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ABSTRACT 

The increased demand for electrical power and the concern of environmental pollution drive 

the development of bulk-power transmission over long distance and renewable energy. The 

use of multi-terminal (MT) modular multilevel converter (MMC) high-voltage direct current 

(HVDC) technology to integrate power from the offshore wind farm (OWF) is becoming 

increasingly popular. However, some technological barriers and potential risks may exist in 

the new technology, which requires comprehensive research and innovative developments. 

This thesis investigates several important aspects of an offshore integrated MMC multi-

terminal HVDC (MTDC) system, including start-up control, control and protection under AC 

and DC fault conditions. For the start-up control, a hierarchical start-up scheme is proposed 

for the terminals with active AC networks and a reduced DC voltage start-up scheme is 

proposed for the terminal with the OWF. Synthesising both schemes forms a comprehensive 

start-up control scheme for the start-up control of the MTDC system, which can effectively 

mitigate the voltage spikes and current surges during the start-up process. For control and 

protection against AC fault conditions, associated control and protection strategies and 

detailed control and protection sequences are proposed for the faults occurring at the 

converter AC-side. In addition, a special control and protection strategy is proposed when the 

faulted-side MMC experiences blocking failure following the fault. For the DC fault 

management, a fault isolation strategy is proposed and the system recovery scheme is 

comprehensively investigated after the fault isolation, with delayed-auto-re-configuration 

(DARC) schemes being proposed. Combining the DARC scheme and the fault isolation 

strategy, a complete control and protection sequence is proposed. Effectiveness of the 

proposed schemes is evaluated on the RTDS simulation platform.  
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CHAPTER 1 INTRODUCTION 

As the 1
st
 chapter of the thesis, the objectives are: 1) to introduce the research background 

and the current development of HVDC technologies, so as to reveal the importance and 

necessity of the research project; 2) to conduct an in-depth literature review of the related 

research publications to present the current state-of-the-art technologies and to identify 

potential innovations; 3) to describe the research objectives of the thesis and to present the 

original contributions; 4) to outline the chapters of the thesis. 

1.1 Research Background 

1.1.1 HVDC Technologies 

The debates on the best technology for electrical power transmission, AC or DC, have been 

on-going since the “War of Currents” in the late 1880s. Although the technology of AC power 

grids nowadays is relatively mature and has been widely applied and accepted, it cannot 

prevent the pace of progress of the development of the high-voltage direct current (HVDC) 

technologies. Since the commissioning of the world first commercial HVDC link between 

mainland Sweden and the island of Gotland in 1954 [1], there have been over 200 HVDC 

projects that have been projected and commissioned worldwide [2]. 

The development of HVDC technologies is fundamentally driven by the rapidly increasing 

demand for electrical energy and thanks to the innovations and breakthrough of power 

electronic devices with reduced losses and costs. Technologically, the rapid development of 

HVDC technologies is mainly because of its advantages in comparison with using high-

voltage alternating current (HVAC) [3]–[4], such as suitability for long-distance bulk-power 
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transmission and interconnection of asynchronous AC systems, having no distance effect on 

stability, suitability for remote and offshore integration, low transmission line losses and the 

low line footprint. 

The key component in an HVDC is the converter stations in which the core devices are the 

power electronic switching valves. Mercury arc valves were the first generation to be used in 

HVDC applications, such as in the world first commercial HVDC link project [1]. With the 

development of power electronic devices, the emergence of thyristor valves in 1957, which 

overcame the drawbacks of mercury valves [5] of arc backs, high maintenance and long start-

up time, gradually replaced the use of mercury valves and have become the core components 

in HVDC applications since then. After several decades, the emergence of the fully-controlled 

power electronic devices and the proposal of introducing them, such as insulated-gate bipolar 

transistor (IGBTs), into HVDC technologies have promoted the applications of HVDC into a 

new era [6]–[7]. 

The current HVDC technologies can be generally divided into 2 types [4]: one is the 

conventional thyristor-based line commutated converter (LCC) HVDC, while the other is the 

IGBT-based voltage source converter (VSC) HVDC. Due to the fact that the development and 

maturity of thyristor technology preceded IGBT technology, the current operational HVDC 

applications mostly use LCC HVDC technology. However, the performance of VSC HVDC 

is much more flexible than that of LCC HVDC due to its intrinsic control characteristics [7] 

and not having the problem of commutation failure, which is a significant problem with LCC 

HVDC. There have been some LCC HVDC projects in which the inverter-side is replaced by 

VSC to avoid the commutation failure and a number of HVDC projects nowadays apply VSC 

HVDC technology [8]–[10]. It can be anticipated that VSC HVDC technology will gradually 
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replace the conventional HVDC with the technical development.  

1.1.2 VSC HVDC Technology  

In comparison with the thyristor valve used in LCC HVDC, the IGBTs used in VSC HVDC 

can both be turned on and turned off and its commutation does not rely on the line voltage. 

Hence, VSC is also named as a self-commutated converter. Due to its flexible characteristics 

in HVDC transmission, it is anticipated that this technology will have wide and promising 

applications in the future and 4 main world leading manufacturers of electrical equipment 

have registered names for their VSC HVDC techniques, namely, HVDC Light by ABB [11], 

HVDC PLUS by Siemens [12], HVDC MaxSine by Alstom [13], and HVDC Flexible by 

State Grid Corporation of China [14]. VSC HVDC has independent control of active and 

reactive power, having no requirement of reactive power compensation and hence fewer AC 

filters are needed, easy implementation of power flow reversal by reversing the direction of 

DC current, facilitation of multi-terminal HVDC (MTDC) grid establishment, capability of 

connecting/supplying weak or passive AC network and black start capability [7]. 

For VSC HVDC technology, it can have different variants according to its topology [15]. The 

traditional and commonly known topologies are the 2-level VSC as shown in Figure 1-1(a) 

and multilevel VSCs as shown in Figure 1-1(b) which depicts the topology of a 3-level VSC. 

[16]–[18] 
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1.7%-3% power losses per converter

          

1.2%-1.7% power losses per converter

 

                                          (a)                                                                       (b) 

Figure 1-1 Typical topologies of VSCs: (a) 2-level VSC; (b) 3-level VSC [16]-[18] 

In comparison with the traditional 2-level and 3-level VSCs, the current state-of-the-art 

technology modular multilevel converter (MMC) VSC, whose topology was proposed in 2001 

[12], is considered to be the most promising topology and its advantages have now been 

widely recognised. Figure 1-2 depicts the topology of the MMC. 
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Figure 1-2 Topology of the half-bridge MMC [17], [19]-[20] 

Figure 1-2 shows the standard topology of the MMC, also known as the half-bridge MMC. In 

comparison with the previous 2&3–level VSC, each valve of the MMC, also known as sub-

modules (SMs), becomes an actual controllable voltage source in its own right [21] rather 

than a simple switch. Hence, it does not require synchronous switching operations of the 

cascaded valves [22] and the switching frequency can be much lower while maintaining the 

performance of the modulated wave at the converter AC-side [18]. The switching frequency 

of an MMC can be as low as 150 Hz which is three times of the fundamental frequency [23], 

while for the traditional 2&3–level VSC, the switching frequency is generally as high as 1-2 

kHz [18]. The switching losses of MMC are significantly reduced with the reduction of the 

switching frequency. Since the switching losses occupy a large proportion of the converter 

power losses, which mainly consist of conduction losses and switching losses [16]–[18], the 

total power losses of MMC are significantly reduced. However, for the traditional VSC, 
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power losses are considered to be a marked drawback compared with those of LCC [17]. 

Figure 1-1 and Figure 1-2 also show the average power losses of the VSCs [16]–[20]. In 

addition, another drawback of the traditional VSC is the lower converter rating compared with 

that of LCC, since the rating of IGBTs is generally lower than that of thyristors. Thanks to 

high modularity of the MMC, the rating of the converter can be extended by simply 

increasing the number of SMs [22]. Moreover, owing to the development of IGBTs, the 

ratings of IGBTs have been greatly enhanced. Table 1-1 lists some typical VSC HVDC 

applications [24]. 

Table 1-1 Typical VSC HVDC applications [24] 

Project Country Year Topology Power Voltage Supplier 

Hallsjon Sweden 1997 2-level 3 MW ± 10 kV ABB 

Gotland Sweden 1999 2-level 50 MW ± 80 kV ABB 

Terranora Australia 2000 2-level 180 MW ± 80 kV ABB 

Cross Sound US 2002 3-level 330 MW ± 150 kV ABB 

Estlink Finland 2006 2-level 350 MW ± 150 kV ABB 

Trans Bay Cable US 2010 MMC 400 MW ± 200 kV Siemens 

East West Link Australia 2012 MMC 500 MW ± 200 kV ABB 

Tres Amigas US 2014 MMC 750 MW ± 345 kV Alstom 

DolWin2 Germany 2015 MMC 900 MW ± 320 kV ABB 

 

A clear increasing trend of the ratings of VSC HVDC can be observed in Table 1-1 and can 

be visibly observed in the maximum power by the year of commissioning drawn in Figure 1-3. 

[24] 
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Figure 1-3 Maximum power by the year of commissioning of VSC HVDC projects [24] 

Apart from low switching frequency, low power losses and high modularity, MMC has other 

salient features [22] such as high availability, high reliability, having no requirement on filters, 

small footprint, easy replacement of the existing components.  

With these features, MMC is one of the ideal candidates for HVDC, including MTDC 

applications [8], [25]. Its first application was on the “Trans Bay Cable” project [10] in the 

US between the East Bay and San Francisco with a rating of ±200 kV, 400 MVA as shown in 

Table 1-1 with 200 SMs per converter arm. The project was commissioned in 2010. Table 1-1 

also lists other 3 projects using MMC HVDC technology. 

The standard topology of MMC is the half-bridge MMC as shown in Figure 1-2. However, 

similar to most traditional VSC topology, the half-bridge MMC cannot effectively isolate DC 

fault currents and necessitates tripping of the AC circuit breakers at the adjacent terminals 

[26]. In order to achieve DC fault isolation by the control of the converter itself, different 
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MMC topologies have been developed using the standard 1
st
 type half-bridge MMC topology, 

with the emergence of the 2
nd

 type MMC topology [27]–[29], which applies full-bridge SMs 

(FBSMs) or clamp double SMs (CDSMs) as shown in Figure 1-4.  
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                                          (a)                                                                       (b) 

Figure 1-4 Topology of FBSM and CDSM: (a) FBSM; (b) CDSM [27]-[29] 

The DC fault current can be blocked through effective control of the SMs. However, 

compared with the half-bridge SMs (HBSMs), the 2
nd

 type of the MMC topology requires 

more power electronic devices, which increases the operational losses and costs [30]. In order 

to achieve both objectives of isolating the DC fault current and increasing relative fewer 

number of power electronic devices, a 3
rd

 type of MMC topologies has emerged [31]–[32] and 

is a combination of series 2-level IGBTs namely the director switches (DS), and the FBSMs, 

such as the alternate arm converter (AAC) [31] and hybrid cascaded multilevel converter 

(HCMC) [32]. The 3
rd

 MMC generation has DC fault blocking capability while the number of 

semiconductor switches required is lower than that of the 2
nd

 generation.  

1.1.3 Multi-terminal VSC HVDC 

The term multi-terminal HVDC [33] mainly refers to an HVDC topology in which the DC 

buses of three or more HVDC converters are connected to a common DC grid regardless of 

whether the associated AC grids are synchronous or not. Similar to AC power grids, the 
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intention of establishing HVDC grids, which is multi-terminal DC grids, will naturally 

emerge when the technology of HVDC grows to a high maturity. This is because in 

comparison with the traditional 2-terminal HVDC link, MTDC has higher utilisation of DC 

lines, higher reliability of power supply and the DC network becomes more flexible [33]–[34]. 

For example, when a permanent fault occurs in an MTDC grid, with effective control and 

protection actions, the unfaulted terminals may keep operation without interruption [35]. 

However, for the same fault occurring in a 2-terminal HVDC grid, it may cause the 

interruption of the whole HVDC network.  

In comparison with the LCC technology, the VSC technology is more appropriate for the 

applications of MTDC. This is due to its flexible control characteristics and the fact that the 

power flow reversal can be easily achieved by reversing the direction of DC currents without 

the need to change the polarity of the DC voltage [7]. Compared with the traditional VSC, the 

use of MMC is considered to be more attractive for MTDC applications, due to its inherent 

characteristics and low failure rates [22]. Three MTDC projects have been commissioned 

recently and they all utilise the state-of-the-art technology, MMC, as shown in Table 1-2. 

Table 1-2 Current Commissioned MTDC Projects 

Project Country Year Topology Power Voltage Terminals 

Nan’ao China 2014 MMC 200 MW ±160 kV 3 

Zhoushan China 2014 MMC 400 MW ±200 kV 5 

Tres Amigas US 2014 MMC 750 MW ±345 kV 3 

 

Topologies of MTDC generally consist of radial topology and meshed topology [8], [36]. In 

the radial topology there is only 1 path between any two electrical nodes, while in the meshed 



10 

topology there are two or more paths between two electrical nodes [36]. The simplest MTDC 

configuration is a 3-terminal HVDC. Figure 1-5 presents a simple representation of the radial 

topology and meshed topology of a 3-terminal HVDC grid. 
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                                          (a)                                                                       (b) 

Figure 1-5 Radial and meshed topologies of a 3-terminal HVDC grid: (a) Radial topology; (b) 

Meshed topology 

Both topologies have their merits and drawbacks. For the radial topology, since there is only 1 

branch between 2 converter stations, the DC power can be fully controlled by the converters. 

However, when a permanent DC fault occurs at a terminal, the converter station at the faulted 

terminal cannot continue operation. For the meshed topology, when the same fault occurs at a 

terminal, the converters can resume operation via an alternative path after the fault isolation. 

However, the drawback of this topology is that since there are 2 or more branches between 2 

converter stations, the complete control of the DC power cannot be achieved by controlling 

the converter itself and necessitates the installation and control of additional components such 

as DC-DC converters [36]. However, since the cost of DC-DC converters is considerable [37], 

the radial topology is applied by most MTDC applications. 

In comparison with the traditional 2-terminal HVDC, the configuration and control of MTDC 

becomes more complex. The coordination control of each terminal becomes important to 

ensure the system operation in a stable manner, which includes both the steady-state and 
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dynamic conditions [38]–[40]. For the control strategies of MTDC systems, 2 main control 

paradigms [33], [38]–[41] are generally utilised, i.e. master-slave control [33] and voltage 

droop control [38]–[41]. Under steady-state condition, the balance of the power transfer in the 

MTDC should be maintained. Under dynamic conditions, stable start-up of the MTDC should 

be achieved by appropriate start-up control; effective control and protection of the system 

after AC and DC fault conditions, including system recovery after the fault isolation, should 

be achieved by appropriate control and protection sequences.  

1.1.4 Offshore Wind Energy and its Integration  

Due to the overutilization of conventional energy in the last several decades, environmental 

problems, particularly the over emission of carbon dioxide and the potential risk of shortage 

of conventional energy, have become prominently apparent, which drives more attention on 

effective exploitation and deployment of renewable energy. Regarding the electrical power 

generation, many countries have put forward strategic targets on the energy consumption from 

renewable energy sources [42]–[44] such as wind energy, solar energy and marine energy. 

Taking the UK as an example, a target was set in 2009 to achieve the generation of 15% of its 

energy demand from renewable sources by 2020 [43]. If the target is achieved by 2020, a 

scope of generating 30%-45% of all energy consumed from renewables may be reached by 

2030 and the final target is to reduce CO2 emissions by 80% by 2050 with regards to 1990 

levels [43]–[45]. The reduction of CO2 emissions brings benefits for the environment by 

replacing traditional energy to renewable energy. However, renewable generation sources that 

cannot provide sufficient inertia to support the power grid still remain a challenge and need 

solutions, e.g. installation and control of more energy storage systems (ESS) and more 

interconnections by using HVDC, to be put forward. Figure 1-6 illustrates the comparison of 
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electricity generation sources in 2009 and the target of those in 2020 [43]. In [43], “other 

sources” are not specifically defined and they may include HVDC interconnections and ESS. 

 

Figure 1-6 Comparison of the energy generation sources in 2009 and the target in 2020 [43] 

In the utilisation of renewable energy, wind energy, especially offshore wind energy, occupies 

a large proportion [43], [45]–[46]. This is because of the maturity of wind energy integration, 

and in comparison with the onshore wind energy, the intrinsic characteristics of offshore wind 

energy have more advantages, such as more wind blowing on the offshore sites, less noise and 

visual pollution [47]. For the integration of offshore wind energy, the use of MMC MTDC 

technology has advantages in three main aspects: 1) The offshore wind platform is always 

located far from the main power grid and massive power is generated from the offshore wind 

farms (OWFs), while HVDC has the advantages of bulk power submarine transmission over 

long distance [48]. 2) MMC VSC technology is capable of connecting weak AC networks, 

such as OWFs, rather than the integration using LCC technology which necessitates 

additional equipment such as STATCOM or SVC, to provide external commutation voltage 
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[49]. 3) The use of MTDC technology facilitates the integration of the wind farms at various 

locations and can interconnect the wind power with other generations and loads.  

1.2 Literature Review 

To provide an overview of the related research, an in-depth literature review is conducted in 

this section. MMCs are of state-of-the-art VSC type converters, while research on MMC 

MTDC systems such as the system start-up control, control and protection against AC and DC 

faults, has not been extensively investigated to date. Hence, a literature review will be 

conducted on VSC HVDC systems, while focusing on MMC MTDC, on 4 aspects: 1) 

simulation model and control of VSC HVDC systems; 2) start-up control of VSC HVDC 

systems; 3) control and protection of VSC HVDC under AC fault conditions; 4) control and 

protection of VSC HVDC under DC fault conditions. 

1.2.1 Simulation and Control of VSC HVDC Systems 

1.2.1.1 Simulation of VSC HVDC Systems 

For VSC HVDC systems, due to the fast switching frequency of power electronic devices, the 

traditional simulation software which is mainly used for electromechanical transient 

simulations, such as PSS/E [50] in which the time-step is normally 10 ms, may not be able to 

explicitly present the system dynamics. However, the electromagnetic transient simulation 

software, such as the commonly used PSCAD/EMTDC [51] in which the time-step can be as 

small as 50 µs, can accurately reveal system dynamics.  

For the state-of-the-art MMC [22], there are tens to hundreds of SMs in each MMC, while 

each SM has several semiconductor switches, which brings a computational challenge for 
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simulations and may significantly increase the simulation time [52] if no improvement is 

made on the method of simulation programme. In order to address the computational barrier, 

an efficient modelling approach, which drastically reduced the computational time while 

maintaining the accuracy, for simulations of MMC was proposed in [52]. However, the main 

limitation of [52] was that the proposed modelling approach was an equivalent modelling of 

MMC, which could not explicitly reveal the internal characteristics, such as the dynamics of 

charging and discharging of the SMs. Nevertheless, the proposed modelling approach would 

be useful for research in which the internal characteristics of the MMC are not the main focus. 

After that, other methods of modelling the MMC, which aimed at improving the simulation 

efficiency and accurately represented the system dynamics such as DC fault characteristics, 

were developed [53]–[57] with different types of MMC simulation models proposed. Two 

models amongst the proposed models, the average value model (AVM) and detailed 

switching model, have been widely used.  

In the AVM, the dynamics of the SMs such as the charging and discharging process in the 

MMC, are not considered and it is assumed that the SM capacitor voltages are automatically 

balanced. Hence, the system performance, especially under dynamic conditions such as AC 

and DC faults, may not be explicitly revealed. In the detailed switching model, all the 

dynamic behaviour of the SMs is considered and the control strategy for balancing the SM 

capacitor voltages is required. Thus, the system performance can be well presented under both 

steady-state and dynamic conditions and more importantly, is close to reality. Nevertheless, 

the main problem of using the detailed switching model is the computational burden. With the 

efficient and enhanced modelling method of representing the characteristics of the MMC 

[53]–[57], the computational burden can be reduced. However, for the current MMC MTDC 

system, the computational challenge, especially for demonstrating the system performance 
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during a long period of time, such as the system performance under fault conditions, including 

the system recovery performance after fault isolation with associated control and protection 

actions, is markedly increased. The traditional simulation approach using offline simulation 

software can be utilised, but the simulation time may be considerable, which may hold up the 

research progress. The use of real-time simulators, such as the real-time digital simulator 

(RTDS) [58], which is specifically designed to perform electromagnetic transient simulations, 

can effectively solve this problem. Based on strong hardware and software, RTDS can 

achieve simulations and demonstrations of modern power systems in real-time. However, the 

main drawbacks of using RTDS are that the cost of the hardware, e.g. racks, processors, is 

considerable and the hardware-in-the-loop testing can only represent part of the real system. 

Hence, the selection of simulation platform should vary according to different purposes of 

research.  

In [59]–[62], the performance of MMC MTDC systems under different dynamic conditions 

was investigated using RTDS. The operating characteristics of a 3-terminal MMC HVDC 

system under steady and dynamic conditions was studied in [59] and the effectiveness of the 

applied coordinated control strategies for the MTDC was verified. However, the investigated 

system was a simplest three-terminal MMC HVDC in radial structure without integration of 

renewable energy sources. In [60], a closed-loop testing of the droop control strategies of a 4-

terminal MMC HVDC was implemented and the droop control strategies were validated. In 

[61], the operational and fault characteristics of an MMC MTDC system were investigated 

and the physical control system performance of the Nan’ao 3-terminal MMC HVDC project 

was evaluated. However, since the research was based on a real project, the MTDC system 

was in the simplest 3-terminal radial topology and only the master-slave control was 

considered. In [62], the performance of the CIGRE DC grids testing systems, including a 4-
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terminal MMC HVDC and a full DC grid system with 9 MMCs, using the RTDS platform 

and offline simulation programme PSCAD was compared. The study results of the research 

conducted on an offshore MMC MTDC system in this thesis and the related publications were 

performed and verified on the RTDS. Since RTDS simulations have been verified by 

academic researchers [59]–[61] and industries [62]–[67], e.g. ABB [63], Siemens [64] and 

Alstom [65], and comparison studies have been conducted by researchers and RTDS teams 

[62]–[63], [66]–[67], the simulation results from RTDS are convincing. 

1.2.1.2 Control of VSC HVDC Systems 

For the control of VSC HVDC systems, the well-known dq decoupled control, also known as 

the vector control [68]–[69], is generally applied, so as to achieve independent control of 

active and reactive power. In the dq decoupled control, the d-axis generally applies constant 

DC voltage control, constant active power control or voltage droop control, which combines 

both DC voltage and active power control. The q-axis generally applies AC voltage control, 

reactive power control or a similar droop control, which combines both AC voltage and 

reactive power control. Figure 1-7 presents a control diagram of the dq decoupled control 

strategy.  
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Figure 1-7 dq decoupled control 

The use of dq decoupled control requires a nominal and stable AC voltage provided by the 

interconnected AC network. If the AC network has load or renewable energy sources, such as 

OWFs, which cannot provide such an AC voltage, the dq decoupled control cannot be applied. 

The AC voltage and frequency control [49], [70], Vac-f control, is an alternative control 

strategy, which is widely used for integration of renewable energy, such as the OWF or load 

supply. Figure 1-8 presents a control diagram of Vac-f control strategy. 
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Figure 1-8 Vac-f control 
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For VSC MTDC systems, 2 control paradigms, the master-slave control [33] and voltage 

droop control [38], [41], are generally used. For the master-slave control, one terminal is 

operated as the master terminal to maintain the DC voltage of the MTDC, while the other 

terminals are operated as slave terminals to control the active power. For the voltage droop 

control, the control of the DC voltage is shared among each terminal, which also has power 

sharing capability.  

Due to the fact that the MMC is of VSC type, the aforementioned controls can be applied and 

are widely used in MMC HVDC systems. For the study system in [71], due to a 2-terminal 

MMC HVDC in which both terminals were connected with AC utility grids, the dq decoupled 

control was applied. One terminal controlled DC voltage control, while the other terminal 

acted as a power dispatcher. This control method has been generally used in 2-terminal 

including back-to-back systems. For the VSC HVDC investigated in [49] and [70], the 

terminal connected with the AC utility grid applied constant DC voltage control, while the 

other terminal was connected with the OWF, hence the Vac-f control is applied to stabilise the 

magnitude and frequency of the terminal AC voltage at the point of common coupling (PCC) 

of the OWF.  

In [33], [61], [72]–[73], master-slave control was applied for VSC MTDC systems. The 

advantages of master-slave control are that the control system design is relatively easy and for 

any change of active power in the DC grid only the master terminal is responsible for the 

power balancing, while there are few impacts on the slave terminals. However, if a fault 

occurs at the master terminal, it may lead to the collapse of the DC grid voltage. In addition, if 

the fault is permanent, the master terminal cannot resume after the fault isolation. The 

recovery of the unfaulted terminal necessitates one of the slave terminals to switch its control 
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mode to take over the DC voltage control and then the remaining unfaulted terminals can 

resume.  

In [38], [40]–[41], [59], [62], [74], voltage droop control was applied in the VSC MTDC 

systems. The advantage of droop control is that the power balancing burden is not put on one 

terminal, since not only one terminal has power sharing capability. Moreover, since the DC 

voltage control is shared among each terminal, each terminal is capable of supporting the DC 

voltage and the system can resume in an easy and efficient manner after the fault isolation. 

However, its drawback is that the design of the control system is relatively complex in 

consideration of the droop characteristics. In addition, any change of active power in the DC 

grid will have an impact on the terminals with droop control, which may cause problems such 

as current over limit or multiple operating points [75], if the controller is not properly 

designed.  

The MMC MTDC model used in this thesis applies master-slave control, while the proposed 

control strategies, such as the start-up control, control and protection strategies against AC 

and DC fault conditions, are applicable for MMC MTDC systems with either master-slave 

control or droop control.  

For the MMCs, apart from the basic control of the traditional VSCs, some additional control 

is also necessary, such as the SM capacitor voltage balancing control [71], [76], circulating 

current suppression control [77] and modulation of the gate signals for each SM [78]–[79]. 

However, since these topics have been comprehensively investigated and are not the focus of 

this thesis, literature review is not conducted in detail on these topics. 

1.2.2 Start-Up Control of VSC HVDC Systems 
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Every system must experience the start-up process before reaching the steady state. For VSC 

HVDC systems, it is important to achieve the start-up of the systems in a stable and smooth 

manner with small voltage spikes and current surges. The start-up control of VSC HVDC 

systems is influenced by many factors, such as different topologies of the converters, the 

characteristics of the interconnected AC networks, and the number of terminals of the whole 

network.  

For the traditional 2-level VSC HVDC system, the IGBTs in the converter station are 

connected in series and only the converter DC-side has DC capacitors. During the start-up 

process, only the DC-side capacitors and the DC network needs to be pre-charged. Hence, the 

self-start-up of the system is not complex. Most research focused on the control of the 2-level 

VSC HVDC for the facilitation of the start-up of other systems rather than the start-up control 

of the system itself. In [80], the use of a 2-level VSC HVDC for the start-up of the 

conventional LCC-HVDC whose receiving side was a passive network was proposed. The 

control strategy of the VSC HVDC for providing the commutation voltage for the start-up of 

LCC was described. However, detailed start-up sequences of the system were not 

comprehensively introduced. In [81], the control of a 2-level VSC HVDC to achieve “soft 

start-up” of switching on a long no-load line in power systems to reduce the switching surges 

was investigated. According to three comparative studies, the system using “soft start-up” 

approach significantly reduced the switching surge. However, the implementation of the “soft 

start-up control” was not clearly explained in the simulation case. In [82], the black-start 

function of 2-level VSC HVDC as a source for AC grids was investigated and comparisons of 

the start-up performance were made between using the VSC HVDC and the traditional black 

start units. However, the study results were mostly based on simulations with little 

mathematical analysis. 
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For the MMC HVDC system, the converter topology is more complex than that of the 2-level 

VSC HVDC. There are numerous SMs in the converter station and each SM has its energy 

storage capacitor. During the start-up process, not only the DC network needs to be pre-

charged, but the capacitors in all the SMs also need to be pre-charged. In addition, regarding 

the characteristics of the interconnected AC networks, i.e. active network or passive network, 

the pre-charging characteristics of the SM capacitors are different. Hence, the start-up control 

of an MMC HVDC system is more complex than that of the 2-level VSC HVDC. 

Furthermore, if an MMC MTDC system is considered, the start-up control sequence also 

needs to be taken into account and an effective control sequence becomes important. 

A start-up control scheme for the MMC was proposed in [83]. The control scheme was based 

on the control of an auxiliary voltage source, which was connected at the MMC DC-side. 

However, it is generally expected to start a system without auxiliary sources, which saves 

space and costs. In [84], a 2-stage start-up scheme for MMC HVDC was proposed, including 

the calculation of the limiting resistance, the setting of the rising slope of DC voltage and the 

reference setting of reactive power. In [85], a start-up scheme with a 2-stage pre-charging 

process for MMC was proposed. Although the proposed charging scheme seemed to achieve 

the pre-charging of SM capacitor voltages to the rated value without auxiliary DC source, it 

had two main limitations. At the first pre-charging stage, the DC voltage was assumed to be 

the rated value and the pre-charging of the SM capacitors was from the DC side. Under this 

assumption, the proposed scheme was only valid for the MMC under inverter operations. At 

the second pre-charging stage, the proposed scheme was that the SM capacitor voltages were 

pre-charged to the rated value when the SMs were deblocked. However, the main objective of 

the start-up control of an MMC is to pre-charge the SM capacitors to the rated value before 

they are deblocked. In [86], the dynamics of the SMs in the MMC during the pre-charging 
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process was analysed and an optimised modulation algorithm was proposed for reducing the 

charging current when deblocking the MMC. Theoretically, an MMC can be deblocked at 

zero voltage difference and the current surges under this condition are the smallest. However, 

the control scheme proposed in [86] did not achieve zero voltage difference when deblocking 

the MMC. The start-up schemes proposed above were all based on 2-terminal MMC HVDC 

systems. In [87], a 3-terminal MMC HVDC system based on a real application was 

investigated and the control procedures of starting the system were proposed in detail. 

However, these procedures were obtained as a conceptual approach, which was based on the 

analysis at systematic level. There was no analysis on the dynamics of the SMs in the MMC 

and no comprehensive simulation results. Hence, the start-up control including the start-up 

sequence of MMC MTDC systems deserves our study and exploration. 

1.2.3 Control and Protection of VSC HVDC under AC Fault Conditions 

In electrical power transmission systems, there has been a long history of research on control 

and protection against AC faults [88]–[89]. This technology has reached a high maturity with 

comprehensive control and protection schemes being proposed for different fault conditions. 

Regarding VSC HVDC systems, research focus has been predominantly on control and 

protection against DC faults. This is because unlike the LCC HVDC, DC fault currents cannot 

be regulated. However, control and protection against AC faults in VSC HVDC systems is not 

simple and has its complexity. The complexity is mainly caused by the variations of 1) fault 

types; 2) fault location; 3) system configuration. 

1) Fault types: AC faults have two different types, symmetric faults and asymmetric faults. 

The symmetric faults include three-phase short-circuit faults, three-phase to ground faults. 

The asymmetric faults include single-phase to ground faults, two-phase short-circuit faults 
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and two-phase to ground faults. Control and protection strategies against different types of 

faults are different, while each fault can be a transient or a permanent one, which further 

increases the complexity of control and protection schemes.  

2) Fault location: Regarding AC faults occurring at different terminals, the system will have 

different fault characteristics since the VSCs at different terminals have different control 

modes. Furthermore, for AC faults occurring at one terminal, fault locations may be different. 

Some may locate within the protection range of the AC circuit breakers, while some may 

locate beyond the protection range of the nearby AC circuit breakers. Hence, the associated 

control and protection strategies will be different depending on the fault location. 

3) System configuration: For multi-terminal VSC HVDC systems, control and protection 

strategies will become more complex than those of the 2-terminal systems. This is because the 

fault detection, location and isolation become more complex with the increased number of 

terminals and variations of control characteristics of the VSCs. In addition, after fault 

isolation, the recovery control of the unfaulted terminals needs to be considered, while 

different recovery strategies vary with different fault locations.  

Therefore, control and protection against AC faults in VSC HVDC systems deserves our 

study and exploitation. 

Previous literature mainly focused on research of transient AC fault conditions. In [35], the 

fault characteristics of an MMC HVDC system under AC faults at different locations were 

investigated and the differences of the characteristics due to different control modes of the 

converters were identified. However, the associated control and protection strategy was not 

comprehensively investigated. 
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In [90]–[93], VSC-HVDC systems under asymmetrical AC fault conditions were investigated. 

In [90], the differences of the fault characteristics of an MMC HVDC and a 2-level VSC 

HVDC under a same single-phase to ground AC fault were analysed and demonstrated. It was 

discovered that due to the advantages of the MMC topology, the fault ride-through (FRT) 

capability of MMC HVDC is stronger than that of the 2-level VSC HVDC. In addition, the 

potential problem of insulation due to the voltage rise after asymmetric fault was investigated 

with a proposal on the requirement of the protection system. In [91] a method, which was 

based on estimation of positive and negative sequence of virtual flux components, being able 

to prevent the power oscillations in the DC network, while maintaining the currents within the 

limited rating under unbalanced AC fault conditions was proposed. Thus, unexpected 

blocking of the converter and tripping of the AC system could be effectively prevented using 

this method. For MMC-HVDC system under asymmetrical faults, [92] reported that there 

would be second-order harmonic in the DC voltage, even if the negative-sequence current 

controller was employed, because of the zero-sequence voltages in the three-phase units. A 

DC voltage ripple suppressing controller was proposed to eliminate the second-order 

harmonic in the DC voltage by compensating the zero-sequence voltages. However, since the 

arm voltage measurements were needed, some additional hardware and cost were introduced. 

In [93], the fault characteristics of 3 different single-line-to-ground fault conditions in an 

MMC-HVDC system were investigated. A double-line frequency DC voltage ripple 

suppression control was proposed. The fault-tolerant capability of the system could be 

enhanced using this controller with no extra hardware needed. A control strategy was 

proposed in [94], which could allow the VSC HVDC to ride through different AC faults, 

including both symmetric and asymmetric faults, with minimum voltage spikes and current 

surges. This could effectively mitigate the voltage rise in the DC grid, which contributed to 
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the potentiality of eliminating the need for DC choppers. In [95], a hybrid multilevel VSC 

with AC-side cascaded H-bridge cells was proposed, which could improve the system AC 

FRT capability. However, the main drawback of this method was that the introduction of the 

additional cascaded H-bridge cells incurred extra hardware and associated cost.  

In [96]–[99], wind farm integrated VSC HVDC systems under AC faults were investigated. In 

[96], the performance of a 3-terminal VSC HVDC grid with a large OWF under two-phase 

and three-phase short-circuit faults in the collection grid was studied. With the action of the 

DC-chopper, the wind turbines could operate stably under fault conditions. However, the 

faulted section should be fast located and disconnected to assure the unfaulted part remaining 

in stable operation after the fault. In [97], a new control approach for FRT of wind farm 

connected VSC-HVDC transmission was proposed. The proposed approach allowed a fast 

power reduction by initiating a controlled voltage drop in the wind farm grid during AC faults, 

which avoided overvoltage in the DC grid and saved the cost of DC chopper circuits. In [98], 

a new system configuration for VSC HVDC was proposed and could allow smooth power 

transfer from offshore wind power plant under symmetrical and asymmetrical faults in AC 

power networks. In addition, a transient management scheme with positive and negative 

sequence controllers was developed. The controller was able to handle various AC faults and 

mitigate DC voltage ripples under asymmetrical faults. In [99], communication-free control 

strategies were proposed for MTDC grids. The proposed approach could mitigate the DC 

voltage rise effect during AC faults and could avoid the use of chopper resistors in the MTDC 

grid. However, small overcurrents could be observed in the VSC, which should be carefully 

considered at the design stage. 

The attention of the aforementioned literature focused on control and protection against 
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transient AC faults, while there has been little research focusing on control and protection 

against permanent AC fault conditions. In [100]–[101], the dynamic behaviour of a VSC 

MTDC system under a permanent AC fault was investigated. However, research focus was 

mainly put on the system fault characteristics and the impact of the fault on the system AC 

and DC side. The associated control and protection means were not investigated. For 

permanent AC faults, since they cannot be cleared within a short period, associated control 

and protection action, such as blocking of the converter station and tripping of the AC circuit 

breakers, may be necessary. Normally, if the fault occurs within the protection range of AC 

circuit breakers, the tripping of the nearby AC circuit breakers can achieve the fault isolation. 

However, if the fault occurs close to the converter station that is beyond the protection range 

of the nearby AC circuit breakers, a special control and protection strategy may be required. 

Hence, comprehensive research on control and protection of VSC HVDC under permanent 

AC fault conditions deserves our attention and further investigation. 

1.2.4 Control and Protection of VSC HVDC under DC Fault Conditions 

In VSC HVDC systems, the study and exploitation of control and protection against DC faults 

has always been research interest in the last several decades. This is because of the following 

reasons: 1) The DC fault characteristics have large differences with those of the traditional 

AC faults, which brings challenges to the fault detection and fault location. 2) DC fault 

currents will rise rapidly and dramatically after the fault occurs. In comparison with that of 

AC faults, the impact of DC faults on the VSC HVDC system is considered to be more 

considerable. 3) Unlike the LCC, the VSC is not capable of controlling the DC fault current. 

In addition, the ratings of the IGBTs in the VSC are generally much lower than those of the 

thyristors in the LCC. Hence, VSC HVDC is considered to be vulnerable to DC faults; 4) 
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Unlike AC fault currents, DC fault currents do not have stable zero-crossing points, which 

increases the difficulty and challenge on the design of DC circuit breakers. 5) DC fault 

isolation cannot be achieved by just blocking the VSC, since the AC side can still contribute 

to DC fault current through the diodes in the VSC, necessitating tripping of the AC circuit 

breakers at the adjacent terminals. 6) For VSC HVDC, particularly VSC MTDC systems, fast 

and stable recovery of the system after the fault isolation is important.  

Previous research of DC faults in VSC HVDC systems mainly focuses on: 1) fault 

characteristics; 2) fault detection and location; 3) fault isolation. 

In [102]–[106], the fault characteristics of VSC HVDC systems under DC fault conditions 

were studied. DC line-to-ground fault would cause unbalanced DC voltage was identified in 

[102]. Solutions, such as grounding with large resistance, to avoid the voltage unbalance were 

proposed. DC line-to-line fault would result in fast discharging of DC-side capacitors and DC 

fault currents contributed from the AC side were also demonstrated in [102]. Hence, it is 

necessary to trip AC circuit breakers to isolate the fault. The research of [103] indicated that 

the configuration of transformers and the grounding of the DC-side capacitors had impact on 

the system fault behaviour under DC line-to-ground fault. The impact of 2 grounding schemes, 

transformer ungrounded/DC-side grounded and transformer grounded/DC-side ungrounded 

on the system dynamic behaviour after a line-to-ground fault was discussed in [103] and it is 

identified that the potential earth loop might lead to overcurrent flowing through the VSC 

causing system oscillations. In [104], the transient performance of a VSC MTDC with wind 

farm integration under short-circuit fault and cable ground faults was investigated. A system 

protection design with relay coordination method was proposed with a diode clamping 

method, which was effective when DC circuit breakers were not economically feasible. In 
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[105], the protection scheme of a meshed 5-terminal VSC HVDC grid under fault events was 

investigated. The overcurrent caused by a fault was identified to be significant. In addition, 

the performance of the differential current protection approach for a faulted cable and a 

healthy cable was demonstrated and compared. In [106], the impact of different grounding 

schemes of meshed HVDC grids on the system fault behaviour was investigated. Different 

grounding schemes would determine the system with low or high impedance grounded and 

have a significant impact on the system fault characteristics. Asymmetric grid configurations 

with low impedance grounded and symmetric grid configurations with high impedance 

grounded were suggested, respectively. 

For VSC HVDC, especially VSC MTDC systems, fast and accurate detection and location of 

DC fault is important. In [107], a fast and reliable technique for fault detection and location, 

which was based on the voltage and current characteristics of each VSC following a fault, was 

proposed. However, this technique required the communications among the VSCs. In [108], a 

handshaking method was proposed for locating and isolating the faulted DC line without the 

need of telecommunication. Although the proposed method could locate a fault on a line of 

the meshed DC grid, it could not specify the exact fault location due to the fact that the 

proposed method was only based on the characteristics of the magnitude and direction of the 

fault current. The determination of the exact fault location is essential for a permanent fault 

condition, e.g. a cable fault, which requires repairs or replacements of the faulted section. In 

[109], a protection algorithm which was based on wavelet analysis, for locating the DC fault 

was proposed. This method realised the fault location by local measurement without the need 

of communication among the VSCs and could achieve fast and reliable cable fault detection. 

The simulation results demonstrated the proposed method could detect the fault within 1 ms. 

In [110], a DC fault detection and location technique, which combined the wavelet analysis 
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and travelling wave method was proposed. In this method, the wavelet analysis was mainly 

used for detecting the fault type and locating the faulted line, while the travelling wave 

method could further precisely locate the fault.  

The DC fault isolation in VSC HVDC systems can be achieved either by the traditional 

method of blocking the VSC and tripping the AC circuit breakers or using advanced 

techniques, such as the DC circuit breakers [111], full-bridge/hybrid MMCs [28]–[29], DC-

DC converters [37] and others. Previous literature was mainly focused on the research of the 

latter techniques. 

The study in [100] demonstrated that a permanent DC fault in a VSC MTDC might cause 

system black outs, which indicated the importance of prompt protection actions. The fault 

isolation and system recovery proposed in [100] were conducted through the action of the DC 

circuit breaker and it was found that effective fault isolation and system recovery could be 

achieved when the DC circuit breakers were located in an appropriate distributed way. The 

proposed scheme could be applied for offshore VSC MTDC networks. However, this scheme 

was established based on the concept and simulations of using DC circuit breakers in which 

the detailed circuit topology was not analysed. In [112], a circuit topology of the DC circuit 

breaker for VSC HVDC was proposed. With multiple semiconductors connected in series, 

this DC circuit breaker could achieve high blocking voltage and by using a diode, which 

provided a bypassing path for the fault current, the proposed circuit could realise surge 

voltage reduction. Although high-speed DC circuit breakers have been extensively explored 

by all major HVDC equipment suppliers [26] and different prototypes of hybrid DC circuit 

breakers were announced to be developed [111], [113] which were considered to be huge 

breakthrough, these DC circuit breaker technologies have mainly been demonstrated on the 
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laboratory voltage scale and its expense could be considerable.  

The full-bridge MMC has DC fault current blocking and control capability [28]–[29], [114], 

since the polarity of the SM output voltages can be flexibly adjusted. However, the drawbacks 

of the full-bridge MMC, in comparison with the half-bridge MMC, are the doubled number of 

switching devices and higher losses. In order to address this concern, a hybrid MMC topology, 

AAC, in which the 2-level IGBT modules and full-bridge SMs were series connected on each 

arm, was proposed in [13] and [31]. This topology also has the DC fault blocking capability, 

while it reduced the number of semiconductor devices used in the full-bridge MMC. Based on 

the concept of AAC, [115] demonstrated that the AAC could ride through the DC fault 

without the necessity of tripping the AC circuit breakers and thus reduced the system recovery 

period. The STATCOM operation mode of the AAC, which enhanced the stability of the AC 

network during the fault period, was also presented [115]. Although the number of switching 

devices in the AAC becomes smaller compared with the full-bridge MMC, in comparison 

with the half-bridge MMC, the AAC topology still requires extra switching devices due to 

topological effects associated with the converter configuration. 

The use of DC-DC converters to isolate the DC fault was proposed in [37], [116]. In [37], a 

high-power bi-directional DC-DC converter topology was proposed. The DC fault isolation 

could be achieved by controlling the DC-DC converter, while the operation of the remaining 

DC lines was not affected. A DC-DC converter with half- and full-bridge SM, which acted as 

a DC chopper, for isolating and clearing the faulted line, was proposed in [116]. The proposed 

DC-DC converter could suppress the overcurrent under DC faults and reduce the overvoltage 

under AC faults. The main drawback of DC-DC converters, which limits the applications, is 

the losses and considerable cost. 
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In the advanced techniques for DC fault isolation, there are some other approaches apart from 

the use and control of DC circuit breakers, full-bridge/hybrid MMCs, and DC-DC converters. 

In [117], a VSC-based hybrid converter topology, which was formed by AC-DC and high-

frequency DC-DC modules, was proposed. It could achieve the DC fault protection without 

the DC circuit breakers. The fault operation and system recovery using the proposed topology 

were validated on the PSCAD software and hardware-in-the-loop testing using RTDS. In 

[118], a buck-boost inverter-based HVDC system, which could block the current flowing 

from the AC-side to the DC-side under DC faults by simply disabling the gate signals, was 

proposed. The advantages on the DC fault protection were demonstrated in the comparison 

with the traditional VSC HVDC system. However, its drawbacks were the requirement of 

high ratings of the semiconductors, increased number of semiconductors and high losses. In 

[119], a protection scheme for handling transient faults on DC overhead lines was proposed. 

The diode freewheeling effect could be eliminated by employing double thyrisitor switches on 

the half-bridge MMC and thus the DC fault current can decay to zero. The proposed 

protection scheme could fast clear faults and recover the power transmission without tripping 

the AC circuit breakers. However, this protection scheme could not ensure fast blocking of 

the fault current and was only applicable for non-permanent fault conditions on DC overhead 

lines.  

Previous reviewed literature mainly focused on control and protection against DC faults at the 

detection, location and isolation phases using advanced protection approaches, while there has 

not been much research that investigated the system recovery control after the fault isolation 

using the traditional control approach by tripping the AC circuit breakers. Before the 

advanced technologies become commercially available and viable, it would be meaningful to 

investigate control and protection strategy with traditional control approach, particularly the 
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system recovery after the fault isolation for an MMC MTDC system. 

1.3 Research Objectives and Contributions 

The test system is an MMC MTDC system with an OWF. The research focus is mainly on the 

system and converter level control of this system instead of the detailed modelling and valve 

level control of the MMC. The objective is to improve the system dynamic performance with 

fewer voltage spikes and current surges under three conditions: 1) start-up; 2) AC fault; 3) DC 

fault, by appropriate control sequences.  

1.3.1 Start-Up Control  

In principle, with effective start-up control, an MMC can be deblocked with minumum 

voltage difference on the SMs during the start-up process, regardless of whether the MMC is 

connected with an active or passive AC network. However, the minimum voltage difference 

at deblocking the MMCs was not achieved based on the control methods proposed in the 

previous literature, while the minimum voltage difference, especially zero voltage difference, 

will lead to minimum voltage spikes and current surges when deblocking the MMCs. In 

addition, there have been few proposals regarding the start-up control of offshore integrated 

MMC MTDC systems, while the start-up control sequence of each terminal has a significant 

impact on the system start-up performance.  

This thesis will investigate the start-up control of an offshore integrated MMC MTDC system. 

Firstly, mathematical models of the MMCs before and after the deblocking action will be 

analysed and established during the start-up process. According to the analysis of the 

mathematical model, a hierarchical start-up control scheme will be proposed for the MMC 
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with active AC networks, while a reduced DC voltage control scheme will be proposed for the 

OWF connected MMC. A comprehensive start-up control scheme will be formed for the 

offshore MMC MTDC system by combining both schemes. The proposed start-up control 

scheme can achieve minimum voltage difference on SMs when deblocking the MMCs and 

with an appropriate system parameter design, zero voltage difference may be realised.  

1.3.2 Control and Protection against AC Faults 

Previous literature has mainly focused on control and protection strategy of VSC HVDC 

systems under transient AC fault conditions, particularly the system fault ride-through 

capability. However, for permanent AC fault conditions in which the fault occurs beyond the 

protection range of the nearby AC circuit breakers, there has been less research. Moreover, for 

MTDC systems, the system recovery control needs to be considered for resuming the 

unfaulted terminals after the fault isolation.  

This thesis will study and explore control and protection of the offshore MMC MTDC system 

under permanent AC fault conditions, particularly when the fault occurs at the MMC AC-side, 

which is beyond the protection range of the nearby AC circuit breakers. Apart from that, there 

has been little attention on such a fault condition that the fault occurs at the MMC AC-side, 

while the faulted-side MMC experiences different conditions of blocking failure. This thesis 

will investigate such a fault condition. Two different conditions, emergency condition and 

non-emergency condition, will be categorised according to the analysis of the blocking failure 

conditions, and the corresponding control and protection strategy will be proposed for each 

condition. 

1.3.3 Control and Protection against DC Faults 
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Although there has been extensive research on control and protection against DC fault 

conditions of VSC HVDC, research effort was mainly put on the advanced protection 

techniques such as the design and control of DC circuit breakers, and there have been few 

publications regarding the traditional protection method of using AC circuit breakers on the 

MMC MTDC systems. The advanced protection techniques could have potential applications 

in the future. However, before they become commercially available and viable, some 

operational schemes should be in place. Although the traditional protection method requires 

the tripping of the AC circuit breakers at all adjacent terminals, it is an economical and 

feasible solution. 

This thesis will investigate control and protection of the offshore MMC MTDC system using 

the traditional protection method under DC fault conditions, particularly the system recovery 

control after the fault isolation. The recovery control, including when to start the recovery 

control, the recovery control at each terminal and the recovery sequence among difference 

terminals, has a significant impact on the system performance. In addition, the recovery 

control may vary according to the fault location. This thesis will investigate the 

aforementioned aspects and propose control and protection schemes under different DC fault 

conditions. Simulation results on the RTDS will be used to evaluate the effectiveness of the 

proposed schemes. 

1.4 Thesis Outline 

The thesis consists of 7 chapters and the relationship of the remaining chapters is that: 

Chapter 2 gives an overall picture and the fundamental information of the offshore MMC 

MTDC test system for the following chapters. From Chapter 3 to Chapter 6, each chapter 
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investigates the performance of the test system under a specific type of conditions. Chapter 7 

concludes the thesis and suggests future work. 

An outline of each chapter is described below. 

Chapter 2 provides an introduction to the offshore MMC MTDC test system, including the 

system configuration; the structure, control mode and reference settings of the 

MMC; the structure and control of the OWF.  

Chapter 3 studies the system performance under steady-state condition, the system dynamic 

performance under a transition from one steady-state to another steady-state and 

evaluates the system power balancing and power flow reversal capabilities. 

Chapter 4 analyses the system start-up characteristics and establishes corresponding 

mathematical models. For the onshore terminals, a hierarchical start-up control is 

proposed. For the offshore terminal, a start-up scheme with reduced DC voltage 

control is proposed. A combination of the start-up control of both the onshore and 

offshore terminals forms a comprehensive start-up control sequence. 

Chapter 5 studies the system fault characteristics under a permanent three-phase to ground 

fault at different locations. The corresponding control and protection strategy 

against the fault is proposed according to the fault characteristics. Some 

emergency conditions and potential risks are identified with special control and 

protection strategy proposed. 

Chapter 6 studies the system fault characteristics under a permanent DC pole-to-pole fault at 

different locations. The corresponding control and protection scheme at the fault 
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isolation phase is presented according to the fault characteristics. Control and 

protection scheme at the system recovery phase is analysed and proposed with a 

DARC scheme proposed. A comprehensive control and protection sequence is 

proposed by synthesising control and protection scheme at every phase. 

Chapter 7 draws conclusions of the thesis. Based on the research outcomes, some future 

work that deserves further research and study is suggested. 
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CHAPTER 2 CONFIGURATION, STRUCTURE AND 

CONTROL OF THE MMC MTDC SYSTEM WITH AN OWF 

Before discussing the steady-state performance, start-up control, control and protection 

against faults of the test system, the system configuration, detailed structure and control mode 

applied need to be introduced. This chapter gives an overall picture and the fundamental 

information of the test system for the following chapters. 

2.1 Introduction 

In this chapter, the system configuration is presented. Then two key components, the MMC 

and OWF, are introduced respectively. For the MMC, its structure and control mode are 

described. For the OWF, its structure and basic control strategy are introduced.  

2.2 System Configuration 

A single-line schematic representation of the test system configuration is shown in Figure 2-1. 

T2

CB2

~

=

~
=

T3

CB3

~
=

T1

CBW

PCC1

PCC2

PCC3

T4

CB4

~
=

PCC4

Onshore MMC MTDC

OWF and Offshore MMC

MMC-1

MMC-2

MMC-3

MMC-4

ISW1

ISW2

ISW1

ISW2

ISW3 ISW3

ISW4

ISW4

 

Figure 2-1 Configuration of the OWF integrated 4-terminal MMC HVDC system 



38 

This is a 4-terminal MMC HVDC system where the OWF is integrated at T1. In Figure 2-1, 

Tn (n = 1,…,4) denotes each terminal of the MTDC system; CBW denotes the AC circuit 

breaker at the OWF terminal; CBn (n = 2,…,4) denotes the AC circuit breaker at each 

terminal; PCCn (n = 1,…,4) denotes the point of common coupling at each terminal; MMC-n 

(n = 1,…,4) denotes the MMC at each terminal; DC ISWn (n = 1,…,4) denotes the DC 

isolation switch at each terminal. 

On the MMC DC side, the 4-terminal system is radially interconnected. The DC network uses 

a cable model where the length of each DC Cable is 100 km. Each DC cable has DC ISWs 

equipped at both ends. The DC ISWs are mainly used for the isolation of the faulted section 

line after the initial control and protection action against a fault. However, compared with the 

DC circuit breaker, the DC ISWs can only be opened when its current becomes sufficiently 

small. On the MMC AC side, MMC-1 is connected with the OWF through a three-phase 

transformer, while the other three MMCs are connected to AC utility grids via transformers. 

The system parameters can be found in Appendix A. 

The structure of an MMC and the control mode of the MMC at each terminal will be 

described in Section 2.3 and the structure and basic control strategy of the OWF will be 

introduced in Section 2.4. 

2.3 MMCs 

The MMC is one member of the VSC family. The most basic topology of an MMC is the 

half-bridge MMC [12], [22]. There are also advanced variations of the MMC topologies, such 

as the full-bridge [28]–[29] and hybrid MMC [28]–[29], [31]–[32]. The MMCs investigated 

in this thesis are the basic half-bridge MMCs. The control of an MMC can be divided into 3 
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levels: system level, converter level and valve level, as illustrated in Figure 2-2.  
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Figure 2-2 System level, converter level and valve level control of an MMC 

The control modes of the conventional 2-level VSC and the MMC at the system and converter 

level are similar. However, the MMC structure and its operating mode at the valve level are 

different with the 2-level VSC. In the following sub-sections, the MMC structure will be 

presented and the operating mode at the valve level, the control modes at the converter level 

and the reference settings at the system level will be described. 

2.3.1 Structure 
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Figure 2-3 Structure of an MMC 

The structure of a half-bridge MMC is shown in Figure 2-3. The basic structure of an MMC is 

a 3-phase, 6-arm bridge, which is the same as a 2-level VSC. However, in the 2-level VSC, 

each arm has numerous IGBTs connected in series as shown in Figure 2-4.  
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Figure 2-4 Structure of a 2-level VSC 

The operation principle of the 2-level VSC requires synchronous turn-on and turn-off of the 

series-connected IGBTs, hence the modulated voltage at the VSC AC-side is 2-level square 

wave. In the MMC, each converter arm comprises an arm inductor and numerous SMs 

connected in series. The arm inductor is designed for two main reasons [71], [77]: 1) to 

provide current control and limit the circulating current within the arm; 2) to limit fault 

currents. Each SM comprises two IGBTs and one energy storage capacitor as shown in Figure 

2-4.  

2.3.2 Operating Mode at Valve Level 

This section describes the operating mode of the MMC at the valve level, i.e. the switching 

mode of its SMs. Under normal operating condition, an SM has two switching modes: 
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 Mode 1: S1 is switched-on and S2 is switched-off. Under this mode, the SM is 

switched-on and has the following features: 

 The SM capacitor is switched into the arm circuit; 

 The arm current flows through the capacitor and either charges or discharges it 

depending on the current direction; 

 The terminal voltage of the SM equals to the capacitor voltage, vc. 

 Mode 2: S1 is switched-off and S2 is switched-on. Under this mode, the SM is 

switched-off and has the following features: 

 The SM capacitor is bypassed from the arm circuit; 

 The arm current does not flow through the capacitor; 

 The terminal voltage of the SM equals to 0. 

Since the terminal voltage of the SM can be regulated, each SM becomes a controllable 

voltage source and the series-connected SMs form an equivalent AC voltage source [21]. The 

equivalent circuit diagram of an MMC is depicted in Figure 2-5. Each SM can generate and 

control one voltage level, hence the modulated voltage at the MMC AC side is a staircase 

wave which is closer to sinusoid with fewer harmonic proportions than a 2-level square wave. 

Figure 2-6 shows the modulation of a 2-level square wave and a staircase wave. It is generally 

defined that the number of level of an MMC is 1n  if the number of SMs on each arm is n.  
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Figure 2-5 Equivalent circuit diagram of an MMC 
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Figure 2-6 (a) Modulation of a 2-level square wave; (b) Modulation of a staircase wave 
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When the number of level of the MMC is increased to a certain degree, with appropriate 

control applied, the performance of the output voltage will be improved with potentiality of 

removing the AC filters, which largely reduces the cost and the footprint of the system. Since 

there are tens or hundreds of SMs per converter arm, the nearest level modulation (NLM) 

technique [78] is generally applied to dertermine the number of SMs to be inserted (ON) and 

bypassed (OFF). Figure 2-7 presents a block diagram of the NLM in the RTDS. 

 

Figure 2-7 Control diagram of NLM in the RTDS 

In Figure 2-7, refaV , refbV , refcV  are the three-phase reference voltages at the MMC AC-side 

and are the outputs of the converter level control. The generated reference voltages are 

controlled to determine the number of ON and OFF SMs on the upper and lower arms of the 
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MMC. NORDijk (i = P, N; j = A, B, C; k = 1,…,4) represents the number of ON SMs on the 

upper arm (i = P) or lower arm (i = N) of Phase j of MMC-n and can be calculated as: 
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No matter what switching mode a SM applies, the arm current can bi-directionally flow 

through the SM under normal operating condition. Therefore, different with that of the IGBTs 

in the 2-level VSC, its operating principle does not require synchronous operation on the 

series-connected SMs. This feature largely reduces the difficulty on the design and 

manufacturing of the MMC and increases its availability and efficiency [22], since the 

realisation of synchronous operation of the series-connected IGBTs of the conventional 2-

level VSC has always been a challenge and may lead to large power losses if an error exists in 

the synchronicity. Moreover, since the MMC AC side voltage generated by the MMC is a 

staircase wave and each SM is operated independently of the others, its switching frequency is 

largely reduced, which contributes to lower switching losses.  

In the MMC, apart from the generation of the desired modulation wave, the operating 

principle requires the balancing of the capacitor voltages of the series-connected SMs [71], 

[76]. Therefore, a capacitor balancing strategy is needed. In this thesis, the sorting method is 

applied for the capacitor voltage balancing, that is: 

 When the arm current is to charge the SM capacitors, the SM capacitors monitored 

with relatively lower voltages are charged first; 

 When the arm current is to discharge the SM capacitors, the SM capacitors monitored 
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with relatively higher voltages are discharged first. 

Figure 2-8 presents a block diagram of the capacitor balancing control of the upper arm of 

Phase A of MMC-1 in the RTDS. 

 

Figure 2-8 Capacitor balancing control in the RTDS 

In Figure 2-8, NORDijk is the number of ON SMs and is generated from the NLM. DBLKk 

determines the blocking/deblocking of the MMC. IORDijk represents the direction of the arm 

current, which determines the charging/discharging of the SM capacitors. CVmijk (m = 1,…,6) 

are the monitored capacitor voltages. The output of the capacitor balancing controller, 

CTLWDijk is a 12-bit control word, which is the gating signal and contains information of the 

ON/OFF of each SM. 

Under normal operating conditions, the SMs of the MMC are either charged/discharged with 

Mode 1 or bypassed with Mode 2. However, under transient conditions such as when the 
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system is at the initial start-up stage or following a serious fault, the SMs are with another 

switching mode to protect the IGBTs: 

 Mode 3: Both S1 and S2 are switched-off. Under this mode, all the IGBTs of the SMs 

within the MMC are blocked, i.e. the MMC is blocked. It has the following features: 

 The arm current is bidirectional; 

 The SM capacitor is either charged or bypassed depending on the direction of 

the arm current; 

 The MMC becomes to an uncontrollable diode bridge. 

Mode 3 is also known as energisation mode. 

Hence, all the operating modes of a SM are depicted in Table 2-1 [22]. 

Table 2-1 Operating Modes of a SM 

Arm Current 

Capacitor Status 

Mode 1: 

Capacitor On 

Mode 2: 

Capacitor Off 

Mode 3: 

SM Blocked 

Charging Direction 

S1

S2

C

 

S1

S2

C

 

S1

S2

C

 

Capacitor Status Charged Bypassed Charged 

Discharging Direction 

S1

S2

C

 

S1

S2

C

 

S1

S2

C

 

Capacitor Status Discharged Bypassed Bypassed 
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There are two main models available for MMC modelling in the RTDS, namely average 

model and detailed switching model. The MMC established for the test system in the RTDS 

uses the detailed switching model, namely VSC Chain Link Converter, which models the 

switching and charging/discharging dynamics of the SMs. An introduction of the average 

model and detailed switching model in the RTDS is provided in Appendix B.  

2.3.3 Control Mode at Converter Level 

At the converter level, the control mode of the MMC is similar to that of the traditional 2-

level VSC in which the well-known dq decoupled control [68]-[69] is generally applied. The 

dq decoupled control consists of an inner current controller as shown in Figure 2-9 and an 

outer controller as shown in Figure 2-10.  

abc

dq

ia

ib

ic

id

iq

idref

iqref

ωL

ωL

PI

PI

vsd

vsq

vcd

vcq

dq

abc

vrefa

vrefb

vrefc

∑ ∑

∑ ∑

 

Figure 2-9 Inner current controller of the dq decoupled control 
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PI iqref 

Vacm

Vacref ∑ PI iqref 

Qm

Qref ∑

 

Figure 2-10 Outer controller of the dq decoupled control 

In Figure 2-9, ai , bi , ci  are the three-phase AC line currents; di  and qi  are currents on d- and 

q-axis after Park Transform [68]-[69]; sdv  and sqv  are the system voltage on the d- and q-axis; 

cdv  and cqv  are MMC AC-side voltage on the d- and q-axis; drefi  and qrefi  are line current 

references on the d- and q-axis; refav , refbv , refcv  are the voltage references at the MMC AC-

side after inverse Park Transform. In Figure 2-10, dcrefV  and dcmV  are the DC voltage 

reference and measurement; refP  and mP  are the active power reference and measurement; 

acrefV  and acmV  are the AC voltage reference and measurement; refQ  and mQ  are the reactive 

power reference and measurement. 

The following relationship can be derived from the inner current controller in Figure 2-9: 

 qdsdcd Livvv  '
 (2.3) 

 dqsqcq Livvv  '
 (2.4) 

where  

 dtiiKiiKv ddrefiddrefpd   )()( 11

'
 (2.5) 
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 dtiiKiiKv qqrefiqqrefpq   )()( 22

'  (2.6) 

1pK  and 1iK  are the proportional and integral coefficients of the inner current controller on 

the d-axis, while 2pK  and 2iK  are the proportional and integral coefficients of the inner 

current controller on the q-axis.  

For the outer current controller in Figure 2-10, the following relationship can be derived: 

For the d-axis, we have 

 dtVVKVVKi dcmdcrefidcmdcrefpdref   )()( 11  (2.7) 

 dtPPKPPKi mrefimrefpdref   )()( 11  (2.8) 

For the q-axis, we have 

 dtVVKVVKi acmacrefiacmacrefpqref   )()( 22  (2.9) 

 dtQQKQQKi mrefimrefpqref   )()( 22  (2.10) 

Therefore, the d-axis can either regulate the DC voltage or the active power, while the q-axis 

can either control the AC voltage or the reactive power. 

Apart from the dq decoupled control, another control mode, voltage-frequency (Vac-f) control 

[49] as shown in Figure 2-11, is also generally applied by the VSC-type converters.  
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Figure 2-11 Vac-f control 

In Figure 2-11, 
*

1pccV  and 1pccV  are the RMS AC voltage reference and measurement at the 

PCC. M is the modulation index and can be derived as: 

 dtVVKVVKM pccpccipccpccp   )()( 1

*

131

*

13  (2.11) 

The control aim is to regulate the AC voltage magnitude and frequency at the PCC, which is 

mainly used for the connection of the network with power uncertainties, such as the load 

terminal or renewable energy sources. 

For the offshore integrated 4-terminal MMC HVDC test system, the control mode of the 

converter at each terminal is: MMC-1 applies Vac-f control; the other three terminals with 

active AC networks all use dq decoupled control where MMC-2 applies Vdc-Q control, both 

MMC-3 and MMC-4 apply P-Q control. Table 2-2 shows the control mode of each MMC. 

Table 2-2 Control Modes of the MMCs 

Onshore MMC Control Strategy 

MMC-1 Vac-f 

Offshore MMC d-axis q-axis 

MMC-2 Vdc Q 

MMC-3 P Q 
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MMC-4 P Q 

2.3.4 Reference Settings at System Level 

At the system level, the control settings under steady-state and transient conditions are mainly 

based on the system parameter design and operating requirement. Under steady-state 

conditions, the control references are set to make the system work stably within the operating 

range. The reference settings of the MMCs are shown in Table 2-3.  

Table 2-3 Control Reference Settings of the MMCs 

MMC-n Control Reference Setting 

MMC-1 Vac = 1 p.u., f = 50 Hz 

MMC-2 Vdc = ±50 kV, Q = 0 MVar 

MMC-3 P = 50 MW, Q = 0 MVar 

MMC-4 P = -90 MW, Q = 0 MVar 

 

Under transient conditions, the control references are dynamically adjusted according to the 

system performance. For example, during the system start-up, the DC voltage and active 

power reference are dynamically adjusted to smooth the performance; under fault conditions, 

control and protection signals need to have speedy response to provide effective protection; 

after the isolation of the faulted section line, the recovery control is activated to co-ordinately 

resume each terminal. The detailed dynamic adjustment on the system control, protection and 

recovery will be described in the later chapters. 

2.4 Offshore Wind Farm 
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There are two types of generators that are most commonly used [120], doubly-fed induction 

generator (DFIG) and permanent magnet synchronous generator (PMSG), for wind power 

applications. For the DFIG, only 25%-30% of the rated power is generated in the rotor and 

then fed into the back-to-back converter. Hence, the cost of the converter in the DFIG is much 

lower than the full rated converter in a PMSG [120]–[123]. In addition, the footprint of a 

DFIG is generally smaller than that of a PMSG with a same rating. There have been an 

increasing number of wind power applications including OWF applications of using DFIGs 

[124].  

The OWF used in the test system is doubly-fed induction generator (DFIG) type and consists 

of numerous DFIGs. In the test system, the OWF consists of 60 DFIGs where the output 

power of each DFIG is 1.4 MW. The modelling of the OWF is through the modelling of the 

characteristics of one DFIG and scaling it up to many DFIGs to form an OWF. The following 

sub-sections will describe the structure and basic control strategy of the DFIG. 

2.4.1 DFIG Structure 

Figure 2-12 presents the structure of a DFIG [125]–[126]. The wind turbine is connected with 

the induction generator (IG) via a gear box which matches the rotational speed of the wind 

turbine with that of the IG. This is because the rotational speed of the wind turbine is 

generally much lower than that of the IG. The stator side of the IG is directly connected to the 

grid via a three-phase three-winding transformer. However, the rotor side of the IG is firstly 

connected with a back-to-back converter consisting of two VSCs and a DC capacitor and then 

connected to the grid through the transformer. The VSC close to the rotor side of the IG is 

called Rotor VSC, while the other VSC close to the grid side is called Grid VSC. 
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Figure 2-12 Structure of one DFIG [125]-[126] 

2.4.2 Basic Control Strategy of a DFIG  

The control of a DFIG on the stabilisation of its terminal voltage and output power is mainly 

through the effective control on the back-to-back converter. The control strategy applied on 

the back-to-back converter of the DFIG is based on [125]. Both VSCs apply dq decoupled 

control to achieve independent control on the active and reactive power. The d-axis of the 

Grid VSC controls the DC voltage of the capacitor and the q-axis controls the reactive power. 

The d-axis of the Rotor VSC regulates the electrical torque to track the optimal power out of 

the wind turbine and the q-axis regulates the rotor excitation current to control the reactive 

power. The basic control strategy of the DFIG is shown in Table 2-4. 

Table 2-4 Control Strategy of the DFIG 

DFIG Control Strategy 

Back-to-back converter d-axis q-axis 

Grid VSC Vdc Q 

Rotor VSC P Q 

For the operation of DFIG-type wind farm, particularly OWF, one key requirement is the low 
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voltage ride-through (LVRT) capability. That is, the DFIG should be able to continue 

operation through periods when the grid has a lower voltage but is larger than the minimum 

specified condition, which is either caused by a disturbance or a fault on the AC network, to 

support the grid voltage [127]–[130]. Otherwise, if one DFIG is disconnected with the AC 

network without providing support to the grid voltage, it will result in a further decrease in the 

grid voltage and cause other generators to disconnect consecutively. It may finally lead to 

chain reaction and cascading failure. Figure 2-13 presents a typical LVRT requirement which 

is defined by the grid code [130]. 

Voltage (p.u.)

Time (ms)

100%

94%

60%

15%

0 140 500
 

Figure 2-13 LVRT requirement [130] 

The vertical points of the blue line represent the grid voltage level, while the herizantal points 

of the line represent the associated time. According to [130], the converter must remain 

connected to the system without tripping for a fault up to 140 ms as shown in Figure 2-13 

[131]. If the voltage level is below the blue line, disconnection of the converter is permitted. 

Otherwise, the converter must stay connected during the associated period to support the grid 

voltage during the fault. The LVRT is not the focus of this thesis and is only briefly 
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introduced.  

2.5 Summary 

In this chapter, the configuration of the offshore integrated MMC MTDC test system has been 

presented. Two main components of the test system, the MMC and OWF, have been 

described. For the MMC, its structure has been presented and introduced. The operating mode 

at the valve level, control mode at the converter level and reference settings at the system 

level have been described. For the DFIG-based OWF, the DFIG structure and its basic control 

strategy have been presented. This chapter provides fundamental descriptions and information 

of the test system for the following chapters.  
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CHAPTER 3 STEADY-STATE, POWER BALANCING AND 

POWER FLOW REVERSAL OF THE MMC MTDC SYSTEM 

WITH AN OWF 

The objectives of this chapter are 1) to calculate the system operating condition under the 

nominal steady-state; 2) to propose an assumption on the maximum allowable voltage and 

current during transient conditions; 3) to present the system power balancing and power flow 

reversal performance.  

3.1 Introduction 

In this chapter, the system performance under the nominal steady-state condition and transient 

conditions from one steady-state to another steady-state, including 1) change of wind speed; 2) 

wind intermittency; 3) power ramping at one terminal; 4) power flow reversal, is investigated. 

Under the nominal steady-state with the control modes and control reference settings 

described in Chapter 2, the system operating condition of the voltages, currents and power at 

the AC and DC sides is calculated. According to the system operating status, an assumption 

on the maximum allowable values of the voltages and currents during transient conditions is 

proposed. This assumption can be applied for the validation of the control performance during 

transients, including that of the power balancing and power flow reversal, start-up control, 

control and protection under fault conditions.  

3.2 Steady-State Condition 

3.2.1 Nominal Steady-State Calculation 
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The nominal steady-state condition defined in this thesis is when the system is working with 

the control modes and references as described in Chapter 2. The system status under this 

condition, which is the values of the voltages and currents at both sides of the MMCs, can be 

calculated using the system parameters shown in Appendix A and control reference settings 

shown in Table 2-3. During the calculation, the power losses on the MMCs and the DC cable 

are not considered and the DC voltage at each terminal is assumed to be maintained at ±50 kV. 

The calculation results of the system status under nominal steady-state condition are presented 

in Table 3-1. 

Table 3-1 System Status under the Nominal Steady-State Condition 

System Status T1 T2 T3 T4 Comments 

AC voltage at the PCC 138 kV 138 kV 138 kV 138 kV L-N, RMS 

AC current at the PCC 0.20 kA -0.11 kA 0.12 kA -0.22 kA 
 

Active power at the PCC 84 MW -44 MW 50 MW -90 MW  

Reactive power at the PCC -10 MVar 0 MVar 0 MVar 0 MVar  

MMC AC-side voltage 30 kV 30 kV 30 kV 30 kV L-N, RMS 

MMC AC-side current 0.93 kA -0.49 kA 0.56 kA -1 kA  

DC terminal voltage ±50 kV ±50 kV ±50 kV ±50 kV  

DC terminal current 0.84 kA -0.44 kA 0.5 kA -0.9 kA  

3.2.2 Transient Assumption 

The operation of power systems, including the modern power systems with FACTS and 

HVDC, should meet the requirement of the grid code [130]. However, due to the fact that the 

MTDC based on VSC technology are a very recent research subject, there has been no 

comprehensive standard or benchmark system for the operation of VSC MTDC systems [24], 
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[132]. An assumption is made in this section for the operation of the investigated MTDC 

under transient conditions. Since the nominal power rating is 150 MVA and the nominal DC 

voltage is ±50 kV, the DC current transferred at the full capacity is 1.5 kA. During transient 

conditions, the maximum allowable DC currents are assumed to be 20% over that at the full 

capacity, which is also the control objective to limit the currents under 1.8 kA. Similarly, as 

for the DC voltages, AC voltages and AC currents, they are all expected to be controlled 

within 20% over the full rated value during system transients. These assumptions are mainly 

used for the system under severe fault conditions, such as AC and DC faults. Apart from the 

fault conditions, it is expected to limit the currents and voltages within 5% of the full capacity. 

3.3 Transient Conditions between Two Steady-States 

This chapter investigates 4 transient conditions where each condition is a transition from one 

steady-state to another steady-state. They are: 1) change of wind speed; 2) wind intermittency; 

3) power ramping at one terminal; 4) power flow reversal. The following sub-sections will 

describe each condition and demonstrate simulation case studies on the RTDS. 

3.3.1 Change of Wind Speed 

The nominal wind speed for the OWF is 12 m/s and its output power under this speed is 84 

MW. When the wind speed rapidly drops to 10 m/s, the output power will decrease 

consequently and the system will achieve a new steady-state. The measuring points of the 

MTDC in the simulations in this chapter and the later chapters are illustrated in Figure 3-1. Pn 

and Qn (n = 1,…,4) denote the active power and reactive power measured at the PCC; Vcn and 

Icn (n = 1,…,4) denote the MMC AC-side voltage and current measured in RMS value; Vdcn 

and Idcn (n = 1,…,4) denote the DC voltage and current measured at each terminal. The 
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reference directions of the currents and power are illustrated in Figure 3-1. 
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Figure 3-1 Measuring points of the MTDC 

The system performance using the RTDS simulation is demonstrated in Figure 3-2: (a) wind 

speed; (b) active power; (c) DC voltages; (d) DC currents; (e) MMC AC-side voltages in 

RMS value; (f) MMC AC-side currents in RMS value. 
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  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 3-2 System performance under changes of wind speed 

The wind speed drops from 12 m/s to 10 m/s at 2 s as shown in Figure 3-2(a). Figure 3-2(b) 

shows that the active power at T1 decreases from 0.56 p.u. to 0.28 p.u.. The reduced active 

power is compensated by the master terminal T2 which is operated as a DC slack bus. T3 and 

T4 maintain the original power transfer. Figure 3-2(c) demonstrates that the DC voltages are 

soon stabilised after a small voltage dip. The DC currents and the MMC AC-side currents at 

T1 and T2 reach a new steady-state as shown in Figure 3-2(d) and Figure 3-2(f), respectively. 

In Figure 3-2(c), a sinusoidal pattern of the DC voltage at T1 can be observed from 0 s to 2 s. 
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This is because T1 is connected with the OWF and the wind turbine is modelled using 

detailed mechanical turbine model which simulates the dynamics of the output power of the 

OWF. Similar phenomenon can be observed in Figure 3-2(f). An introduction of the 

mechanical model for the wind turbine is provided in Appendix C. 

3.3.2 Wind Intermittency 

Due to the inherent intermittent characteristics of wind power, a transient condition, where the 

12 m/s wind speed experiences fluctuations with 1.2 m /s amplitude and 0.25 Hz frequency 

for 4 s, is simulated on the RTDS. The system performance is shown in Figure 3-3: (a) wind 

speed; (b) active power; (c) DC voltages; (d) DC currents; (e) MMC AC-side voltages in 

RMS value; (f) MMC AC-side currents in RMS value. 
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  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 3-3 System performance under intermittent wind condition 

Figure 3-3(a) shows the fluctuations of the wind speed with 1.2 m/s amplitude between 2 s 

and 6 s. Figure 3-3(b) shows the oscillations of the active power at T1 and T2. Small voltage 

oscillations can be observed in Figure 3-3(c) during the wind intermittency. The performance 

of the DC and AC currents follows that of the active power as shown in Figure 3-3(d) and (f). 

Figure 3-3(e) demonstrates small voltage oscillations generated at the AC side of MMC-1. 
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When the power dispatcher, T3 or T4, changes the active power reference, the active power of 

the MTDC will be balanced by the master terminal T2. A transient condition, where the active 

power of T3 ramps up from 50 MW to 90 MW and then ramps down to 20 MW and finally 

resumes to 50 MW, is simulated on the RTDS. The system performance is demonstrated in 

Figure 3-4: (a) active power; (b) reactive power; (c) DC voltages; (d) DC currents; (e) MMC 

AC-side voltages in RMS value; (f) MMC AC-side currents in RMS value. 
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  (f)                                                  Time (s) 

Figure 3-4 System performance under power ramping 

Figure 3-4(a) demonstrates the changes of the active power at T3 at 2 s, 4 s and 6 s, which are 

compensated by those of T2. Figure 3-4(b) shows the reactive power is not influenced during 

the period due to the dq decoupled control of active and reactive power. The DC voltages and 

MMC AC-side voltages are both well stabilised as shown in Figure 3-4(c) and (e). The 

changes of the DC currents and MMC AC-side currents have the same pattern to those of the 

active power as demonstrated in Figure 3-4(d) and (f), respectively.  

3.3.4 Power Flow Reversal 

The capability of power flow reversal is important for MTDC systems. It enables the system 

to flexibly change the direction of the active power according to the system operating 

condition. Since the OWF terminal is always feeding power into the DC grid under normal 

operating condition, a power flow reversal of the other three terminals, where the reference 

power of T3 and T4 is reversed and T2 compensates the changes of power, is simulated on the 

RTDS. The system performance is demonstrated in Figure 3-5: (a) active power; (b) reactive 

power; (c) DC voltages; (d) DC currents; (e) MMC AC-side voltages in RMS value; (f) MMC 

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

p
.u

.

 

 

Ic1

Ic2

Ic3

Ic4



69 

AC-side currents in RMS value. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 3-5 System performance under power flow reversal 
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Figure 3-5(a) demonstrates the power flow reversal at T3 and T4, while T2 balances the 

power change and T1 maintains its power transfer. The DC voltages have a small rise at the 

beginning of the power flow reversal and soon resumes to steady-state condition as 

demonstrated in Figure 3-5(c). The DC voltages at T3 and T4 have oscillations for around 0.7 

s, while the DC voltages at T1 and T2 do not oscillate. This phenomenon could be caused due 

to the fact that the control strategies of MMC-3 and MMC-4 are the same, but are different 

with those of MMC-1 and MMC-2. Figure 3-5(d) and (f) shows that the currents change 

smoothly at the MMC DC- and AC-side, respectively. 

3.4 Summary 

In this chapter, the system status under the nominal steady-state has been calculated, 

providing the nominal values of the voltages, currents, active and reactive power of the 

system. Under transient conditions, the control objectives on the electrical quantities have 

been given. This has provided the foreshadowing and an assumption under transient 

conditions, for the investigation of the MTDC performance of the transition between two 

steady-states in this chapter and the start-up control, control and protection under fault 

conditions in the later chapters.  

The MTDC performance under 1) change of wind speed; 2) wind intermittency; 3) power 

ramping; 4) power flow reversal, has been analysed with real-time simulations. This chapter 

has provided the basic characteristics and capability of the system, including adaption to wind 

uncertainty, capability of power balancing and power flow reversal, which has been 

demonstrated and justified. 
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CHAPTER 4 START-UP CONTROL OF THE MMC MTDC 

SYSTEM WITH AN OWF 

The aim of this chapter is to analyse the system start-up characteristics and investigate the 

start-up control. The objective of the start-up control is to start the system in a stable and 

smooth manner with small voltage spikes and current surges. 

4.1 Introduction 

The test system has 1 offshore terminal connected with an OWF and 3 onshore terminals 

connected with AC utility grids. The system state before start-up is that all AC circuit 

breakers and the DC isolation switches are open and that the MMCs and the OWF are blocked 

as illustrated in Figure 4-1.  
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Figure 4-1 System state before start-up 

At the initial stage, the OWF cannot provide any power nor can it support the AC voltage, so 

the offshore terminal is regarded as a passive network. The onshore terminals are connected 

with AC voltage sources and are regarded as active networks. 
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For the sake of simplicity, the DC isolation switches are assumed to be closed at the initial 

stage of the start-up control. For the start-up process after that, the characteristics of the 

terminals with active networks are significantly different to those of the terminal with a 

passive network. The onshore MMCs all apply dq decoupled control, while the offshore 

MMC applies Vac-f control, as shown in Table 2-2. Because of these differences, in the 

following sections, we will separately investigate the start-up process and control of 1) the 

onshore terminals; 2) the offshore terminal. For the onshore MMCs, although they all apply 

dq decoupled control, the control modes are not exactly the same where one of them applies 

Vdc-Q control and the other two apply P-Q control as shown in Table 2-2. Moreover, the 

reference settings of them are different as shown in Table 2-3. Therefore, the start-up process 

and control are divided into A. before the deblocking of the MMC; B. after the deblocking of 

the MMC [133]. Combining the start-up control of the onshore terminals, T2, T3 and T4, a 

hierarchical start-up control for the active AC network connected MMCs is proposed. For the 

offshore terminal, a start-up scheme with reduced DC voltage control is proposed. According 

to the analysis of the whole start-up process, a combination of the start-up control of both the 

onshore and offshore terminals forms a comprehensive start-up control sequence for the 

whole system. The proposed sequence is verified through RTDS simulations. 

4.2 Start-Up Process and Control of the Onshore Terminals with Active 

AC Networks 

4.2.1 Before the Deblocking of the MMCs 

For the active AC network connected terminal, the AC circuit breaker is closed prior to the 

deblocking of the MMC, so as to charge the AC network, the SM capacitors of the MMC and 
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the DC cable. Taking one terminal as an example, the current system state is illustrated in 

Figure 4-2.  
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Figure 4-2 System state after closing the AC circuit breaker 

At this stage, the operating mode of the MMC at the valve level is Mode 3 in Table 2-1 with 

all SMs blocked. Under this condition, the MMC is operated as an uncontrolled diode bridge, 

a detailed structure of which is depicted in Figure 4-3 [86], [133]. 

 

Figure 4-3 MMC with blocked state [86], [133] 
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One of the charging current flows is illustrated by the red solid line. By considering the losses 

of the diodes and circuit resistors, the current charging state of the MMC and its AC side can 

be simplified and illustrated as shown Figure 4-4(a), where lû  is the magnitude of the line 

voltage of the transformer secondary side; sR  is the line resistance between the transformer 

secondary side and the MMC AC side; aL  is the MMC arm inductance; dR  is the resistance 

of one diode; C  is the capacitance of one SM; n  is the number of SMs per arm. It can be 

further simplified to an RLC circuit as shown in Figure 4-4(b), where 
dseq nRRR 22  , 

aseq LLL 22  , nCCeq  , luU ˆ
0  . In Figure 4-4(b), Ru , Lu , Cu  are the voltages of 

eqR , 

eqL , 
eqC , respectively. 

+
_lû

Rs Ls

Rs Ls
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La

C/n

nRdnRd

 

+
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Req Leq
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U0

+ -uR
+ -uL
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(a) (b) 

Figure 4-4 Equivalent RLC circuit before deblocking of the MMC: (a) equivalent circuit, (b) 

simplified circuit 

This is a second-order RLC circuit. The initial state of the circuit when closing the AC circuit 

breaker can be expressed as  

 0)()()( 000   tititi LL  (4.1) 

 0)()()( 000   tututu ccc  (4.2) 

where 0t  denotes the instant prior to closing the AC circuit breaker, while 0t  denotes the 

instant following closing the AC circuit breaker.  
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According to Kirchhoff’s voltage law (KVL), we have  

 0Uuuu CLR   (4.3) 

where iRu eqR  , 
dt

di
Lu eqL   

Hence, substituting into (4.3), we have 

 0Uu
dt

di
LiR Ceqeq   (4.4) 

Since 
dt

du
Ci c

eq , (4.4) can be updated to 
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The expression of )(tuc  can be obtained according to the solution of its zero-state response as 
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where 1p  and 2p  are the roots of equation (4.5); 1A  and 2A  are the coefficients which can be 

obtained according to the circuit initial state (4.1) and (4.2),  
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Therefore, when the circuit reaches the steady-state, the voltage on 
eqC  will be 

 0)( UtuC   (4.7) 
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Hence, the steady-state voltage of each SM capacitor of the MMC connected with an active 

AC network before deblocking of the MMC is  

 
n

u

n

U

n

tu lc
ˆ)( 0 

 (4.8) 

According to the system parameters shown in Appendix A, we have  

 25.12
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u

n

tu RMSTFlc  kV (4.9) 

where VTF2,RMS is the RMS voltage at the secondary side of the AC transformer. 

4.2.2 After the Deblocking of the MMCs 

After deblocking the MMC, the SMs on the converter arms are equivalent to controllable 

voltage sources as shown in Figure 4-5 [133]. 
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Figure 4-5 Equivalent representation of the SMs in an MMC after deblocking [133] 
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When the system reaches the nominal condition, the DC voltage is stabilised at dcV  and the 

capacitor voltage of each SM is equally distributed to Vdc/n. The capacitor voltage change of a 

SM from the initial state to the steady-state is illustrated in Figure 4-6 [133]. 

U0/n Vdc/n

t
t∞t1

Blocked

00 Vc/n

DeblockedDeblocking

t0 t2(0-) t2 t2(0+)

 

Figure 4-6 Voltage change of a SM from the initial state to the steady-state [133] 

During the start-up process, the most significant voltage spikes and current surges emerge at t2 

when the MMC is deblocked. This is because of the voltage difference at the instant before 

and after t2. In order to alleviate this impact, one ideal solution is to reduce the voltage 

difference to zero, so as to achieve the deblocking action at zero voltage difference. Therefore, 

the reference DC voltage, Vc, at t2(0+) should be set to U0 instead of Vdc. However, after 

deblocking the MMC, the voltage at the MMC AC-side and DC-side has the following 

mathematical relationship [134]: 

 M
V

V dc
tabc 

2
 (4.10) 

where tabcV  is the magnitude of the phase voltage, M is the modulation index. 

Generally, the operating range of M is between 0 to 1. Hence, after deblocking the MMC, the 

minimum controlled DC voltage, Vdcmin, is when M = 1. According to (4.10), Vdcmin can be 

obtained as 

 tabcdc VV  2min  (4.11) 
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According to the system parameters shown in Appendix A, we have  

 85.842302222 ,2min  RMSTFtabcdc VVV  kV (4.12) 

Thus, the minimum SM capacitor voltage is 

 14.14
6

85.84min
min 

n

V
V dc

SM  kV (4.13) 

However, according to the analysis in the previous section and calculation in equation (4.9), 

the final voltage of the SM capacitor before deblocking the MMC is 12.25 kV. 

Since the minimum SM capacitor voltage after deblocking the MMC is larger than the final 

SM capacitor voltage before deblocking the MMC, zero voltage difference at deblocking the 

MMC cannot be achieved. However, the zero voltage difference may be achieved with a 

different design of the system parameters. In order to minimise the impact at the deblocking 

instant, the DC voltage reference at t2(0+) is set to Vdcmin. 

4.2.3 Hierarchical Start-Up Control Scheme  

For the terminals with active AC networks, the master terminal is firstly started to establish 

the DC voltage, while the slave terminals will be sequentially started afterwards, the 

procedures of which are named as hierarchical start-up control. Figure 4-7 illustrates the 

hierarchical start-up control.  
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Figure 4-7 Hierarchical start-up control of the terminals with active AC networks 

For the start-up control of the master terminal, T2, the DC voltage reference is set to the 

minimum controlled value Vdcmin instead of setting at the nominal value before deblocking 

MMC-2. It will be increased to the nominal value Vdc afterwards when the DC voltage is 

stably controlled at Vdcmin, i.e. not only each terminal is controlled hierarchically, but the DC 

voltage is also hierarchically regulated. According to the previous analysis, a hierarchical 

start-up control scheme is proposed for T2 as shown in Table 4-1 [133]: 

Table 4-1 Hierarchical Start-Up Control Scheme for the Master Terminal T2 [133] 

Step n Description 

Step 0 Set the initial DC voltage reference to Vdcmin; 

Step 1 At t1, close the AC circuit breaker and charge the SM capacitor voltage to U0/n; 

Step 2 At t2, when the DC voltage is stabilised at U0, deblock the MMC; 

Step 3 
When the DC voltage is stably controlled at Vdcmin, ramp the DC voltage reference to 

the nominal value, Vdc, to complete the start-up control of this terminal. 

For the terminals with active power control, T3 and T4, out of the same purpose of reducing 

the voltage difference at deblocking the MMC, both MMCs are deblocked when the DC 

voltage is stably controlled at Vdcmin after deblocking MMC-2. Considering the DC voltage at 

a low level, for the sake of preventing DC overcurrents and reducing the power oscillations, 
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the power references of both terminals are initially set to 0. Synthesising the start-up control 

scheme of T2, a comprehensive hierarchical start-up control scheme for the active AC 

network connected terminals is proposed as shown in Table 4-2: 

Table 4-2 Hierarchical Start-Up Control Scheme for the Terminals with Active AC Networks 

Step n Description 

Step 0 Set the initial DC voltage reference to Vdcmin and power reference to 0; 

Step 1 At t1, close CB2; 

Step 2 At t2, when the DC voltage is stabilised at U0, deblock MMC-2; 

Step 3 At t3, close CB3; 

Step 4 At t4, deblock MMC-3; 

Step 5 At t5, close CB4; 

Step 6 At t6, deblock MMC-4; 

Step 7 At t5, ramp the DC voltage from Vdcmin to the nominal value, Vdc; 

Step 8 

At t6, when the DC voltage is stably controlled at Vdc, ramp the power references of 

MMC-3 and MMC-4 to the nominal values, P3ref and P4ref, in sequence, to complete 

the start-up control of the terminals with active AC networks; 

 

4.3 Start-Up Process and Control of the Offshore MMC with Passive AC 

Network  

At the initial stage before the system start-up, T1 has neither power output nor AC voltage 

support. Therefore, it is regarded as a passive AC network. The start-up control of T1 consists 

of starting the OWF and the MMC. Since the start-up of the OWF requires its terminal 

voltage being stabilised at the nominal value, the AC voltage at PCC1 needs to be stabilised. 

The circuit breaker of the OWF, CBW, will not be closed until the voltage at PCC1 is well 
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stabilised. For the passive AC network, the voltage at the PCC is established by the control of 

the MMC. In order to obtain a stable AC voltage at the PCC, the DC-side voltage needs to be 

well stabilised. Therefore, the start-up control of T1 will not initiate until the DC voltage is 

stabilised at the nominal state by MMC-2. Based on the above analysis, a basic start-up 

control sequence can be obtained as follows: 

 MMC-2 stabilises the DC voltage to the nominal state; 

 Deblock MMC-1 to control the voltage at PCC1 at nominal state; 

 Close CBW, deblock the OWF to complete the start-up of T1. 

4.3.1 Before the Deblocking of MMC-1 

For the passive AC network connected terminal, the AC circuit breaker will not be closed 

until the voltage at the PCC is stabilised at the nominal state after deblocking the MMC. 

Hence, before the deblocking of MMC-1, the state of T1 is illustrated in Figure 4-8. 

CBW

PCC1 MMC-1 

blocked

ISW1
Tn

T1

 

Figure 4-8 State of T1 before the deblocking of MMC-1 

A detailed structure of the blocked MMC-1 is depicted in Figure 4-9. Under this condition, 

the SM capacitors of MMC-1 are initially charged from the DC side. One charging loop is 

illustrated by the blue dashed line [86], [133]. 
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Figure 4-9 Initial charging loop of MMC-1 before deblocking [86], [133] 

When the DC voltage is stabilised at the nominal state by MMC-2, considering the losses of 

the diodes and the circuit resistors, the initial charging loop of the blocked MMC-1 can be 

represented by a RLC circuit as shown in Figure 4-10(a) where dcV  is the nominal DC voltage; 

aL  is the MMC arm inductance; dR  is the resistance of one diode; C  is the capacitance of 

one SM; n  is the number of SMs per arm. It can be further simplified to Figure 4-10(b) 

where deq nRR 2'  , aeq LL 2'  , n
CCeq 2

'  . 
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Figure 4-10 Equivalent circuit before deblocking MMC-1: (a) equivalent circuit, (b) 

simplified circuit 

Figure 4-3(b) and Figure 4-10(b) are the same 2
nd

 order RLC circuit with the only difference 

of 0U  being replaced by dcV . According to KVL, we have 

 dcC
C

eqeq
C

eqeq Vu
dt

du
CR

dt

ud
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2

2

 (4.14) 

According to the mathematical derivation in Section 4.2.1, the solution of (4.14) is  
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The final voltage of the equivalent capacitor at steady-state is 

 dcC Vtu  )(  (4.16) 

Since there are n2  SMs, the steady-state voltage of each SM capacitor before deblocking 

MMC-1 is 

 33.8
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4.3.2 After the Deblocking of MMC-1 

After deblocking MMC-1, the SM capacitor will finally be charged to nVdc . The voltage 

change of the SM capacitor from the initial state is illustrated in Figure 4-11. 
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Figure 4-11 Capacitor voltage change of a SM  

According to the analysis in Section 4.2.2, the larger voltage difference between t2(0-) and 

t2(0+), the more voltage spikes and current surges will emerge at the instant of deblocking the 

MMC, t2. In order to reduce the impact, it is expected that the value of cV  could close to Vdc/2. 

Therefore, instead of deblocking MMC-1 when the DC voltage is dcV , MMC-1 is deblocked 

at a reduced DC voltage, which is named as “start-up control scheme with reduced DC 

voltage”. With a different design of the system parameters, the DC voltage may be reduced to 

Vdc/2, so that zero voltage difference at deblocking MMC-1 will be achieved and the scheme 

can be named as “start-up control scheme with half DC voltage”. According to (4.12), the 

minimum DC voltage, mindcV , can be controlled to 84.85 kV and cannot be controlled to Vdc/2. 

The start-up control scheme for the offshore connected terminal is shown in Table 4-3: 

Table 4-3 Start-Up Control Scheme for the Terminal with OWF 

Step n Description 

Step 0 

Set the initial AC voltage reference of MMC-1 to 0, wait until MMC-2 stabilises the 

DC voltage to dcV ; 
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Step 1 

At t1, when the SM capacitor voltage is charged to Vdc/2n, reduce the DC voltage 

reference of T2 to mindcV ; 

Step 2 At t2, when the DC voltage is stabilised at mindcV , deblock the MMC-1; 

Step 3 At t3, ramp the DC voltage reference back to the nominal value, Vdc; 

Step 4 
At t4, when the DC voltage is stably controlled at Vdc, ramp the AC voltage reference 

to the nominal value, Vac; 

Step 5 
At t5, when the voltage at PCC1 is well stabilised at Vac, close CBW and then deblock 

the OWF to complete the start-up control of the offshore terminal. 

 

4.3.3 Comprehensive Start-Up Control Sequence 

Synthesising the start-up control of both the active and passive AC networks connected 

terminals, a comprehensive start-up control scheme is proposed as shown in Table 4-4: 

Table 4-4 Comprehensive Start-Up Control Scheme for the Offshore Integrated MMC MTDC  

Step n (tn) Description 

Step 0 (t0) 
Initially, set DC voltage reference of MMC-2 to Vdcmin, AC voltage reference of 

MMC-1 to 0, power references of both MMC-3 and MMC-4 to 0; 

Step 1 (t1) Close CB2; 

Step 2 (t2) When the DC voltage reaches U0, deblock MMC-2; 

Step 3 (t3) Close CB3; 

Step 4 (t4) Deblock MMC-3; 

Step 5 (t5) Close CB4; 

Step 6 (t6) Deblock MMC-4; 

Step 7 (t7) 
When the DC voltage is stabilised at Vdcmin, ramp the DC voltage reference to the 

nominal value Vdc; 

Step 8 (t8) When the DC voltage is stabilised at Vdc, reduce the DC voltage reference to Vdcmin; 
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Step 9 (t9) Deblock MMC-1; 

Step 10 (t10) 
When the DC voltage is stabilised at Vdcmin, ramp the DC voltage reference to the 

nominal value, Vdc; 

Step 11 (t11) 
When the DC voltage is stabilized at Vdc, ramp the AC voltage reference of MMC-1 

to the nominal value, Vac; 

Step 12 (t12) Ramp the active power reference of MMC-4 to the nominal value, P4ref
*
; 

Step 13 (t13) Ramp the active power reference of MMC-3 to the nominal value, P3ref
*
; 

Step 14 (t14) When the voltage at PCC1 is well stabilised at Vac, close CBW; 

Step 15 (t15) Deblock the OWF and complete the start-up control of the system. 

 

During the start-up process, the master terminal T2 with DC voltage control is started to 

initially charge the SM capacitors of MMC-2, the DC grid, and the SM capacitors of the other 

3 MMCs. Then T3 and T4 are started in sequence with the DC voltage maintained at the 

minimum value, Vdcmin, so as to minimise the voltage difference of the SM capacitors before 

and after the deblocking operation. Meanwhile, the active power references of MMC-3 and 

MMC-4 are not increased to the nominal values at this point. This is because 1) the DC 

voltage has not been stabilised at the nominal value; 2) the deblocking of MMC-1 will lead to 

voltage and current oscillations, both power references will not be increased to the nominal 

values until the deblocking of MMC-1. If both power references are kept at 0, the current will 

oscillate around 0. However, if both power references are increased to the nominal state 

before the deblocking of MMC-1, the current will oscillate around their nominal values, 

which has more possibility of emerging overcurrent.  

In order to deblock MMC-1 with the minimum voltage difference of the SM capacitors, the 

DC voltage is increased to the nominal value to further charge the SM capacitors in MMC-1 

and then decreased to the minimum controlled value before deblocking MMC-1. This control 
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process is called start-up control with reduced DC voltage. After deblocking MMC-1, the DC 

voltage is ramped back to the nominal value and then the AC voltage reference of MMC-1 is 

ramped to control the voltage at PCC1 to the nominal value for the integration of the OWF. 

Since the closing of CBW necessitates stable AC terminal voltage, a longer delay is set before 

this operation and the active power references of MMC-3 and MMC-4 are ramped to the 

nominal values during the delay. When the OWF is started with stable output power, the start-

up of the whole system is completed. 

4.4 Simulation Case Studies 

In order to evaluate the proposed start-up control scheme, 3 case studies are conducted on the 

RTDS. In Case A, the system is started using the proposed start-up control sequence in which 

1) appropriate changes on the DC voltage reference, including the reduced DC voltage control, 

are applied; 2) appropriate initial settings on the AC voltage reference of MMC-1, active 

power reference of MMC-3 and MMC-4, are applied; 3) ramping the reference setting of the 

AC voltage and active power at appropriate time is applied, to finally complete the start-up of 

the whole system. In Case B, similar start-up control sequence is used, except that the DC 

voltage reference is always maintained at the nominal value with neither the initial setting at 

Vdcmin nor using the reduced DC voltage start-up control at the instant of deblocking MMC-1. 

The start-up control of Case C is similar to that of Case B, except that the references of AC 

voltage and active power are kept constant at nominal values without changes. A comparison 

of the start-up control used in 3 cases is presented in Table 4-5. 
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Table 4-5 Comparison of the Start-Up Control of 3 Cases 

Case A 
The start-up control sequence with reference settings of Vdc, Vac, P3ref and P4ref are the 

same as proposed in Section 4.3.3; 

Case B 
The start-up control sequence is the same as that of Case A, except that the reference 

settings of Vdc is always kept constant at the nominal value; 

Case C 
The start-up control sequence is the same as that of Case B, except that the reference 

settings of Vac, P3ref and P4ref is always kept constant at the nominal value; 

 

4.4.1 Case A 

The proposed start-up control sequence is applied in this case. In order to clearly illustrate the 

system performance with each corresponding control action, Table 4-6 presents the specific 

time of each control action. The order of the control actions is the main focus of the proposed 

start-up control, while the time delay between two sequential control actions is not the main 

focus. 

Table 4-6 Description of the Operational Time of the Proposed Control Sequence 

tn Time Description Comment 

t0 0 s 
Set Vdcref = Vdcmin, Vacref = 0, P3ref = P4ref 

= 0 

 

t1 2 s Close CB2 

A delay of 2 s is set between two 

sequential control actions. This delay 

can be shortened as long as the system 

reaches a steady condition after the 

former control action. 

t2 4 s Deblock MMC-2 

t3 6 s Close CB3 

t4 8 s Deblock MMC-3 

t5 10 s Close CB4 

t6 12 s Deblock MMC-4 

t7 14 s Set Vdcref = Vdc 

t8 18 s Set Vdcref = Vdcmin  

A delay of 4 s is set when the DC 

voltage reference is increased to 

nominal value. The SM capacitors of 
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MMC-1 will be pre-charged from the 

DC side. 

t9 20 s Deblock MMC-1 
A delay of 2 s is set between two 

sequential control actions. This delay 

can be shortened as long as the system 

reaches a steady condition after the 

former control action. 

t10 22 s Set Vdcref = Vdc 

t11 24 s Set Vacref = Vac  

t12 26 s Set P4ref = P4ref
*
 

t13 28 s Set P3ref = P3ref
*
 

t14 34 s Close CBW 

The re-integration of the OWF needs a 

stable AC voltage at PCC1. Hence, a 

long delay of 6 s is chosen.  

t15 35 s 
Deblock OWF and complete start-up 

control 

 

 

The simulation results are demonstrated in Figure 4-12: (a) DC voltage controlled by MMC-2; 

(b) voltage of one SM capacitor in each MMC; (c) DC voltages of the MTDC; (d) DC 

currents of the MTDC; (e) MMC AC-side voltages in RMS value; (f) MMC AC-side currents 

in RMS value; (g) active power; (h) reactive power, where Vdc2ref denotes the reference setting 

of the DC voltage of MMC-2, CVn (n = 1,…,4) denotes the capacitor voltage of one SM in 

MMC-n. 
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  (h)                                                  Time (s) 

Figure 4-12 System start-up performance using the proposed start-up control sequence 

Figure 4-12(a) demonstrates the performance of the DC voltage controlled by MMC-2. Before 

the deblocking of MMC-2, the DC voltage reference is set at Vdcmin. After deblocking MMC-2 

at 4 s, the DC voltage reaches Vdcmin and well tracks the voltage reference until the end with 

small oscillations. Figure 4-12(b) presents the performance of the capacitor voltage of one SM 

in each MMC. At the instant of deblocking each MMC, the capacitor voltage difference of the 

SM is regulated at the minimum controllable value. Therefore, the voltage oscillations at 

deblocking the MMC are reduced accordingly. In Figure 4-12(c), the most significant DC 

voltage spikes emerge at the DC-side of T1 at 20 s when MMC-1 is deblocked as shown in 

Table 4-6. This is because before deblocking MMC-1, its SM capacitor voltage is Vdc/2 and 

after deblocking MMC-1, it becomes Vdcmin. This voltage difference, compared with that of 

the other 3 MMCs at the deblocking instant, is larger, which contributes larger voltage spikes. 

Due to the same reason, the most significant DC current surges emerge at DC-side of T1 at 20 

s as shown in Figure 4-12(d). Figure 4-12(e) shows that the MMC AC-side voltages reach the 

nominal value in sequence with few oscillations. Figure 4-12(f) shows the performance of the 
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active power reaches the nominal value with small oscillations. At 30 s, CBW is closed and 

then the OWF is deblocked, the OWF is stably started with smoothly increased output power. 

Figure 4-12(h) presents small reactive power oscillations during the start-up process. Due to 

the effective start-up control with reduced DC voltage and appropriate changes on the 

reference settings, each terminal is stably started in sequence and the system reaches the 

nominal operating condition with small voltage spikes and current surges. 

4.4.2 Case B 

In this case, the start-up control sequence is the same as that of Case A, except that the DC 

voltage reference of MMC-2 is always kept at the nominal value. That is, the DC voltage 

reference is not set at Vdcmin at the initial start-up stage and the reduced DC voltage start-up 

control is not applied during the start-up process. The simulation results are demonstrated in 

Figure 4-13: (a) DC voltage controlled by MMC-2; (b) voltage of one SM capacitor in each 

MMC; (c) DC voltages of the MTDC; (d) DC currents of the MTDC; (e) MMC AC-side 

voltages in RMS value; (f) MMC AC-side currents in RMS value; (g) active power; (h) 

reactive power. 
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  (h)                                                  Time (s) 

Figure 4-13 System start-up performance using the start-up control sequence without reduced 

DC voltage control 

Since the DC voltage is maintained at the nominal value during the start-up process, the SM 

capacitor voltage will instantly increase to the nominal value after deblocking of the 

associated MMC. Before the deblocking of MMC-2, the SM capacitor voltage is U0/n and it 

will become Vdc/n after deblocking. In Case A, due to the initial setting on the DC voltage, the 

SM capacitor voltage will become Vdcmin/n after deblocking MMC-2, which minimises the 

voltage different at the deblocking instant and hence reduces the oscillations on the voltage 

and current. Figure 4-13(c) shows the voltage spikes are larger than those in Case A at 4 s 

when MMC-2 is deblocked. The DC current surges shown in Figure 4-13(d), MMC AC-side 

current surges shown in Figure 4-13(f) and the active power oscillations shown in Figure 

4-13(g) are more significant than those in Case A at 4 s. Similarly, the voltage differences of 

the SM capacitors become larger when deblocking MMC-3 and MMC-4 than those in Case A, 

which leads to more oscillations on the voltages and currents at the deblocking instant. In 

Figure 4-12(d), there are almost no current surges at 8 s and 12 s when deblocking MMC-3 

and MMC-4. However, Figure 4-13(d) shows small current surges at those instants. The 
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active power oscillations shown in Figure 4-13(g) are apparently larger than those in Case A 

at 8 s and 12 s. In this case, the reduced DC voltage start-up control is not applied at 

deblocking MMC-1. Figure 4-13(c) demonstrates the peak of the voltage spikes increase to 

nearly 1.4 p.u., which is much larger than that in Case A which is less than 1.2 p.u. at 20 s. 

Figure 4-13(d) presents the peak of the current surges is over 2 p.u. at 20 s, while in Case A it 

is around 1.6 p.u.. In order to visibly compare the differences of the system performance 

between Case A and Case B, the performance of the capacitor voltage of MMC-1 and DC 

current at T1 with a zoomed proportion at 20 s is shown in Figure 4-14.  
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Figure 4-14 Comparison of the system start-up performance of Case A and Case B: (a) 

Capacitor voltage of MMC-1; (b) DC current at T1 

In Figure 4-14(a), the peak capacitor voltage in Case A is 1.05 p.u. which is 20% smaller than 

that in Case B. In Figure 4-14(b), the peak DC current at T1 in Case A is 1.5 p.u. which is 25% 

smaller than that in Case B. Hence, the voltage spikes of the capacitor voltages and DC 

current surges in Case B when deblocking the MMCs are more significant than those in Case 

A, which is due to the fact that the DC voltage is not appropriately adjusted.  

4.4.3 Case C 

In this case, not only the DC voltage reference of MMC-2 is kept at the nominal value, but the 

AC voltage reference of MMC-1, active power references of MMC-3 and MMC-4 are also 

kept at their nominal values without change during the start-up process. The simulation results 

are demonstrated in Figure 4-15: (a) DC voltage controlled by MMC-2; (b) voltage of one SM 

capacitor in each MMC; (c) DC voltages of the MTDC; (d) DC currents of the MTDC; (e) 

MMC AC-side voltages in RMS value; (f) MMC AC-side currents in RMS value; (g) active 

power; (h) reactive power. 
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  (g)                                                  Time (s) 

 
  (h)                                                  Time (s) 

Figure 4-15 System start-up performance using the start-up control sequence without any 

changes on the voltage and power settings 

Similar to Case B, since the DC voltage reference is not set at Vdcmin when deblocking MMC-

2, larger voltage spikes and current surges can be observed at 4 s in Figure 4-15(c), (d) and (f) 

in comparison with those in Case A. Since the active power references of MMC-3 and MMC-

4 are kept at the nominal values at the beginning, the active power has been stably transferred 

from both terminals before the deblocking of MMC-1. When MMC-1 is deblocked at 20 s, 

voltage and current oscillations will emerge. In the previous 2 cases, since the active power 
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references of MMC-3 and MMC-4 are initially maintained at 0, the currents of both terminals 

are stabilised at 0 before deblocking MMC-1 and will oscillate around 0 after deblocking 

MMC-1. However, in this case, since both terminals are transferring power before deblocking 

MMC-1, the current will oscillate around its nominal value, which has more possibilities for 

the current oscillating over the limit. In Case A and Case B, the largest DC current 

oscillations emerge at T1 and has proportions over the predefined rating, while the DC current 

oscillations at other 3 terminals do not exceed it after deblocking MMC-1 at 20 s. However, in 

Case C, the DC current oscillations at T1, T3 and T4 all exceed the predefined rating after 

deblocking MMC-1 at 20 s as shown in Figure 4-15(d). In Figure 4-15(f), although the AC 

current oscillations at the MMC AC-side do not generate overcurrent, the oscillations at T4 

have potential risk due to it oscillates around the nominal value instead of 0. Figure 4-15(g) 

demonstrates the peak value of the active power oscillations at 20 s is more significant than 

those in Case A and Case B. Therefore, based on the analysis and comparisons of the 3 cases, 

it is suggested to provide initial settings for the voltage and power references and ramp them 

to the nominal value at the appropriate instant, which reduces the possibility of the emergence 

of overvoltages and overcurrents and improves the system start-up performance in a more 

stable manner. 

4.4.4 Discussion and Comparison of the 3 Cases 

Case A applies the proposed start-up control scheme. Due to the appropriate control sequence 

with appropriate initial settings and adjustment on the reference of the DC voltage, AC 

voltage, and active power, the system has been stably started with small voltage spikes and 

current surges. In Case B, the DC voltage is kept at the nominal value without reduced DC 

voltage control during the start-up process, larger voltage spikes and current surges have been 
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observed after deblocking the MMCs. In Case C, the references of DC voltage, AC voltage, 

and active power are all kept at the nominal values without initial settings, similar oscillations 

to those in Case B can be observed after deblocking the MMCs. In addition, DC overcurrents 

at T1, T3 and T4 have been identified after deblocking MMC-1, while in Case A and Case B, 

only T1 has overcurrent. Meanwhile, the MMC AC-side current at T4 has a potential risk of 

overcurrent. Therefore, in comparison of the 3 cases, the proposed start-up control scheme in 

Case A has demonstrated superiority in the system start-up. Table 4-7 presents the 

comparison of the start-up control performance of the 3 cases. 

Table 4-7 Comparison of the Start-Up Control Performance of 3 Cases 

Case A 
System is stably started with small voltage spikes and current surges. The only 

overcurrent emerges at T1 at around 20 s after deblocking MMC-1; 

Case B 

System is stably started with more voltage spikes and current surges than those in 

Case A. More voltage spikes and current surges emerge after deblocking the MMCs 

and larger overcurrent emerges at T1 at around 20 s after deblocking MMC-1; 

Case C 

System is stably started with similar voltage spikes and current surges to those in 

Case B. Overcurrent emerges at T1, T3 and T4 at around 20 s after deblocking 

MMC-1. T4 has potential risk of occurring MMC AC-side overcurrent after 

deblocking MMC-1. 

 

Although the start-up performance of Case C seems the worst, due to appropriate start-up 

sequence applied, the start-up performance has been stable. If all terminals are started 

randomly or simultaneously, it may lead to unstable start-up of the OWF, failure of the OWF 

integration or even the whole system collapse.  
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4.5 Summary 

In this chapter, the system start-up control has been investigated. According to the 

characteristics of the AC networks that connect with the MTDC, the system terminals have 

been categorised into the onshore terminals with active AC networks and the offshore 

terminal in which the OWF is regarded as a passive AC network before the start-up. For the 

onshore terminals, the mathematical models before and after the deblocking of the MMC have 

been derived and a hierarchical start-up control scheme has been proposed. For the offshore 

terminal, the mathematical models before and after the deblocking of the MMC have also 

been derived and a reduced DC voltage control scheme has been proposed for the start-up of 

the terminal with passive AC network. Combining the start-up control of the onshore and 

offshore terminals, a comprehensive start-up control scheme for the whole system has been 

proposed. Although zero voltage difference is not achieved at deblocking the MMCs, the 

proposed start-up control scheme achieves minimum voltage difference on SMs when 

deblocking the MMCs. 

To evaluate the proposed start-up control scheme, 3 case studies have been conducted using 

RTDS simulations. Based on the analysis and simulation results, 3 conclusions have been 

drawn as follows: 

 Since effective start-up control of each terminal in sequence has been applied in all 3 

cases instead of starting the terminals randomly or starting all terminals 

simultaneously, the system was started in a stable manner using the start-up sequence 

in each case; 
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 Appropriate initial setting and adjustment on the controlled DC voltage is important 

and can minimise the voltage difference of the SM capacitor at the instant of 

deblocking the MMC, which contributes to small voltage spikes and current surges 

when deblocking the MMCs ; 

 Initial settings of the AC voltage and active power and ramp them at the appropriate 

instant is important. They can reduce the possibility of the emergence of the 

overvoltages and overcurrents during the start-up process. 
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CHAPTER 5 CONTROL AND PROTECTION OF THE MMC 

MTDC SYSTEM WITH AN OWF AGAINST AC FAULTS 

Faults, including AC or DC faults, may occur on real power systems. Hence control and 

protection against faults is essential. This chapter aims to investigate control and protection 

under AC fault conditions. The objectives of this chapter are: 1) to study the system fault 

characteristics under a three-phase to ground fault at different locations; 2) to propose 

corresponding control and protection strategy against the fault according to the fault 

characteristics; 3) to identify the emergency condition that the system may experience and the 

potential risks that may exist after the fault occurs; 4) to propose special control and 

protection under the emergency condition. 

5.1 Introduction 

5.1.1 General Control and Protection and Some Definitions 

Generally, a comprehensive process of control and protection against a fault consists of [35], 

[135]-[136]: Phase 1) fault detection; Phase 2) fault location; Phase 3) fault isolation; Phase 4) 

faulted section isolation; Phase 5) system recovery, as illustrated in Figure 5-1. 

t

Fault detection Fault location

Phase 1 Phase 2 Phase 3

System recoveryFault isolation Faulted section 
isolation

Phase 4 Phase 5

 

Figure 5-1 Comprehensive process of control and protection against a fault 

where each phase is defined as follows: 
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 Phase 1) Fault detection: According to the system fault characteristics such as low 

voltage or overcurrent, to confirm the fault existence; 

 Phase 2) Fault location: According to the fault characteristics such as change of 

current direction or impedance, to locate the fault position; 

 Phase 3) Fault isolation: After locating the fault, apply associate control and 

protection action to speedily isolate the fault, so as to reduce the impact on the system 

and finally prevent current injecting into the faulted point; 

 Phase 4) Faulted section isolation: Open/trip the mechanical switch between the 

faulted point to physically isolate the faulted line section; 

 Phase 5) System recovery: Resume the unfaulted sections of the system. 

For the sake of clarity, some of the frequent expressions in this chapter and the next chapter 

are defined here [137]: 

 Control mode: Defines the converter level control under steady-state condition, such 

as DC voltage/AC voltage control, active/reactive power control, as described in 

Section 2.3.3; 

 Control and protection strategy: Defines control and protection actions after a fault 

occurs, such as block/deblock the MMC, trip/reclose the AC circuit breaker, 

open/close the DC ISW; 

 Control and protection sequence: Defines the order of control and protection actions 

in control and protection strategy and the delay between two sequential actions. 

5.1.2 Control and Protection against AC Faults  

Due to the complexity of the OWF integrated MMC MTDC system, different types of AC 
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faults may occur at different locations. Different types of AC faults and different fault 

locations have different impacts on the system fault characteristics [35]. Control and 

protection strategies against different faults vary according to different fault characteristics 

[35].  

In an MMC MTDC system, the impact of an AC fault on the system is considered to be less 

significant than that of a DC fault [4], [7], [22] and the traditional control and protection 

against a common AC fault has been comprehensive [88]-[89]. It is generally considered that 

AC faults can be isolated by tripping AC circuit breakers. This is the case when the fault 

occurs within the protection range of the AC circuit breakers and the fault can be easily 

isolated by tripping the AC circuit breakers on both sides. However, this is not necessarily 

valid, since the fault may occur beyond the protection area of the AC circuit breakers [138]. 

In MMC MTDC systems, when a fault occurs at the MMC AC-side inside the converter 

station, which is beyond the protection area of the nearby AC circuit breakers, the fault 

isolation may require additional control and protection actions. This chapter investigates such 

a condition. The minimum time for detecting and locating an AC fault can be as fast as 2 ms 

[139]–[140]. There are several methods that are widely used for fault detection and location 

[141]–[143], e.g. overcurrent protection, distance protection, and current differential 

protection. However, for the fault isolation, since the fault arc has to be extinguished at 

current zero-crossing-point for the minimum impact and the AC current crosses zero-point at 

every half cycle, which is 10 ms for a 50 Hz power system, the fault isolation time is to be 

occurred at 10 ms [144]–[146] , However, considering the delay in the fault detection and 

isolation, and the delay in the operation of mechanical elements, faults are generally isolated 

in the range of 60-100 ms. The focus of this chapter is on the fault isolation strategy after the 

fault location and it is assumed that the fault has been detected and located. The fault 
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investigated is a permanent three-phase to ground fault, which occurs at different locations.  

In Section 5.2, the fault occurring at the AC-side of MMC-1 is investigated. In Section 5.3, 

the fault occurring at the AC-side of MMC-2 is investigated. The corresponding control and 

protection strategy is proposed for each condition.  

When an AC fault occurs at the MMC AC-side, if the control of the MMC is designed with a 

current limiter and the current limiter works normally, the fault current from the MMC AC-

side can be limited. However, if the MMC applies Vac-f control or the current limiter does not 

function as expected, there will be significant fault current flowing from the MMC AC-side. 

In addition to that, when the fault is a permanent AC fault, it would be expected to physically 

isolate the fault. It is generally achieved by blocking the faulted-side converter and tripping 

the AC circuit breaker at the other side, where an assumption has been made that the faulted-

side converter can be blocked successfully. However, considering the practical operation of 

advanced MMCs, this assumption is not necessarily valid and Section 5.4 explores this issue 

of different conditions of blocking failure of the faulted-side MMC.  

5.2 Control and Protection Against the Converter-Side AC Fault at the 

Power Regulated Terminal 

T1, T3 and T4 are all transferring active power from/to the DC grid and are considered to be 

power regulated terminals. When a permanent fault occurs at the AC-side of one of these 

slave terminals, the fault should be physically isolated. In this section, the analysis is made for 

the fault occurring at T1, while the control and protection strategy proposed can be similarly 

applied for that which occurs at T3 or T4.  
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5.2.1 Fault Characteristics and Fault Isolation 

When the fault occurs, the voltage at the faulted point will drop and the fault current will flow 

from the system AC-side and the MMC AC-side, which is illustrated in Figure 5-2. 

CBW

PCC1 MMC-1 

ISW1
Tn

T1

~

=

 

Figure 5-2 Three-phase to ground fault at the AC-side of MMC-1  

At the system AC-side, the voltage drop at the faulted point will directly cause the terminal 

voltage of the OWF to deviate from the nominal value, which will lead to the oscillations of 

the output power of the OWF. At the MMC AC-side, the fault current flows into the faulted 

point from the DC-side through the MMC. Due to a permanent AC fault, if there is no 

effective control and protection applied, the fault will have an impact on the adjacent 

unfaulted terminals. 

Hence, the fault needs to be speedily isolated. Firstly, the faulted-side MMC, MMC-1, will be 

swiftly blocked after detecting and locating the fault, leaving the fault current flowing only 

through the unilateral conductive diodes, which will finally prevent the DC current flowing to 

the MMC AC-side. Secondly, CBW will be tripped to isolate the faulted point from the AC 

system side and thus the OWF will not be further affected by the fault. The fault isolation by 

both blocking MMC-1 and tripping CBW is illustrated in Figure 5-3. 
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Figure 5-3 Fault isolation by blocking of MMC and tripping of AC circuit breaker 

5.2.2 Faulted Section Isolation 

After the fault isolation, the OWF terminal has lost the stable nominal voltage and the path for 

power transfer. Hence, the OWF will be blocked with the tripping of CBW. At the DC side, 

since T1 has been out of service, ISW1 will be open when the current becomes sufficiently 

small. The objectives of opening ISW1 are 1) to remove DC Cable 1 from the operation so as 

to avoid the power losses due to cable charging and discharging; 2) to physically isolate the 

fault by the mechanical switch to achieve the faulted section isolation. The faulted section 

isolation by opening ISW1 is illustrated in Figure 5-4. 

CBW

PCC1 MMC-1 

blocked

ISW1
Tn

OWF 

blocked

ISW1

 

Figure 5-4 Faulted section isolation 

If the fault is temporary, the faulted terminal can be resumed after clearing the fault. However, 

since the fault is permanent, the faulted terminal will not resume and the system will be 

reconfigured into 3-terminal MMC MTDC system. 
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5.2.3 Control and Protection Sequence 

After the faulted section isolation, the faulted side is isolated from the DC grid. During the 

fault isolation and the faulted section isolation after the fault occurs, the unfaulted terminals 

are not significantly influenced: the DC voltage is maintained by MMC-2 and the active 

power is nominally transferred from MMC-3 and MMC-4. Therefore, the unfaulted terminals 

are normally operated without interruption and hence there is no need to conduct the system 

recovery of Phase 5 shown in Figure 5-1.  

The complete control and protection sequence under the AC fault is depicted in Figure 5-5, 

the control action at each instant, tn (n = 1,…,n) and the timing of tn based on real-time 

simulation are presented in Table 5-1. The order of the control actions is the main focus of the 

proposed control and protection sequence, while the time delay between two sequential 

control actions is not the main focus. 

t

Phase 1,2 Phase 3 Phase 4

t0 t1 t4t2 t3  

Figure 5-5 Control and protection sequence against AC fault at the AC-side of MMC-1 

According to published literature and reports of industrial practice [22], [35], [55], [147], the 

IGBTs in an MMC can normally be blocked within 2-5 ms, the AC circuit breaker can be 

tripped within 60-100 ms and DC ISW can be opened when the current becomes sufficiently 

small. According to simulation studies, the fault current from the AC-side of MMC-1 

increases over 1.2 p.u. within 8 ms, which is the assumed current threshold. Hence, it is 

assumed that MMC-1 is blocked when the current threshold is surpassed at 2.008 s, the 

tripping of AC circuit breaker is 80 ms after the fault and the DC ISW is opened at the current-
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crossing-zero point. 

Table 5-1 Description of the Operation and Timing of the Control and Protection Sequence in 

Figure 5-5 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 2 s 
Apply the AC fault at the AC-side 

of MMC-1 

 

t2 2.008 s Block MMC-1  
An MMC can be blocked as fast as 2-5 ms 

[35], [55], [147]; 

t3 2.08 s Trip CBW and block the OWF 
An AC CB can generally be tripped within 

60-100 ms [35], [55], [147]; 

t4 2.44 s Open DC ISW1  
A DC ISW can be opened when its current 

becomes sufficiently small. 

 

5.2.4 Simulation Case Study 

A three-phase to ground permanent fault is applied at 2 s at the AC-side of MMC-1. The 

system performance using the proposed control and protection sequence in Section 5.2.3 is 

demonstrated in Figure 5-6: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) 

MMC AC-side voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active 

power; (f) reactive power. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 5-6 System performance under an AC fault at the AC-side of MMC-1 using the 

proposed control and protection sequence 
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Figure 5-6(a) demonstrates that the DC voltage at T1 oscillates after the fault occurs. The 

unfaulted-side DC voltages have a small drop and soon resume to the nominal value, which 

indicates that the fault is well isolated. Figure 5-6(b) shows that the DC currents oscillate 

when the fault occurs. The DC current at T1 reduces to zero when DC ISW1 is opened. The 

loss of current is balanced by the control of MMC-2. The DC current transferred at T3 and T4 

is maintained at the nominal value due to the effective fault isolation. The MMC AC-side 

current in Figure 5-6(d) and the active power in Figure 5-6(e) both have the similar 

performance to that of the DC current in Figure 5-6(b) where T2 balances the current/power 

loss of T1 and the current/power transferred at T3 and T4 is maintained at the nominal value. 

Since the fault is applied at the AC-side of MMC-1 and due to effective control and protection 

strategy, the MMC AC-side voltages at the unfaulted terminals are not significantly 

influenced as shown in Figure 5-6(c). Figure 5-6(f) demonstrates that the oscillations of the 

reactive power are small. In this case, the fault is effectively isolated using the proposed 

control and protection sequence and the unfaulted terminals is well protected and can continue 

operation. 

5.3 Control and Protection against the Converter-Side AC Fault at the 

Master Terminal 

Due to the fact that T2 is the master terminal which controls the DC voltage of the MTDC 

grid, the control and protection strategy against a fault at the AC-side of MMC-2 will be 

different to that against a fault at the other terminals. 

5.3.1 Fault Characteristics and Fault Isolation 

When a three-phase to ground fault occurs at the AC side of MMC-2, fault current will flow 
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from both the MMC-AC side and the AC system side as illustrated in Figure 5-7. 

T2

CB2

~
=

PCC2MMC-2

ISW2 ISW2

 

Figure 5-7 AC fault occurs at the AC-side of MMC-2 

Meanwhile, the voltage at the faulted point will drop when the earth fault occurs. Due to the 

voltage drop at the AC-side of MMC-2, the voltage at PCC2 and at the DC-side of MMC-2 

will both decrease. Since the dq decoupled control requires the stable nominal voltage at the 

PCC, the voltage fall at PCC2 will significantly affect the performance of MMC-2. The 

voltage fall at the DC-side of MMC-2 will lead to the voltage drop of the MTDC grid, since 

T2 is the master terminal of the MTDC grid to maintain the DC voltage. The whole MTDC 

system may collapse if no effective control and protection operation is applied after the fault 

occurs, particularly under a permanent fault. 

Therefore, the fault must be speedily isolated by blocking MMC-2 and tripping CB2, which is 

illustrated in Figure 5-8.  

T2

CB2

PCC2MMC-2

ISW2 ISW2

 

Figure 5-8 Control and protection strategy for the fault isolation 

MMC-2 will lose control on the DC voltage after being blocked and thus the MTDC grid will 

lose stable DC voltage. Under this condition when the DC voltage is out of control, the other 

3 terminals must stop transferring power into the DC grid. Therefore, the MMCs at the 
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unfaulted terminals need to be swiftly blocked after the blocking of MMC-2. Since the 

voltage at PCC1 will not be stabilised after blocking MMC-1, the OWF should also be 

blocked. Considering the fact that the OWF is a weak AC system, it would be better to isolate 

the OWF during the fault by tripping CBW and to re-integrate the OWF after the faulted 

section isolation. The current system status is illustrated in Figure 5-9. 
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Figure 5-9 System status after the fault isolation at the master terminal 

5.3.2 Faulted Section Isolation 

The faulted section is isolated by opening ISW2 when the current becomes sufficiently small. 

The system state after the faulted section isolation is depicted in Figure 5-10. 
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Figure 5-10 System status after the faulted section isolation at the master terminal 
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After the faulted section isolation, both MMC-2 and the other 3 MMCs are blocked and the 

DC voltage becomes out of control. Due to a permanent earth fault, T2 will not resume. 

Hence, there are 2 options at this stage: 

 The unfaulted terminals do not resume operation; 

 If the unfaulted terminals are scheduled to resume, one of them needs to take over the 

control of the DC voltage and the other terminals will then resume after the DC 

voltage being stabilised. 

5.3.3 Control and Protection Sequence 

The second condition is considered in this chapter with a comprehensive control and 

protection sequence proposed. In practical operation, it is preferable that the control of a 

converter is kept at a fixed control mode rather than switch to another control mode during 

operation. However, under some special conditions such as after the faulted section isolation, 

all converters are at standby mode and the master converter cannot resume due to a permanent 

fault, as flexible VSC-based MMC technique, a back-up control mode should be arranged for 

changing the control mode and resuming the unfaulted terminals. For this case, MMC-4 is 

selected to take over the control of the DC voltage and performs as the master converter. A 

comprehensive control and protection sequence is proposed in Figure 5-11 in which the 

control action at each instant and the delay between two sequential actions are presented in 

Table 5-2. 

tt0

Phase 1,2

t1 t4t2 t3 t5 t6 t7 t8 t9 t10

Phase 3 Phase 4 Phase 5

t11
 

Figure 5-11 Comprehensive control and protection sequence under AC fault at MMC-2 AC-

side 
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Table 5-2 Description of the Control and Protection Sequence in Figure 5-11 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 2 s 
Apply the AC fault at the AC-side of 

MMC-2 
 

t2 2.010 s Block MMC-2  An MMC can be blocked as fast as 2-

5 ms. Here a delay of blocking the 

unfaulted-side MMC is considered; 
t3 2.015 s Block the other 3 MMCs 

t4 2.08 s Trip CB2 and CBW, block the OWF 
An AC CB can generally be tripped 

within 60-100 ms ; 

t5 2.14 s Open ISW2 
A DC ISW can be opened when its 

current becomes sufficiently small. 

t6 6 s Change MMC-4 to Vdc control A delay of 2 s is set between two 

sequential control actions. This delay 

can be shortened as long as the system 

reaches a steady condition after the 

former control action. 

t7 8 s Deblock MMC-4 

t8 10 s Deblock MMC-3 

t9 12 s Deblock MMC-1 

t10 17 s Reclose CBW 

The re-integration of the OWF needs a 

stable AC voltage at PCC1. Hence, a 

long delay of 5 s is chosen.  

t11 18 s Deblock the OWF  

 

According to simulation studies, the fault current from the AC-side of MMC-2 increases over 

1.2 p.u. within 10 ms, which is the assumed current threshold. Hence, MMC-2 will be 

blocked at 2.010 s, while the other 3 MMCs are assumed to be blocked with 5 ms delay. The 

comprehensive control and protection sequence shown in Figure 5-11 consists of fault 

isolation, faulted section isolation and recovery of the unfaulted terminals. The detailed 

control actions and the delay between two sequential actions are fully considered after the 
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fault location, and the change of control mode of MMC-4 is included in the recovery of the 

unfaulted terminals. The system state after the recovery of the unfaulted terminals is 

illustrated in Figure 5-12. 

T2

CB2

~

=

T3

CB3

~
=

T1

CBW

PCC1

PCC2

PCC3

T4

CB4

~
=

PCC4

Onshore MMC MTDC

OWF and Offshore MMC

MMC-1 MMC-3

MMC-4

ISW1 ISW1

ISW2

ISW2

ISW3 ISW3

ISW4

ISW4

MMC-2 

blocked

 

Figure 5-12 System state after the recovery of the unfaulted terminals 

5.3.4 Simulation Case Study 

The permanent fault at the AC-side of the master converter is applied at 2 s, the system 

performance using the proposed control and protection sequence in Section 5.3.3 is 

demonstrated in Figure 5-13: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) 

MMC AC-side voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active 

power; (f) reactive power. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 5-13 System performance under an AC fault at the AC-side of MMC-2 using the 

proposed control and protection sequence 
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Control and protection operation is conducted swiftly after the fault occurs to isolate the fault 

and ISW2 is opened when its current decays to zero to isolate the faulted section. Figure 

5-13(a) demonstrates that due to effective isolation of the faulted section, the DC voltage at 

T2 decreases to around 0.73 p.u. after oscillations and the DC voltages at the unfaulted 

terminals are maintained at around 1.1 p.u. after oscillations. When MMC-4 is deblocked at 8 

s after its control mode being changed to DC voltage control, the DC voltage resumes to the 

nominal value and is well stabilised during the recovery period. Figure 5-13(b) shows that the 

DC currents gradually decay to zero instead of injecting into the faulted point, which indicates 

the fault has been completely isolated due to effective control and protection. After the re-

establishment of the DC voltage by T4, the DC currents at the unfaulted terminals smoothly 

resume to the normal operating condition. The performance shown in Figure 5-13(d) and 

Figure 5-13(e) is similar to that of Figure 5-13(b). During the whole process, the MMC AC-

side currents and the active power are both under the nominal value most of the time, except 

that after the fault occurs before the control and protection action, the current at MMC-2 AC-

side has overcurrent and the active power at T2 is over the nominal value. After the faulted 

section isolation, the MMC AC-side current and the active power at the unfaulted terminals 

resume to the normal operating condition at the system recovery stage. Figure 5-13(c) 

demonstrates that due to effective fault isolation, the voltages at the AC-side of MMC-3 and 

MMC-4 are maintained at the nominal values almost without decrease. MMC-1 AC-side 

voltage reduces to a level approaching 0 since the OWF is isolated after the fault occurs and 

the voltage resumes to the nominal value when the OWF is re-integrated into the system. 

Figure 5-13(f) shows that the reactive power oscillations are not significant. The simulation 

results prove the feasibility and effectiveness of the proposed control and protection sequence. 
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5.4 Control and Protection Against Converter-Side AC Fault with the 

Faulted-Side MMC Blocking Failure 

Previous analysis and proposed control and protection sequence in Section 5.2 and Section 

5.3 were established based on the assumption that the faulted-side MMC was blocked 

successfully after the fault occurred. However, this assumption is not necessarily valid, 

especially for the MMC technique [138]. Since there are tens to hundreds of SMs on each 

converter arm and the operation of the SM is independent of each other, different conditions 

of blocking failure could emerge following an AC or DC fault. Some conditions of blocking 

failure may render the proposed control and protection ineffective, that is, the fault isolation is 

not fully achieved. In this section, the proposed control and protection in the previous section 

is named as “basic control and protection”. 

Different conditions of blocking failure are categorised into non-emergency condition and 

emergency condition, according to the system performance with basic control and protection 

after a fault occurs with different blocking failure of the faulted-side MMC. The non-

emergency condition is that the basic control and protection can still effectively isolate the 

fault under the blocking failure of the MMC. However, although the basic control and 

protection is sufficient in the non-emergency conditions, some potential risks may emerge. 

The emergency condition is that the basic control and protection becomes invalid and cannot 

fully isolate the fault under the blocking failure of the MMC. Under the emergency condition, 

a special control and protection scheme is proposed to isolate the fault.  

An MMC could have different conditions of blocking failure: a) whole converter blocking 

failure; b) one converter arm completely fails to be blocked; c) one converter arm partly fails 
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to be blocked such as one/several SMs fails to be blocked; d) other conditions. In the first 3 

conditions, a) is considered to be rare, but it may occur at the communication outage of 

control signals where the whole converter could be completely out of control and fails to be 

blocked. c) is considered to be the most common one, since there are tens to hundreds of SMs 

in one MMC and one or more of them may fail to be blocked.  

The following sub-sections will investigate these 3 conditions. The research emphasis is put 

on determining whether each condition is emergency condition or non-emergency condition 

according to the analysis and real-time simulations, and proposing an effective special control 

and protection scheme for the emergency condition. The fault is applied at the AC-side of 

MMC-1, hence the blocking failure is assumed to occur on MMC-1.  

5.4.1 Whole MMC Blocking Failure 

For a permanent earth fault occurring at the AC-side of MMC-1, the basic control and 

protection strategy is to block MMC-1 and the OWF, trip CBW and open ISW1, according to 

previous analysis. When MMC-1 completely fails to be blocked, the system state at T1 after 

the fault is illustrated in Figure 5-14. 

CBW

PCC1 MMC-1 

ISW1
Tn

OWF 

Blocked

~

=

 

Figure 5-14 System state at T1 after the fault under MMC-1 completely blocking failure 

Since MMC-1 has a complete blocking failure, only the AC system side is isolated after 

tripping CBW, while the DC side is not isolated from the faulted point. Therefore, the current 
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at the DC-side will flow into the faulted point through MMC-1.  

The performance of the AC-side RMS current of MMC-1 under the permanent fault at 2 s 

with MMC-1 complete blocking failure is demonstrated below in Figure 5-15: (a) MMC-1 

AC-side current in RMS value; (b) zoomed proportion of (a). 
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Figure 5-15 Performance of the AC-side RMS current of MMC-1 under MMC-1 AC-side 

fault with MMC-1 complete blocking failure using the basic control and protection sequence 
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Figure 5-15(a) demonstrates that the current at MMC-1 AC-side increases continuously after 

the fault occurring at 2 s due to the complete blocking failure of MMC-1. The fault current 

from MMC-1 AC-side finally increases to around 8 p.u.. It indicates that the fault isolation is 

not achieved. In addition, the IGBTs in MMC-1 may be damaged under such a large 

overcurrent when MMC-1 experiences complete blocking failure. A calculation of the fault 

current is presented in Appendix D for the justification of the simulation result. 

Based on the analysis and simulation results, it can be seen that the fault is not isolated using 

the basic control and protection strategy. Therefore, complete blocking failure of MMC-1 is 

considered to be the emergency condition, necessitating special control and protection. In 

order to protect the IGBTs, the MMCs at the unfaulted terminals will be blocked once the 

failure of the fault isolation is identified. Here the MMCs at the other 3 terminals are blocked 

with 5 ms delay when the fault current at any terminal is detected to be over 1.2 p.u.. 

Figure 5-15(b) shows that the fault current at the AC-side of MMC-1 increases over 1.2 p.u. 

within 8 ms. Hence, the MMCs at the unfaulted terminals are assumed to be blocked with 5 

ms delay at 2.013 s. However, due to the unilateral conductive characteristics of diodes, the 

current at the AC side can still feed into the DC grid. Therefore, the CBs at the unfaulted 

terminals need to be tripped to achieve the fault isolation. The current system status with the 

special control and protection strategy is illustrated in Figure 5-16. 
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Figure 5-16 System status with special control and protection to achieve the fault isolation 

Since all the CBs have been tripped, there is no power source feeding into the DC grid and the 

DC currents will gradually decay to 0. ISW1 will be opened when the DC current at T1 

becomes sufficiently small to achieve the faulted section isolation. In the simulation, ISW1 is 

opened at current-crossing-zero point. The current system state is illustrated in Figure 5-17. 
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Figure 5-17 System state with special control and protection to achieve the faulted section 

isolation 

The special control and protection sequence for the fault isolation and the faulted section 

isolation is illustrated in Figure 5-18. Table 5-3 presents the control action at each instant and 

the delay between two sequential control actions. 
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t

Phase 1,2 Phase 3 Phase 4

t0 t1 t4t2 t3
 

Figure 5-18 Special control and protection sequence for the fault isolation and faulted section 

isolation under AC fault at MMC-1 AC-side with complete blocking failure of MMC-1 

Table 5-3 Description of the Control and Protection Sequence in Figure 5-18 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 2 s 
Apply the AC fault at the AC-side of 

MMC-1 
 

t2 2.013 s Block MMC-2, MMC-3 and MMC-4 

An MMC can be blocked as fast as 2-5 

ms. Here a delay of blocking the 

unfaulted-side MMC is considered; 

t3 2.08 s 
Trip CBW, block the OWF, trip CB2, 

CB3, CB4 

An AC CB can generally be tripped 

within 60-100 ms; 

t4 2.124 s Open ISW1 
A DC ISW can be opened when its 

current becomes sufficiently small. 

 

Using the proposed special control and protection sequence, the system performance is 

demonstrated in Figure 5-19: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) 

MMC AC-side voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active 

power; (f) reactive power. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 5-19 System performance under an MMC-1 AC-side fault with complete blocking 

failure of MMC-1 using the proposed special control and protection 
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Figure 5-19(a) demonstrates that due to effective control and protection, the DC voltages 

decrease to 0 and no significant oscillations emerge at T1. Figure 5-19(b) shows that the DC 

currents start to decrease when the AC circuit breakers are tripped at 2.08 s and finally decay 

to 0. However, the DC overcurrent at T1 after the fault is large and increases to around 6 p.u., 

which is considered as a potential risk. Figure 5-19(c) shows that the MMC AC-side voltages 

decrease to 0 after the control and protection action. Figure 5-19(d) demonstrates that MMC-1 

AC-side current starts to decrease after ISW1 is open and finally decays to 0. Although the 

overcurrent at MMC-1 AC-side is still large using the special control and protection, the 

current surge is smaller than that in Figure 5-15  using the basic control and protection. Figure 

5-19(e) shows that the active power at each terminal decreases to 0 with almost no oscillations. 

Figure 5-19(f) shows that the reactive power at each terminal increases after the fault occurs 

and decreases to 0 after the control and protection action. 

The analysis and simulation results prove that the special control and protection strategy can 

effectively isolate the fault and faulted section. However, potential risks of overcurrent at the 

AC-side and DC-side of MMC-1 with complete blocking failure still exist. 

After the faulted section isolation, the unfaulted terminals can resume operation. The 

emphasis of this section is put on the special control and protection strategy for the fault 

isolation and the faulted section isolation under the emergency condition. The recovery of the 

unfaulted terminals after the faulted section isolation is not discussed in this section. In the 

next chapter, control and protection against DC faults will be investigated and particular 

attention will be paid on the system recovery after the faulted section isolation. The proposed 

control and protection strategy and sequence at the system recovery stage can also be applied 

for the case in this section, since both system states after the faulted section isolation is 
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similar.  

5.4.2 One Converter Arm Complete Blocking Failure 

In this section, one arm of MMC-1 has complete blocking failure after the fault occurs is 

investigated. This condition, in comparison with whole blocking failure of MMC-1, is less 

severe. When one arm of MMC-1 has complete blocking failure, taking the upper arm of 

Phase A as an example, the current system status at T1 is illustrated in Figure 5-20. 
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Figure 5-20 System status at T1 with one arm complete blocking failure of MMC-1 

In Figure 5-20, BSMn (n = 1,…,6) denotes the SM that is blocked successfully, DSMn (n = 

1,…,6) denotes the SM that has blocking failure or is at deblocking state. 

For those arms that are blocked successfully, the SM capacitors do not have any discharging 

path and can only be charged when the arm current flows through diode D1 and then into the 

faulted point. The arm currents gradually decrease with the SM capacitors being charged and 

they will decrease to zero when the voltage sum of the SM capacitors on one arm equals to 
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the voltage of DC positive-pole and thus stop flowing into the faulted point. Since the upper 

arm of Phase A has complete blocking failure, the SM capacitors on this arm have both paths 

of being charged and discharged. The current from the DC-side can flow into the faulted point 

through either diode D1 or IGBT S2 and cannot be prevented. The performance of the AC-

side RMS current of MMC-1 under the permanent fault at 2 s with one converter arm 

complete blocking failure of MMC-1 is demonstrated below in Figure 5-21. 

 
                                                        Time (s) 

Figure 5-21 Performance of the AC-side RMS current of MMC-1 under the fault with MMC-

1 one arm complete blocking failure using the basic control and protection sequence 

The current at MMC-1 AC-side continuously increases to around 4.3 p.u. after the fault 

occurs. It indicates that the blocking failure on the upper arm of Phase A leads to the failure of 

the fault isolation. Since the blocking failure in this case occurs only on one converter arm, 

the condition is less severe than that of the blocking failure of the whole MMC.  

According to the analysis and simulation results, it can be seen that the fault is not 

successfully isolated using the basic control and protection. Hence, it is necessary to apply the 

special control and protection strategy proposed in Section 5.4.1 to achieve the fault isolation 
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and faulted section isolation. 

5.4.3 One Converter Arm Partly Blocking Failure 

In this section, one arm of MMC-1 that has partly blocking failure is investigated. In 

comparison with the previous 2 conditions of blocking failure, the occurrence of this 

condition has a higher possibility. This is because each MMC has numerous SMs and one or 

some of them may experience blocking failure. In order to facilitate analysis, this condition is 

divided into 3 sub-conditions in which blocking failure only occurs on one arm of MMC-1: 1) 

All SMs but one blocking failure; 2) Half SMs blocking failure; 3) One SM blocking failure. 

5.4.3.1 All SMs but one blocking failure 

When the blocking failure occurs on one arm of MMC-1 in which only one SM is blocked 

successfully, the converter status is illustrated in Figure 5-22. 

BSM1

DSM2

DSM6

BSM1

BSM2

BSM6

BSM1

BSM2

BSM6

BSM1

BSM2

BSM6

BSM1

BSM2

BSM6

BSM1

BSM2

BSM6

Vdc

BSMn

D1

D2

…… …… ……

…… …… ……

La La La

La La La

+

+

_

_

C

CBW

PCC1

Tn

OWF 

Blocked

DSMn

D1S1

S2 D2

+

_C

MMC-1  

Figure 5-22 System status at T1 with one arm partly blocking failure of MMC-1 in which 

only 1 SM is blocked successfully 
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For the SM that is blocked successfully, its capacitor is charged when the arm current flows 

from the DC-side into the MMC AC-side and is bypassed when the arm current flows in the 

reversed direction. Hence, the capacitor has no discharging path and can only be charged, 

which is the operating Mode 3 of a SM as explained in Figure 2-6 in Section 2.3.2. The 

capacitor voltage increases gradually and will be finally charged to a value which equals to 

the voltage difference between the DC positive-pole and MMC-1 AC-side. The arm current 

gradually decreases and will finally decays to zero. Hence, the fault isolation is realised 

thanks to the successfully blocked SM. Nevertheless, a potential risk is that the blocked SM 

capacitor is overcharged and has an overvoltage. Since an earth fault occurs at MMC-1 AC-

side, for the sake of simplicity of analysis, the voltage at MMC-1 AC-side can be assumed to 

be 0. Thus, the capacitor voltage of the only one SM which is blocked successfully will be 

charged a value close to the voltage of the DC positive-pole. Taking the upper arm of Phase A 

as an example of having blocking failure in which only one SM is blocked successfully, the 

system performance with basic control and protection is demonstrated in Figure 5-23: (a) 

MMC-1 AC-side current in RMS value; (b) DC voltages of the MTDC; (c) DC currents of the 

MTDC; (d) SM capacitor voltages of the upper arm of Phase A. 
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  (b)                                                  Time (s) 

 
  (c)                                                  Time (s) 

 
  (d)                                                  Time (s) 

Figure 5-23 System performance under an MMC-1 AC-side fault with one arm of MMC-1 

partly blocking failure (1 SM blocked successfully) using the basic control and protection 
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Figure 5-23(a) demonstrates that a small current surge emerges at MMC-1 AC-side after the 

fault occurs and the current gradually decays to 0 after the basic control and protection 

operation. It indicates that the basic control and protection has prevented the MMC-1 DC-side 

current feeding into the faulted point and the fault isolation has been achieved. Figure 5-23(b) 

shows that the DC voltages at the unfaulted terminals return to the nominal value soon after a 

small voltage drop following the fault. The DC voltage at T1 has a voltage spike after the 

fault and then gradually decreases to around 0.75 p.u. with oscillations since one arm of 

MMC-1 has partly blocking failure. In Figure 5-23(c), small current surges can be observed 

following the fault, while the DC currents at the unfaulted terminals do not further inject into 

T1. The DC currents at T3 and T4 return to their nominal values, the DC current at T1 

decreases to 0 after the control and protection action and the DC current at T2 balances the 

loss of the current from T1. Figure 5-23(d) shows that the capacitor voltage of the SM, which 

is the only one blocked successfully on the upper arm of Phase A, is charged to over 3 p.u., 

which is close to the voltage of the DC positive-pole. Although the fault is isolated thanks to 

the SM which is successfully blocked, large overvoltage of the SM capacitor is a potential 

risk. 

Since the capacitors of the successfully blocked SMs can only be charged and have no 

discharging path, the relationship between the capacitor voltage of these SMs and the MMC 

DC-side voltage can be derived as follows: 

 
n

V
V

dcp

SMBLK ,  (5.1) 

where VBLK,SM is the voltage of one of the successfully blocked SMs, Vdcp is the voltage of the 

DC positive-pole, n is the number of successfully blocked SMs. 
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The nominal voltage of a SM under steady-state condition is 

2
n

V

n

V dcpdc  . Therefore, the 

potential risk will emerge if the number of successfully blocked SMs is less than half of the 

SMs on one arm. Since the DC voltage at T1 will oscillate after the fault occurs leading to a 

voltage spike which may be larger than the nominal voltage at the DC positive-pole, there 

may still be small overvoltage on the successfully blocked SMs when half of the SMs are 

blocked successfully. The possibility of the emerging overvoltage will reduce with the 

increase of the number of successfully blocked SMs. 

According to the analysis and simulation results, the condition that the blocking failure occurs 

on one converter arm in which only one SM is successfully blocked is non-emergency 

condition. The basic control and protection can achieve the fault isolation and it is not 

necessary to utilize the special control and protection. However, the successfully blocked SM 

has a potential risk of being overcharged. 

5.4.3.2 Half converter arm blocking failure 

When the blocking failure occurs on one arm of MMC-1 in which half of the SMs are blocked 

successfully, the converter status is illustrated in Figure 5-24. 
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Figure 5-24 System status at T1 with one arm partly blocking failure of MMC-1 in which half 

of the SMs are blocked successfully 

According to the analysis in the previous section, 2 suppositions can be made on the condition 

of blocking failure discussed in this section: 1) the fault isolation can be achieved using the 

basic control and protection operation and this condition is non-emergency condition; 2) 

no/small overvoltage will emerge on the successfully blocked SMs, since half of the SMs on 

this converter arm are successfully blocked. 

Taking the upper arm of Phase A having blocking failure on half of the SMs as an example, 

the system performance using the basic control and protection is demonstrated in Figure 5-25: 

(a) MMC-1 AC-side current in RMS value; (b) DC voltages of the MTDC; (c) DC currents of 

the MTDC; (d) SM capacitor voltages of the upper arm of Phase A. 
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  (d)                                                  Time (s) 

Figure 5-25 System performance under an MMC-1 AC-side fault with one arm of MMC-1 

partly blocking failure (half SMs blocked successfully) using the basic control and protection 

Figure 5-25(a) demonstrates that the current at MMC-1 AC-side soon decays to 0 after a small 

current surge following the fault. It indicates the success of the fault isolation. Figure 5-25(b) 

shows that the DC voltages at the unfaulted terminals are all well maintained after the fault. 

Figure 5-25(c) shows that the DC currents at the unfaulted terminals do not inject into T1 and 

the DC current at T1 decays to 0 after the fault. Figure 5-25(d) demonstrates that due to the 

voltage spikes at MMC-1 DC-side after the fault, there is still small overvoltage emerging on 

the successfully blocked SMs. However, the overvoltage becomes much smaller than that in 

Figure 5-23(d), since the increased voltage is squarely divided by 3 blocked SMs. 

According to the analysis and simulation results, it can be confirmed that this condition of 

blocking failure is non-emergency condition for which the special control and protection is 

not required. However, there is still small overvoltage on the successfully blocked SMs. 

0 2 4 6 8 10
0

1

2

3

p
.u

.

 

 

CV1

CV2

CV3

CV4

CV5

CV6



145 

5.4.3.3 One SM blocking failure 

When the blocking failure occurs on one arm of MMC-1 in which only one SM has blocking 

failure, the converter status is illustrated in Figure 5-26. 
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Figure 5-26 System status at T1 with one arm partly blocking failure of MMC-1 in which 

only 1 SM has blocking failure 

According to the analysis and simulation results in the previous 2 sections, it can be supposed 

that 1) the fault isolation can be achieved using the basic control and protection and this 

condition of blocking failure is non-emergency condition; 2) no overvoltage will emerge on 

the successfully blocked SMs. 

Taking the upper arm of Phase A having the blocking failure on 1 SM as an example, the 

system performance using the basic control and protection is demonstrated in Figure 5-27: (a) 

MMC-1 AC-side current in RMS value; (b) DC voltages of the MTDC; (c) DC currents of the 

MTDC; (d) SM capacitor voltages of the upper arm of Phase A. 
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  (d)                                                  Time (s) 

Figure 5-27 System performance under an MMC-1 AC-side fault with one arm of MMC-1 

partly blocking failure (1 SM blocked unsuccessfully) using the basic control and protection 

Figure 5-27(a) demonstrates that the current at MMC-1 AC-side has a small current surge and 

it soon decays to 0, which indicates the success of the fault isolation. Figure 5-27(b) shows 

that the DC voltages at the unfaulted terminals are well maintained. Figure 5-27(c) shows that 

the DC currents at the unfaulted terminals do not further inject into T1. Figure 5-27(d) 

demonstrates that the SM capacitor voltages have oscillations before the blocking operation. 

After the blocking operation, the voltages of the successfully blocked SMs maintain the 

values at the blocking instant and have no overvoltages. 

According to the analysis and simulation results, this condition of blocking failure is non-

emergency condition which does not need the special control and protection and there is no 

potential risk of overvoltage for the successfully blocked SMs. In the discussed 3 conditions 

of blocking failure, the 3
rd

 condition in which the blocking failure occurs on only 1 SM has 

the highest possibility. However, it has almost no impact on the system performance using the 

basic control and protection. 
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5.4.4 Discussion  

The conditions of blocking failure of the faulted-side MMC discussed in Section 5.4 are all 

assumed the fault occurring at T1. Considering the fault occurring at the other 3 terminals, if 

the condition is non-emergency condition, the physical isolation of the fault and the faulted 

section can be achieved using the basic control and protection proposed in Section 5.2. Under 

the emergency condition, the special control and protection strategy is the same as that 

proposed in Section 5.4.1.  

5.5 Summary 

In this chapter, control and protection against AC faults which occur at the MMC AC-side in 

the MTDC system has been investigated. Two AC fault conditions have been considered 

respectively. The first condition is that an AC fault occurs at one slave terminal, while the 

second condition is that an AC fault occurs at the master terminal.  

For the fault occurring at one slave terminal, control and protection strategy for the fault 

isolation and faulted section isolation has been proposed according to the system fault 

characteristics. Although the control of MMC-3 and MMC-4 has a current limiter, which can 

effectively limit the fault current, the proposed control and protection strategy is necessary to 

physically isolate the permanent AC fault. Also, it is valid and can be regarded as a back-up 

scheme under a transient AC fault when the current limiter does not function or experience 

other emergency conditions. Since the implementation of the fault isolation does not affect or 

interrupt the operation of the unfaulted terminals, there is no operation needed for the system 

recovery.  
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For the fault occurring at the master terminal, control and protection strategy for the fault 

isolation and faulted section isolation has been proposed according to the system fault 

characteristics. However, due to the fact that the implementation of the fault isolation has an 

impact on and interrupts the operation of the unfaulted terminals, the control and protection 

strategy for the system recovery has been analysed and proposed. Based on the proposed 

control and protection strategies, comprehensive control and protection sequences have been 

proposed respectively for both fault conditions. Simulation case studies have been conducted 

using the proposed control and protection sequences and the simulation results have proved 

their effectiveness. 

In the previous studies and most published literature, control and protection against AC faults 

are mostly established under the assumption that the faulted-side MMC can be blocked 

successfully, which is not always necessarily valid. This chapter has investigated 3 different 

conditions of blocking failure on the faulted-side MMC after the fault occurs. It includes: 1) 

the MMC completely fails to be blocked; 2) one converter arm completely fails to be blocked; 

3) one converter arm partly fails to be blocked. According to the analysis and simulation 

results, 1) and 2) have been categorised into emergency condition, necessitating a special 

control and protection to achieve the fault isolation and faulted section isolation. This chapter 

has proposed a special control and protection strategy, which can effectively isolate the fault 

and faulted section. However, potential risks of overcurrent at the AC-side and DC-side of 

MMC-1 still exist due to the serious condition of converter blocking failure. 3) is considered 

to be non-emergency condition in which the basic control and protection action can achieve 

the fault isolation and faulted section isolation. However, if the number of successfully 

blocked SMs is less than half of the SMs on the converter arm, a potential risk that the 

successfully blocked SMs may experience being overcharged has been identified. 
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Since the AC fault investigated in this chapter is permanent, in order to physically isolate the 

fault, the blocking operation of the faulted-side MMC is proposed. However, if it is a transient 

fault or the fault current under a permanent fault can be limited, the blocking operation may 

not be required. Some other approach can be used to ride through the fault. However, it also 

depends on different fault conditions and system fault characteristics, which can be 

investigated in the future. In addition, since the design of the MMC model and the control 

system can affect the system performance, the comparisons of control and protection 

performance between the current simulation model with other models deserve further 

investigation. 
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CHAPTER 6 CONTROL AND PROTECTION OF THE MMC 

MTDC SYSTEM WITH AN OWF AGAINST DC FAULTS 

Control and protection against DC faults in the MMC MTDC system is essential and has 

always been a challenge. This chapter aims to investigate control and protection schemes 

against DC fault conditions. The objectives of this chapter are: 1) to study the system fault 

characteristics under a permanent DC pole-to-pole fault at different locations; 2) to propose 

the corresponding control and protection scheme at the fault isolation and faulted section 

isolation stage according to the fault characteristics; 3) to analyse and propose control and 

protection scheme at the system recovery stage after the faulted section isolation; 4) to 

synthesise the control and protection scheme at every stage and propose a comprehensive 

control and protection sequence. 

6.1 Introduction 

The advantages of the HVDC transmission over HVAC transmission have been generally and 

widely recognised [3]–[4]. There have been ideas of developing HVDC grids. However, one 

important issue that restrains the development and scalability of the HVDC grids is effective 

control and protection against DC faults. 

In Chapter 5, it has been described that a complete process of control and protection against a 

fault generally consists of 5 Phases: Phase 1) fault detection; Phase 2) fault location; Phase 3) 

fault isolation; Phase 4) faulted section isolation; Phase 5) system recovery, as shown in 

Figure 5-1. Similar to the research on AC faults in Chapter 5, the research emphasis of control 

and protection against DC faults is also put from Phase 3 to Phase 5 after the fault location. 
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6.1.1 Comparison between DC Fault Isolation and AC Fault Isolation 

At the fault isolation stage, control and protection against DC faults is much more complex 

than that against AC faults. This is due to the fact that the system fault characteristics after 

AC and DC faults are different [35], [55]. When an AC fault occurs on the AC transmission 

line, normally the AC currents on the AC transmission line have stable zero-crossing points. 

Hence, the corresponding AC circuit breakers can be controlled and tripped when the current 

becomes sufficiently small [35]. This largely reduces the requirement of the AC circuit 

breakers on the mechanical design and manufacturing and their cost. Even if the location of 

an AC fault is beyond the protection range of AC circuit breakers, the fault isolation can 

mostly be achieved by blocking the nearby converter station and the current limiter of the 

converter can also limit the fault current. 

For AC faults, AC circuit breakers are predominantly used for the fault isolation. For DC 

faults, it also intends to use DC circuit breakers to isolate the fault. However, DC currents will 

increase immediately and significantly after a DC fault occurs and they do not have stable 

current-crossing-zero point. Therefore, the technology demand, design and manufacturing 

requirement of the DC circuit breakers and their cost will increase and these have always been 

challenges in developing the DC circuit breakers. The exploit on the DC circuit breakers has 

been popular and attractive among all major HVDC equipment suppliers [26], [111], [113] in 

recent years. Recently, ABB announced that a hybrid DC circuit breaker has been developed 

[111]. However, it has only been demonstrated and tested on the laboratory voltage scale and 

has not been proved to be effective under real high-voltage applications. In addition, its 

expense could be considerable. 
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6.1.2 DC Fault Isolation Schemes 

At present, the control and protection schemes that are widely recognised and approved 

against DC faults are: 1) install and control of hybrid DC circuit breakers; 2) install and 

control of DC-DC converters; 3) use and control of full-bridge/hybrid MMCs; 4) use of half-

bridge MMCs without additional equipment with associated control and protection strategy 

after faults. 

For Scheme 2), the cost of manufacturing high-power high-voltage DC-DC converters is 

considerable. In addition, its control logic is complex and its losses have always been a 

challenge [37]. For Scheme 3), the number of both IGBTs and diodes in a full-bridge MMC 

are double than that in a same scale half-bridge MMC, which increases the complexity of the 

control system and the cost of manufacturing and maintenance. For C-MMC, each SM has 3 

more IGBTs, 5 more diodes and 1 more capacitor than that of the half-bridge MMC. The 

increased number of capacitors in each SM increases the volume of the SM and complexity of 

the control system on balancing the capacitor voltages. In addition, the cost is increased. A 

comparison of the number of electric components used in the half-bridge, full-bridge and C-

MMC is illustrated in Table 6-1 [30] with the assumption that each converter arm has the 

same number of capacitors so that each capacitor is undertaken with the same voltage under 

steady-state. 

When each capacitor is set to undertake same voltage and the number of capacitor on one arm 

of the half-bridge MMC, full-bridge MMC and C-MMC is N, the total number of the IGBTs 

and diodes on one arm of the half-bridge MMC is 2N; the total number of the IGBTs and 

diodes on one arm of the full-bridge MMC is 4N; the total number of the IGBTs and diodes 

on one arm of the C-MMC is 2.5N and 3.5N, respectively, as shown in Table 6-1. 
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Table 6-1 Comparison of the Number of Electric Components between Half-bridge MMC, 

Full-bridge MMC and C-MMC [30] 

No. of components 

on one arm 

Half-bridge 

MMC 

Full-bridge 

MMC 
C-MMC 

Capacitors N N N 

SMs N N 0.5N 

IGBTs 2N 4N 2.5N 

Diodes 2N 4N 3.5N 

 

According to the above analysis, it can be seen that although Scheme 1) − 3) have the 

capability on the DC fault isolation, they have deficiencies of ① requirement of additional 

components; ② increased complexity of control logic; ③ increased losses and cost on the 

additional components and maintenance in comparison with the half-bridge MMC. These 3 

schemes could become applicable in practical applications with the development of 

manufacturing techniques on power electronic devices which lower the losses and cost of the 

components and they may be widely used in the future. However, before these advanced 

schemes become commercially available and viable, some operational control and protection 

schemes should be in place [135]–[136].  

The DC fault isolation investigated in this chapter applies Scheme 4). This scheme does not 

require additional components but needs associated control and protection to achieve the fault 

isolation. In comparison with the other 3 schemes, the deficiencies of this scheme are that the 

associated control and protection has an impact on and needs coordinated control of the 

unfaulted terminals, and has delays during the phase of the system recovery. Nevertheless, it 

is an economically feasible and reliable solution to achieve the fault isolation. Detailed 
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control and protection of Scheme 4) on the fault isolation and faulted section isolation will be 

described in the following sub-sections. 

6.1.3 System Recovery after Faulted Section Isolation 

In this section, apart from the investigation on the DC fault isolation using Scheme 4), the 

control and protection strategy at the system recovery phase will also be comprehensively 

investigated. According to system status after the faulted section isolation of a DC fault, there 

are 3 important issues to be considered at the system recovery phase: 1) when to initiate the 

recovery of the unfaulted terminals; 2) at one of the unfaulted terminals, the sequence 

between deblocking of the MMC and reclosing of the AC circuit breaker; 3) the recovery 

sequence between the unfaulted terminals. Control and protection sequences at system 

recovery phase will be proposed. Synthesising the control and protection sequences at the 

phase of fault isolation, faulted section isolation and system recovery, comprehensive control 

and protection sequences against DC faults will be proposed. 

6.1.4 DC Fault at Different Locations 

Another difficult issue on control and protection against DC faults is that DC fault occurs at 

different locations of the DC grid, which leads to different system fault characteristics. Thus, 

different corresponding control and protection strategy needs to be applied to isolate the fault. 

After the fault isolation and faulted section isolation, the system state is various under 

different fault locations, which leads to different control and protection strategy at system 

recovery phase.  

This chapter investigates 2 DC faults which are both applied as permanent pole-to-pole faults. 

One of them occurs at T1, which is the power regulated terminal and also the OWF integrated 
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terminal, while the other fault occurs at T2, which is the master terminal. Section 6.2 and 

Section 6.3 will investigate these 2 fault conditions respectively. For each fault condition, 

control and protection at the phase of fault isolation, faulted section isolation and system 

recovery will be analysed. Corresponding control and protection strategy will be proposed 

accordingly with comprehensive control and protection sequences proposed. Effectiveness of 

the proposed control and protection sequences will be finally evaluated using RTDS 

simulations. 

6.2 Control and Protection Against the DC Fault at the Power Regulated 

Terminal 

This section investigates control and protection against a DC fault occurring at the power 

regulated terminal. T1, T3 and T4 are all such terminals which import/export active power 

into/from the DC grid. They act as the slave terminals in the MTDC system rather than the 

master terminal. Although the control of MMC-1 is different with that of MMC-3 and MMC-

4 and the direction of the active power transferred of these 3 terminals is not the same, the 

control and protection strategy against a DC fault at T1 can be generally applicable for that 

occurring at T3 or T4. In this section, control and protection is analysed for the DC fault 

occurring at T1.  

6.2.1 Fault Characteristics and Fault Isolation 

When a DC pole-to-pole fault occurs at T1, the direct impact is on the DC-side voltage and 

current. For the DC-side voltage, due to a pole-to-pole short-circuit fault, DC voltages at both 

poles will drop. The DC currents from all terminals will flow into the faulted point leading to 

large overcurrents in the DC grid. Hence, the main task is to prevent the impact of the DC 
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overcurrents after the fault occurs. 

According to previous analysis, the DC current at each terminal will feed into the faulted 

point after the fault occurs. The system current status is illustrated in Figure 6-1. 
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Figure 6-1 DC pole-to-pole fault on DC Cable 1 

The DC fault current increases significantly and speedily and its increase rate is much faster 

than that of the fault current after an AC fault. In order to effectively protect the IGBTs, all 

the MMCs are blocked swiftly. The system state is illustrated in Figure 6-2. 
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Figure 6-2 System state with blocking all MMCs 

Due to the unilateral conductive characteristics of diodes, the currents at the AC-side can still 
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flow into the DC grid through the MMCs. The red line in Figure 6-3 presents the flow of the 

phase currents in a blocked MMC. 

 

Figure 6-3 Current flow in a blocked MMC under the DC fault 

Therefore, in order to isolate the fault, the AC circuit breakers of all the interconnected 

terminals need to be tripped. In the test system, all the AC circuit breakers including CBW 

need to be tripped. The current system status is illustrated in Figure 6-4. 
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Figure 6-4 System status with fault isolation strategy 

The fault isolation is achieved when all the AC circuit breakers are tripped. 

6.2.2 Faulted Section Isolation 

After the fault isolation, there is no source providing power to the faulted point and DC 

currents on the DC cable gradually decay to 0. DC ISW1 will be opened when the current 

becomes sufficiently small to isolate the faulted section. The system status is illustrated in 

Figure 6-5.  
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Figure 6-5 System status after faulted section isolation 
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6.2.3 System Recovery 

Since the process of the faulted section isolation necessitates interrupting the operation of the 

unfaulted terminals, the phase of the system recovery needs to be considered. As for DC 

cables, the possibility of a fault occurring is much lower than that of DC overhead lines [7], 

[148]. However, once a fault occurs on a DC cable, it is mostly a permanent fault. Therefore, 

after the faulted section isolation, the faulted terminal T1 will not resume. Only the unfaulted 

terminlas T2, T3, T4 will be considered at the system recovery phase. Due to the fact that not 

only are all the MMCs blocked during the process of the fault isolation, but all the AC circuit 

breakers are tripped as well, the process of the system recovery needs to consider the 

deblocking of MMCs and reclosing of AC circuit breakers. According to system status after 

the faulted section isolation, there are 3 important issues to be considered at the system 

recovery phase [136]: a) when to initiate the recovery control of the unfaulted terminals; b) at 

one of the unfaulted terminals, the sequence between deblocking of the MMC and reclosing 

of the AC circuit breaker; c) the recovery sequence between the unfaulted terminals. Solutions 

of these 3 issues will form a comprehensive control and protection strategy at the system 

recovery phase and a control and protection scheme is named for this strategy in practical 

applications. The following sub-sections will discuss the 3 issues and describe the control and 

protection scheme. 

a. When to Start the Recovery Control 

After the faulted section isolation by opening ISW1, the DC current on DC Cable 1 decreases 

to 0. However, the DC currents on the other 3 DC cables are still decreasing with oscillations 

and have not completely decayed to 0. If the system resumes immediately after the faulted 

section isolation, large voltage spikes and current surges may emerge. It is more preferable to 
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start the system recovery control when all DC currents completely decay to 0. Hence, at the 

system recovery phase, the system recovery control starts with a delay after the faulted section 

isolation when all DC currents completely decay to 0. 

b. Sequence between Deblocking of MMCs and Reclosing of AC Circuit Breakers 

As for 1 terminal of the unfaulted terminals, its status before the system recovery control is 

that the MMC has been blocked and the AC circuit breaker has been tripped. During the 

process of the system recovery control, it is necessary to consider the issue of the sequence 

between deblocking of the MMC and reclosing of the AC circuit breaker. In order to analyse 

this issue, 4 terminals of the MTDC system are divided into 2 categories: one is the terminal, 

T1, which connects with the OWF and is considered as a terminal with passive AC network, 

since the restart of the OWF necessitates stable terminal voltage which is provided by external 

sources; the other one is the terminals, T2, T3 and T4, which connect with AC voltage 

sources and are considered as terminals with active AC networks, since they have the 

capability of self-restart. The category principle is similar to that in Section 4 analysing the 

system start-up control. 

The terminal with active AC network is analysed first. If the control and protection sequence 

is that the MMC is deblocked prior to the reclosing of the AC circuit breaker, this will bring 3 

problems: 1) Since the AC circuit breaker has not been reclosed, there is no stable AC voltage 

at the PCC. Thus, the dq decoupled control of the MMC cannot work normally; 2) After 

deblocking the MMC, all IGBTs start to operate and are no longer under protection. After 

reclosing the AC circuit breakers, currents will flow through the IGBTs from the AC-side. If 

there are large inrush currents, the IGBTs may be damaged; 3) Since the MMC is deblocked 

prior to the reclosing of the AC circuit breaker, the SM capacitors do not experience the pre-
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charging process after the fault isolation. Hence, the capacitor voltages before deblocking the 

MMC may have large difference with their nominal voltages after the deblocking operation, 

which increases the possibility of current surges after reclosing the AC circuit breakers.  

However, if the control and protection sequence is reversed by reclosing the AC circuit 

breaker prior to the deblocking of the MMC, the above 3 problems may be largely mitigated. 

1) After reclosing the AC circuit breaker, the voltage at the PCC will be stabilised, providing 

the nominal stable AC voltage for the control system of the dq decoupled control. Thus, the 

deblocking of the MMC can work normally afterwards; 2) All the IGBTs are still blocked and 

protected after reclosing the AC circuit breaker. Currents only flow through the diodes before 

deblocking the MMC and have no impact on the IGBTs; 3) After reclosing the AC circuit 

breaker before the deblocking of the MMC, the SM capacitors can have pre-charging process 

after the faulted isolation. The capacitor voltages will be charged and rise to a stable value 

which minimises the voltage difference before and after deblocking the MMC and thus 

reduces the current surges when deblocking the MMC. Therefore, for the terminal with active 

AC network, the AC circuit breaker should be reclosed prior to the deblocking of the MMC. 

For the terminal with a passive AC network, T1, the power source of the AC network is the 

OWF, the start-up of which requires a stable terminal voltage. Hence, one operation principle 

of CBW is that CBW will not be close/reclosed until the AC voltage at PCC1 is nominally 

established and well stabilised. The AC voltage at PCC1 is stabilised by the inverting control 

of MMC-1 which inverts the DC voltage at its DC-side. Therefore, for T1, MMC-1 is 

deblocked when the DC voltage is well stabilised prior to the reclosing of CBW, and the 

OWF is deblocked in the end. However, in this case, since the DC fault occurs at T1 and is 

permanent, the recovery of T1 will not be implemented. 
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c. Recovery Sequence of Each Terminal 

For the MTDC system, the resume of T1 requires stable AC voltage at PCC1, which is 

inverted from the DC voltage at the DC-side of MMC-1, while a stable DC voltage is 

obtained from the control of the MMCs with active AC networks. Therefore, the terminals 

with active AC networks are selected to resume prior to the terminal with a passive network. 

For the terminals with active AC networks, T2 resumes firstly establishing the DC voltage for 

the DC grid; T3 and T4 will resume in sequence after the resume of T2. Therefore, the general 

recovery sequence of the MTDC is T2, T3, T4, T1. In this case, since T1 does not resume, the 

recovery sequence is T2, T3, T4. 

d. DARC Scheme 

According to the discussion on the above 3 issues, a comprehensive control and protection 

strategy at the system recovery phase after the faulted section isolation is proposed as follows: 

1) The system recovery control starts with a delay when all the DC currents on the DC 

grid have completely decayed to 0 after the faulted section isolation; 

2) The terminals with active AC networks resume prior to the resume of the terminal 

with a passive AC network; 

3) For the terminals with active AC networks, the master terminal with DC voltage 

control resume prior to the terminals with active power control; 

4) For each terminal with an active AC network, the AC circuit breaker is reclosed prior 

to the deblocking of the MMC; 

5) For the terminal with a passive AC network, the MMC is deblocked prior to the 

reclosing of the AC circuit breaker. 
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When the control and protection strategy is deployed in practical applications, it is generally 

named as a control and protection scheme. The control and protection scheme at the system 

recovery phase is named as Delayed-Auto-Re-Configuration (DARC) scheme. The name of 

the scheme is explained as follows: 

Delayed: As the analysis in Section a, the currents on the DC grid completely decay to 0 with 

a delay after the faulted section isolation. The system recovery control will start 

after the delay; 

Auto: After the analysis of the above 3 issues, the control and protection strategy at the 

system recovery phase has been proposed. Based on the proposed control and 

protection strategy, a comprehensive control and protection sequence can be 

proposed to realise the automatic recovery control of the unfaulted terminals in 

practical applications; 

Re-Configuration: For DC grids with DC cable models, faults are predominately 

permanent. Hence, the recovery of the unfaulted terminals necessitates a re-

configuration of the original system. In this case, the original 4-terminal system will 

be finally re-configured into a 3-terminal system. 

Figure 6-6 illustrates the process of the DARC scheme. 



165 

Delay until all the DC currents 

have decayed to zero

Activate Auto-Re-Configuration

Start the master terminal first and 

the slave terminals afterwards

Start the terminals with 

active AC networks

Fault isolation complete?

Reclosing the AC CB 

first and deblocking 

the MMC afterwards

For each 

terminal

For each 

terminal Deblocking the MMC 

first and reclosing the 

AC CB  afterwards

Start the terminals with 

passive AC networks

Yes

 

Figure 6-6 Process of DARC scheme 

6.2.4 Control and Protection Sequence 

Combining the control and protection strategy at the fault isolation phase with that at the 

system recovery phase, a comprehensive control and protection sequence is proposed in 

Figure 6-7.  

tt0

Phase 1,2

t1 t4t2 t3 t5 t6 t7 t8 t9 t10

Phase 3 Phase 4 Phase 5

 

Figure 6-7 Comprehensive control and protection sequence under DC fault on DC Cable 1 
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According to simulation studies, the DC fault current at T1 increases over 1.2 p.u., which is 

the assumed current threshold, within 2 ms. Since IGBTs in an MMC can normally be 

blocked within 2-5 ms after the fault occurs [22], [35], [55], [147], it is assumed that the 

MMCs are blocked within 2 ms. The AC circuit breaker is assumed to be tripped within 80 

ms after the fault. Table 6-2 describes the control action at each instant and the time delay 

between 2 sequential actions. 

Table 6-2 Description of the Control and Protection Sequence in Figure 6-7 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 4 s Apply the DC fault on DC Cable 1  

t2 4.002 s Block all MMCs 
An MMC can be blocked as fast as 2-5 

ms [35], [55], [147]; 

t3 4.08 s 
Trip all AC CBs and CBW, block the 

OWF 

An AC CB can generally be tripped 

within 60-100 ms [35], [55], [147]; 

t4 10.7 s Open ISW1 
A DC ISW can be opened when its 

current becomes sufficiently small. 

t5 14.7 s Reclose CB2 

A delay of 2 s is set between two 

sequential control actions. This delay 

can be shortened as long as the system 

reaches a steady condition after the 

former control action. 

t6 16.7 s Deblock MMC-2 

t7 18.7 s Reclose CB3 

t8 20.7 s Deblock MMC-3 

t9 22.7 s Reclose CB4 

t10 24.7 s Deblock MMC-4 

 

The comprehensive control and protection sequence includes the phase of fault isolation, 

faulted section isolation and system recovery. The system state after the recovery of the 

unfaulted terminals is illustrated in Figure 6-8. 
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Figure 6-8 System state after the recovery of the unfaulted terminals 

Figure 6-8 shows that after the complete control and protection action, the faulted section has 

been effectively isolated and the 4-terminal system is finally reconfigured into a 3-terminal 

system. 

6.2.5 Simulation Case Study 

The system performance using the proposed control and protection sequence is demonstrated 

in Case A. In Case B, the control and protection sequence at the phase of fault isolation and 

faulted section isolation applied is the same as that in Case A, while a different control and 

protection sequence at the system recovery phase is used. 

6.2.5.1 Case A 

The fault is applied at 4 s on DC Cable 1 as a permanent pole-to-pole fault. The system 

performance using the proposed control and protection sequence in Section 6.2.4 is 

demonstrated in Figure 6-9: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) 

MMC AC-side voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active 

power; (f) reactive power. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 6-9 System performance under an DC fault on DC Cable 1 using proposed control and 

protection sequence 
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Figure 6-9(a) demonstrates that the DC voltages drop after the fault isolation with no 

significant oscillations. The system recovery control starts at 14.7 s. The DC voltage of the 

MTDC is established by MMC-2 and is well maintained afterwards. DC overcurrent can be 

observed after the fault in Figure 6-9(b). Due to effective fault isolation, DC currents at 4 

terminals gradually decrease and completely decay to 0 at around 14.7 s. During the system 

recovery phase, DC currents at the unfaulted terminals resume smoothly with small current 

surges. Figure 6-9(c) demonstrates that due to effective fault isolation, MMC AC-side 

voltages decrease to 0 with no significant oscillations. During the system recovery phase, the 

MMC AC-side voltages at T2, T3, T4 resume stably in sequence. Figure 6-9(d) shows that 

during the system recovery phase, the MMC AC-side currents at T2, T3, T4 resume in 

sequence with small current surges, which are all smaller than 1 p.u.. Due to effective fault 

isolation, the active power at each terminal soon decreases to 0 after the fault as shown in 

Figure 6-9(e). The active power of the unfaulted terminals starts to resume at 14.7 s and 

resume in sequence smoothly. Figure 6-9(f) shows that due to effective control and protection 

action, only small oscillations of reactive power emerge during the whole process. 

Therefore, the simulation results prove the effectiveness of the proposed control and 

protection sequence. The fault and the faulted section are effectively isolated. The unfaulted 

terminals resume operation smoothly thanks to the effective DARC scheme. 

6.2.5.2 Case B 

In order to demonstrate the usefulness of the DARC scheme and the importance of the control 

and protection sequence at the system recovery phase, a comparison case study is conducted. 

In this case, the recovery sequence of the unfaulted terminals is T3, T4, T2, while the control 

and protection sequence at the phase of fault isolation and faulted section isolation is the same 
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as that in Case A. Detailed control and protection sequence is presented in Figure 6-10. Table 

6-3 describes the control action at each instant and the delay between 2 sequential actions. 

tt0

Phase 1,2

t1 t4t2 t3 t5 t6 t7 t8 t9 t10

Phase 3 Phase 4 Phase 5

 

Figure 6-10 Different control and protection sequence under DC fault on DC Cable 1 

Table 6-3 Description of the Control and Protection Sequence in Figure 6-10 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 4 s Apply the DC fault on DC Cable 1  

t2 4.002 s Block all MMCs 
An MMC can be blocked as fast as 2-

5 ms; 

t3 4.08 s 
Trip all AC CBs and CBW, Block the 

OWF 

An AC CB can generally be tripped 

within 60-100 ms; 

t4 10.7 s Open ISW1 
A DC ISW can be opened when its 

current becomes sufficiently small; 

t5 14.7 s Reclose CB3 

A same delay of 2 s is set between 

two sequential control actions. 

However, the recovery sequence of 

each terminal becomes T3, T4, T2. 

t6 16.7 s Deblock MMC-3 

t7 18.7 s Reclose CB4 

t8 20.7 s Deblock MMC-4 

t9 22.7 s Reclose CB2 

t10 24.7 s Deblock MMC-2 

 

The system performance using the above control and protection sequence is demonstrated in 

Figure 6-11: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) MMC AC-side 

voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active power; (f) 
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reactive power. 
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  (d)                                                  Time (s) 

 
  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 6-11 System performance under an DC fault on DC Cable 1 using a different control 

and protection sequence at the system recovery phase 
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Due to the fact that the control and protection sequence at the phase of fault isolation and 

faulted section isolation is the same as that in Case A, the following discussion only focuses 

on the system performance at the system recovery phase. Figure 6-11(a) demonstrates that DC 

voltages resume to the nominal state at 24.7 s. However, the voltage oscillations are more 

significant than those in Figure 6-9(a), since the DC voltage has not been completely 

established until the resume of T2. Large fluctuations and inrush currents can be observed in 

Figure 6-11(b), particularly at 20.7 s when MMC-4 is deblocked. However, in Figure 6-9(b), 

the recovery of the DC currents is smooth and stable. This is because of the control and 

protection sequence at the system recovery phase: In this case, T3 and T4, which are both 

power regulated terminals, which resume prior to the resume of the DC voltage controlled 

terminal, T2. That is to say, the resume of active power occurs when the DC voltage has not 

been completely established at the nominal condition. Large overcurrents at MMC AC-side 

can be observed in Figure 6-11(d), particularly at the instant when MMC-4 and MMC-2 are 

deblocked, since T3 and T4 resume prior to the resume of T2. In comparison with the 

performance shown in Figure 6-9(e), large oscillations of the active power are shown in 

Figure 6-11(e). The most significant oscillations emerge at 24.7 s when T2 resumes. This is 

because the resume of T2 is affected by T3 and T4, which have both resumed and transferred 

power in the DC grid under the condition that the DC voltage has not been nominally 

established.  

Therefore, from the comparisons of the system performance between Case A and Case B, it 

can be seen that the proposed DARC scheme is more appropriate and can resume the system 

in a smooth and stable manner. 

Control and protection investigated in this section is for DC faults which occur at one of the 
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slave terminals. The analysis is carried out taking a fault occurring at T1 as an example. When 

the faults at T3 or T4, which are also slave terminals, the proposed control and protection 

strategy can also be applicable and the proposed control and protection sequence can be 

similarly applied. 

6.3 Control and Protection Against the DC Fault at the Master Terminal 

This section investigates control and protection against a DC fault occurring at the master 

terminal, T2, which maintains the DC voltage of the MTDC. When a fault occurs at this 

terminal, the process of control and protection becomes more complex, especially during the 

system recovery phase. Similar to that in the previous section, the DC fault is also applied as a 

permanent pole-to-pole fault. 

6.3.1 Fault Characteristics and Fault Isolation 

When the fault occurs on DC Cable 2, DC voltages at both poles will drop and DC currents 

will flow into the faulted point. If there is no associated control and protection operation 

applied, currents will continue flowing into the faulted point from all adjacent AC network 

through the MMCs. The system fault characteristics are similar to those analysed in Section 

6.2.1 when the fault occurs on DC Cable 1. The current system status is illustrated in Figure 

6-12. 
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Figure 6-12 DC pole-to-pole fault on DC Cable 2 

The fault isolation strategy is similar to that applied in Section 6.2.1. Firstly, all MMCs are 

swiftly blocked to protect the IGBTs and the MMCs become uncontrolled rectifier with diode 

bridge. Since the fault occurs on the DC grid, the currents on the AC networks can still flow 

to the DC-side through the diodes. Hence, the AC circuit breakers including CBW at all 

adjacent terminals need to be tripped to isolate the fault. The OWF is blocked at the same 

instant when CBW is tripped. The system state is illustrated in Figure 6-13. 
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Figure 6-13 System state with fault isolation strategy 

The fault isolation is achieved when all AC circuit breakers are tripped.  
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6.3.2 Faulted Section Isolation 

After the fault isolation, DC currents on the DC grid start to decrease and DC ISW2 is opened 

when the current becomes sufficiently small to isolate the faulted section. The faulted section 

isolation strategy is also similar to that applied in Section 6.2.2. The current system state is 

illustrated in Figure 6-14. 
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Figure 6-14 System state after the faulted section isolation 

6.3.3 System Recovery 

Since the fault occurs at T2 and is permanent, T2 will not resume after the faulted section 

isolation. Similar to those in Section 6.2.3, the same 3 issues are considered during the system 

recovery phase. Based on the solutions of these issues, a DARC scheme can be formed for the 

system recovery control. 

a. When to Start the Recovery Control 

After DC ISW2 being opened, the DC current on DC Cable 2 becomes 0. However, the DC 

currents on the other 3 DC cables are still decreasing without completely decaying to 0. 

Similar to the solution in Section 6.2.3a, the system recovery control will start when all DC 
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currents in the MTDC grid have completely decayed to 0, so as to reduce the voltage spikes 

and current surges during the recovery process. 

b. Sequence between Deblocking of MMCs and Reclosing of AC Circuit Breakers 

According to the discussion in Section 6.2.3b, for the terminals with active AC networks, T3 

and T4, the AC circuit breaker is reclosed prior to the deblocking of the MMC; for the 

terminal with a passive AC network, T1, MMC-1 is deblocked prior to the reclosing of the 

AC circuit breaker, CBW. The OWF is deblocked in the end after the reclosing of CBW. 

c. Recovery Sequence of Each Terminal 

According to the discussion in Section 6.2.3c, the terminals with active AC networks resume 

prior to the resume of the terminal with a passive AC network. Among the terminals with 

active AC networks, the terminal with DC voltage control resume prior to the terminal with 

active power control. However, in this case, the DC voltage controlled terminal, T2, will not 

resume due to the permanent fault. Hence, if the unfaulted terminals are required to resume, 

one of the active power controlled terminals, T3 and T4, needs to take over the control of DC 

voltage. In this case, T4 is selected to switch the control mode from active power control to 

DC voltage control. Therefore, the recovery sequence of the unfaulted terminals is T4, T3, T1. 

d. DARC Scheme 

Based on the discussions on the above 3 issues, a comprehensive control and protection 

strategy at the system recovery phase can be proposed under the DC fault at the master 

terminal. The proposed strategy has 5 principles in which 1), 2), 4), 5) are identical to those 

proposed in Section 6.2.3d and only 3) needs to be modified. 
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3) For the terminals with active AC networks, the master terminal with DC voltage 

control resume prior to the terminals with active power control; when the master 

terminal cannot resume, one of the terminals with active power control needs to switch 

control mode to take over the DC voltage control and resume prior to the resume of 

the other terminals; 

As described in Section 6.2.3d, when this strategy is deployed in real applications, it is called 

a DARC scheme. Compared with the former DARC scheme, this scheme has a modification 

and can be called a modified DARC scheme, the process of which is illustrated in Figure 6-15.  
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Figure 6-15 Process of modified DARC scheme 

The application of the modified DARC scheme may require one terminal to switch control 

mode during the system reconfiguration process. This is because master-slave control is 

applied and the fault occurs at the master terminal and is permanent. In order to resume the 

unfaulted terminal, the switching of control mode is inevitable. 
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6.3.4 Control and Protection Sequence 

Combining the control and protection strategy at the phase of fault isolation, faulted section 

isolation and system recovery, a comprehensive control and protection sequence against the 

DC fault at the master terminal is proposed in Figure 6-16.  

tt0

Phase 1,2

t1 t4t2 t3 t5 t6 t7 t8 t9 t10

Phase 3 Phase 4 Phase 5

t11 t12

 

Figure 6-16 Comprehensive control and protection sequence under DC fault on DC Cable 2 

According to simulation studies, the DC fault current at T1 increases over 1.2 p.u., which is 

the assumed current threshold, within 2 ms. Hence, MMCs are assumed to be blocked within 

2 ms. The AC circuit breaker is assumed to be tripped within 80 ms after the fault. Table 6-4 

describes the control action at each instant and the delay between 2 sequential actions.  

Table 6-4 Description of the Control and Protection Sequence in Figure 6-16 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 4 s Apply the DC fault on DC Cable 2  

t2 4.002 s Block all MMCs 
An MMC can be blocked as fast as 2-5 

ms; 

t3 4.08 s 
Trip all AC CBs and CBW, block the 

OWF 

An AC CB can generally be tripped 

within 60-100 ms; 

t4 4.17 s Open ISW2 
A DC ISW can be opened when its 

current becomes sufficiently small; 

t5 8.17 s 
Change control mode of MMC-4 to DC 

voltage control 

A delay of 2 s is set between two 

sequential control actions. This delay 
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t6 10.17 s Reclose CB4 
can be shortened as long as the system 

reaches a steady condition after the 

former control action. 
t7 12.17 s Deblock MMC-4 

t8 14.17 s Reclose CB3 

t9 16.17 s Deblock MMC-3 

t10 18.17 s Deblock MMC-1 

t11 24.17 s Reclose CBW 

The re-integration of the OWF needs a 

stable AC voltage at PCC1. Hence, a 

long delay of 6 s is chosen.  

t12 25.17 s Deblock OWF  

 

The proposed control and protection sequence consists of the fault isolation, faulted section 

isolation and system recovery, in which the switching of control mode of T4 is included. The 

system status after the resume of the unfaulted terminals is illustrated in Figure 6-17. 
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Figure 6-17 System state after the recovery of the unfaulted terminals 

Figure 6-17 shows that with the proposed control and protection strategy, the faulted section 

is effectively isolated. Although the master terminal cannot resume after the faulted section 

isolation, with effective adjustment of control mode of T4, the resume of the unfaulted 
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terminals is achieved and the system will be finally reconfigured into a 3-terminal system. 

6.3.5 Simulation Case Study 

The system performance using the proposed control and protection sequence is demonstrated 

in Case A. In Case B, a control and protection scheme for the MTDC system with coordinated 

droop control is discussed and a corresponding control and protection sequence is proposed.  

6.3.5.1 Case A 

The fault is applied at 4 s on DC Cable 2 as a permanent pole-to-pole fault. The system 

performance using the proposed control and protection sequence in Section 6.3.4 is 

demonstrated in Figure 6-18: (a) DC voltages of the MTDC; (b) DC currents of the MTDC; (c) 

MMC AC-side voltages in RMS value; (d) MMC AC-side currents in RMS value; (e) active 

power; (f) reactive power. 
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  (e)                                                  Time (s) 

 
  (f)                                                  Time (s) 

Figure 6-18 System performance under an DC fault on DC Cable 2 using proposed control 

and protection sequence 

Figure 6-18(a) demonstrates that DC voltages drop to around 0.25 p.u. after the fault isolation. 

According to Table 6-4, the system recovery control starts at 8.17 s and the control mode of 

T4 is switched to DC voltage control. At 10.17 s, T4 resumes and then establishes the DC 

voltage of the MTDC, which is well stabilised afterwards. Figure 6-18(b) shows that current 

surges emerge at the MMC DC-side after the fault, but they soon decrease due to effective 

fault isolation operation. During the system recovery stage, the unfaulted terminals resume 

smoothly with small current surges. Figure 6-18(c) shows that due to effective fault isolation, 
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MMC AC-side voltages decrease gradually with no significant oscillations. During the system 

recovery phase, T4, T3, T2 resume nominal operating condition in sequence. Figure 6-18(d) 

shows that no overcurrent emerges at MMC AC-side with the fault isolation strategy. During 

the system recovery phase, AC-sides of MMC-4, MMC-3, MMC-2 resume stable current 

transfer in sequence. Figure 6-18(e) demonstrates that due to effective control and protection 

strategy, the active power of the MTDC decreases to 0 after the fault with almost no 

oscillations. During the system recovery stage, T4, T3, T2 resume normal power transfer in 

sequence. Figure 6-18(f) shows small oscillations of reactive power during the whole process. 

The simulation results justify the proposed control and protection sequence, which achieves: 

effective fault isolation and faulted section isolation, effective adjustment of the control mode 

of T4 to realise stable and smooth resume of the unfaulted terminals. 

6.3.5.2 Case B 

In order to present the control and protection sequence for the MTDC system with 

coordinated droop control under the same DC fault and the corresponding system 

performance, in this case, the MTDC system applies droop control rather than master-slave 

control. Due to the fact that droop control mode includes information of both the active power 

and the DC voltage, and will adjust the reference of active power depending on the change of 

the measured DC voltage, the terminals with droop control have the ability to support DC 

voltage. Therefore, the switching of control mode is not necessary and is avoided at the 

system recovery phase. In this case, MMC-1 uses the original constant AC voltage control, 

while voltage droop is used by MMC-2, MMC-3 and MMC-4. 

When the same DC fault occurs at T2, the control and protection sequence is proposed in 
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Figure 6-19. Table 6-5 describes the control action at each instant and the delay between 2 

sequential actions. 

tt0

Phase 1,2

t1 t4t2 t3 t5 t6 t7 t8 t9 t10

Phase 3 Phase 4 Phase 5

 
Figure 6-19 Control and protection sequence under DC fault on DC Cable 2 with the MTDC 

using voltage droop control 

Table 6-5 Description of the Control and Protection Sequence in Figure 6-19 

tn Time Description Comment 

t0 0 s System under normal operation  

t1 4 s Apply the DC fault on DC Cable 2  

t2 4.002 s Block all MMCs 
An MMC can be blocked as fast as 2-

5 ms; 

t3 4.08 s 
Trip all AC CBs and CBW, block the 

OWF 

An AC CB can generally be tripped 

within 60-100 ms; 

t4 4.2 s Open ISW2 
A DC ISW can be opened when its 

current becomes sufficiently small; 

t5 8.2 s Reclose CB3 

A delay of 2 s is set between two 

sequential control actions. This delay 

can be shortened as long as the 

system reaches a steady condition 

after the former control action. 

t6 10.2 s Deblock MMC-3 

t7 12.2 s Reclose CB4 

t8 14.2 s Deblock MMC-4 

t9 16.2 s Deblock MMC-1 

t10 22.2 s Reclose CBW 

The re-integration of the OWF needs 

a stable AC voltage at PCC1. Hence, 

a long delay of 6 s is chosen.  

t11 23.2 s Deblock the OWF  
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It can be seen that the resume of the unfaulted terminals starts at 8.2 s by directly resuming T3 

without switching control mode of any terminal in prior. The system state after the resume of 

the unfaulted terminals is the same as Figure 6-17. 

A real-time simulation is conducted on the RTDS using the control and protection sequence in 

Figure 6-19 and the system performance is demonstrated in Figure 6-20: (a) DC voltages of 

the MTDC; (b) DC currents of the MTDC; (c) MMC AC-side voltages in RMS value; (d) 

MMC AC-side currents in RMS value; (e) active power; (f) reactive power. 
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  (f)                                                  Time (s) 

Figure 6-20 System performance with droop control mode under an DC fault on DC Cable 2 

using proposed control and protection sequence 

It can be seen that with the addition of droop control, the resume of the unfaulted terminals 

and the reconfiguration of the MTDC system is achieved and become simpler without the 

need of switching control mode. However, the control and protection sequence used here 

cannot be applied for the MTDC system with master-slave control. The test system uses 

master-slave control and the control and protection sequence becomes complex when a fault 

occurs at the master terminal, but the control and protection sequence can be regarded as a 

feasible and back-up solution, which has a wide range of applicability. Nevertheless, both 

control and protection sequences proposed could be beneficial for practical engineering. 

Considering the fact that the MTDC system with master-slave control may have the potential 

risk of having complex process of control and protection, such as switching of control mode, 

under fault conditions at the master terminal, it is suggested that both AC-side and DC-side of 

the master terminal has strong networks with low rate of fault. Otherwise, the coordinated 

droop control is more favourable in MTDC applications. 
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6.4 Summary 

In this chapter, control and protection against a permanent DC pole-to-pole fault has been 

investigated. 2 different fault conditions: one is that the fault occurs at one slave terminal, 

while the other one is that the fault occurs at the master terminal, have been investigated 

respectively. For the fault occurring at one of the slave terminals, the control and protection 

strategy at the phase of fault isolation and faulted section isolation has been proposed 

according to the system fault characteristics. After the faulted section isolation, 3 main issues 

have been discussed for the control and protection strategy at the system recovery phase. They 

are: 1) when to start the resume of the unfaulted terminals; 2) for each of the unfaulted 

terminals, what is the control sequence between deblocking of the MMC and reclosing of the 

AC circuit breaker; 3) for the MTDC system, what is the recovery sequence of each terminal. 

The solution of them have been proposed as: 1) the resume of the unfaulted terminals will 

start when all DC currents on the DC grid have completely decayed to 0; 2) for the terminal 

with an active AC network, the AC circuit breaker is reclosed prior to the deblocking of the 

MMC; for the terminal with a passive AC network, the MMC is deblocked prior to the 

reclosing of the AC circuit breakers; 3) the terminals with active AC networks resume prior to 

the terminal with a passive AC network; for the terminals with active AC networks, the 

master terminal resumes prior to the slave terminals. Based on these solutions, a practical 

DARC scheme for the system recovery control has been proposed. Combining the DARC 

scheme and the control and protection strategy at the phases of fault isolation and faulted 

section isolation, a comprehensive control and protection sequence has been proposed. The 

effectiveness of the proposed control and protection sequence has been proved by real-time 

simulations. The discussion and case studies were conducted taking the fault occurring at T1 

as example. Since T1, T3, T4 are all slave terminals regulating the active power, the proposed 
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control and protection sequence can be similarly applied. 

For the fault occurring at the master terminal, similarly, according to the system fault 

characteristics, the control and protection strategy for the fault isolation and faulted section 

isolation has been proposed. It has been found that the control and protection strategy at these 

phases is similar to that for the former fault condition. However, the control and protection 

strategy at the system recovery phase is different, since the master terminal cannot resume due 

to the fault location, leading to the absence on the DC voltage control. In order to resume the 

unfaulted terminals, one of the terminals with active power control needs to switch control 

mode to take over the DC voltage control. Combining the former DARC scheme, a modified 

DARC scheme has been proposed for the system recovery under the DC fault at the master 

terminal. A comprehensive control and protection sequence has been formed and verified by 

real-time simulation results. 

Due to the fact that the introduction of the coordinated droop control can avoid the switching 

of control mode during the system recovery phase, the control and protection strategy has 

been discussed with detailed control and protection sequence proposed. A simulation case 

study has proved its effectiveness. It has been observed that the control and protection 

sequence becomes simpler thanks to the use of voltage droop control. In addition, if ac AC 

fault occurs at the AC-side of MMC-2, which was discussed in Section 5.3, the fault can be 

isolated without interrupting the adjacent terminals with the use of droop control. However, 

the control and protection strategy for the MTDC with droop control cannot fully be applied 

for the MTDC system with master-slave control. The proposed control and protection for the 

MTDC system with master-slave control can be regarded as a feasible and back-up solution, 

which has a wide application range, which may be valuable for industrial applications. 
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Nevertheless, master-slave control is more suitable for the MTDC system which has a strong 

master terminal with low failure rates such as cable model. Otherwise, droop control has more 

advantages and is more favourable in the MTDC applications. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

As the final chapter of this thesis, conclusions of the main work and research outcomes are 

presented. Based on the work that has been accomplished, future work that deserves further 

research and study is suggested. 

7.1 Conclusions  

Due to environmental concerns and the potential shortage of conventional energy, the 

development of renewable energy has drawn more and more attention. In the utilisation of 

renewable energy, wind energy, especially offshore wind energy, has attracted much interest 

and occupies a large proportion of future renewable schemes. For the integration of offshore 

wind energy, the use of the current state-of-the-art, MMC HVDC technology, including 

MMC MTDC technology, has advantages. The innovations and breakthroughs on the VSC-

based power electronic devices, which enhance the system rating and efficiency and lower the 

costs, further promote the development of this technique. 

This thesis has conducted comprehensive investigations on an offshore integrated MMC 

MTDC system. The main work of the thesis can be concluded as follows: 

1. The system performance under the steady-state condition and transient conditions has 

been studied. Under steady-state condition, the system operating condition has been 

calculated, providing the nominal values of the voltages, currents, active and reactive power. 

According to the calculated operating condition, an assumption has been given for the 

operating requirement for the system under transient conditions, which provides the 

corresponding control objectives. The system performance between two steady-states, 
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including the change of wind speed and wind intermittency, ramping of power at one terminal 

and power flow reversal, has been demonstrated. The test system has presented the 

adaptability to wind swinging. The capability of the power balancing and power reversal of 

the MTDC have been evaluated. In addition, the established system on the RTDS has shown 

its controllability and observability. 

2. The start-up control of the system has been investigated. According to the 

characteristics of the AC networks that connect with the MTDC, the system terminals have 

been categorised into the onshore terminals with active AC networks and the offshore 

terminal with the OWF, which is regarded as a passive AC network before start-up. For the 

MMCs at the onshore terminals, the operating characteristics during the start-up process have 

been analysed. The second-order mathematical models have been derived before and after the 

deblocking of the MMC. According to the analysis of the mathematical models, a hierarchical 

start-up control scheme has been proposed for the MMCs with active AC networks. For the 

offshore MMC, since the MMC cannot be pre-charged from the OWF side before the start-up 

of the OWF, the pre-charging of the MMC is executed from the DC side. The second-order 

mathematical models have been derived before and after the deblocking of the MMC. 

According to the analysis of the mathematical models, a start-up scheme with reduced DC 

voltage has been proposed for the MMC with a passive AC network. By combining the 

hierarchical start-up control scheme and the reduced DC voltage start-up control scheme, a 

sequential start-up control scheme has been formed for the start-up control of the MTDC 

system. This scheme could effectively start the MTDC system with minimum voltage 

difference on the SM capacitors when deblocking the MMCs. Based on the proposed start-up 

control scheme, a comprehensive start-up control sequence has been proposed and evaluated 

by real-time simulations. In comparison to the other two start-up control schemes, the 
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superiority of the proposed scheme on mitigating the voltage spikes and current surges has 

been observed. Some features of using the proposed start-up control scheme have been 

concluded: 

 Since each terminal is started in sequence instead of starting the terminals randomly or 

starting all terminals simultaneously, the system is started in a stable manner; 

 Appropriate adjustment of the controlled DC voltage is important and can minimise 

the voltage difference on the SM capacitors when deblocking the MMC, which 

contributes to small voltage spikes and current surges; 

 Appropriate settings of the AC voltage and active power can reduce the possibility of 

the emergence of the overvoltages and overcurrents during the start-up process. 

The investigated start-up control is meaningful for the self-start-up of the MTDC system 

without external devices and could be useful for practical engineering. 

3. The control and protection strategy for the MTDC system under the MMC-side AC 

fault has been investigated. Since the fault occurs beyond the protection range of the nearby 

AC circuit breakers and is permanent, the associated control and protection strategy applied 

will be different to the traditional control and protection strategy. 

For the fault at one of the slave terminals, the system fault characteristics have been analysed 

and have indicated the necessity for prompt control and protection actions to physically 

isolate the fault. The associated control and protection strategy at the fault isolation phase has 

been proposed. Since the implementation of the fault isolation does not affect or interrupt the 

operation of the unfaulted terminals, there is no control action needed for the system recovery. 

For the fault at the master terminal with DC voltage control, control and protection strategy at 
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the fault isolation phase has been proposed according to the analysis of the fault 

characteristics. Since the implementation of the fault isolation has an impact on and interrupts 

the operation of the unfaulted terminals, the control and protection strategy for the system 

recovery needs to be considered. Due to the fact that the fault occurs at the master terminal 

and is permanent, the master terminal will not resume after the fault isolation. Hence, one of 

the unfaulted terminals has to switch its control mode to take over the DC voltage control and 

the remaining unfaulted terminals will resume afterwards. For both cases, comprehensive 

control and protection sequences have been proposed and justified by RTDS simulations. 

Previous proposals for control and protection against AC faults were predominantly 

established under the assumption that the faulted-side MMC can be blocked successfully, 

which is not always necessarily valid. This thesis has investigated different conditions of 

blocking failure on the faulted-side MMC after the fault occurs. It includes: 1) the MMC 

completely fails to be blocked; 2) one converter arm completely fails to be blocked; 3) one 

converter arm partly fails to be blocked. According to the analysis and simulation results, 1) 

and 2) have been categorised into emergency condition, necessitating a special control and 

protection action to isolate the fault. A special control and protection strategy, which can 

effectively isolate the fault and faulted section, has been proposed and evaluated by real-time 

simulations. 3) has been considered to be the non-emergency condition in which the special 

control and protection action is not required. However, if the number of successfully blocked 

SMs is less than half of the SMs on the converter arm, a potential risk that the successfully 

blocked SMs may experience being overcharged has been identified. 

The research on the AC fault conditions, especially some severe conditions such as the fault 

inside the converter station and the blocking failure of the MMC, has highlighted the potential 
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problems that may exist in the development of future MTDC systems and has proposed 

corresponding solutions which could be utilised as a feasible and back-up scheme for the 

control and protection system. 

4. Control and protection against permanent DC fault conditions using the traditional 

protection scheme with AC circuit breakers has been investigated. The research focus has 

been mainly put on the system recovery control of the MTDC after the fault isolation. 

For the DC fault occurring at one slave terminal, the fault isolation and faulted section 

isolation strategy have been proposed according to the fault characteristics. During the system 

recovery phase, 3 important issues have been discussed: 1) when to start the recovery control; 

2) for each terminal, what is the control sequence between the deblocking of the MMC and 

reclosing of the AC circuit breakers; 3) for the MTDC, what is the recovery sequence of each 

terminal. The solutions have been proposed that: 1) the recovery control is started when all 

the DC currents in the MTDC have completely decayed to 0; 2) for the terminal with active 

AC networks, the AC circuit breaker is reclosed prior to the deblocking of the MMC; for the 

terminal with a passive AC network, the MMC is deblocked prior to the reclosing of the AC 

circuit breaker; 3) the terminals with active AC networks resume prior to the recovery of the 

terminal with a passive AC network; for the terminals with active AC networks, the master 

terminal resumes prior to the slave terminals. Based on the solutions, a practical DARC 

scheme has been proposed for the system recovery control. Combining the DARC scheme 

with the control and protection strategy at the fault isolation phase, a comprehensive control 

and protection sequence has been proposed and verified by RTDS simulations. The 

superiority of the proposed control and protection sequence has been observed in comparison 

with the control and protection sequence with a different recovery control scheme. 



199 

For the DC fault occurring at the master terminal, the control and protection strategy at the 

fault isolation and faulted section isolation phase has been proposed and is similar to that of 

the former fault condition. However, the control and protection strategy at the system 

recovery phase is different, since the master terminal cannot resume, leading to the absence 

on the DC voltage control. A modified DARC scheme has been proposed for the system 

recovery by switching the control mode of one of the unfaulted terminals to DC voltage 

control and then resumes the unfaulted terminals. This thesis has also discussed the MTDC 

with coordinated voltage droop control which can avoid the switching of control mode during 

the system recovery phase. Comprehensive control and protection sequences have been 

proposed for the MTDC with master-slave control and voltage droop control, respectively, 

and the system performance has been evaluated by RTDS simulations. It has been concluded 

that although the recovery control of the MTDC with master-slave control is more complex 

under the DC fault at the master terminal, the proposed control and protection strategy is a 

feasible solution which has a wide application range and may be beneficial for practical 

engineering. Nevertheless, master-slave control is more suitable for the MTDC system which 

has a strong master terminal with low failure rates. Otherwise, voltage droop control may be 

more favourable in the MTDC applications in which the system can resume in a more 

efficient and simpler manner under DC fault conditions. 

7.2 Future Work 

For offshore integrated MMC MTDC systems, there are still many issues that deserve further 

investigation. On the basis of the research of this thesis, the following aspects are suggested 

for further exploitation: 
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1. For the start-up control investigated in Chapter 4, 

 The time interval between two sequential control actions can be further optimised, so 

as to complete the start-up process of the MTDC in a more efficient manner.  

 The start-up control of the MTDC uses a self-start-up approach. It would be 

meaningful to investigate the start-up control using a hybrid approach which combines 

both the self-start-up and external voltage sources approaches, to determine whether 

the zero voltage difference on SMs can be achieved when deblocking the MMCs. 

 Master-slave control is applied in the MTDC, the impact of coordinated voltage droop 

control on the start-up control performance deserves investigation. 

 The MTDC has 4 terminals which are in radial topology. The impact of the 

complexity of the topology of the MTDC and the increased number of terminals on 

the start-up control performance deserves further investigation. 

2. For the control and protection strategy against AC fault conditions in Chapter 5, 

 It would be interesting to investigate whether some DC current components may flow 

from the DC-side into the faulted AC-side, which may stop the AC circuit breaker 

from being normally tripped under different conditions, such as different 

configurations of the AC transformers or different fault locations. 

 The proposed control and protection sequence can be further optimised, such as reduce 

the time interval between two sequential control actions or combine some actions at 

the same instant, to achieve the system recovery in a more efficient manner. 

 When an AC fault occurs at the AC-side of MMC-1, since Vac-f control does not have 

a current limiter, the fault current from the MMC AC-side cannot be limited. It would 

be interesting to explore an alternative approach to limit the current, such as add 
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another interface component to function as the current limiter. 

3. For the control and protection against DC fault conditions in Chapter 6, 

 The proposed control and protection sequence can be further optimised to resume the 

system in a more efficient manner. 

 When there are a higher number of terminals such as in the Cigre full DC grid testing 

system with 16 converter terminals, the effective and appropriate control and 

protection strategy deserves investigation. 

 It would be interesting to compare the advanced protection techniques, such as hybrid 

DC circuit breakers, DC-DC converters, full-bridge MMC, and the traditional 

protection technique, in terms of different aspects: 1) the time needed to isolate the 

fault; 2) the complexity of the control and protection strategy; 3) the losses; 4) the cost.  

 It would be valuable to investigate the use of hybrid control and protection techniques, 

so as to achieve the optimal cost effective scheme. 

4. Some other topics: 

 Different with traditional energy sources, renewable energy sources have intermittent 

characteristics and cannot provide sufficient inertia to the power system. Hence, the 

stability of the power system may be largely impacted with the increased amount of 

renewable generation integration and replacement of traditional energy sources. How 

to effectively stabilise the power system, e.g. increasing the installation of ESS, 

interconnection of different areas using MTDC, will be an important research topic 

and a technical challenge. 

 An ESS has a maximum energy storage capacity and may be able to provide either 
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transient support of large amount of power or long-term support of small amount of 

power according to the specific conditions and the control objectives. Hence, the 

amount of ESS that is suitable for integration into an MTDC system and the effective 

control of ESS to implement different functions to support the MTDC system under 

various conditions deserves investigation. 

 The design of the system model and the control of the MMC have a large impact on 

the system performance. Hence, the comparison of the system performance under 

various conditions between the current model in which the converter is 7-level half-

bridge MMC and the other models in which the MMC has higher levels deserves 

investigation. 

 When the MTDC has over 3 terminals, while the topology is in a meshed topology, 

effective control of the power flow on each DC branch deserves investigation.  

 The design of the power flow controller for meshed MTDC grids and its control 

system deserves investigation. 

 The control performance and the ability of blocking DC fault current of the power 

flow controller deserve investigation. 
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APPENDIX A 

A.1 Configuration of the MTDC Test System 
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Figure A-1 Configuration of the OWF integrated 4-terminal MMC HVDC system 

This is a 4-terminal MMC HVDC system where the OWF is integrated at T1. Tn (n = 1,…,4) 

denotes each terminal of the MTDC system; CBW denotes the AC circuit breaker at the OWF 

terminal; CBn (n = 1,…,4) denotes the AC circuit breaker at each terminal; PCCn (n = 1,…,4) 

denotes the point of common coupling at each terminal; MMC-n (n = 1,…,4) denotes the 

MMC at each terminal; DC ISWn (n = 1,…,4) denotes the DC isolation switch at each 

terminal. 
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A.2 Measuring Points of the System in the Simulations 
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Figure A-2 Measuring points of the MTDC 

The measuring points in the simulations are illustrated in Figure A-2. Pn and Qn (n = 1,…,4) 

denote the active power and reactive power measured at the PCC; Vcn and Icn (n = 1,…,4) 

denote the MMC AC-side voltage and current measured in RMS value; Vdcn and Idcn (n = 

1,…,4) denote the DC voltage and current measured at each terminal.  
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A.3 Parameters of the MTDC Test System 

Table A-1 Parameters of the MTDC Test System  

Parameters Values Comments 

AC system voltage 138 kV L-N, RMS 

AC system inductance LAC 150 mH SCR = 8 at PCC 

Transformer ratio 138 kV/30 kV Y/Δ 

Transformer leakage inductance 5%  

Wind turbine rated output 1.4 MW  

No. of wind turbines 60  

Wind farm rated output 84 MW  

DC bus voltage Vdc/2 50 kV ± 50 kV 

MMC rating 150 MVA  

No. of SMs per arm 6  

Arm inductance La 3 mH  

SM capacitance C 2500 μF  

Diode resistance Rd 0.02 Ω  

T3 active power P3
*
 50 MW Import to MTDC 

T4 active power P4
*
 90 MW Export from MTDC 

Reactive power reference 0 MVar T2, T3, T4 
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APPENDIX B 

B.1 MMC Models in the RTDS  

There are two main models for MMC modelling, average model and detailed switching model, 

in the RTDS library.  

B.1.1 Average Model of MMC 

Figure B-1 present one converter arm of an MMC using the average model. 

 

Figure B-1 Average model of the MMC in the RTDS library – MMC4 

The average model, namely MMC4 in the RTDS library, can simulate up to 640 SMs per 
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converter arm. The capacitor voltage balancing is not necessary and it is assumed that the 

capacitor voltages of all SMs are always the same in this model. Hence, the internal dynamics 

of the MMC, i.e. charging and discharging of each individual SM capacitor are not explicitly 

simulated. However, the external dynamics of the MMC, i.e. the MMC AC- and DC-side 

voltages and currents, are well presented. In addition, the computational requirement of this 

model is much lower than that of the detailed switching model. Hence, this model is suitable 

for the analysis and simulation of the performance of MTDC networks with many converters 

using MMC topologies, while the internal characteristics of the MMCs are not the main 

research focus.  

B.1.2 Detailed Switching Model of MMC 

Figure B-2 present one converter arm of an MMC using the detailed switching model. 

 

Figure B-2 Detailed switching model of the MMC in the RTDS library – MMC ChainV3 

The detailed switching model, namely MMC ChainV3 in the RTDS library, can simulate up 

to 56 SMs per converter arm. The capacitor voltage balancing control is required and the 

capacitor voltage of each SM can be monitored in real-time. Hence, the internal dynamics of 

the MMC, i.e. charging and discharging of each individual SM capacitor are explicitly 
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represented. However, the computational burden of this model becomes a challenge, which 

requires model processors to be used in the simulation. Considering the computation 

requirement and allocation of processors, the RTDS simulation with MMC ChainV3 is 

generally up to 16 SMs per converter arm. Hence, this model is suitable for the analysis and 

simulation of the internal characteristics of the MMC or the performance of MTDC networks 

with limited number of converters using MMC topologies.  

RTDS Company has recently developed new models for the modelling of MMC. For the 

average model, there are currently two models, MMC4 and MMC5, which can be used. For 

the detailed switching model, MMC ChainV3 and MMC ChainV5 can be used. In addition, 

an FPGA-based MMC model, namely MMC U5 model, can be used for detailed modelling up 

to 512 SMs per converter arm. More information about the details of these models can be 

found in [149]-[150]. 

B.2 Mathematical Representation of MMC  

This section presents a mathematical representation of MMC through the analysis of one 

phase of the converter as shown in Figure B-3 [131], [151].  
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Figure B-3 Modelling of one phase of MMC [131], [151] 

In Figure B-3, Larm represents the MMC arm inductance; the total power losses on the 

converter arm are represented by an equivalent resistance Rarm; CeffSMi (i = P, N) represents the 

effective inserted capacitance. Since the control of MMC is achieved by regulating the 

number of inserted/bypassed, an MMC arm can be regarded as an equivalent circuit with 

series connected resistance, inductance and variable capacitance.  

If the sum of the SM capacitor voltages is 

SMiV  (i = P, N), the effective inserted capacitor 

voltage )(tVeffSMi  can be represented as: 

 
 SMiieffSMi VtmtV )()(  (B.1) 
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where )(tmi  is the modulation index of the inserted capacitors. 

Since the total number of SMs on one converter arm is N, the number of effective inserted 

capacitors is Ntmi )( . If the capacitance of one SM is SMC , the capacitance of effective 

inserted capacitors can be calculated as: 

 
Ntm

C
C

i

SM
effSMi




)(
 (B.2) 

For the average model of MMC, it is assumed that the SM capacitor voltages are well 

balanced and total SM capacitors are represented by one effective inserted capacitor. When 

the arm current )(tii  flows through the effective inserted capacitor, the dynamics of total SM 

capacitors can be described as: 

 
effSMi

iSMi

C

ti

dt

dV )(




 (B.3) 

Substituting effSMiC  in (B.2) into (B.3), we have  

 )(
)(

ti
C

tNm

dt

dV
i

SM

iSMi 


 (B.4) 

For the upper arm, we have 

 )(
)(

ti
C

tNm

dt

dV
P

SM

PSMP 


 (B.5) 

For the lower arm, we have 
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 )(
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ti
C

tNm
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 (B.6) 

According to the current direction references shown in Figure B-3, the following relationship 

can be derived based on KCL: 

 acNP iii   (B.7) 

The relationship between the inner difference current diffi  and the MMC AC-side current is: 
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ac
diffP

i
ii   (B.8) 
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i
ii   (B.9) 

Hence, the inner difference current can be expressed as: 
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diff
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
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Considering the upper and lower converter arm and based on KVL, we have 

  SMPP
P

armParm
dc

c Vm
dt

di
LiR

V
v

2
 (B.11) 

  SMNN
N

armNarm
dc

c Vm
dt

di
LiR

V
v

2
 (B.12) 

Subtracting (B.12) from (B.11), we have: 

    SMNNSMPP

diff

armdiffarmdc VmVm
dt

di
LiRV 220   
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Substituting (B.8) into (B.5) and (B.9) into (B.6), we have 
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Therefore, according to (B.13), (B.14), and (B.15), the system differential equations can be 

obtained as follows [131], [151]: 
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 (B.16) 

For the detailed switching model of MMC, the SM capacitor voltages are not automatically 

balanced and capacitor voltage balancing control is necessary, i.e. only the effective inserted 

SM capacitors are charged/discharged by the arm current and the associated capacitor 

voltages will increase/decrease, while the remaining SM capacitors are bypassed and the 

associated capacitor voltages will remain unchanged. Since only the effective inserted 

capacitor voltages are impacted, in the detailed switching model of MMC, (B.3) will be 

modified as: 
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The system differential equations in (B.13), (B.14), and (B.15) are modified as: 
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Therefore, according to (B.13’), (B.14’), and (B.15’), the system differential equations for the 

detailed switching model of MMC can be obtained as follows: 
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APPENDIX C 

C. Mechanical Model for Wind Turbine  

The mechanical model for the wind turbine is combined with the DFIG and the Multimass 

model. The Multimass computes the speed of its masses through the integration of the 

difference between the electrical torque and mechanical torque. The mechanical power output 

of the wind turbine under steady-state is derived based on [126], [152]–[153] and is expressed 

as: 

   3

2
, windpm v

A
cP


  (C.1) 

where mP  is the mechanical power output of the wind turbine;  ,pc  is the performance 

coefficient, which is a function of the tip speed ratio   and the blade pitch angle  ;   is the 

air density; A is the area swept out by the turbine blade; windv  is the wind velocity. 

The performance coefficient, pc , is used to evaluate the efficiency of the wind turbine of 

converting the wind energy to the mechanical energy. According to literature [152], [154], the 

following two equations are selected to describe the dynamics of the performance coefficient: 
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where  



215 

  


















30.1 ey  (C.3) 
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The tip speed ratio   is defined as: 

 
windv

R
  (C.6) 

where R is the turbine radius;   is the rotational speed of the turbine. 
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APPENDIX D 

D. Calculation of Fault Current 

The system performance under the three-phase to ground permanent AC fault at 2 s with 

MMC-1 complete blocking failure is demonstrated in Figure D-1: (a) MMC-1 AC-side 

current in RMS value; (b) zoomed proportion of (a); (c) MMC-1 AC-side voltage in RMS 

value; (d) zoomed proportion of (c). 
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  (c)                                                  Time (s) 

 

  (d)                                                  Time (s) 

Figure D-1 System Performance under MMC-1 AC-side fault with MMC-1 complete 

blocking failure using the basic control and protection sequence 

Figure D-1(a) and (c) demonstrates that MMC-1 AC-side RMS current finally stabilises at 

around 8 p.u. and MMC-1 AC-side RMS voltage finally stabilises at around 0.227 p.u. The 
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96.51baseV  kV, 6667.1baseI  kA 

The actual value of MMC-1 AC-side voltage can be calculated as: 

8.1196.51*227.0,,,,   baseRMSLLcRMSLLa VVV  kV 

The peak value of the line-to-neutral voltage at MMC-1 AC-side is 

63.9
3

2
*8.11

3

2
,,,,   RMSLLapeakNLa VV  kV 

The peak value of the current at MMC-1 AC-side is  

26.19
5.0

63.9,,

,, 


f

RMSNLa

peakLa
R

V
I  kA 

The RMS value of the current at MMC-1 AC-side can be calculated as  

62.13
2

1
*26.19

2

1
,,,,  peakLaRMSLa II  kA 

The per unit value of the MMC-1 AC-side RMS current is  

172.8
6667.1

62.13,,

,, 
base

RMSLa

RMSLc
I

I
I  p.u. 

The calculation result of MMC-1 AC-side RMS current is around 8 p.u., which meets the 

simulation result in the RTDS. The small error is due to the fact that the calculation is based 

on ideal condition without considering the disturbance factors, such as the harmonics. 

Therefore, the RTDS simulation result of the fault current is justified by the calculation.  
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