 

According to Fig. 3.3, the control scheme is divided into two parts; the input side (60 Hz side) 

conventional control part based on dq coordination frame, and the output side (10 Hz side) control part 

based on VSG control. The Input side control (60 Hz side) composed of outer and inner controllers. The 

outer controller is shown on the left-hand side of Fig. 3.4, which controls the input active and reactive 

power (𝑃60𝐻𝑧, and⁡𝑄60𝐻𝑧) using a proportional and integral (PI) controller to produce the dq axis reference 

currents 𝑖𝑑
∗  and 𝑖𝑞

∗  according to  
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𝑖𝑑
∗ = (𝑘 +

𝑘𝑖
𝑠
)
(𝑃∗ − 𝑃60𝐻𝑧)

𝑣𝑑
 

𝑖𝑞
∗ = (𝑘 +

𝑘𝑖
𝑠
)
(𝑄∗ − 𝑄60𝐻𝑧)

𝑣𝑑
 

(3.1) 

(3.2) 

 

 

Fig. 3.4 A block diagram of the modular multilevel matrix converter (M3C) 60 Hz side 

conventional control. 

The inner current controller (on the right-hand side of Fig. 3.4) tries to track the reference currents using 

a proportional gain. This controller provides the voltage vector references 𝑣𝑑⁡60𝐻𝑧
∗  and 𝑣𝑞⁡60𝐻𝑧

∗  as follows 

𝑣𝑑⁡60𝐻𝑧
∗ = 𝑘𝑑(𝑖𝑑

∗ − 𝑖𝑑) − 𝜔𝐿𝑖𝑞 + 𝑣𝑑 

𝑣𝑞⁡60𝐻𝑧
∗ = 𝑘𝑞(𝑖𝑞

∗ − 𝑖𝑞) + 𝜔𝐿𝑖𝑑 + 𝑣𝑞 

(3.3) 

(3.4) 

The voltage vector references are transformed into three phase-to-neutral values 𝐸𝑎𝑏𝑐
∗  using an inverse 

park transformation with a phase-locked-loop (PLL). 

It is noteworthy to mention that each H-bridge cell contains a capacitor which acts as a dc voltage 

source, and the cell capacitor voltage must be kept almost constant around its given reference value. If this 

voltage value changes, it affects the output voltage of the low-frequency side as well as harmonic 

waveforms. Therefore, a capacitor average voltage deviation ∆𝑉𝑎𝑣𝑒 control loop is employed to calculate 

the reference power command for the input side (60 Hz side) automatically by using the capacitor average 

voltage deviation and a PI controller. The capacitor average voltage 𝑉𝑎𝑣𝑒 is calculated from all the H-

bridge cell capacitor voltages using (3.5),  
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𝑉𝑎𝑣𝑒 =
1

𝑁
∑𝑉𝑐𝑎𝑝_𝑖

𝑁

𝑖=1

 (3.5) 

where 𝑉𝑐𝑎𝑝_𝑖 is the capacitor voltage of the i_th cell and N is the total number of cells. A three phase-to-

neutral voltage references are obtained through an inverse dq transformation as shown in Fig 3.4. 

To determine the pulse width modulation (PWM) pattern from the voltage references, the space vector 

pulse-width modulation (SVPWM) control scheme is used. The capacitor in each H-bridge cell is regarded 

as a voltage source and various line-to-line voltages can be realized by the combination of the output 

voltages of these cells [4], [5]. 

The 10 Hz-side controller is implemented by using the VSG control system, which is divided into two 

parts, active power control and reactive power or output voltage control. Finally, the phase angle 𝜃𝑚 

obtained from the VSG control is used to form the three reference phase voltages in the SVPWM. 

3.3.2 VSG Control 

 

Fig. 3.5 VSG control scheme combines: Swing equation, damping power, and speed governor. 

The VSG control is applied in both terminals, which is shown in Fig. 3.5. The control scheme concept 

of VSG is based on the swing equation of the synchronous generator, which is explained in Chapter 2. The 

VSG control enables the converter in a multi-terminal system to control power flow and share active and 

reactive power. To operate the LFAC two-terminal system, each terminal receives the gate signal for the 

IGBT switches following the amount of transmitting power as reference power from one terminal and the 

second terminal can receive the power automatically along with the synchronization of both terminals’ 

power direction with the 10 Hz frequency on the low frequency side via VSG control scheme. 

The VSG control is employed here to control the amount and the direction of the transmitted active 

power and to synchronize the transmitting frequency between the terminals. In the VSG control block 

shown in Fig.3.5, the swing equation is 
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𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 + 𝑃𝐷 = 𝐽𝜔0

𝑑𝜔𝑚

𝑑𝑡
 (3.6) 

The swing equation is integrated using input variables Pin, Pout and⁡𝑃𝐷, which are input power, output 

power, and damping power, respectively. The inertia of rotating mass J shown in equation (3.6), which is 

determined as 

𝐽 =
𝑀𝑆𝑏𝑎𝑠𝑒
𝜔0
2  (3.7) 

where, M is the inertia time constant. As a result, the virtual machine angular speed 𝜔𝑚 is obtained as  

𝜔𝑚 =
1

𝐽𝜔0
∫(𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 + 𝑃𝐷)𝑑𝑡 

(3.8) 

A phase-locked loop (PLL) is used to provide the measured output frequency in order to create the 

damping power 𝑃𝐷 for the swing equation (3.8), as follows  

𝑃𝐷 = 𝐷(𝜔𝑚 −𝜔𝑔) (3.9) 

where D is the damping factor, which can be set as a small value while tuning. 

The obtained virtual angular frequency 𝜔𝑚 is then integrated to generate the phase angle 𝜃𝑚 to be 

utilized afterwards by the inner controller of the M3C. The parameter design of the VSG control part is 

shown in [6], [7]. 

On the 60 Hz side, a conventional control is applied, which is discussed in Chapter 2 in details. It 

involves the active and reactive power of the 60 Hz side (P60Hz and Q60Hz). The cell capacitor voltage must 

be kept almost constant around its given reference value. If this voltage value changes, it affects the output 

voltage of the low-frequency side as well as harmonic waveforms. Therefore, instead of directly 

controlling the active power of the 60 Hz side (P60Hz), the average capacitor voltage Vave that is calculated 

from all the H-bridge cell capacitor voltages using (3.5) is controlled to be kept constant at  reference⁡𝑉𝑎𝑣𝑒
∗ . 

Then, a three-phase line-to-line voltage references for two sides are obtained through the inverse dq 

transformation. 

Finally, both the VSG and the conventional controller outputs generate the reference voltage to be used 

later in the space vector pulse width modulation scheme (SVPWM). The SVPWM control scheme is 

employed for the M3C to control the output voltage and active and reactive power of both commercial (60 

Hz) and low frequency (10 Hz) sides as well as to balance the H-bridge cell capacitor voltages [8], [9]. 
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3.3.3 Governor Droop Controller 

The concept of governor control, which has 𝜔 − 𝑃⁡droop characteristics, is shown in Fig.3.3 and its 

control block is shown in Fig.3.5 in the governor part of the VSG control. 

According to Fig.3.5, and in order to balance the power between Pin and Pout, the generator increases 

its power injected to the network when the network frequency is lower than the nominal frequency (10 

Hz) according to 

𝑃𝑖𝑛 = 𝑃0 − 𝑘𝑝(𝜔𝑚 −𝜔0) (3.10) 

The governor control block which is shown in Fig.3.5, consists of a reference input power P0 and output 

of the governor is then used as input power Pin in the VSG. The governor can synchronize the frequency 

in the two terminals. The governor compares measured frequency 𝜔0 to a given reference frequency 𝜔0 

and generates the proper reference input power Pin injected to the VSG. 𝑘𝑝,⁡is the droop coefficient which 

is chosen to allow 5% frequency variation for 1 pu power change.  

3.3.4 Voltage and Reactive Power Control 

As illustrated in the control block shown in Fig. 3.3, the output voltage is controlled in order to minimize 

the reactive power and keep the voltage unchanged in the steady-state. This is accomplished using 

Automatic Voltage Regulator (AVR) for one terminal (M3C 1), and the Automatic Reactive Power 

Regulator (AQR) for the other terminal (M3C 2) as shown in Fig 3.6 (a) and (b) respectively. In the AVR, 

the voltage reference V0 is the line-to-line RMS value of the M3C low-frequency side output voltage, 

which may be a different value for each converter even in steady-state due to the line voltage drop. Q0 is 

the reference reactive power of the LFAC transmission line.  

 

(a) 

 

(b) 

Fig.3.6 (a) Automatic Voltage Regulator (AVR) and (b) Automatic Reactive Power Regulator (AQR). 
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The reference output voltage 𝑉ref should be regulated based on either AVR or AQR. The regulated 

output voltage will then be used as an input to the inner controller of the M3C. 

3.4 Simulation Results  

A simulation system has been implemented in PSCAD software to verify the proposed control scheme. 

The circuit configuration of simulation is shown in Fig. 3.1. The two-terminal system is driven by an M3C, 

and each M3C has 9 arms and each arm has 4 H-bridge cells connected in series (9-level) that interconnects 

the 60 Hz power system with LFAC transmission line. The VSG control is applied to the two M3Cs for 

low-frequency side. 

Two terminal model configuration, which represents the M3C-LFAC system, is investigated. The 

command for power flow control is summarized in Table 3.1 as well as the main parameters of the 

numerical simulation. 

Table 3.1 Parameters of M3C-LFAC system 

Common Parameters 

Parameter  Value 

Rated M3C power  𝑆𝑀3𝐶  200 MVA 

𝑉𝑏𝑎𝑠𝑒𝐿𝐹𝐴𝐶 275 kV 

𝑓𝐿𝐹𝐴𝐶 10 Hz 

𝑓𝑔𝑟𝑖𝑑 60 Hz 

𝑋𝑔𝑟𝑖𝑑 0.1 pu 

𝑋𝐿𝐹𝐴𝐶  0.016 pu 

M3C Parameters 

Parameter Value 

Sampling frequency  2 kHz 

Capacitor voltage  128 kV 
Cell capacitor 0.69 s 

Arm inductor 0.008 pu 

AQR and AVR PI Controllers Parameters 

Parameter Value 

𝐾𝑝 0.2 pu 

𝐾𝑖 0.5 s 

VSG Parameters 

Parameter  Value 

𝑉𝑏𝑎𝑠𝑒 275 kV 

𝑃0_𝑝𝑢 1 pu 

𝜔0 62.8315 rad/s  

M 8 s 

D 10 pu 

𝑘𝑝_𝑝𝑢 20 pu 

 

A sampling frequency of 2 kHz is set. A capacitor in each cell works as a dc voltage source controlled 

by the inner controller of the M3C. The dc capacitor voltage is 128 kV and the time constant is 2 s. The 

transmission distance is 200 Km. The transmission cable is modelled by using a single-core XLPE land 

power cable from ABB [10]. In order to test the proposed system and the control scheme, the active and 

reactive power were shared between the terminals and through the 200 km transmission line. The amount 
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and direction of power were assumed at one terminal and the second terminal was commanded follows 

the command automatically and autonomously. With the help of the VSG control, the simulation 

conditions are as follows; the power flow from terminal 1 to terminal 2 is given to terminal 1 only, and it 

varies from the rated power of 200 MW for sending to the rated power of -200 MW for receiving by a step 

change of 100 MW at every 5 s.  Fig. 3.7 (a) and (b) show active and reactive power of the low-frequency 

side of terminals 1 and 2, respectively. Fig. 3.7(c) shows the rms voltage waveforms of the low-frequency 

side of terminals 1 and 2, respectively. 

Fig. 3.7(d) shows the virtual angular frequency of each terminal at the 10 Hz side. It is seen that the 

angular frequency deviates during each dynamic state and returns to its steady-state after a short time. The 

settling time is almost the same, and it depends on the inertia constant M. 

Fig. 3.7(e) shows the capacitor average voltage of M3C 1. The active power command is determined 

from the capacitor average voltage deviation in the conventional controller of both M3Cs to control the 

active power of the 60 Hz side in order to minimize the harmonics and to output a constant low-frequency 

side voltage. Both capacitor average voltages were given command of 128 kV, and it can be seen from the 

figure that the capacitor average voltage was kept almost constant at the reference voltage of 128 kV, 

except for the transient period after the power reference was changed. 

The output voltage and the reactive power were regulated by the AVR and the AQR, respectively. From 

Figs. 3.7 (b) and (c), it can be noticed that with these controllers, the reactive power of M3C1 changes in 

order to regulate the output voltage of that particular M3C. Whereas, on the other hand, the voltage is 

changed in order to properly regulate the reactive power of M3C by the act of the AQR. 

It is confirmed that the entire system was successfully able to control active and reactive power flow 

and to keep the reactive power constant, and finally, it is confirmed that the proposed power control for 

the two-terminal LFAC using VSG control has proved its worthiness. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

Fig. 3.7 Simulation results of; a) Active power, (b) Reactive power, (c) LFAC output voltage, (d) 

frequency, and (e) M3C 1 cell capacitor average voltage. 

3.5 Summary 

This chapter describes and validates a proposed control scheme of M3C for the two-terminal LFAC 

system with special focus on the advantages of using the M3C and VSG in LFAC transmission. 

The proposed control scheme has been verified by simulation results of a two-terminal based VSG 

control and 9-level M3C model. The proposed control scheme that was explained in details is suitable for 

synchronized low frequency, regulating voltage and reactive power by integrating the VSG, and governor 

control for a large distance of transmission line. 

Moreover, a brief discussion on the criteria of selecting the operating frequency and the outcomes of 

selecting a 10 Hz or 20 Hz frequency is shown, in which it needs to be put into account when designing 

the LFAC system. 
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Chapter 4 

Multiterminal Low Frequency AC Configuration 

Operation Using Modular Multilevel Matrix 

Converter and Virtual Synchronous Generator 

Control 

4.1 Introduction 

In this chapter, a new control scheme for the LFAC transmission system is presented in order to extend 

the point-to-point concept to form a multi-terminal LFAC (MT-LFAC) system, which has not yet been 

reported before in the literature. This configuration is meant for applications that require interconnection 

of remote power systems operating in nominal frequency via LFAC transmission lines. The MT-LFAC 

system considered as an alternative solution along with the conventional HVAC and MT-HVDC systems 

can offer attractive advantages. 

In terms of controlling the M3C in an LFAC system, previous control methods such as [1] represent the 

state-of-the-art. A land located M3C is proposed to interface an LFAC system connecting an offshore wind 

farm with an onshore grid, and the M3C is controlled as a voltage source using a decoupled control 

strategy. Since there are no previous works on forming the MT-LFAC system interconnecting remote 

areas, if the system is selected to be controlled based on state-of-the-art solutions like [1], it will be required 

to apply the same control scheme as a master terminal, and control the other terminals as slave terminals. 

The reliability of such a system will be determined by the master terminal, and the power flow control can 

only be performed in a centralized manner, which requires communication. Moreover, there are some 

interactions between active and reactive power control loops due to the lower inductive line impedance of 

the LFAC system.  

The virtual synchronous generator (VSG), sometimes called synchronverter, is a solution to provide 

synchronization power and inertia feature to power converters [2], [3]. The VSG control method 

introduces the well-known dynamic response of a synchronous generator (SG) [4], [5]. The VSG 

incorporated in the LFAC system is based on the SG swing equation and provides a virtual inertia support 
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in addition to the frequency regulation support. The virtual inertia is a property that enhances the LFAC 

system stability.  

The integrated power angle provided by the VSG control can guide the operation of a multi-terminal 

system by controlling the amount and the direction of the active power autonomously and automatically. 

Thus, there is no need to use communication tools to synchronize the terminals. The VSG control allows 

the M3C to behave as an SG, thus contributing inertia and damping properties to the converter, as a result 

of the multi-terminal system operation. Moreover, the VSG control is equipped with voltage regulation 

control represented by either an automatic voltage regulator (AVR) or automatic reactive power regulator 

(AQR) to regulate the voltage and reactive power, respectively. The conventional VSG control is used for 

distributed generators [6], and the HVDC system is used to support a weak AC grid [7]. However, these 

studies are only focused on stabilization of ac grids and are not applied to the LFAC network. 

The main contributions of this chapter can be summarized as follows: 

(1) To form the proposed MT-LFAC electrical energy system, M3Cs are operated to convert the 

conventional frequency to low frequency with improved output waveforms on both sides.  

(2) The used M3Cs are controlled by the VSG-based control to enable power-sharing and frequency 

stability in the LFAC network. The autonomous feature of the VSG control made the LFAC system 

more reliable and less communication-dependent in comparison to the existing master-slave control 

for point-to-point LFAC system.  

(3) A new 𝜔 − 𝑃 droop control scheme is proposed to allow the system to operate in both the commanded 

mode and the frequency restoration mode. Hence, the system can selectively work with/without local 

command while ensuring that no frequency deviation occurs in the steady-state.  

(4) To address the concern of less inductive line impedance, the virtual inductive impedance is applied to 

ensure the decoupling between active and reactive power in the less inductive LFAC system. 

4.2 Multiterminal Configuration Description 

The configuration of the multi-terminal system studied in this work is shown in Fig. 4.1. It is a 

combination of three terminals; each terminal is driven by an M3C that acts as a frequency synthesizer to 

convert the 60 Hz power to 10 Hz.  

All terminals’ converters have the same control structure in which is combined of two parts; the 60 Hz 

side and 10 Hz side control. The 10 Hz side employs a VSG control to control the power of the low-

frequency side. The 60 Hz side active and reactive power control uses a conventional control, with the outer 

and the inner current controllers on dq coordination frame.  
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Fig 4.1 shows an example of the MT-LFAC system with 275 kV, and 200 km LFAC transmission lines 

(parameters are chosen based on the XLPE land cable data sheet provided by ABB group, Power and 

automation technologies, Zurich, Switzerland) [8]. The RMS value of the voltage is chosen in order to 

ensure lower transmission line losses, with consideration of the withstand voltage of power semiconductor 

devices. 

The role of the VSG control in the MT-LFAC system is achieved by using its swing equation in which 

it compares both input and output power of each terminal and thus produces the required phase angle 

accordingly. The obtained phase angle is used to provide the switching pulses for the M3C. More details 

of the proposed VSG control for the MT-LFAC system are explained in Section 4.3.1. 

4.3 M3C Control 

The main controller of M3C is shown in Fig. 4.2. The M3C control consists of two parts, 60 Hz side 

part which is based on the capacitor average voltage and reactive power control using PI controllers on 

the dq coordination frame as explained in details in chapter 2. The LFAC side controller implements the 

VSG control system, which is divided into two parts, active power control and reactive power or output 

voltage control. Finally, the phase angles 𝜽 obtained from the two controllers are used in the SVPWM 

along with a reference voltages, which are obtained separately from each side’s controller. 

Fig. 4.1 Single line diagram of a multi-terminal low-frequency ac (MT-LFAC) system circuit 

configuration (pu values are calculated based on self-power rating of each terminal). 
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Fig. 4.2 Main control structure including the 60 Hz side power control and the 10 Hz side 

virtual synchronous generator (VSG) based control 

4.3.1 VSG Control 

The VSG control is used to control the amount and direction of the active power, and to synchronize, 

and stabilize the frequency among the terminals. The VSG control scheme that is used here is shown in 

Fig. 4.3. The VSG control scheme comprises the swing equation, the governor, and damping units. The 

swing equation of VSG is 

𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 + 𝑃𝑑 = 𝐽𝜔0

𝑑𝜔𝑚

𝑑𝑡
 (4.6) 

where 𝜔𝑚 is the virtual rotating angular frequency, 𝜔0 is the nominal frequency, and 𝑃𝑖𝑛 ,𝑃𝑜𝑢𝑡, 𝑃𝑑 are the 

virtual shaft power produced by the governor control, the output power of the low-frequency side, and the 

damping power, respectively. J is the moment of inertia of rotating mass, which is determined as 

𝐽 =
𝑀𝑆𝑏𝑎𝑠𝑒

𝜔0
2  (4.7) 

where M is the inertia time constant, and 𝑆𝑏𝑎𝑠𝑒 is the rated power of each respective terminal. 

The damping power 𝑃𝑑 is generated by the state feedback control method [9] as follows 

𝑃𝑑 = −𝑘𝑥𝜔(𝜔𝑚 −𝜔0) − 𝑘𝑥𝑃
1

1 + 𝑇𝑓𝑠
𝑃𝑜𝑢𝑡 − 𝑘𝑥𝑖

1

𝑠
𝑃𝑑 (4.8) 



Chapter 4 Multiterminal Low Frequency AC Configuration Operation using Modular Multilevel Matrix 

Converter and Virtual Synchronous Generator Control  

39 

 

 

Fig. 4.3 Virtual synchronous generator (VSG) control combining the governor, damping 

power, and the virtual inertia control scheme. 

where 𝑘𝑥𝜔, 𝑘𝑥𝑝,⁡and 𝑘𝑥𝑖 are the feedback gains of virtual rotor frequency, output active power, and integral 

term of⁡𝑃𝑑, and 𝑇𝑓⁡ is the time constant of the low-pass filter (LPF), that is calculated based on 

𝑇𝑓 =
1

2𝜋𝑓𝑓
 (4.9) 

where, 𝑓𝑓  is the cut off frequency. 𝑓𝑓 =10 Hz is selected in order to attenuate the 2𝜔𝑚  ripples. This 

damping method technique is chosen because it can provide a fast response to power command change, 

and it can allow adding an LPF to filter the measured active power 𝑃𝑜𝑢𝑡 in order to attenuate the ripples 

caused by the unbalance in the output voltage and/or current in the LFAC side. These ripples will affect 

the output power quality since they will enter the VSG control block. Moreover, the use of the Phase-

Locked Loop (PLL) for detecting the grid frequency can be avoided, which is used in some previous works 

[10], [11]. All values are shown in Table 4.1. From (4.8), it can be noticed that the integral term of 

𝑃𝑑⁡exists, and this will force 𝑃𝑑= 0 in the steady-state. By rearranging (4.6), the virtual mechanical 

frequency can be rewritten as (4.10) 

𝜔𝑚 =
1

𝐽𝜔0
∫(𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 + 𝑃𝑑) 𝑑𝑡 (4.10) 

The obtained virtual angular frequency 𝜔𝑚 is then integrated to generate the phase angle 𝜃𝑚⁡to be 

utilized afterwards by the inner controller of the M3C. The parameter design of the VSG control part is 

shown in [6], [9]. 
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4.3.2 Governor Control Types 

The governor control part of the VSG, shown in Fig. 4.3, is based on the 𝜔 − 𝑃 droop characteristic. It 

is preferable to use the 𝜔 − 𝑃 droop control especially when the system is highly inductive like the 

traditional synchronous generator [12]. From Fig. 4.3, it can be noticed that there is a selector to decide 

the reference power term of the governor droop control. If P0 is selected, the governor will operate in the 

commanded mode. On the other hand, if 𝑃𝑜𝑢𝑡 is selected (where 𝑃𝑜𝑢𝑡⁡is the low-frequency side online 

output power), a frequency restoration mode of operation will be performed. 

The governor droop characteristic control has a conventional droop and reversed droop, as shown in 

Fig. 4.4. In the commanded mode, the virtual shaft power 𝑃𝑖𝑛 is produced by the governor control as 

𝑃𝑖𝑛 = 𝑃0 − 𝑘𝑝(𝜔𝑚 −𝜔0) (conventional) 

𝑃𝑖𝑛 = 𝑃0 + 𝑘𝑝(𝜔𝑚 −𝜔0) (reverse) 

(4.11) 

where 𝑃0 is the commanded value of active power, which is set in per unit, 𝜔0 is the nominal frequency, 

and 𝑘𝑝 is the droop coefficient which is proportional to the power rating of each corresponding terminal 

and is determined as follows:  

𝑘𝑝_𝑝𝑢 =
𝑘𝑝𝜔0

𝑆𝑏𝑎𝑠𝑒
 (4.12) 

where, 𝑆𝑏𝑎𝑠𝑒  is the power rating of each terminal. The adopted value 𝑘𝑝_𝑝𝑢 = 20⁡ shown in Table 4.1 

allows a maximum 5% frequency deviation during a 1.0 pu power transition, which is a typical value in 

the power system [9], [12], [13]. 

According to the droop characteristic illustrated by Fig. 4.4, Terminals 2 and 3 are assigned by a reverse 

droop control, compared to conventional droop in Terminal 1. This is achieved by assigning the droop 

coefficient 𝑘𝑝 with a different sign. In Fig. 4.4, the subscript 𝑇𝑖 indicates Terminal i (i = 1, 2, 3). In a multi-

terminal system, the terminal designed to be the receiver can be assigned by a reverse droop while the 

terminal designed to be the sender can be assigned with the conventional droop control. It is noteworthy 

to mention that the power flow can also be from the receiver to the sender without any modification of 

droop characteristic. The 𝑘𝑝 of all terminals remains unchanged throughout the simulation presented in 

Section 4.4. 

From Fig. 4.3, when the frequency restoration mode of operation is selected, 𝑃0 is substituted by⁡𝑃𝑜𝑢𝑡, 

thus Equation (4.11) becomes 
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𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 − 𝑘𝑝(𝜔𝑚 −𝜔0)⁡(conventional) 

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 + 𝑘𝑝(𝜔𝑚 −𝜔0)⁡(reverse) 

(4.13) 

 

Fig. 4.4 Principle of conventional and reversed ω-P droop control. 

By substituting (4.13) in (4.10)  

 

𝜔𝑚 =
1

𝐽𝜔0
∫(𝑃𝑜𝑢𝑡 + 𝑘𝑝(𝜔𝑚 −𝜔0) − 𝑃𝑜𝑢𝑡 + 𝑃𝑑)𝑑𝑡 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡=
1

𝐽𝜔0
∫(𝑘𝑝(𝜔𝑚 −𝜔0) + 𝑃𝑑)𝑑𝑡 

 

(4.14) 

According to (4.14), it can be noticed that in the steady-state, the term ⁡𝑘𝑝(𝜔𝑚 −𝜔0) + 𝑃𝑑 = 0. As 

𝑃𝑑⁡= 0 in the steady-state [9], thus⁡𝜔𝑚 = 𝜔0. That is to say, the proposed control scheme allows the 

operator to smoothly restore the frequency in an MT-LFAC system. For the terminals operating in the 

commanded mode, as⁡𝜔𝑚 = 𝜔0, from (4.11),⁡𝑃𝑖𝑛 = 𝑃0. That is to say, the output power will follow the 

command accurately. 

Finally, owing to the governor control, two objectives can be fulfilled. First, the system can operate 

under the frequency restoration mode, by that it senses the frequency variation of the network and decides 

the reference active power as given in (4.13). Secondly, based on (4.14), the frequency deviation 

restoration can be achieved. 

4.3.3 Reactive Power and Voltage Control in Multiterminal System 

In this model, the approaches taken to control the output voltage and reactive power are similar to the 

conventional ones in the HVAC system. Terminal 1 is set as a slack bus which is assigned to control the 
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voltage. Terminals 2 and 3 are aimed to control the reactive power by changing the output voltage. In other 

words, Terminal 1 is V-controlled (PV bus), whereas Terminals 2 and 3 are Q-controlled (PQ buses). 

The reactive power control aims to control the low-frequency side output voltage profile that minimizes 

the active power losses of each terminal. This is accomplished by using an AVR with low-frequency side 

output voltage feedback or an AQR with low-frequency side output reactive power feedback as they are 

shown in the left side of Fig. 4.5. A selector is used in order to choose the method for controlling either 

the voltage or the reactive power. Terminal 1 is chosen to be responsible for controlling the output voltage 

by using AVR control. At the same time, Terminals 2 and 3 control the required reactive power to be 

provided for the transmission lines by using the AQR control. The AQR is a fixed type controller, which 

can follow a given command. The command of AQR in each terminal is set to provide reactive power 

consumed in the transmission line connected to this terminal, in order to minimize the reactive power in 

the LFAC system. 

 

Fig. 4.5 Automatic voltage regulator (AVR), automatic reactive power regulator (AQR) and 

stator impedance adjuster block. 

For the AQR control, because no reactive power transmission between the terminals is required in the 

MT-LFAC system, it is calculated and commanded in order to ensure the lowest possible losses, thus, a 

fixed reactive power value calculated from the reactance and capacitance values of the transmission line. 

After determining the reactive power for each terminal, the reference reactive power command can be set 

accordingly, which is shown by the AQR control block 𝑄0 in Fig. 4.5. From this figure, the resulted 

voltage⁡𝑉𝑟𝑒𝑓 is the RMS reference voltage, which will be updated by the virtual impedance control block. 

4.3.4 Stator Impedance Adjuster 

In this subsection, it is important to discuss the low-frequency transmission line X/R issue. Due to the 

low frequency used, the obtained X/R ratio will be 6 times smaller than that of the 60 Hz for a given rated 

voltage level, in which it is 1.5 in our case [14], [15]. Therefore, the system will become less inductive.  
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To solve the negative impact of this mentioned low X/R ratio, a virtual stator reactance is introduced to 

the VSG control to increase the total reactance of each terminal in order to avoid the coupling between P 

and Q. In [11], for a 60 Hz network, the total impedance X* is set to 0.7 pu. In our work, the frequency 

difference is taken as criteria, thus the total impedance X* is fixed at 0.1 pu, which is sufficient to make a 

larger X/R ratio, hence, to make the system inductive again. The total reactance X* in pu according to the 

self-power rating is calculated as 

𝑋∗ =
𝑿𝑺𝒃𝒂𝒔𝒆

𝑽𝒃𝒂𝒔𝒆
𝟐 =

𝝎𝟎(𝑳𝒍𝒔+𝑳𝒇+𝑳𝒍𝒊𝒏𝒆)𝑺𝒃𝒂𝒔𝒆

𝑽𝒃𝒂𝒔𝒆
𝟐 ⁡= 0.1 pu 

(4.15) 

where 𝐿𝑙𝑠  is the virtual stator inductance, 𝐿𝑓  and 𝐿𝑙𝑖𝑛𝑒  are the inductance of the L filter and the 

transmission line, respectively. From (4.15), 𝐿𝑙𝑠  is calculated as 0.089 pu for each terminal. Then, the 

reference voltage obtained from the AVR/AQR will be converted into a stationary frame, and this 

reference voltage will be updated according to the multiplication of the virtual stator inductor with the 

output current. Here, a stationary-frame based virtual impedance is applied owing to its simplicity and 

PLL-free nature. Then, the new reference voltage 𝑉𝑀3𝐶
∗  will be realized and used for the SVPWM of the 

M3C. 

4.4 Simulation Results 

This section demonstrates the performance of the control system chosen to operate the MT-LFAC 

system and discusses different case studies applied to verify the proposed control approach used for the 

introduced case study. Furthermore, this section evaluates the VSG control scheme after transient events 

including the change of the power command and a power flow reversal, in addition to the transition of 

switching modes. The power flow algorithm and the case studies are implemented in PSCAD/EMTDC 

software environment. 

The MT-LFAC system composed of three terminals, as shown in Fig. 4.1, was used for simulation. All 

terminals employ an M3C and a VSG control system. The terminals are connected via 200 km modelled 

as 𝜋 −circuit transmission line. The transmission power cable parameters and other simulation parameters 

are shown in Table 4.1. The values of the PI parameters were manually tuned in per unit based on 

respective power or voltage ratings of each terminal. 
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Table 4.1. Simulation parameters. 

Common Parameters 

Parameter  Value Parameter Value 

𝑉𝑏𝑎𝑠𝑒 275 kV 𝑋10⁡𝐻𝑧⁡𝑠𝑖𝑑𝑒 0.016 pu 

𝑓𝑖𝑛 60 Hz Terminal 1 VA 𝑆𝑏𝑎𝑠𝑒1 200 MVA 

𝑓𝑜𝑢𝑡 10 Hz Terminal 2 VA 𝑆𝑏𝑎𝑠𝑒2 120 MVA 

𝑋60⁡𝐻𝑧⁡𝑠𝑖𝑑𝑒 0.1 pu Terminal 3 VA 𝑆𝑏𝑎𝑠𝑒3 80 MVA 

Modular Multilevel Matrix Converter (M3C) Parameters 

Parameter Value 

Sampling frequency  2 kHz 

Capacitor voltage  128 kV 

Cell capacitor 470 μf 

Arm inductor 128⁡μH 

Virtual Synchronous Generator (VSG) Parameters 

Parameter value Parameter  Value 

𝑉𝑏𝑎𝑠𝑒 275 kV 𝜌 0.29203 

𝑃0_𝑝𝑢 1.0 pu 𝑘𝑥𝑝 1.0 

𝜔0 62.831 rad/s 𝑘𝑥𝜔 91.4140 pu 

𝑘𝑝_𝑝𝑢
 20 pu 𝑘𝑥𝑖 8.8522 s−1 

M 8 s 𝑇𝑓 0.0159 s 

Automatic Reactive Power (AQR), and Automatic Voltage Regulator (AVR) PI 

Controller Parameters 

Parameter Value 

𝐾𝑝 0.001 pu 

𝐾𝑖 0.5 s 

Transmission Line Parameters 

Cross-linked polyethylene (XLPE) Single core land cable 

Cross section 500 mm2 

L 0.61 mH/km 

C 0.14 μf/km 

R 0.0255 Ω/km 

*The pu value in this table are based on self-power rating of each terminal. 
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Case 1: Terminal 1 Commanded Mode, Terminals 2 And 3 Frequency Restoration 

Mode 

In this case, Terminals 2 and 3 were in the frequency restoration mode, and are controlled following a 

frequency variation in Terminal 1. This case is inverstigated instead of a full commanded mode system in 

order to confirm the VSG control robustness. This is done by setting a predefined reference power to the 

governor part of Terminal 1. 

Fig. 4.6a demonstrates this case study, where the active power of three terminals is shown. The positive 

part indicates that power is being sent. Terminals 1, 2 and 3 were designed as 200 MVA, 120 MVA and 

80 MVA, respectively. The scenario of command change sequence is as follows; at 0–15 s Terminal 1 is 

commanded to receive 200 MW from Terminals 2 and 3. At 15 s, Terminal 1 changes its command value 

to receive 100 MW. At 25 s, Terminal 1 starts to send 100 MW power instead of receiving it. Finally, at 

35 s, Terminal 1 sends 200 MW to the Terminals 2 and 3. From Fig. 4.6a and according to the described 

scenario, the proposed control for the MT-LFAC system based on the governor 𝜔 − 𝑃 droop control has 

been successfully performed with sharing power to Terminal 1 properly according to the power ratings of 

Terminals 2 and 3.  

Figs. 4.6b, c show the reactive power and output voltage responses. The positive part indicates that the 

leading reactive power is provided by each terminal for the transmission line. Compared to the 50 Hz or 

60 Hz conventional transmission lines, and according to Table 4.2, the numerical analysis shows that the 

reactive power was reduced almost 6 times in the case of the LFAC transmission system. Thus, by using 

the LFAC transmission, the main advantage of reduced losses can be achieved. Moreover, it was decided 

for Terminal 1 to control the output voltage whereas Terminals 2 and 3 are responsible for controlling the 

reactive power. Therefore, from Fig. 4.6c the output voltage of Terminal 1 was kept constant due to the 

AVR control. On the other hand, both voltages of T2 and T3 have similar deviations in voltage since they 

are controlled by AQR, thus, their terminal voltage is not directly controlled. However, the voltage sag is 

almost less than 3%, which is acceptable. 

Table 4.2. Reactive power comparison. 

Transmission Line Type 𝑸𝒐𝒖𝒕_𝑻𝟏 (Mvar) 𝑸𝒐𝒖𝒕𝑻𝟐 ⁡(Mvar) 𝑸𝒐𝒖𝒕𝑻𝟑(Mvar) 

Low Frequency AC (LFAC) 64.472 65.765 66.168 

High Voltage AC (HVAC) 385.895 393.656 396.077 

Fig. 4.6d shows the virtual angular frequency of each terminal at the 10 Hz side. It is seen that the 

angular frequency deviates during each dynamic state and returns to its steady-state after a short time. The 
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settling time is almost the same, and it depends on the inertia constant M. Fig. 4.6e demonstrates the reason 

for choosing the inertia constant M. From the figure, it can be noticed that by increasing M the overshoot 

will be smaller with a longer settling time. When M is decreased, with a shorter settling time, overshoot 

becomes bigger, and larger ripples appeared in the response. Therefore, from the stability analysis point 

of view, M = 8 s is chosen considering a tradeoff between the transient performance (e.g., overshoot, 

settling time, and ripples). 

 Fig. 4.6 System response for Case 1: (a) active power; (b) reactive power; (c) low frequency side 

voltage, and (d) frequency; (e) zoom of (d) of frequency deviations for various values of M for⁡𝜔𝑚_𝑇1. 

In addition, in order to better interpret the performance of the M3C in the MT-LFAC system, simulation 

results are shown in Fig. 4.7 that demonstrate Terminal 1 M3C operation. Figs. 4.7a, b represent the 60 

  

(a) (b) 

  

(c) (d) 

 

(e) 
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Hz side active and reactive power, and capacitor average voltage waveforms, respectively. After the 

transients are applied on the low-frequency side, the controllers of each corresponding M3C succeed in 

keeping the power balance between the input and output sides. This resulted in a constant capacitor average 

voltage waveform with only a small deviation (less than 0.5%) is obtained when the power command 

changes. Moreover, the power flow pattern on the 60 Hz side automatically follows the power flow change 

on the low-frequency side considering that the active power command of the 60 Hz side is set indirectly 

based on capacitor average voltage deviation. Figs. 4.7c, d show the 60 Hz and low-frequency sides’ 

sinusoidal current and voltage zoomed in waveforms when the power reversal occurs at 25 s, which also 

follow the power flow patterns. It is clear that the M3C succeed in providing improved sinusoidal 

waveforms.  

 

(a) 

 

(b) 

 

(c) 

 

 (d) 

Fig. 4.7 M3C 1 response for Case 1: (a) 60 Hz side active and reactive power, (b) cell 

capacitors average voltage, (c) zoomed in, 60 Hz and low frequency sides’ voltages, and (d) 

currents during power flow reversal. 
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Case 2 Terminals 1 and 2 Commanded Mode, Terminal 3 Frequency Restoration 

Mode 

In this case, the proposed system is tested in order to confirm the flexibility of the proposed control 

system. Hence, Terminals 1 and 2 are in the commanded mode whereas Terminal 3 is in the frequency 

restoration mode. The dynamic scenario is divided into two parts. Referring to Fig. 4.8a, until 10 s, the 

commanded values to Terminals 1 and 2 are –150 MW (receiving) and 90 MW (sending), respectively. 

After 10 s, Terminal 2 power is increased to be 100 MW. As a result, Terminal 3 power is decreased based 

on the frequency restoration mode control. Finally, at 20 s, a full power reversal occurs. Hence, Terminal 

1 starts to send the 150 MW while Terminals 2 (receives 100 MW) and 3 become receivers. The assumed 

operation can be successfully performed from Fig. 4.8a. 

Figs. 4.8 b, c show the reactive power and the output voltage responses, respectively. The controller is 

the same as in Case 1. The difference in the AQR control is the reference command for the reactive power, 

which is also affected by the power change of the corresponding terminals. Moreover, since the AVR is 

used for controlling the voltage of Terminal 1, the reactive power of this terminal is not controlled at a 

specific value, thus it is dependent on the rest of the network. Oppositely, Terminals T2 and T3 are 

controlled by AQRs, thus their reactive power tracks respective reactive power command strictly, except 

transient condition. 

Fig. 4.8 d, shows the output angular frequency of each terminal. Similar to Case 1, the frequency 

deviates after each power dynamic state and is promptly recovered due to the reverse droop control of the 

terminals against each other. Moreover, from the figure, at each dynamic state, firstly, the frequency of 

the master terminal changes. In response, the droop control of the terminal frequency restoration mode 

synthesizes this event and changes its frequency. Terminal 3 changes its power accordingly without 

causing any steady-state frequency deviation.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 4.8 System response for Case 2: (a) Active power; (b) reactive power; (c) low frequency 

side voltage and (d) frequency. 

 Case 3: Terminal 2 Switching from Commanded Mode To Frequency Restoration 

Mode 

In this case, the proposed system is tested in a scenario including control mode transition. In this 

scenario as depicted in Fig. 4.9a, first, both Terminals 1 and 2 are operated in a commanded mode based 

on their respective power ratings, and Terminal 3 operates in the frequency restoration mode. Then, at t = 

10 s, the switch of Terminal 2 shown in Fig. 4.3, changes from the commanded mode to the frequency 

restoration mode. It can be seen, during this mode transition, the power-sharing acts smoothly and remains 

constant. Thus, the VSG was able to guarantee a proper power-sharing without any dedicated 

communication channel. Thus, the scenario becomes the same as in Case 1 when Terminal 1 controls the 

power flow of the entire system by its commanded value. At t = 15 s, the command of Terminal 1 changes 

to receive 175 MW instead of 200 MW and based on the frequency restoration mode in Terminals 2 and 

3, the power command was properly accommodated.  

Fig. 4.9 b shows the output angular frequency of each terminal. It can be noticed that there is even no 

frequency deviation during the transition of the mode switching of Terminal 2. Similar to Case 1, the 

frequency deviates after 15 s and is promptly recovered due to the reverse droop control of the terminals 

against each other. 

The system response shown in Fig. 4.9 demonstrates that, unlike the conventional frequency restoration 

method, the proposed frequency restoration mode can be started at different instants while keeping a 

reasonable power allocation. 
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(a) 

 

(b) 

Fig. 4.9 System response for Case 3: (a) Active power and (b) frequency. 

4.5 Summary 

In this chapter, a control scheme to form a multi-terminal low-frequency ac (MT-LFAC) system is 

proposed as an alternative solution to both multi-terminal high voltage DC (MT-HVDC) and high voltage 

AC (HVAC) systems in order to provide long-distance transmission to interconnect remote power systems. 

Characteristics of the proposed system are studied, and the obtained results are summarized as follows: 

(1) Application of virtual synchronous generator (VSG) control in 10 Hz side was proposed in order to 

autonomously control active and reactive power and voltage of each terminal and maintaining the 

frequency stable in the steady-state. 

(2) The VSG control used in this work has succeeded in enabling the M3Cs to behave like synchronous 

generators to construct the MT-LFAC network. 

(3) Autonomous frequency restoration is realized by the proposed frequency restoration mode and the 

problem of the low X/R ratio in LFAC is solved by virtual impedance control. 

(4) The control scheme proposed for the MT-LFAC system has proved its flexibility and its ease of 

implementation. Thus, the multiterminal system can be easily extended to more terminals without 

altering the controller coefficients and/or parameters since they are in per-unit values. The only point 

that needs to be considered in deciding the role of power flow, for example; each terminal capacity, 

sending vs. receiving groups of terminals, and the total amount of the power that needs to be 

accommodated.  
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Chapter 5 

Interconnection of Low Frequency AC System with 

a Remote AC Grid Using Dual Virtual 

Synchronous Generator Control-Based Modular 

Multilevel Matrix Converter 

5.1 Introduction 

In this chapter, another study of the proposed system focusing on the application of providing frequency 

regulation support for the LFAC system interconnecting a remote ac grid to the main grid using M3Cs as 

ac/ac converters. This is realized by using a dual VSG control for the M3C at the remote ac grid side. Each 

VSG has a different task. The LFAC side VSG provides a synchronized power for the LFAC network to 

enable a potential multi-terminal operation as demonstrated in chapter 4 and in [1]. Moreover, it maintains 

the cell dc capacitor voltage constant. Meanwhile, the remote ac grid side VSG is employed to enable the 

converter to mimic the dynamics of the SG and thus to provide a robust frequency regulation support for 

the remote ac grid. The concept of this work is stimulated by the works on the VSC-HVDC system with 

the inertia emulation [2]; however, the feature of our proposed M3C-LFAC system removes the limitations 

of using an HVDC transmission system. In other words, this work can be used as an alternative solution 

for better providing the existed services by the HVDC system.  

It is noteworthy to mention that applying a dual VSG for controlling both M3C sides is not 

straightforward. Due to the intentional slow response of VSG control in both sides, it is difficult to apply 

conventional average dc capacitor voltage control, which requires a fast inner current control loop. 

Therefore, in this work, an average dc capacitor voltage versus active power (Vave-P) droop control method 

integrated into the LFAC side VSG control is proposed, to achieve the balance between input and output 

M3C active powers and thus to maintain the capacitor voltage while reacting fast enough to support the 

dynamics of a remote ac grid. Such control technique has never been applied, particularly with the VSG 

for M3C control. 
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5.2 Issues Associated with Remote AC Grid 

 

Fig. 5.1 Power angle curve comparison  

In addition to the well-known disadvantages of the conventional ac system, in Fig. 5.1 two essential 

facts are demonstrated;  

1- The advantage of using the LFAC system and its impact on the power angle curve as well as the 

maximum power transfer. 

2- The weakness of the conventional frequency transmission system during transient-state can be 

demonstrated by looking at Fig. 5.1 For the same amount of power change (which represents a transient 

state) both operating points of LFAC and conventional ac will move to a new location (from 𝛿60, and 𝛿10 

to 𝛿60
′ ,⁡and 𝛿10

′ , for conventional and LFAC, respectively), thus each power angle will change from δ to 

𝛿′. The power angle deviation is related to frequency according to  

𝑃 =
|𝐸||𝑉|

𝑋
𝑠𝑖𝑛 𝛿 

𝑋 = 2𝜋𝑓 

 

(5.1) 

As a result, the rate of change of the power angle when operating with LFAC system (∆𝛿10) is less than 

when operating with a conventional ac system (∆𝛿60), which results in low transient stability curve and a 

long time for returning to steady-state.  

In conclusion, the ac system transient withstands ability become weaker if the ac system with a low 

rating power is remotely connected, and if the penetration of inverter-based renewable energy is increased 

which causes system inertia to significantly decrease. Therefore, a frequency regulation scheme with 

extended transmission distance is required.  
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5.3 System Configuration 

A case study of point-to-point M3C-LFAC configuration is presented in this chapter to demonstrate our 

proposed control scheme, which is illustrated in Fig. 5.2. It is a combination of two stations, and each station 

is driven by an M3C that acts as a frequency converter to convert the low-frequency ac (10 Hz) to 60 Hz in 

order to interface with the grid.  

 

Fig. 5.2 Single-line diagram of a point-to-point M3C-LFAC system. 

It is noteworthy to mention that this configuration can be easily extended to a multi-terminal LFAC system 

as proposed in chapter 4. The focal point of this chapter is the remote ac grid (60 Hz) side of M3C 1 as an 

interface to the LFAC system to show the advantages of the proposed control compared to the existing control 

schemes for M3C-LFAC system. Therefore, the control scheme of the main utility side M3C (M3C 2), which 

uses the existing control scheme of chapter 4, is omitted in this chapter.  

 

 

Fig. 5.3 Main circuit and the proposed control system of M3C 1. 
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5.4 Control Scheme 

Fig. 5.3 shows the circuit configuration and the entire control scheme of M3C 1. The M3C circuit 

consists of nine arms, each arm has four H-bridge cells connected in series and these cells connect the grid 

side to the LFAC side. In practical application, each arm consists of hundreds of H-bridge cells considering 

the voltage level, thus the filter inductance 𝐿𝑓 can be quite small. In this study, the number of cells is 

reduced to four for simplicity and less computational time of the simulation. Moreover, small inductors 

called arm inductors (𝐿𝑠) are connected with each converter arm in order to suppress the current flowing 

at the timing of commutation between those arms. The overall control of the M3C is shown in Fig. 5.3. 

The control scheme can be divided into two parts; the grid side (60 Hz side) control part, and the LFAC 

side (10 Hz side) control part. From Fig. 5.3, the grid side is controlled by using either a VSG control or 

a conventional control based on PI controllers on the dq coordination frame as shown in details in Fig. 5.4. 

5.4.1 Conventional Control of M3C 

Fig. 5.4 shows the conventional remote ac grid side controller of the M3C that combines both the outer 

controller (on the left) and the inner controller (on the right). A synchronous dq reference approach is 

conventionally employed to guide the M3C control [3], [4]. A positive sequence of three-phase voltages 𝑉𝑎𝑏𝑐 and 

currents 𝑖𝑎𝑏𝑐  is transformed to the dq components using the Park’s transformation, with the phase angle (𝜃𝑃𝐿𝐿) 

obtained from the PLL.  

 

Fig. 5.4 A block diagram of the M3C remote ac grid side conventional control. 

The outer controllers include controlling active and reactive power of the grid side. The active and reactive 

power that the M3C injects into the grid are expressed in dq-axis as 

𝑃60⁡𝐻𝑧 =⁡√
2
3⁄ ∗ (𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞) (5.1) 
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𝑄60⁡𝐻𝑧 = √2 3⁄ ∗ (𝑣𝑞𝑖𝑑 − 𝑣𝑑𝑖𝑞) (5.2) 

Both active and reactive powers can be controlled using PI controllers on the dq coordinate in the outer 

controllers. However, to keep the active power balance between both sides, instead of directly controlling the 

active power, in [1], the average dc capacitor voltage Vave is controlled, which is calculated from all the H-bridge 

cell capacitor voltages and is controlled to be kept constant at reference Vave
*. 

The outer controllers’ task end at the points when the active power controller produces the d-axis current 

reference 𝑖𝑑
∗  and the reactive power controller produces the q-axis current reference⁡𝑖𝑞

∗ . The inner current control 

results in generating the voltage vector references 𝑣𝑑
∗  and 𝑣𝑞

∗  using proportional gains (𝑘𝑑, 𝑘𝑞 ). Finally, these 

voltage references are transformed into a three-phase voltage references through inverse Park’s transformation to 

be used later to determine the PWM pattern via a voltage space vector scheme.  

This controller will be later replaced with a VSG control to compare their effectiveness on the remote ac grid.  

As for the LFAC side control, to form a multi-terminal LFAC system, the conventional one also uses a VSG 

control [1]; thus, it is almost the same as the proposed one shown in Fig. 5.3. However, since the average dc 

capacitor voltage Vave is controlled by the remote ac grid side, which is shown in Fig. 5.4, the proposed average dc 

capacitor voltage control discussed afterwards is not applied. Therefore, it is much easier for the conventional 

method to apply the VSG control in the LFAC side. 

5.4.2 Proposed Dual VSG Control 

As shown in Fig. 5.3, which clearly demonstrates the feature of the proposed system, two VSG control 

units are used in both the LFAC and the remote ac grid sides. Each VSG comprises an active power-

frequency (P-f) control part, and a reactive power control part. The M3C 1 employs a Q-V droop controller 

on its remote ac grid side, whereas an automatic voltage regulator (AVR) on its LFAC side. The P-f control 

part used for both LFAC and the remote ac grid sides of the M3C 1 is almost identical except that the droop 

characteristic between the average dc capacitor voltage and active power (Vave-P) is included to be an 

additional part of the LFAC side VSG controller, as shown in Figs. 5.3 and 5.5. This design is made from 

the following two concerns; First, when the LFAC side active power includes the (Vave-P) droop, the losses 

of the converter within the received power from the LFAC side will be included, otherwise, the system will 

experience an input and output power imbalance, which results in converter cell dc capacitor voltage 

deviation. Second, if the active power of the remote ac grid side is set indirectly, the remote ac grid side VSG 

controller will choose to regulate the cell dc capacitor voltage instead of grid power. Thus, the grid power 

transient response will be slower because the VSG controller of the remote ac grid side will take a longer 

time to realize and synthesize the power change in the remote ac grid. As a result, the system will fail to 
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support the dynamic state of the remote ac grid. In other words, the remote ac grid side VSG will not be able 

to quickly inject active power to mitigate the frequency deviation and the entire LFAC link will not be able 

to react fast to contribute to enhancing frequency regulation.  

 

Fig. 5.5  Proposed VSG control combining the governor, damping power, and the virtual inertia 

control scheme, and Vave-P droop (for LFAC side only). 

The VSG parameters are input to the control scheme from those sides accordingly. It can be seen from 

Fig. 5.5, which represents the VSG control scheme where the input signals are included with the subscript 

i, referring to the LFAC or the remote ac grid side measured signals. The VSG control function comprises 

the swing equation, governor, and damping units. The swing equation of the VSG is 

𝑃𝑖𝑛_𝑖 − 𝑃𝑜𝑢𝑡_𝑖 + 𝑃𝑑_𝑖 = 𝐽𝜔0_𝑖

𝑑𝜔𝑚_𝑖

𝑑𝑡
⁡⁡⁡ (5.3) 

where 𝜔𝑚 is the virtual rotating angular frequency, 𝜔0 is the nominal frequency, and 𝑃𝑖𝑛 ,𝑃𝑜𝑢𝑡, 𝑃𝑑 are the 

virtual shaft power produced by the governor control, the output power, and the damping power, 

respectively. J is the moment of inertia of rotating mass, which can be determined as 

𝐽 =
𝑀𝑆𝑏𝑎𝑠𝑒

𝜔0
2  (5.4) 

where M is the inertia time constant, and 𝑆𝑏𝑎𝑠𝑒 is the rated MVA of the M3C.  

The damping power 𝑃𝑑 is generated by a state feedback control loop as follows [5] 

𝑃𝑑_𝑖 = −𝑘𝑥𝜔(𝜔𝑚 −𝜔0) − 𝑘𝑥𝑃
1

1 + 𝑇𝑓𝑠
𝑃𝑜𝑢𝑡 − 𝑘𝑥𝑖

1

𝑠
𝑃𝑑_𝑖 (5.5) 
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where 𝑘𝑥𝜔, 𝑘𝑥𝑝,⁡and 𝑘𝑥𝑖 are the feedback gains of virtual rotor frequency, output active power, the integral 

term of⁡𝑃𝑑; and 𝑇𝑓 is the time constant of the low-pass filter (LPF), and VSG control parameters are given 

in Table 5.1. The used damping method allows the designer to avoid using the PLL for detecting the 

frequency, as applied in some previous methods [6], [7]. By rearranging (5.3), the virtual mechanical 

frequency is thus  

𝜔𝑚_𝑖 =
1

𝐽𝜔0
∫(𝑃𝑖𝑛_𝑖 − 𝑃𝑜𝑢𝑡_𝑖 + 𝑃𝑑_𝑖) 𝑑𝑡 (5.6) 

where, the obtained virtual angular frequency 𝜔𝑚 is then integrated to generate the phase angle 𝜃𝑚_𝑖 to form 

a three-phase reference voltage for the LFAC and the grid sides. The design of VSG control parameters is 

explained in [5], [8]. 

The governor control part of the VSG, shown in Fig. 5.5, is working based on the ω-P droop characteristic. 

It is preferable to use the ω-P droop control especially when the system is highly inductive like traditional 

SG. Moreover, conventional droop control is used for the sending terminal (M3C 2) whereas a reversed 

droop control is used for the receiving terminal (M3C 1) as explained in [1]. The conventional and reversed 

governor control produce the shaft power 𝑃𝑖𝑛 as follows 

𝑃𝑖𝑛 = 𝑃0 − 𝑘𝑝(𝜔𝑚 −𝜔0) (conventional) 

𝑃𝑖𝑛 = 𝑃0 + 𝑘𝑝(𝜔𝑚 −𝜔0)⁡(reversed) 

(5.7) 

where 𝑃0  is the commanded value of active power, 𝑘𝑝  is the droop coefficient, and 𝜔0  is the nominal 

frequency [6], [9]. The droop coefficient is chosen to allow 5% change of frequency as a response to a full 

active power change and it was set in per unit value, calculated as 

𝑘𝑝_𝑝𝑢 =
𝑘𝑝𝜔0

𝑆𝑏𝑎𝑠𝑒
 (5.8) 

5.4.3 Reactive Power and Voltage Profile Control Scheme  

In order to give a detailed look at the other control parts in Fig. 5.3, this subsection discusses the output 

reactive power and voltage. 

Fig. 5.6(a) represents the Q-V droop control on the remote ac grid side, whereas Fig. 5.6(b) represents 

the AVR of the LFAC side. The Q-V droop controller is preferable when two parallel distributed generators 

(DGs) are connected at the point of common coupling in order to share the reactive power autonomously. 
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The term “droop” is provided by the voltage difference block with a droop coefficient 𝑘𝑞 that is selected 

to allow 10% variation when producing 1 pu reactive power block.  𝑘𝑞𝑝𝑢 is defined as  

𝑘𝑞⁡𝑝𝑢 =
𝑘𝑞𝑆𝑏𝑎𝑠𝑒

𝑉𝑏𝑎𝑠𝑒
 (5.9) 

 

 

(a) 

 

(b) 

Fig 5.6  Control block of M3C 1 (a) Remote ac grid side Q-V droop block, (b) LFAC side AVR. 

The AVR is used in the LFAC in order to maintain the voltage level by varying the reactive power. 

Whereas, the other terminal(s) in the LFAC network use an automatic reactive power regulation (AQR) in 

order to minimize the reactive power sharing errors, as shown in chapter 4.  

The result of all controllers is 𝑉𝑟𝑒𝑓⁡𝑖 , (the subscript i refers to either remote ac grid or LFAC sides 

parameters of each M3C), which indicates the reference voltage generated from these controllers to be used 

later as an input to each corresponding stator impedance adjuster block as shown in Fig. 5.7 (a).  

5.4.4 Stator Impedance Adjuster  

 

(a) 
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(b) 

Fig. 5.7 M3C1 (a) Stator impedance adjuster, and (b) Current limiter control for remote ac grid side. 

The stator impedance adjuster block is incorporated along with the dual VSG control in the M3C-LFAC 

system. Each one has a different function. For example, for the LFAC side, due to the low frequency, the 

X/R ratio will be 6 times smaller than that of the 60 Hz for a given rated voltage level, in which it is 1.5 in 

this system. Thus, the system will become less inductive [10]. Therefore, the virtual stator reactance is 

introduced to increase the total reactance of the M3C station in order to avoid the coupling between P and 

Q. Based on [7], a stator impedance control is applied to adjust the total output reactance of each terminal, 

which is calculated as 

𝑋∗ =
𝑋𝑆𝑏𝑎𝑠𝑒
𝑉𝑏𝑎𝑠𝑒
2 =

𝜔0(𝐿𝑙𝑠 + 𝐿𝑓 + 𝐿𝑙𝑖𝑛𝑒)𝑆𝑏𝑎𝑠𝑒

𝑉𝑏𝑎𝑠𝑒
2 ⁡ 

 

(5.10) 

 

where, 𝐿𝑙𝑠  is the virtual stator inductance, 𝐿𝑓  and 𝐿𝑙𝑖𝑛𝑒  are the inductance of the L filter and the 

transmission line, respectively. From (5.10), 𝐿𝑙𝑠 is calculated as 0.089 pu for the LFAC side. Thus, the 

AVR output results are updated by the stator impedance adjuster block. 

On the other hand, another function of the stator impedance is to be used to increase the converter’s 

output impedance temporarily during an overcurrent condition (e.g. occurrence of fault) [11], [12], [13] as 

shown in Fig. 5.7(b). This function provides the fault ride-through (FRT) ability for a VSG control scheme, 

whereas, the FRT ability is realized by a current reference limiter in conventional control as shown in Fig. 

5.4. 

The idea of current limiting strategy is to promptly increase the virtual impedance at the event of the 

fault proportional to the size of the magnitude of the fault current. The magnitude of the fault current is 

set to exceed a threshold value in order to activate this current limiting strategy, otherwise it will remain 

idle. The virtual impedance that is increased will cause a voltage command reduction which will in turn 

prevents overcurrent. The stator impedance adjuster block diagram is already presented in chapter 4, and 

it is included in this chapter considering the current-limiting capability.  

From Fig. 5.7 b, 𝐿𝑙𝑠 represents the original virtual stator impedance, while 𝐿𝑙𝑠0 represents the constant 

virtual impedance that can be updated when the current-limiting control scheme is activated. As a result, 

𝐿𝑙𝑠 becomes  



Chapter 5 Interconnection of Low Frequency AC System with a Remote AC Grid using Modular 

Multilevel Matrix Converter with a Dual Virtual Synchronous Generator Control  

61 

 

𝐿𝑙𝑠 = 𝐿𝑙𝑠0 + ∆𝐿𝑙𝑠⁡ (5.11) 

This increased updated impedance reduces the peak current according to  

𝑉0𝑀3𝐶 = 𝐼𝑚𝑎𝑥(𝜔𝐿𝑙𝑠)
2 

 

(5.12) 

where 𝑉0𝑀3𝐶  is the M3C voltage magnitude during the fault and 𝐼𝑚𝑎𝑥⁡is the result maximum current 

allowed. 𝐿𝑙𝑠⁡is increased by adding the term ∆𝐿𝑙𝑠. The last value is determined from  

∆𝐿𝑙𝑠 = 𝑚𝑎𝑥{𝑘𝑧(𝑖𝑜,𝑟𝑚𝑠 − 𝑖𝑡ℎ𝑟𝑒𝑠), 0}⁡ (5.13) 

where 𝑘𝑧 is the limiting factor, and X/R is the current limiting factor. The current limiter control strategy 

applied to the VSG control uses the amount of the overcurrent in order to generate additional output 

impedance. The control will provide a current limiting strategy in order to suppress the remote ac grid side 

output current, in which if it is not suppressed (not to exceed 2 pu), it will result in large reactive power 

generation (losses) as well as large frequency deviation. 

In order to set the value of the tuning factor 𝑘𝑧, the tuning technique is used in [11], [13] which depends 

on  the magnitude of the voltage drop 𝑉0𝑀3𝐶 . As explained in [13], it is complicated to determine 𝑘𝑧 based 

on the desired voltage drop magnitude as each existed disturbance differs in nature, dynamics and its 

resulted voltage drop. For instance, from the frequency point of view and current limiting point of view, 

if the gain 𝑘𝑧 is too small, the current limiting ability as well as the fault ride through ability will not 

succeed. On the other hand, if the gain is too high, it will create a robust current limiting ability but the 

system will suffer from a large frequency fluctuation, which is not acceptable considering the main target 

of the proposed dual VSG control scheme, which is to regulate ac side frequency. 

5.5 Simulation Results 

To verify the proposed system, several simulation tests were carried out in PSCAD/EMTDC software 

environment for the system shown in Fig. 5.2.  

M3C 2 regulates the active power received from the main grid and sends this power through a 200 km 

LFAC link to M3C 1 by integrating the virtual mechanical speed from the VSG to provide the phase angle. 

Then the LFAC side VSG control of M3C 1 regulates the active power and uses its AVR to maintain the 

voltage by varying the reactive power. The remote ac grid includes a conventional SG and associated loads, 

which represents a relatively weak system. The fixed load PL1+QL1 is 400 MW + 100 Mvar, whereas a 

disturbance load 𝑃𝐿2 + 𝑄𝐿2 represents 5% of the fixed load and it is set to be turned on and off at specific 

times. These loads are being supplied by both SG and the M3C-LFAC system. The M3C 1 parameters and 
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the SG parameters are listed in Tables 5.1, and 5.2, respectively. On the other hand, the operation of the 

system under conventional control is explained in [1], as discussed in Section III-B. 

The SG is built by using transient and sub-transient parameters of a round rotor type obtained from [14], 

[15]. The conventional SG control is shown in Fig. 5.8. It consists of three parts, the AVR, the speed 

governor, and the load frequency control (LFC). The LFC is needed to regulate frequency deviations due to 

active load dynamic variations.  

The corresponding block diagram of frequency regulation is shown in Fig. 5.8(a), where 𝑇𝐺 represents the 

time constant of the speed governor and⁡𝐹𝐻𝑃,⁡𝑇𝑅𝐻 and 𝑇𝐶𝐻 are the coefficients of the reheat turbine [16]. 

These parameters values are given in Table 5.2. The output of this controller is the input set point of the 

mechanical torque (𝑇𝑚) used for the SG. The AVR shown in Fig. 5.8(b) is employed to maintain the output 

voltage. 

 

(a) 

 

(b) 

Fig. 5.8 Control block of Synchronous Generator; (a) speed governor, turbine model, and Load 

Frequency Control (LFC), and (b) Automatic Voltage Regulator (AVR) block 

Table 5.1 Simulation Parameters of M3C 1 

Common Parameters 

Parameter  Value 

Rater M3C Power 200 MVA 

𝑉𝑏𝑎𝑠𝑒⁡𝐿𝐹𝐴𝐶 275 kV 

𝑉𝑏𝑎𝑠𝑒⁡𝑔𝑟𝑖𝑑 150 kV 
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𝑓𝐿𝐹𝐴𝐶 10 Hz 

𝑓𝑔𝑟𝑖𝑑 60 Hz 

𝑋𝑔𝑟𝑖𝑑 0.1 pu 

𝑋𝐿𝐹𝐴𝐶 0.016 pu 

M3C Internal Parameters 

Parameter Value 

Sampling Frequency 2 kHz 

Capacitor Voltage 128 kV 

Cell Capacitor  0.69 s 

Arm Inductor 0.008 pu 

Q-V droop and AVR PI Controllers Parameters 

Parameter Value 

𝐾𝑝 0.2 s 

𝐾𝑖 0.5 s 

𝐾𝑞_𝑝𝑢 10 pu 

Stator Impedance Adjuster and Current Limiter Parameters 

Parameter Value 

LFAC side 𝐿𝑙𝑠𝑜 0.541 pu 

Grid side 𝐿𝑙𝑠𝑜 0.569 pu 

𝑘𝑧 1 

VSG Parameters 

 LFAC side  Grid side  

Parameter Value Value 

𝑉𝑏𝑎𝑠𝑒 275 kV 275 kV 

𝑃0𝑝𝑢 1 pu 1 pu 

𝜔0 62.8315 rad/s 376.9911 rad/s 

M 8 s 8 s 

𝑘𝑝𝑝𝑢 20 pu 20 pu 

𝑘𝑣𝑎𝑣𝑒𝑝𝑢  10 pu - 

𝑇𝑓 0.0159 s 0.00265 s 

𝑘𝑥𝑝 1 1 
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𝑘𝑥𝜔 91.4140 pu 202.1987 pu 

𝑘𝑥𝑖 8.8522 𝑠−1 23.4591 𝑠−1 

Table 5.2 Simulation Parameters of Round Rotor SG 

Parameter  Value 

Rated 𝑆𝑆𝐺 200 MVA 

Terminal voltage 13.8 kV 

M 3.2 s 

𝑥𝑑, 𝑥𝑑
′ , 𝑥𝑑

′′ 1.65, 0.23, 0.17 

𝑥𝑞, 𝑥𝑞
′ , 𝑥𝑞

′′ 1.59, 0.38, 0.17 

𝜏𝑑
′ , 𝜏𝑑

′′, 𝜏𝑞
′′ 0.83, 0.023, 0.023 

Stator resistance 𝑅𝑠 2.8544 e-3 pu 

Governor droop coefficient R 20 pu 

LFC PI controller time constant 0.5 s 

Speed governor coefficient 𝑇𝐺 0.1 s 

Turbine HP coefficient 𝐹𝐻𝑃 0.3 s 

Time constant of reheater 𝑇𝑅𝐻 7.0 s 

Time constant of main inlet volumes 𝑇𝐶𝐻 0.2 s 

Case 1: Load Change Scenario 

Generally, in the frequency regulation point of view, the most common disturbance in power system is 

load change [17]. If the power system lacks the inertia, this will lead to a large frequency deviation. This 

deviation, particularly if the load varies significantly, may lead to system instability. 

Figs. 5.9 and 5.10 show the simulation results for a step load increase and decrease, respectively. In 

order to perform the load change, a switchable load PL2+QL2⁡as can be seen from Fig. 5.2, is turned on or 

off, at t = 20 s, to perform load increase or decrease. Fig. 5.9(a) illustrates the SG rotor angular frequency. 

It can be observed that when the system is under the VSG control, the frequency nadir is reduced, and the 

frequency fluctuation becomes slower and smoother than that under the conventional control. After a short 

period of transient (which is decided by the LFC controller of the SG), the frequency of the grid can be 

restored to the nominal value. Thus, the VSG has improved system stability.  

Figs. 5.9(b), (c), and (d) illustrate the active powers of the SG, and the M3C in both grid and LFAC 

sides, respectively. It can be noticed that the VSGs of both grid side and LFAC side are reacting in order 

to inject power into the remote ac grid to support the load increase demand. This confirms how the M3C-
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LFAC link can provide fast power injection response. From Fig. 5.9(c), it is clear that the M3C injects the 

required power until the SG increases its active power as shown in Fig. 5.9(b) to respond to the power 

mismatch. Similarly, the VSG on the LFAC side will request this power to be provided from M3C 2 

through LFAC link. As a result, both VSGs respond accordingly to inject the required power. Once the 

steady-state operation is restored, the M3C-LFAC system restores its active power to the pre-transient 

value. It can be confirmed that all VSGs have enhanced the M3Cs with a fast response to support the 

frequency regulation of the remote ac grid.  

 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig 5.9 Simulation waveforms of the system with the proposed dual VSG control and with 

conventional control under 5% load increase: (a) SG rotor angular frequency, (b) SG active power, (c) 

M3C 1 grid side active power, (d) M3C 1 LFAC side active power, and (e) M3C 1 average dc capacitor 

voltage. 

Fig. 5.10 shows the simulation results of the step load decrease scenario. This scenario is initiated by 

turning off the switchable load. As the case of step load increase, the VSG controller has succeeded in 

mitigating the frequency deviation as shown in Fig. 5.10(a). Figs. 5.10(b), (c), and (d), show the active 

powers of the SG, and M3C 1 grid and LFAC sides, respectively. Again, the VSG controls on both sides 

allow the M3C-LFAC system to respond fast to support this load reduction, compared with the 

conventional control that does not allow the M3C to have an inertial response.  

 

 

(a) 



Chapter 5 Interconnection of Low Frequency AC System with a Remote AC Grid using Modular 

Multilevel Matrix Converter with a Dual Virtual Synchronous Generator Control  

67 

 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig. 5.10 Simulation waveforms of the system with the proposed dual VSG control and with 

conventional control under 5% load decrease: (a) SG rotor angular frequency, (b) SG active power, (c) 

M3C 1 grid side active power, (d) M3C 1 LFAC side active power, and (e) M3C 1 average dc capacitor 

voltage. 
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In both load change scenarios, the VSG control has succeeded in mitigating the frequency deviation 

and the average dc capacitor voltage deviation is kept within 2% during transient states. Moreover, from 

Figs. 5.9(e) and 5.10(e), the proposed Vave-P droop on the LFAC side managed to maintain the power 

balance between the input and the output and thus, succeeded in keeping the average dc capacitor voltage 

constant. 

Case 2: Three Phase-to-Ground Fault Scenario 

Fig. 5.11 shows a performance comparison of the M3C-LFAC system interconnecting a remote ac grid 

with the proposed dual VSG-based control and conventional control schemes during a fault event. A three-

phase-to-ground fault (with a grounding resistance of RG = 5 𝛀) located at the load referring to Fig. 5.2, is 

initiated at t = 15 s and cleared at t = 15.5 s by opening the faulty line. Then, a first successful reclosing 

attempt of a circuit breaker after the fault is cleared at t = 15.7 s (according to a typical reclosing time of 

an SF6 circuit breaker [18]) occurred to bring back the line in operation. 

From Fig. 5.11(e), the fault causes a voltage drop of about 75 % at the remote ac grid side of M3C 1. 

From Fig. 5.11(a), it is depicted that when the fault occurs, under the proposed dual VSG control with 

stator-impedance-based current limiting, the SG rotor angular frequency variation is mitigated compared 

with the conventional control. From Figs. 5.11(b), and 5.11(c), it can be seen that the VSG control enables 

SG and M3C 1 to maintain the power variation not to exceed 0.5 pu. On the other hand, the performance 

of the conventional control is not favorable, which results in large power oscillation.  

Moreover, the VSG control was further enhanced to include a fault ride-through capability owing to the 

current limiter control scheme embedded in the stator impedance adjuster block. When the fault occurs, 

the control scheme is able to perform a current-limiting strategy. There is a trade-off between suppressing 

the fault current and the frequency deviation. It is well known that a more suppressed current results in a 

larger frequency deviation. Therefore, from the frequency support point of view, the current is maintained 

at 2 pu in order to show the frequency support property of the proposed controller compared with the 

conventional control. On the other hand, with the conventional control, the strategy on limiting the fault 

current is inherited from the same strategy used with inverter-based DGs using a multi-loop control [13], 

by limiting the references dq components of the inner and outer conventional controller loops. However, 

the investigation on the M3C with conventional control taking into account the occurrence of fault as a 

case study is still immature and requires further study. As can be seen in Fig. 5.11(d), the conventional 

control fails to limit the overcurrent within an acceptable value. The limiters of the conventional control 

were set to 1.06 pu. Thus, without altering the conventional control, the advantages of the proposed dual 
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VSG control scheme are targeted, in this case, to provide a fault ride-through capability as well as 

providing the remote ac grid with dynamic frequency support.  

Generally, the M3C-LFAC link based on the proposed dual VSG control strategy is more effective in 

increasing the system inertia, providing prompt frequency support, and thus reducing frequency deviation 

of low inertia grid. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Fig 5.11 Simulation waveforms of the system with VSG control and with conventional control under 

500-ms three-phase-to-ground (𝑹𝒈 = 𝟓𝜴) fault at the load: (a) SG rotor angular frequency, (b) SG active 

power , (c) M3C 1 grid side active power, (d) M3C 1 rated current, and (e) M3C 1 grid side voltage 

amplitude. 

5.6 Summary 

This chapter provides a frequency regulation support scheme during transients to a remote ac grid. This 

control scheme is proposed for the M3C-LFAC system by applying a dual VSG control at the remote ac grid 

side M3C 1. The VSG control strategies applied to both sides of this M3C can enable both sides of the M3C 

to behave stably by providing virtual inertia. 

From the frequency support point of view, the increased inertia can enhance the dynamic performance of 

a small rating remote ac grid. Moreover, on the LFAC side, the VSG control is applied to autonomously 

control active power and maintain the frequency stable in the steady-state. In order to address the difficulty 

of H-bridge cell dc capacitor average voltage regulation introduced by the dual VSG control scheme, Vave-P 

droop control is incorporated in the LFAC side VSG control. 

The effectiveness of the proposed dual VSG control strategy for the M3C-LFAC system is demonstrated 

by the time-domain simulation studies performed in the PSCAD/EMTDC software environment. It is shown 

that the proposed control scheme significantly outperforms its conventional counterpart. 
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Chapter 6 

Conclusions 

6.1 Research Summary and Achievements  

In this dissertation, the Low Frequency AC (LFAC) system driven by a Modular Multilevel Matrix 

Converter (M3C)-based Virtual Synchronous Generator (VSG) control was established to form a different 

M3C-LFAC system configurations aiming at different applications. 

In chapter 2, a review of the related technologies associated with this study is described. A brief survey 

includes a comparison of these techniques with alternative ones, such as: 

1- Comparing the LFAC system with High Voltage AC (HVAC) and High Voltage DC (HVDC) 

systems. 

2- Describing the M3C configuration and its existed control methods. 

3- The basics of VSG control and its applications. 

4- To show the transmission distance extension capability of the LFAC system. 

5- The M3C succeeded at performing frequency conversion in high ratings with improved power 

quality and low power conversion losses. 

In chapter 3, a point-to-point LFAC system is built using M3C based on conventional and VSG controls. 

This work aimed at showing the synchronized power feature of the VSG control. This establishment is 

essential to open a wide door for future potential applications. 

In chapter 4, a novel multiterminal LFAC (MT-LFAC) system is constructed using M3C-based VSG 

control. Each part has its own contribution: 

1- The VSG has succeeded in enabling each M3C in the MT-LFAC system to behave like an SG. 

2- The applications of the VSG successfully maintained the steady-state frequency  

3- The issue of the low X/R ratio in the LFAC system is solved by equipping a stator impedance 

adjuster control. 

4- Autonomous frequency restoration is realized by proposing a frequency restoration mode control 

scheme for the governor part of the VSG control. 

As a result, the MT-LFAC system using the proposed technology has proved its flexibility and its ease of 

implementation. 

In chapter 5, another application is proposed to validate our system. The M3C-LFAC system is extended 

to aid the large frequency deviation issue of a small rating remote ac grid. The LFAC using VSG control 
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for the M3C is able to regulate frequency, and thus, can be considered a competitive alternative solution 

considering the existing limitations of the HVDC system. A dual VSG control is implemented for the M3C 

control which replaced the conventional control. The implementation of the dual VSG controller has added 

a new property to the system in which the M3C is now showing an inherited and a dual inertial and 

frequency response from input and output sides.  

6.2 Future Research Steps 

1- To investigate the effectiveness of the proposed control scheme and to minimize the existing gap 

between simulation environment and practice, in the present research, the detailed dynamics for 

the system under study are considered, and high precise nonlinear models for the components and 

accurately defined parameters in the proposed control framework are employed. However, since 

the experimental test is the ultimate approach for validation of a new control strategy, this issue 

can be considered to be a future step for the present research work. Further research steps can be 

focused on coordination control of M3C with AC grids in order to reduce the impact on AC grids, 

and evaluation of losses of the system are considered. 

2- In this study, the operating frequency is selected to be 10 Hz, however, such lowered frequency 

results in increasing the weight and the footprint of the low-frequency transformer as well as the 

M3C sub-module capacitor. Meanwhile, increasing the frequency to the 60/3 Hz will result in 

increasing the charging current and reducing the transmission length. Therefore, investigation on 

choosing the optimal operating frequency is required as well as designing a low-frequency 

transformer as well as sub-module capacitor within the acceptable footprint and weight must be 

taken into account in future work. 
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