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Abstract 

High voltage direct current (HVDC) technology has been identified as a preferred 

choice for long-distance offshore wind power transmission. However, compared with 

conventional onshore networks, the dynamic behaviour and operation of power 

electronic based offshore network is significantly different, especially during offshore 

grid disturbances. Thus, to ensure a secure and reliable power transmission, this thesis 

investigates the different fault characteristics of HVDC connected offshore windfarm 

systems and proposes several fault rides through control and system recovery schemes. 

The first topic discussed in this thesis is the offshore AC fault ride through 

operation. When modular multilevel converter (MMC) based HVDC connection is 

used for offshore windfarm system, the responses of both the offshore MMC station 

and wind turbine (WT) converters need to be carefully designed to ensure their safety 

operation during offshore AC faults. Maintain balanced and controlled current 

contribution to offshore AC grid during asymmetrical AC fault is possible, but it has 

several drawbacks such as increased risk of protection failure due to the absence of 

sufficient fault currents, and the inability of post-fault AC voltage recovery. Therefore, 

based on a detailed sequence network analysis, an enhanced control strategy is 

proposed during offshore asymmetrical faults to exploit the induced negative sequence 

and zero sequence voltages to facilitate controlled injection of negative sequence 

current while avoiding excessive overvoltage in the healthy phases. By adopting the 

proposed control, the AC fault current can be well regulated and the voltage restoration 

after fault clearance can be achieved as demonstrated by detailed simulation studies.  

After the evaluation of offshore AC faults, the second research topic of this thesis 

moves to the offshore DC fault ride through operation. In a multi-terminal DC (MTDC) 

grid that connects multiple offshore windfarms, continued operation in an effort to 
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retain large proportion of power transfer during a DC fault is very important for critical 

power corridors. Partially selective protection which only installs fast acting DC circuit 

breakers (DCCBs) in limited cable locations while the main protection uses cheap DC 

disconnectors and AC circuit breakers (ACCBs), is a cost-effective solution. However, 

such protection scheme requires significant modifications to WTs control in order to 

retain the offshore AC network to ensure fast system recovery after fault isolation. 

Detailed analysis reveals that the sudden MMC blocking or opening of ACCBs due to 

the DC fault clearance can cause significant over-voltage and over-frequency in the 

offshore AC grid, which could necessitate immediate shutdown of the wind farm and 

damage the offshore infrastructure. To tackle these issues, an enhanced control for 

wind turbine (WT) converters is proposed to facilitate seamless transition of the WT 

converters between grid following and forming modes to maintain the offshore AC 

grid stable when the control from the offshore MMC is lost. The viability of the 

proposed control is demonstrated in wider context of partially selective DC fault 

protection in a meshed DC grid. The proposed control method ensures the continuous 

control of the offshore AC networks and enables the fast power transfer restoration.   

Finally, a black start service aiming to support the onshore power networks 

restoration provided by the diode rectifier (DR) based HVDC connected windfarm is 

studied. A new frequency-AC voltage (f-V) droop control of WT converters is 

proposed to dynamically regulate the offshore AC voltage to ensure the DC voltage of 

the DR-HVDC link remains in the safe range when the active power consumption by 

the onshore network varies during black start. The detailed sequential black start is 

demonstrated, including DR-HVDC link energization, onshore AC voltage build-up 

and load pick up. Comprehensive simulation results confirm the validity of the 

proposed black start scheme using DR-HVDC connected offshore wind farms.  
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Chapter 1                    

Introduction and Research Background  

 Offshore wind development 

Due to increased environmental concerns, depletion of fossil fuels and to achieve 

net-zero carbon emission target, renewable power generation has gained huge growth 

globally. According to the 2020 Global Status Report [1], the total installed renewable 

power capacity was around 2588 GW by 2019, maintaining a more than 8% average 

growth rate over the previous five years.  

 

Fig. 1.1 Share of energy from renewable sources in the EU member states [2] 
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The European Commission has recently proposed a target of at least 32% energy 

consumed in the European Union (EU) to be from renewable energy sources (RESs) 

by 2030 [3]. According to European Environment Agency, renewable energy 

consumption in 2018 reaches 18% of total energy consumption and 16 EU member 

states reached or exceeded their own national renewable energy action plans, as shown 

in Fig. 1. 

Due to the advantage of low environment impact and more consistent wind 

resources, offshore wind energy shows great promise to be a major electricity source 

in the near future and has grown rapidly [4, 5]. In 2019, EU connected 3,623 MW of 

net offshore wind power capacity, which reaches a new record in annual offshore 

installation and the cumulative installed capacity reaches 22,072 MW. Among the EU 

members, the United Kingdom leads the offshore installations in 2019 (1,764 MW in 

total), followed by Germany (1,111 MW) and Demark (374 MW) [6].  

 

Fig. 1.2 Annual offshore wind installation in EU country 
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 To date（2020）, the largest offshore wind farm in operation around the world is 

the Hornsea One with a capacity of 1218 MW, composed of 174 wind turbines rated 

at 7 MW provided by SIEMENS Gamesa [7]. To reduce the total investment cost of 

offshore windfarms, the power rating of offshore wind turbines has significantly 

increased in recent years. The average power rating of offshore WTs installed in 2019 

was 7.8 MW, 15% larger than that in 2018 and the largest WTs reaches 14 MW with 

the rotor diameter of 222 m constructed by SIEMENS [8]. 

 Offshore wind power transmission solutions 

 High voltage AC (HVAC) and HVDC are the two technologies that have been 

employed as the main energy corridor connecting large offshore windfarms to the main 

grids. This section will give a brief introduction on both technologies and their 

respective advantages and drawbacks. 

 Offshore system topologies 

HVAC is a well-established transmission technology and has been used in many 

projects (e.g., Hornsea One). Fig. 1.3 shows the typical topology of HVAC connected 

offshore wind farms, which consists of generator assets, transmission assets and 

onshore grid [9]. WTs in offshore wind farms are connected through different array 

cables (typically 33 kV or 66 kV) to the point of common coupling (PCC) as an initial 

collection grid. Then, step-up transformer installed at offshore substation boosts the 

AC voltage from collection level to transmission level, e.g. 132 kV or 220 kV. 

Depending on the cable length, reactive power compensation may have to be used 

which are usually installed on onshore substation to compensate required reactive 

power for HVAC cables. Finally, wind power is exported to onshore grid through the 
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subsea three-phase AC cables. 
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Fig. 1.3 Layout of the HVAC connected offshore wind farms.  

HVDC technology is an alternative solution for offshore wind power transmission 

and has already been employed in a number of projects, e.g. DolWin 1 [10]. Fig. 1.4 

shows a typical layout of a HVDC connected offshore windfarm. Similar to the HVAC, 

WTs are connected through different array cables with voltage rated at 33 kV or 66 kV 

to the PCC for collection. Step-up transformers further boost the AC voltage to around 

200 kV and then connects to a converter transformer and HVDC rectifier to convert 

the offshore AC power to DC power, which is transmitted to onshore through HVDC 

cables. Then the DC power is converted to AC power by a DC-AC converter and 

exported to onshore AC grid. 
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Fig. 1.4 Layout of the HVDC connected offshore wind farms.  

 Comparison between HVAC and HVDC system 

HVAC system as a conventional power transmission system, has been widely used 

in near-shore windfarm system due to its simple structure with low investment cost. 

However, as the offshore AC grid and onshore power system are synchronously 

coupled, faults can propagate on both sides which could lead to system failures [11-

14]. In addition, due to high capacitance of the HVAC cables, system resonances 

between the onshore and offshore AC grids and the charging current for long AC cables 

reduce the transmission capability and increase power losses which limits the HVAC 

system application for long distance offshore system application [15].  

References [13] compare the costs on HVAC and HVDC transmission system for 

offshore wind farm connecting. As shown in Fig. 1.5, the total cost for the HVDC 

transmission system is lower than the HVAC system when the distance is over the 

breakeven distance.  
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Fig. 1.5 Cost comparison of HVDC and HVAC transmission systems [13]. 

However, HVDC system, which utilizes the advanced power electronics devices 

can effectively decouple the onshore AC and offshore AC system. The interaction 

between onshore and offshore system during system transient can be minimized. Also, 

as no charging current in DC cable, the technically maximum transmitted power is 

largely independent with the transmission distance and the overall losses is lower than 

HVAC system. Besides, the voltage source convert (VSC) based HVDC system can 

provide the voltage regulation capability which can be utilized to support the onshore 

during grid disturbances and establish the offshore AC voltage and frequency. This 

simplify the offshore WTs controller design. Such features make VSC based HVDC 

system more attractive for connecting future large offshore wind power plants over 

long distances[11-13].  
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 Research motivation 

The future large-scale offshore windfarms transmission system is normally 

planned far from shore due to the limited space availability in near-shore and more 

stable wind resources in offshore. Such system should have very high reliability due 

to the long restoration time and high maintenance cost. Moreover, the commercially 

used VSC-HVDC connected offshore windfarm system is mainly constructed with 

power electronics devices and the offshore network is formed by the HVDC converter 

and WT converters. Compared with traditional power system, such converter based 

system has no rotating machines and is extremely vulnerable to overcurrent and 

overvoltage in the event of a network fault [16]. On the other side, adequate fault 

current contribution from converters would help fault detection and fault isolation. 

Thus, the system control and protection algorithm during offshore grid disturbances 

need to be elaborated.  

For offshore AC system, the fault characteristics are mainly dominated by 

converter control algorithm. So far, the symmetrical AC fault has been studied in 

several research work and reported that the existing converter control (grid forming 

and grid feeding [17]) can successfully ride through the severe symmetrical AC fault 

with limited fault current injection to prevent the converter damage [18, 19]. However, 

the situation becomes more challenging for offshore asymmetric faults in terms of 

negative sequence voltage/current control algorithm provision from both the HVDC 

and WT converters as it has shown that inadequate setting of negative sequence 

currents for the offshore HVDC grid forming converter could lead to problematic 

behaviours and thus, need further investigation[10, 20]. 

DC fault protection is another major technical obstacle that prevent the 

development of offshore HVDC based windfarm and has drawn significant attention 
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from academia and industry [21-23]. In addition, serval studies and projects concluded 

that the multi-terminal DC network can increase the offshore wind power reliability 

by reducing the overall downtimes of “loss of infeed” and can provide links between 

different area to lower the system investment and operation cost [24-26]. Among the 

different DC fault clearance strategy [27, 28], the partially selective protection which 

only installs the expensive and large footprint DC circuit breakers (DCCBs) in limited 

cable locations while the main protection uses cheap DC disconnectors and AC circuit 

breakers (ACCBs), can be a cost-effective solution [29]. However, as the offshore AC 

network is usually controlled by the offshore HVDC converter, the offshore system 

voltage regulation ability would deteriorate if the HVDC station is lost during DC 

faults due to either converter blocking or the opening of the main offshore ACCBs. 

This could potentially lead to the shutdown of the complete offshore system and a 

prolonged system recovery process [30, 31]. Thus, a special concern needs to be taken 

when designing the WT control and protection scheme such that the offshore AC 

system can be retained in such events to ensure fast system restoration after DC fault 

clearance.  

Moreover, the increasing penetration of renewable energy and the gradual 

reduction of conventional power generation potentially increase the risk of wide-area 

blackouts, especially in strongly linked networks [32]. Large HVDC connected 

offshore windfarms as a more stable energy compared with other renewable sources 

has been proposed to provide fast black start services (e.g. the ENTSO-E requires the 

renewable energy sources to provide the black start service to AC system) [4, 16, 33]. 

The technical challenges associated with different stages of energization when HVDC 

connected offshore windfarms are used for black start have been identified and 

discussed in [33-35]. DR-HVDC system has recently been proposed for integrating 

large offshore windfarms due to its lower transmission losses and total investment cost 

compared to VSC (e.g. MMC) based systems. However, the potentials in using 
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offshore wind farms connected to DR-HVDC system for black start of onshore 

networks have not been explored, especially considering the distinctive features of WT 

control in such a system. 

 Author’s publications 
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and fault conditions. Controlling fault currents at zero during asymmetric AC faults is 

possible, but it has several drawbacks such as increased risk of protection mal-

operation due to absence of fault currents, which also tends to prevent the recovery of 

AC voltage in post-fault. Therefore, this paper presents an enhanced control strategy 

that exploits the induced negative sequence voltages to facilitate controlled injection 

of negative sequence currents during asymmetric AC faults. The proposed control not 

only defines a safe level of fault current in the offshore AC network but also instigates 

immediate recovery of the AC voltage following clearance of AC faults, which avoid 

protection mal-operation. In addition, the positive sequence voltage set-point of the 

offshore modular multilevel converter (MMC) is actively controlled by considering 

the negative and zero sequence voltages, which effectively avoids the excessive 

overvoltage in the healthy phases during asymmetrical AC faults. The theoretical basis 

of the proposed control scheme is described, and its technical viability is assessed 

using simulations. 
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offshore converter due to blocking or sudden opening of ACCBs can cause significant 

over-voltage and over-frequency in the offshore AC grid, which could necessitate 

immediate shutdown of the wind farm. An enhanced control for wind turbine 

converters (WTCs) of the offshore wind farm is proposed to enable retention of AC 

voltage and frequency control when the offshore converter is lost, in which seamless 

transition of the WTCs between grid following and forming modes is facilitated. The 

viability of the proposed control is demonstrated in wider context of partially selective 

DC fault protection in an illustrative meshed DC grid, which includes detailed 

implementations of DC fault clearance, system restart and power transfer resumption. 

The presented simulation results confirm the effectiveness of the proposed WTC 

control in preventing excessive rise of offshore AC voltage and frequency and 

facilitating DC fault ride-through using reduced number of DCCBs. 
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ensure the DC voltage of the DR-HVDC link remains in the safe range. By utilizing 

the active power-reactive power-frequency (P-Q-f) coupling characteristics of DR-

HVDC systems, the proposed control enables WTs to automatically detect the 

operation condition of the DR-HVDC link without communication to balance the 

offshore and onshore power. In the event of onshore grid faults during black start, the 

proposed control automatically reduces the offshore AC voltage and overvoltage of 

the HVDC link is thus avoided. When certain WTs’ available wind power is low, the 

power required by onshore loads is redistributed among WTs with the proposed control 

and the DC voltage of DR-HVDC link is largely unaffected. Black start of the onshore 

AC grid using the DR-HVDC connected wind farm is demonstrated, including DR-

HVDC link energization, onshore AC voltage build-up and load pick up. 

Comprehensive simulation results confirm the validity of the proposed black start 

scheme. 
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diode rectifier unit (DRU) as a potential replacement for offshore modular multilevel 

converter (MMC) of DC connected offshore windfarms. However, side-by-side 

operation of DRU and MMC connected windfarms in multi-terminal DC grid will 

present new operational challenges. Therefore, this paper will study the 

interoperability of a minimum meshed DC grid, which includes MMC and DRU 

connected offshore windfarms. To identify any potential issues that may arise from 

introduction of DRU, the system performance during onshore AC faults are simulated 

using PSCAD models. Simulation results show that the DRU connected windfarm 

exhibits different behaviours with the MMC based equivalent but does not adversely 

impact the DC grid performance. Instead, the use of DRU improves DC grid 

performance with its inherent sensitivity of active power transmission to DC voltage 

variation. 

 Thesis organization 

This thesis is organised as follows: 

Chapter 2 presents a general overview of HVDC systems connected offshore 

windfarms, including the configuration, system control and operation. System fault 

ride-through and black start services provided by offshore windfarm systems are also 

reviewed. Based on the review, several potential issues which have not been well 

addressed in literature are identified and discussed. 

Chapter 3 presents the behaviours of MMC connected offshore windfarm system 

and theoretical analysis during offshore asymmetrical faults. Based on the analysis and 

potential issues, an enhanced AC voltage control is proposed to instigate immediate 

recovery of the AC voltage following clearance of AC faults, while avoiding 

overcurrent protection mal-operation with defined WT fault current contributions. 
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PSCAD simulations are provided to verify the effectiveness of the proposed control 

strategy. 

Chapter 4 investigates DC fault handling strategies for MMC based meshed DC 

grid. Considering the use of partially selective DC fault protection scheme, the 

problems when the offshore MMC station is suddenly blocked during DC faults or the 

ACCBs in offshore AC grid suddenly open for fault clearance operation are analysed. 

An enhanced control for WT LSCs is then proposed to enable the retention of AC 

voltage and frequency control and provide the support during system recovery 

sequence. The viability and application of the proposed control is demonstrated using 

simulations. 

Chapter 5 studies the use of DR-HVDC connected offshore wind farms for black 

start of onshore power networks. A WT frequency-AC voltage (f-V) droop control is 

proposed to dynamically regulate the offshore AC voltage to maintain the DC voltage 

of the DR-HVDC link in a safe range while keeps the power balance between the 

onshore and offshore grids during black start. Detailed sequential energization process 

of the DR-HVDC link and onshore AC network as well as load pick up are 

demonstrated through PSCAD simulations. 

Chapter 6 draws the conclusions of the research and recommends further works. 
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Chapter 2                       

HVDC Connected Offshore Windfarm 

Systems 

As discussed in Chapter 1, HVDC transmission system is the most suitable 

technology to connect future large offshore windfarms over long-distance. At present, 

a number of projects have already been in operation and the control and operation of 

HVDC systems and offshore wind farms have been extensively studied. This chapter 

provides a general overview of the different configurations, fault ride-through 

operation and the black start operation of HVDC connected offshore wind farm 

systems.  

 Configuration of HVDC system for offshore wind power 

transmission  

For connecting large offshore windfarms, the HVDC transmission structures can 

be designed as point-to-point links, parallel configurations and multi-terminal systems 

depending on different technical, geographical and economic requirements [36]. In 

addition, referring to the different types of offshore HVDC converters, HVDC 

transmission converter topologies can be classified as line commutated converter 

(LCC) -HVDC, VSC-HVDC, and DR-HVDC systems. Thus, this section will briefly 

introduce the possible different system topologies.  
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  Point-to-point HVDC link 

The point-to-point HVDC system has the simplest structure, which consists of an 

offshore rectifier station, which converts the offshore AC power into DC, and an 

onshore inverter which converts the DC power back to AC, then exports to onshore 

AC network. In the following subsections, the point-to-point configuration is 

introduced considering the use of different rectifier topologies.   

a)  LCC based HVDC 

LCC, also known as current source converter, has been widely used in HVDC 

systems for onshore bulk power transmission due to its advantages of large capacity, 

high reliability and low power losses [37]. LCC uses thyristor valves and is usually 

arranged in a 12-pulse bridge configuration, as shown in Fig. 2.1. The 12-pulse bridge 

is formed of two 6-pulse bridges connected in series on DC side and in parallel on AC 

side through a star-star-delta transformer. Under such connections, harmonic currents 

(especially the 5th and 7th) generated by the thyristor bridges during operation are 

effectively eliminated on the common AC side. However, using LCC-HVDC for 

offshore wind power transmission has the following challenges: 

• It needs an external voltage source for its commutation, which may require 

additional auxiliary equipment to establish a stable offshore network or the 

needs of WTs to form the offshore network. 

• Large footprint and heavily weighted passive filters are required to eliminate 

harmonics and compensate reactive power consumption of LCC, which poses 

a big challenge for offshore platforms. 

• It is vulnerable to commutation failure during onshore AC network 

disturbance, which would interrupt power transmission. 
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Fig. 2.1 Twelve-pulse bridge of LCC 

b) VSC based HVDC 

VSC-HVDC uses self-commutated insulated-gate-bipolar-transistors (IGBTs), 

which can be switched on and off at any time independent of the AC grid voltage and 

current [11]. Comparing with LCC-HVDC, VSC-HVDC offers the following 

advantages for offshore applications: 

• Offshore VSC station can form offshore AC network voltages and start-up 

offshore WTs. 

• VSC can independently control its active and reactive power and generates 

less harmonics. Thus, only small filters (or even no filter) are required. This 

leads to compact offshore converter station designs. 

These features make VSC-HVDC more attractive for connecting offshore wind 

farms. Fig. 2.2 illustrates the basic two-level VSC circuit which consists of six IGBT 

switches, three-phase reactors and AC harmonic filters. Pulse-width-modulation 

(PWM) with high switching frequency is employed to synthesize a sinusoidal AC 
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voltage output. The main limitations of two-level VSC for offshore application are 

summarized as [11]: 

• High switching frequency results in high power losses. 

• Filters are required to reduce AC and DC harmonics. 

• Large numbers of IGBTs are connected in series to withstand high DC voltage 

leading to significant technical challenges of voltage sharing. 

• DC link capacitors’ discharge leads to high fault current during DC faults. 

To overcome the limitation of the 2-level VSC for high voltage application, MMC 

which was first proposed in 2003 [38] has been widely adopted in commercial projects 

and has been extensively studied in academia and industry.  

 

Fig. 2.2 Two-level VSC. 

Fig. 2.3 a) illustrates the basic structure of an MMC. It consists of 6 arms and each 

arm contains a large number of series-connected submodules (SM). Half-bridge SM 

(HBSM) and full-bridge SM (FBSM), as shown in Fig. 2.3 b) and c) respectively, are 

two of the main SM configurations used for MMCs. Comparing with the two-level 
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VSC, MMC has the following advantages [39, 40]: 

• Modular design with good scalability to meet high voltage requirements. 

• Higher efficiency due to low switching frequency. 

• High quality AC output waveforms, leading to small (or even no) AC filters. 

• Reduced fault current during DC faults due to distributed DC link capacitors. 

• DC fault ride-through capability for some of the SM topologies. 

Due to the superior performance in high voltage applications, several MMC 

connected offshore windfarm projects are in operation, as listed in Table 2.1. 

icnibnian

(a)

(b)

S1

S2

(c)

S1

S2

S3

S4

 

Fig. 2.3 MMC and two submodule topologies: a)MMC configuration b) HB SM and c) FB 

SM. 



19 

 

Table 2.1 Existing HVDC connected offshore windfarm projects [41] 

No. Project  Vdc 

(kV) 

Rated power 

(MW) 

DC cable 

(km) 

Contractor 

1 DolWin1 640 800 165 ABB 

2 DolWin2 640 900 135 ABB 

3 DolWin3 640 900 160 Alstom 

4 HelWin1 500 576 130 Siemens 

5 HelWin2 640 690 130 Siemens 

6 BorWin1 300 400 200 ABB 

7 BorWin2 600 800 200 ABB 

c) DR-HVDC 

DR-HVDC is another promising topology for offshore windfarm integration [42-

44]. Fig. 2.4 illustrates the basic structure of a DR-HVDC system, where several DR 

stations are connected in series on the DC side to boost DC voltage while the AC sides 

are connected in parallel to the offshore wind farm network. Each DR station consists 

of a 12-pule bridge, a star-star-delta transformer, and filter banks for providing reactive 

power compensation. Compared with the previously presented HVDC transmission 

system, DR-HVDC has the benefits of lower investment, lower space requirement, and 

higher efficiency. Compared with MMC-HVDC for offshore wind farm connection, 

the offshore windfarm platforms and transmission losses can be reduced by 30% and 

20%, respectively, while the total cost can be reduced by 30% [42, 43]. However, as 

the uncontrolled diode rectifier cannot provide offshore frequency and voltage control 

as the MMC counterpart does, WTs must perform more control functions. 

https://en.wikipedia.org/wiki/HVDC_DolWin1
https://en.wikipedia.org/wiki/ABB_Asea_Brown_Boveri
https://en.wikipedia.org/wiki/HVDC_DolWin2
https://en.wikipedia.org/wiki/ABB_Asea_Brown_Boveri
https://en.wikipedia.org/wiki/HVDC_DolWin3
https://en.wikipedia.org/wiki/Alstom
https://en.wikipedia.org/wiki/HVDC_HelWin1
https://en.wikipedia.org/wiki/Siemens
https://en.wikipedia.org/wiki/HVDC_HelWin2
https://en.wikipedia.org/wiki/Siemens
https://en.wikipedia.org/wiki/HVDC_BorWin1
https://en.wikipedia.org/wiki/ABB_Group
https://en.wikipedia.org/wiki/HVDC_BorWin2
https://en.wikipedia.org/wiki/ABB_Asea_Brown_Boveri


20 

 

 

Fig. 2.4 Configuration of DR station  

 Parallel configurations and MTDC systems 

Compared to the simplest and most commonly used point-to-point links, parallel 

and MTDC configurations increase power transmission capability and system 

availability but have more complex configurations and high control requirements. 

a) Parallel configurations 

A parallel connection of offshore windfarm system is illustrated in Fig. 2.5. The 

offshore windfarm is connected to the offshore AC collectors through offshore AC 

cables and transformers, and two parallel HVDC links are used to transmit the 

generated wind power to the onshore sites. With such a configuration, the availability 

of the system can be improved during fault scenarios. For example, when one HVDC 

link is out of service due to faults, the majority of the generated power can still be 

exported to onshore through the other link [45]. In such a parallel arrangement, extra 

controls need to be allocated to the offshore HVDC stations to allow proper power 

sharing [46].  
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Fig. 2.5 Parallel connection of HVDC links for offshore wind power transmission 

b) MTDC configurations 

Fig. 2.6 illustrates a 4-terminal meshed MTDC network. Under such a connection, 

the availability of the system could be enhanced [47]. Various studies have shown that 

MTDC links improve power exchange flexibility between multiple areas and provide 

better system redundancy [48, 49]. To ensure stable operation and proper power-

sharing, coordinated controls, such as droop control and master-slave control, have 

been well investigated in literature [50-53]. So far there are several MTDC network 

are employed (eg. Zhangbei 4-terminal HVDC project and Zhoushan 5-terminal 

HVDC project in China) [54, 55]. 
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Fig. 2.6 MTDC system configuration 
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 Control and operation of HVDC systems connected to 

offshore windfarms 

The operation of HVDC connected offshore wind farms will be introduced in this 

section. In a point-to-point system, the onshore converter usually regulates the DC 

voltage of the HVDC link and transfers the received active power to onshore grid. For 

the offshore converter, the system operation mechanism is discussed in two scenarios, 

i.e., VSC-HVDC system with voltage regulation capability and DR-HVDC system 

without voltage regulation capability.  

 VSC-HVDC system  

The operation of VSC-HVDC connected offshore windfarm has been well 

described in [19] with the control scheme illustrated in Fig. 2.7. The offshore MMC 

station is controlled to resemble an AC voltage source to regulate the offshore AC 

voltage and frequency. Thus, the control strategy adopted for WTs is the same as 

onshore AC connected WTs, e.g. the WT generator side converter (GSC) controls the 

active power generated by WTs to achieve the maximum power output while the line-

side converter (LSC) controls the WT DC voltage and reactive power. The generated 

wind power is automatically absorbed by the offshore HVDC converter and converted 

to DC power. Thus, the offshore WTs are working under same control scheme as the 

onshore WTs. 
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Fig. 2.7 Control diagrams of WTs and VSC-HVDC for offshore wind power transmission 

 DR-HVDC system  

Using DR-HVDC system to connect offshore windfarm is investigated in [56-59]. 

In [59], the control strategy based on external centralized controllers is proposed, as 

shown in Fig. 2.8. The WT level control of this solution is similar to that when 

connected with VSC-HVDC. However, an external centralized controller is required 

to regulate the offshore frequency and voltage at the PCC, which are shared with all 

the WTs through communication. Thus, the system performance relies on reliable 

communication system, which may cause severe issues in the event of communication 

failure. 
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Fig. 2.8 Control and operation of WTs connected with DR-HVDC [41] 

To address the communication issue, a distributed PLL based P-V and Q-f control 

is proposed in [58] as illustrated in Fig. 2.9. Such control method enables each WT 

converter to operate as a grid-forming source and autonomously contribute to the 

overall offshore voltage and frequency regulation, which provides WTs with plug-and-

play capability for easy synchronization to the offshore network. 
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Fig. 2.9 Distributed PLL control for DR-HVDC connected offshore windfarms [40] 
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 Fault ride-through of offshore windfarm systems 

Compared with conventional power systems, the HVDC connected offshore wind 

farm system is mainly constructed with power electronics converters. Such system is 

extremely vulnerable to over-current and over-voltage in the event of a network fault 

[60]. Thus, system control and protection during various faults, including offshore and 

onshore AC faults, DC faults, are significantly important and need to be carefully 

considered and designed. Thus, this section reviews some of the existing fault ride-

through strategies including converter control and protection strategies. 

 Offshore AC fault ride through operation 

In the event of an offshore symmetrical AC fault, the rapid drop of offshore AC 

voltage could potentially lead to overcurrent of the offshore converter stations. To limit 

the fault current, the current-voltage droop method is proposed in [61], which adjusts 

the output voltage reference according to the measured offshore three-phase currents, 

as shown in Fig. 2.10. When the currents exceed the pre-defined threshold, the voltage 

is reduced accordingly to reduce the MMC output currents.   

In addition to the direct voltage regulation method [61], the cascaded vector 

control with inner current loop and outer voltage loop has been proposed [18], which 

has the capability to limit the overcurrent during offshore AC faults. During offshore 

AC faults, the output current reference generated by the outer voltage loop will saturate 

and the current reference fed to the inner current controller is limited by the current 

limiter as illustrated in Fig. 2.11. Thus, thanks to the fast inner current control loop, 

the converter currents will be limited to the maximum set value, preventing potential 

converter overcurrent.  
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Fig. 2.10 Current-voltage droop control of offshore MMC to ride-through symmetrical 

offshore AC faults 
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Fig. 2.11 Offshore MMC current limiting control during symmetrical offshore AC faults 

In addition to symmetrical faults, system control and operation during 

asymmetrical offshore AC faults is another challenge for HVDC connected offshore 
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windfarms operation. During asymmetrical faults, VSCs can exhibit undesirable 

performance such as output current distortions, DC link voltage oscillations and output 

power oscillations. To tackled these issues, the use of double-synchronous reference 

frame for control of conventional VSCs, where the AC voltages and currents are 

decomposed into positive and negative sequence components, has been used [62-65]. 

These works have investigated a number of achievable operational objectives by 

adjusting the negative sequence current reference, as illustrated in Fig. 2.12 to 

improves VSCs’ behaviours during asymmetrical faults. Such control objectives 

include suppression of negative sequence currents (for maintaining balanced AC 

currents), nullification of oscillating active power (for prevention of injection of 

double frequency oscillating power into DC side), etc. 
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Fig. 2.12 Double-synchronous reference frame control strategy for negative sequence current 

regulation [62-65]. 
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 In addition, reference [66] reports that during asymmetrical fault (single phase 

to ground and phase to phase to ground), over-voltage may occur in non-faulty phases 

which could lead to the disconnection of the power generation set. An enhanced 

dynamic voltage control, which takes both grid positive and negative sequence 

voltages into consideration to prevent excessive rise of the AC voltage in the healthy 

phases is proposed to fulfil the German grid code in [66]. Simulation results reveal that 

the proposed scheme can maintain the voltage magnitudes of the healthy phases around 

1.0 pu, while minimizing the voltage depression in the faulty phases. However, the 

work is based on grid-connected system, while the HVDC connected offshore 

windfarm system shows different behaviours. Thus, new control and analysis methods 

are required. 

Reference [67] proposes a control strategy for riding through less severe 

asymmetric AC faults in the offshore network. Both WTs and offshore two-level 

HVDC converter control their negative sequence current injected into the offshore AC 

network in order to eliminate the oscillating AC power at their respective filter buses 

considering the unknow power/voltage reference. Such control objective is achieved 

by numerically setting the power oscillation term as detailed in [62] to zero to derive 

the negative sequence current reference. This approach is particularly designed for 

offshore station and aims to minimize voltage and current ripple for the DC 

transmission system. Nonetheless, during severe asymmetric AC faults or when the 

ratio between the negative sequence voltage and the positive sequence voltage exceeds 

70%, the negative sequence current controllers of the WTs and offshore HVDC 

converter need to be disabled to prevent large amount of negative sequence current 

injection by converters. Consequently, the system loses negative sequence current 

control, potentially leading to overcurrent.  

Unlike two-level VSCs, several studies on the behaviour of modular multilevel 
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converters (MMCs) under asymmetric AC faults reveal that MMC can be controlled 

not to inject even harmonic power into DC side thus exhibiting no even harmonic 

voltage ripples in the DC link when it operates with balanced or unbalanced AC current 

[68-70]. Studies in [68, 71] reveal that, during asymmetrical AC fault, the circuiting 

current in MMC contains not only negative sequence double frequency currents but 

also the zero and positive sequence ones. The zero-sequence currents can flow to DC 

side and cause DC voltage oscillation. Thus, a zero-sequence suppression control is 

proposed in [72] to eliminate the DC oscillation. Further studies in [73] use the 

proportional-resonance (PR) controller successfully suppressed the positive, negative 

and zero sequence circuiting currents under unbalance fault to improve the MMC 

internal and external fault ride through behaviours. Therefore, the previous objective 

for 2-level VSCs of eliminating the oscillating components of the active power during 

asymmetric faults becomes redundant in MMC cases. The negative sequence current 

represents an additional degree of freedom in MMCs that could be exploited to 

optimize overall system transient behaviour in conjunction with other protection 

considerations. 
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Fig. 2.13 Offshore HVDC connected windfarm system protection  

Protection system design is another critical issue for ensuring satisfactory offshore 
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windfarm fault ride through operation. The fault currents which used to activate some 

protective relays (e.g. overcurrent relays) is normally provided by synchronous 

generators in conventional power networks. In contrast, the offshore converters can 

only provide limited (e.g. 1.2 pu) fault current depending on their designs [74].  

References [19, 75, 76] analyse the impact of offshore windfarm system fault 

current distribution on protection system design during symmetrical fault conditions. 

It concludes that the converters can successfully trip the over-current relay installed on 

the WT string level. However, for the collection grid that connects WT string to 

offshore HVDC station, the performance of overcurrent relay is inadequate, while 

differential protection can distinguish the fault current. Moreover, fault current 

contribution from MMC and WTs could result in excessive fault current for faults at 

WT strings as illustrated in Fig. 2.13 [76]. Thus, reference [56] proposes a voltage-

dependent current order limit method, which decreases the maximum current injection 

when the offshore AC voltage drops below 0.2 pu until the currents contribution from 

converters down to zero. However, the method neglects the fault currents requirements 

for the operation of the overcurrent relays. To address this issue, [19] proposes a fault 

current providing control method, as illustrated in Fig. 2.14. When the fault is detected, 

the idref that contributes to active power transfer is reduced to zero (low AC voltage so 

no active power can be transferred) while the reactive current iqref  is gradually ramped 

up (rather than jumped to the current limited instantly). Thus, the fault current at the 

faulty point will increase gradually, and excessive fault current can be avoided (so no 

need to increase the capacity of the circuit breakers in the WT strings)  
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Fig. 2.14 Fault current management scheme [19] a) fault current injection control b) fault 

current supply  

To facilitate the analysis of asymmetrical faults, power circuits are generally 

decomposed into equivalent positive, negative and zero sequence circuits in 

conventional power system [77]. Reference [20] adopts controlled current sources to 

represent VSCs in sequence network when analysing asymmetrical AC faults for 

offshore windfarm system. However, a fundamental problem of the representation in 

[20] is the absence of shunt impedances across the current sources in the sequence 

network, which are necessary for decoupling the current sources from the inductances 

of the converter transformer and interfacing inductors. This has led to circuit anomaly 

and resulted in extremely high voltages when negative sequence currents are 

suppressed as the detailed results presented in [20]. Therefore, the current source 

representation is abandoned and controlled voltage source equivalent is adopted in [10]. 

Such an approach is preferred because it does not require any factitious impedance, as 

pointed out earlier in the current source representation. 

In addition to the safe offshore converter operation and protection system, WT 

GSCs and the generator also need to be properly controlled to ride through faults. Due 

to the reduced offshore voltage, the active power that can be transmitted by offshore 

network is significantly reduced. Thus, the surplus power generated by WT will charge 
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its DC capacitance leading to overvoltage on the DC side. To tackle this issue, the most 

effective method is installation of energy dissipation units, e.g. DC choppers, to burn 

the surplus power to maintain the DC voltage [78-80]. However, due to the heat effect, 

this method can only sustain the WTs for a short period time and thus, extra action 

from generator side needs to be taken such as pitch control [81, 82] to reduce captured 

wind power or shut down of WTs for permanent faults.  
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Fig. 2.15 WT fault ride-through operation 

 Onshore AC fault ride through operation  

During onshore AC network faults, the power transmission capability of onshore 

converters is severely reduced. The continuous power export from the windfarm to the 

HVDC link leads to power imbalance and results in rapid DC voltage rising of the DC 

link. To avoid shutdown of the entire system, the excess power has to be dissipated, or 

the windfarm needs to reduce the exported power. 

The energy dissipation unit method as introduced in the last section at (WT level) 

can also be adopted in such scenario. However, compared with individual WT, the 

HVDC system needs large rating of DC choppers or dynamic braking resistors at the 

HVDC link, leading to a significant increase in capital costs. 
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Power reduction control with the aid of fast communication system is employed 

in [83-85], as illustrated in Fig. 2.16. When the fault is detected by the onshore 

converter, the communication system will share the fault signal to each WT to reduce 

the power generation. However, under such arrangements, the system performance 

mainly relies on communication reliability and speed, which reduces the robustness of 

system. 

 

Fig. 2.16 Communication layout of VSC-HVDC connected offshore wind farm for onshore 

AC fault ride-through [83] 

Reference [86] proposes a method that utilizes the system inherence 

characteristics, e.g. raised DC voltage, to design the Vdc-Vac droop control, which can 

distribute the power stress among local windfarm. During an onshore AC fault, the 

MMC reduces the offshore AC voltage magnitude according to the raised DC voltage. 

Then, WT grid side control will hit current limits imposed at outer controllers leading 

to the power reduction of individual WT. Such control method can effectively reduce 

the onshore terminal power stress.  
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Fig. 2.17 Onshore fault ride-through Vdc-Vac droop control  

 DC fault ride through operation 

The DC fault is another key issue for the operation of HVDC connected offshore 

windfarms [87]. As discussed in previous section, most employed offshore windfarm 

projects are MMC connected system and thus, the majority of existing DC fault ride-

through operations are focused in this field. 

Due to the low DC impedance, a DC pole-to-pole fault can result in the collapse 

of DC voltage within a few milliseconds and large DC fault current due to the capacitor 

discharging and AC fault current feeding through the freewheeling diodes of the 

converters. Power electronics devices used in the MMCs have limited overcurrent 

capability and are extremely vulnerable to the rapidly increased DC fault current [88]. 

Thus, the protection speed required for DC fault is much faster than that in AC fault. 

In addition, DC fault current does not have zero crossing, so fault breaking becomes 

challenging.  

 The cooperation of ACCBs and fast DC switches (DCSWs) is one of the options 

used to clear DC fault [54]. When the fault happens on the DC line, the large DC fault 

current flows through the MMC arms. The internal protection will monitor the fault 

current and block the converter if the arm current excessed certain threshed, e.g. 2 pu, 



35 

 

to protect the IGBTs [89]. Then, the ACCBs installed on the converter side trip to break 

the fault current at AC current zero-crossing point. After the fault current from DC side 

decays to around zero, the installed DCSWs connected at the faulty lines open to 

isolate the DC fault, as illustrated in Fig. 2.18.  
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Fig. 2.18 DC fault clearance through ACCBs and DCSWs 

Various SM topologies, e.g. FB [90], clamped double [91] and mixed submodules 

[92], have also been proposed for MMC to block fault current feeding from AC to DC 

side. Taking the FB SM as an example, when all switches are blocked as shown in Fig. 

2.19 a), the capacitor Csm is inserted into the current path in negative polarity to block 

the fault current following through the freewheeling diode from the AC side. In 

addition, as FB SM can generate negative voltages as listed in Fig. 2.19 b), it can 

continue operating during the DC fault as STACOM to support the AC grid side 

voltage [93]. However, FB-MMC doubles the power electronics devices, which leads 

to additional power losses and investment costs. 
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Switching state S1 S2 S3 S4 Vsm 

I 1 0 0 1 Vc 

II 0 1 1 0 -Vc 

III 1 0 1 0 0 

IV 0 1 0 1 0 

Blocked 0 0 0 0 -Vc for DC fault blocking 

b) Output voltage of FB SM 

Fig. 2.19 FB SM and its operating state  

DCCBs are key technologies to enable a fast DC fault isolation. Depending on 

their configurations, DCCBs can be categorized as mechanical, solid-state and hybrid 

DCCBs [94]. Fig. 2.20 illustrates a typical mechanical DCCB which composes of a 

mechanical switch in parallel with surge arrestors and resonance circuits. When the 

fault is detected, the auxiliary switch activates the LC resonance circuit to superimpose 

a resonant current to counter the fault current, so an artificially current zero-crossing 

is created. Thus, the mechanical switch can be opened to isolate the fault. The surge 

arrestors limit the maximum voltage across the resonant circuit and absorb the energy 

stored in the DC lines [95].  
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Fig. 2.20 Mechanical DCCB 
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Fig. 2.21 illustrates a topology for the solid-state DCCBs. As can be seen, the 

solid-state DCCBs replace the mechanical switch and resonant circuit by series-

connected semiconductors. Surge arrestors are connected in parallel with the IGBT 

main breaker to absorb the energy in DC line and to limit the voltage across the DCCB 

during fault isolation process. Due to the fast action of IGBTs, the solid-state DCCBs 

can interrupt the fault in less than 1 ms [94, 96]. However, the high capital cost and on 

state operation losses hinder its applications.  

IGBT main breaker

Surge arrestors

L

RCS

 

Fig. 2.21 Solid-state DCCB 

To improve, the hybrid DCCB topology proposed [97] where a fast disconnector 

is series connected with an auxiliary breaker constructing the main conduction path 

while an equivalent solid-state DCCB is parallel connected for fault isolation, as 

shown in Fig. 2.22. During normal operation, the currents flow through the mechanical 

switch due to the lower on-state voltage than the solid-state DCCB branch. After fault 

detection, the auxiliary breaker turns off and the current will commutate to the parallel 

solid state DCCB branch. Thus, the currents flow to the fast DC disconnector drops to 

zero and DC disconnectors can be opened. The solid-state DCCB branch can then be 

turned off to reduce the DC fault current and isolates the fault quickly. Compared with 

the other two types of DCCBs, the hybrid DCCB can operate at high speed with 

minimal losses during normal operation. However, the large footprint and high capital 

cost are the major concerns for vendors that prevent its wide application.  
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Fig. 2.22 Hybrid DCCB  

Serval studies and projects have concluded that MTDC network can potentially 

increase offshore power transmission system reliability by reducing the overall 

downtimes of “loss of infeed” and lower overall investment and operation cost [24-

26]. DC fault protection is a major technical obstacle that prevents the development of 

reliable MTDC grids and has drawn significant attention from academia and industry 

[21-23]. To date, several protection concepts have been proposed to facilitate fault 

isolation in offshore MTDC networks. 

In [27], a “handshaking” DC fault protection method that utilizes ACCBs and fast 

DC dis-connectors to isolate DC fault and facilitates system restoration in MTDC 

terminal is proposed, as demonstrated in Fig. 2.23. If currents flowing into the cables 

through the DCSWs is defined as positive, for the faulty branch, both ends of currents 

(DCSW 3-2 and DCSW 2-3) are positive, while at the healthy cables, at least one cable 

current is negative. Then, the fault location can be identified and isolated by opening 

the corresponding DCSW once the DC fault current decays to zero after all the ACCBs 

opened. However, such scheme is inadequate for MTDC network, especially for 

critical power corridors, as it leads to the shutting down of the entire system and system 

recovery is slow. 
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Fig. 2.23 DC fault clearance by ACCBs and DCSW with “Handshaking.”  

To speed up the fault clearance, a DC fault ride-through method in MTDC grids 

is investigated in [29], in which a dedicated fault clearance and system restoration 

sequence is discussed when fault blocking converters such as the FB MMC and high 

speed DC switches are employed. When a DC fault occurs, the FB SM will be 

controlled to quickly reduce the DC voltage in order to extinguish the DC fault current. 

Although the approach demonstrated in [29] can effectively reduce the period of 

system outage, it still does not facilitate continued operation for the healthy part of the 

system. 

Thus, to minimize power interruption through prevention of total shut down of the 

DC grid, the uses of different types of DCCBs are investigated in [98-100]. By 

connecting fast acting solid-state or hybrid DCCBs at both ends of each cable as 

illustrated in Fig. 2.24, the DC fault can be quickly isolated after a fast fault detection 

and localization [101]. Thus, interruption of remaining service can be minimized. 

However, the high cost and weight, and large footprint of full-size DCCBs, particularly 

for offshore application, increase the total investment cost significantly. 
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Fig. 2.24 DC fault clearance by DCCBs  

Thus, the partial selective protection scheme which uses a combination of reduced 

number of DCCBs and slow DCSWs to clear DC faults while retaining some of the 

pre-fault power transfer, could be a cost-effective solution [102]. Such method is 

achieved by equipping the expensive DCCBs or DC-DC converters [103] at strategic 

locations which partition the large DC system into a number of small DC network 

zones. In case the fault happens in one DC network zone, the fast-acting DCCBs will 

be opened, which acts as a firewall to interrupt the fault propagation. Thus, the healthy 

system can remain operational. Within each zone, relatively slow and cheap protection 

equipment (ACCBs with DCSWs) can be used. Nonetheless, the slow partially 

selective DC fault protection strategy requires significant modifications to WTs control, 

particularly, to maintain offshore AC voltage and frequency for extended period of 

time after the blocking of offshore MMC, in order to avoid the protentional issues and 

provide fast system restoration.  

 Black start service provided by offshore windfarms 

Massive integration of RESs into power systems increases the risk of wide-area 

blackouts, especially in strongly linked networks [32]. In August 2019, the deloaded 

of the Hornsea 1 offshore windfarm in the UK led to blackout across wide areas, 
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affecting over one million customers [104]. The current practical power system 

restoration primarily relies on conventional hydro and thermal power plants due to 

their capability to meet the technical requirements for black start [105]. However, they 

are characterized by long start-up time.  

VSC based HVDC system can be used as a standby facility for black start and 

system restoration due to its voltage regulation capability [106]. In [107], a field test 

on the use of VSC-HVDC system to provide the required electrical auxiliary power to 

start-up a thermal power station is described. Several critical processes were 

demonstrated during the test such as energizing the large transformer, long overhead 

line energization (200 km 330kV), and the starting up of large generators (250 MVA). 

The tests were performed in the Pohivork network in Estland in June 2007 and the 

lessons learned from the test can be summarized as follows: 

• Compared with conventional generators, the AC voltage of VSC HVDC 

system can be directly controlled with a wide range of 0 pu to 1.1 pu, so 

adverse impact on the excitation system of the generators can be avoided.  

• The soft energization scheme, in which the voltages on lines and transformers 

are gradually built up, avoids any large inrush current. 

• The fast and direct regulation on the frequency can aid the generator governor 

to damp any generator angle swing after the generator reconnection.   

Further studies have investigated the impact of soft energization on traditional AC 

protection systems due to the low short circuit current contribution of HVDC 

converters. In [108], it is pointed out that the differential protection could not be used 

as primary protection due to limited fault current contribution for the 420 kV system 

but the undervoltage protection would be a good choice after successful system starting 

up. For lower voltage levels, e.g. 22 kV, the original protections setting is sufficient 
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due to enough fault current contribution. However, those studies are tested in an island 

grid to ensure the safety of main AC grid operation. The studies present in [109] extend 

the black start to a live network. The test was carried out in Danish grid with the 

Norwegian grid work as only power source to feed the HVDC link. After successfully 

energizing the 400 kV AC transmission line, several large transformers, a 25 MW 

boiler are connected, and the synchronization between the live and black started AC 

grid is executed by the converter. The overall behaviours are satisfactory, but small 

transients and oscillations were observed after the system reconnection[109].          

With the fast development of offshore windfarms and continuously increased 

penetration of renewable energy, large VSC-HVDC connected offshore windfarms as 

a more stable energy compared with other renewable sources, are also proposed to 

provide fast black start service [4, 16]. For example, black start service provided by 

offshore windfarm has been included in the ENTSO-E network connection 

requirements as an optional requirement and can be requested by transmission system 

operators (TSOs) [33].  

So far, several studies have been carried out to explore the feasibility of black start 

operation for offshore windfarm system. Technical challenges associated with different 

stages of energization when HVDC connected offshore windfarm are used for black 

start have been identified and discussed in [33-35], including the self-start of offshore 

windfarms. References [110, 111] propose a start-up method that utilizes an auxiliary 

generator in offshore platform to energize the offshore WTs, transformers and cables 

as shown in Fig. 2.25. Detailed analyses on impacts of inrush current on transformers 

and offshore HVAC and HVDC cables using EMT simulation reveal that the auxiliary 

generator can successfully power the offshore network with the aid of properly 

designed pre-insertion resistor (PIR) to limit the transient behaviour. However, such 

an arrangement adds extra cost and the control and operation for WTs are not addressed.  
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Fig. 2.25 Offshore network start-up with auxiliary diesel generator [111] 

In contract, the Type-4 WTs with fully rated power electronics converter can self-

start with the aid of internal backup power supply (battery energy storage system) for 

initial energization and an UPS power source for its auxiliaries and yaw & pitch 

mechanisms, as illustrated in Fig. 2.26 [33] [112]. Once some WTs can sustain 

themselves, the next stage requires the synchronization between the WTs in the 

offshore grid. This stage requires the WTs to operate in grid forming mode to regulate 

the offshore AC grid voltage while enables the rest of WTs autonomously synchronize 

to the main AC grid and contribute to voltage and frequency regulation. In addition, 

[58]has successfully demonstrated a sequential black start scheme for offshore AC 

network in which each WTs are powered and connected to the AC grid without 

significant transient to the offshore AC network. However, due to the onshore 

converter station has to work under grid forming mode, the requirement of regulating 

DC voltage needs shift to offshore network. 

 

Fig. 2.26 Self-start scheme for Type-4 WT [33] 
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Reference [34] demonstrates black start using HVDC connected offshore 

windfarm where the onshore MMC station works under grid forming mode while the 

offshore MMC station in DC voltage regulation mode. Under such condition, the 

offshore AC voltages are regulated by the WTs. The detailed energization sequence of 

the offshore AC network, HVDC link and onshore AC grid is studied. However, the 

work present in [34] does not consider the detailed charging process of onshore 

converter and the results presented shows a significant voltage dip in HVDC link and 

large transient in the offshore and onshore MMC cell voltages and valve currents when 

the onshore converter is enabled. This issue might be addressed by using a PIR to limit 

the large infeed current or by adopting active charging method in [113, 114] in which 

the blocked SMs are bypassed slowly with voltage sorting algorithm.  

Hybrid DC transmission system with DR as front-end interfacing converter at 

offshore may be a good alternative to MMC HVDC system for future offshore 

windfarms due to its low cost [7-9]. The existing researches for DR-HVDC operation 

mainly focus on its control, system fault ride-through and start-up operation of the 

offshore AC system [57, 58, 75, 115], while using DR-HVDC connected offshore 

windfarm for black start onshore network has not been investigated. In addition, 

compared with MMC connected offshore windfarm system, the black start operation 

using DR-HVDC is more challenging such as the issue of DC voltage regulation and 

power balance between onshore and offshore grids due to the uncontrollable DR 

station.  
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 Summary and thesis’ contributions 

This chapter reviews HVDC connected offshore wind farm configurations, control 

of HVDC transmission system, FRT operation and black start operation of offshore 

windfarms. In this chapter, three different offshore HVDC converter topologies, i.e. 

LCC, VSC and DR are reviewed, and the advantage and disadvantages are compared. 

Three different offshore windfarm configurations, i.e. point-to-point, parallel 

connection and MTDC network, are introduced. Various offshore AC ride-through 

operations including converter control and its impact on protection have been 

discussed. In addition, the black start services provided by HVDC and windfarm 

systems are reviewed.  

Based on the identified challenges, the main contributions of this thesis are: 

• The control and analysis for MMC connected offshore windfarm systems 

under asymmetrical fault conditions. A detailed sequence analysis is 

performed to assist in understanding power electronics-based network 

characteristics under asymmetrical faults. An enhanced offshore MMC 

control strategy is then proposed to ride-through offshore asymmetrical faults, 

which helps to define a safety fault current level in offshore AC network while 

avoiding any excessive overvoltage in healthy phases, and instigating speedy 

recovery of the AC voltage following clearance of AC faults. 

• Control of offshore WTs during DC grid faults. A comprehensive analysis is 

performed to understand the impact of DC faults on the offshore AC network 

control and operation. Based on the findings, an enhanced passive voltage 

control for offshore WT converters is proposed to deal with the situation when 

the control from the offshore MMC station is lost due to its blocking or sudden 
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opening of offshore AC circuit breakers during a DC fault. The value and 

viability of the proposed WT control is demonstrated in a 4-terminal meshed 

DC network using partially selective DC fault protection method that uses 

reduced number of DCCBs to facilitate DC fault isolation and ensures system 

restoration. 

• Black start operation using DR connected offshore windfarm systems. To 

enable the DR-HVDC system to perform black start to onshore grid, a new 

WT frequency-AC voltage (f-V) droop control is proposed to regulate the DC 

voltage of the DR-HVDC link in a safe range and keep the power balance 

between onshore and offshore grid. Such operation method is achieved by 

dynamically regulating the offshore AC voltage according to the system 

operation condition considering the DR system characteristics.  

 

 

  



47 

 

Chapter 3                          

Control and Analysis of MMC connected 

Offshore Windfarm during 

Asymmetrical AC faults 

For MMC connected offshore windfarm systems, the offshore AC network built 

up by the offshore MMC station exhibits different characteristics during faults 

compared with conventional AC systems. To date, offshore asymmetrical faults for 

such systems have not been properly analysed and how the negative sequence current 

and voltage for the offshore MMC and WTs converters shall be controlled requires 

further study. This chapter will briefly introduce the basic control of the offshore MMC 

and WTs. A theoretical analysis of the system operation during offshore asymmetrical 

faults with the aid of conventional power system sequence network theory is then 

carried out. Based on the findings, an enhanced AC fault ride through method is 

proposed to enable fast post-fault AC voltage recovery while ensures a safe fault 

current level and prevents any excessive overvoltage in the healthy phases. Validity of 

the proposed solution is confirmed by numerical simulations in PSCAD. 

 MMC connected offshore windfarm system modelling and 

control  

Fig. 3.1 shows the structure of the considered windfarm rated at 1200MW 

connected through a MMC-HVDC system. The windfarm consists of a large number 

of Type-4 full size PMSG based WTs. The following section will briefly introduce the 

modelling and control of offshore system adopted in this thesis. 
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Fig. 3.1 Generic representation of offshore network. 

 MMC structure 

Fig. 3.2 shows a typical structure of a three-phase MMC converter, which is 

composed with three-phase legs (a, b, c) and each phase leg consists of an upper arm 

and a lower arm. Each arm has one arm inductor and N numbers of HB SMs which are 

used to form the arm voltage denote as vua and vla for phase a in Fig. 3.2. The 

configuration of the HB SM is also illustrated on the top left of Fig. 3.2 where Vsm is 

the output voltage of the SM. 
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Fig. 3.2 Basic structure of HB SM based MMC  
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 MMC equivalent model 

Assuming the SM voltage of MMC is well maintained, the upper and low arm 

voltages can be equivalent to controllable voltage sources of vuj and vlj (phase j=a,b,c), 

respectively. To simplify the analysis, the circuit in Fig. 3.2 is converted to a simplified 

single-phase representation, as shown in Fig. 3.3. 

Larm

iuj

ilj

vuj

vlj

Ej

ij

idc

Vdc/2

Vdc/2

n

ijcm

ej

 

Fig. 3.3 Simplified representation of a single-phase MMC 

Applying KCL to Fig. 3.3, the arm currents iuj and ilj can be represented by 

considering a common mode and a differential mode as: 

 2

2

j

uj jcm

j

lj jcm

i
i i

i
i i


= +


 = − +


  (3.1) 

where ij is the three-phase current (equivalent to the differential mode arm current) and 

ijcm is the common-mode current in each phase arm. 

Taking the neutral point n of the DC link as the reference point, the voltage 
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equation can be expressed as: 

 

uj

arm j j

lj

arm j j

di
L e E

dt

di
L E e

dt


= −


 = −


  (3.2) 

where ej is the inner emf generated in phase j and is expressed as: 

 
2 2 2

ujljdc dc
j uj lj

v vV V
e v v

−
= − = − + =   (3.3) 

and Ej denotes the three-phase terminal voltage. Vdc is the DC voltage of the MMC 

station and Larm is the arm inductance.  

By substituting (3.2) and (3.3) into (3.1), the three-phase voltages can be 

described as: 

 
2

jarm
j j

diL
e E

dt
= −   (3.4) 

 2 ( )
jcm

arm dc lj uj

di
L V v v

dt
= − +   (3.5) 

Equation (3.4) indicates that ij can be regulated by controlling the equivalent inner 

emf ej. Thus, the classic current vector control strategy for conventional two-level VSC 

based on dq coordinates, including an outer power/reactive power controller and an 

inner current controller can also be used in MMC to control the AC terminal current. 

According to (3.5), once the desired inner emf ej which is generated by the current 

controller is known, the required arm voltages vuj and vlj can also be obtained as: 

 
2
dc

uj j

V
v e= −   (3.6) 
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2j
dc

lj
e

V
v = +   (3.7) 

Moreover, under steady-state conditions, the common-mode current only contains 

1/3 of DC current idc . Thus, according to the (3.5), the DC voltage is given as: 

 ujdc lj
V v v= +   (3.8) 

 Double synchronous reference frame vector control for 

MMC 

To facilitate precise control of MMC, the double synchronous reference frame 

current control is adopted in this thesis. The method as detailed in [62-65] decomposes 

the three-phase voltages and currents into positive and negative sequence components 

and then transforms them into two orthogonal planes as ‘dq+’ and ‘dq-’ that rotate at 

speed of   and − , respectively as illustrated in Fig. 3.4. In this manner, the positive 

and negative sequence voltage and current can be controlled independently. It is worth 

mentioning that, due to the transformer arrangement, zero-sequence voltage and 

current are normally absent on the converter side.   

+ω 

-ω 

Va

Vb

Vc

+θ 

-θ 

d +

d -

q+
q-

α 

β 

 

Fig. 3.4 Voltage vector in ‘dq+’ and ‘dq-’ reference frame  
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 Three-phase variables with no-zero sequence can be decomposed into the positive 

and negative sequences as: 

 ( ) ( ) ( )abc abc abcF t F t F t+ −= +   (3.9) 

Then, the positive and negative sequences in abc frame can be transformed to the 

relevant dq+ and dq- frames as: 

 ( ) , ( )dq abc dq abc + + − −= = −F P F F P F   (3.10) 

where  

 
cos cos( 2 / 3) cos( 2 / 3)2

sin sin( 2 / 3) sin( 2 / 3)3

    

    

− + 
=  

− − − − + 
P   (3.11) 

and   is the angle between Va and d-axis as illustrated in Fig. 3.4. 

It should be noted that, during grid unbalance condition, the positive sequence and 

negative sequence are cross-coupled. Thus, notch filters are used to remove the 

second-order component [75] and the transfer function is: 

 
2 2

2 2

4
( )

4 4

s
G s

s s



 

+
=

+ +
  (3.12) 

where s is the Laplace operator,   is the offshore grid angular velocity and   is the 

damping ratio.  

After transforming (3.4) into synchronous dq+ and dq- reference frames, the 

following equations can be obtained: 
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1 1

2 2

1 1

2 2

1 1

2 2

1 1

2 2

d
arm arm qd d

q

arm q q arm d

d
arm arm qd d

q

arm q q arm d

di
L e v L i

dt
di

L e v L i
dt
di

L e v L i
dt

di
L e v L i

dt









+
+ + +

+

+ + +

−
− − −

−

− − −















= − +

= − −

= − −

= − +

  (3.13) 

where,    is the angular frequency of the offshore network. Using proportional-

integral (PI) regulators, the positive and negative current loops are designed as 

illustrated in Fig. 3.5.  
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Fig. 3.5 Positive and negative sequence current controllers 
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 Offshore AC voltage control  

To analyse the dynamics of offshore voltage, a simplified one-line diagram of the 

offshore grid is drawn in Fig. 3.6, where Ipcc is the current flowing from the WTs to the 

PCC bus and IMMC is the current following into the offshore MMC station. C represents 

the equivalent AC capacitance seen at the PCC point. 

Offshore MMC station

Vpcc

Larm

C

IpccIMMC Zline

Vdc
+

-

Offshore Windfarms  

Fig. 3.6 simplified one-line diagram for offshore grid 

Appling KCL to Fig. 3.6, the relationship between current and voltage at the PCC 

can be obtained as: 

 
MMCa PCCa a

MMCb PCCb b

MMCc PCCc c

I I V
d

I I C V
dt

I I V

     
     

= −
     
          

  (3.14) 

Transforming (3.14) into dq frame yields: 

 
0 0

0 0

MMCd PCCd dq

MMCq PCCq qd

I I VVC C d

I I VVC C dt





         
= + −         

−         

  (3.15) 

From (3.15), it can be concluded that the offshore PCC voltage can be regulated 

by adjusting the current references of the inner current controller. Thus, the positive 

sequence voltage reference which forms the offshore AC voltage under normal 

operation can be regulated. For the negative sequence, the current reference normally 

sets as zero to maintain balance output current.  



55 

 

In addition, the offshore AC grid frequency is also regulated by offshore MMC 

and is typically fixed, say at 50 Hz. Thus, the phase angle θ is simply derived using 

the fixed frequency as illustrated in Fig. 3.7 as:  

 2 100t ft t   = = =   (3.16) 
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Fig. 3.7 Positive and negative sequence controller 

 MMC supplemental control  

a) Modulation methods 

To control the switching of the SMs,  the phase-shift PWM [116]and level-shift 

PWM [117] are commonly used for low or medium voltage. However, for HVDC 

application, both two modulation techniques become impractical due to the high 

number of SMs and complexity of the switching decisions. Thus, the nearest level 

modulation (NLM) [118] is commonly adopted for HVDC applications. As illustrated 

in Fig. 3.8, at each sampling period, the NLM modulation method selects the number 

of SMs to be inserted such that the total arm voltage generated by the inserted SMs 

closely matches the modulation waveform (i.e. the reference arm voltage). Assuming 

that the SM capacitor voltages are largely balanced, the average SM voltage Vsm is: 
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 / ( ) /sm dc lj ujV V N v v N= = +   (3.17) 

Thus, based on the modulation index, the inserted SM numbers at upper arm Nupper 

and lower are Nlower can be described as: 

 

( )
2

( )
2

s
upper

sm

s
lower

sm

eN
N round

V

eN
N round

V


= −



 = +


  (3.18) 

where round means the closest integer. 

 

 

Fig. 3.8 Nearest level modulation 

b) Voltage balancing control 

To ensure safe operation, the capacitor voltages of all the SMs must be balanced 

[119]. Depending on the switching state of SM, its capacitor charging or discharging 

states are listed in Table 3.1. As seen, when the SM capacitor is inserted to the arm (i.e. 

State 1), the SM capacitor is charged or discharged depending on the arm current 

direction. Thus, the soring algorithm [120] is used in each sampling period to ensure 

all SMs capacitor voltages balanced. Specifically, the SMs with lower capacitor 

voltage will be inserted during the charging cycle, while the SMs with high capacitor 
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voltage will be inserted during discharging cycle.  

Table 3.1 Switching states and capacitor charging and discharging of HBSM 

States S1 S2 VSM iSM Capacitor status 

1 On Off Vc >0 Charging 

On Off Vc <0 Discharging 

2 Off On 0 - Bypassed 

3 Off Off - - Blocked 

Another important aspect of MMC operation is to ensure the stored energies in all 

the six arms are equally distributed which commonly refers as horizontal (different 

phase legs) energy balancing control and vertical (upper and lower arms) energy 

balancing control [121] as illustrated in Fig. 3.9. Such controls have been well 

understood, and as their operation does not directly affect the proposed method, no 

further details are provided here. 
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Fig. 3.9 Vertical and horizontal capacitor voltage balancing control 

c) Circulating current control 

Controlling the circulating current is another key issue for the MMC operation. 
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This is due to the double frequency power oscillations in the different phases resulting 

in the second-order harmonic voltage at the SM capacitors. Consequently, 2nd order 

harmonic voltage can present in each of the three-phase legs with 120 degrees phase 

shift, resulting in 2nd order harmonic current circulating inside the 3 phase legs. This 

can increase the converter power losses and lead to extra semiconductor 

voltage/current stress. The detailed mathematic analysis can be found in [68-70]. To 

eliminate the circulating current, the PR controller is adopted in this thesis, as 

illustrated in Fig. 3.10. 
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Fig. 3.10 Circulating current suppression controller 

The overall control diagram of the offshore MMC is illustrated in Fig. 3.11, with 

the main control blocks previously described. 
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Negative Sequence Current Controller
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Fig. 3.11 Overall control diagram for offshore MMC station 

 WTs model and control  

For large offshore wind farms containing hundreds of WTs, system modelling and 

simulation become computationally intensive if each WT is modelled in detail [122]. 

As this thesis mainly focuses on the offshore AC and DC network dynamics, 

aggregated and simplified WT systems are used. Thus, the detailed influence factors 

such as wake effect and variable wind speed are not considered. Instead, each of WT 

is assumed working under rated power (as quite often, this is the most demanding case 
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for control). In addition, as the advanced fault ride-through operation for WTs 

mechanical system has been well documented [123, 124] and is not directly related to 

the identified problems and the proposed method, the dynamics of the WT mechanical 

system are not modelled and only the WT LSC connected to a DC source is considered 

[56, 57, 75, 125]. Fig. 3.12 illustrates the WTs model considered in this thesis. 
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Fig. 3.12 Diagram of WT grid side converter modelling  

As the offshore AC network is regulated by the MMC station, the WTs work under 

grid following mode, and their active and reactive power are controlled in a similar 

way as those AC connected WTs. Fig. 3.13 illustrated the control diagram in where 

outer power loops and inner current loops are used. Similar to the offshore MMC, the 

conventional double synchronous reference frame vector control is adopted for the WT 

LSC to enable a precisely control of both positive sequence and negative sequence 

current. The maximum dq+ current references are set according to the converter current 

rating to limit the fault current. For the negative sequence current reference, the control 

target is set as suppressing the negative sequence current to zero.  
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Negative Sequence Current Controller

PI

PI

dq

abc

+id

+iq

+vd

+vq

+id * 

+iq * 

+vd* 

+vq* 

* +Mabc

PI

PI

dq

abc

Mabc* 
_

iq* 
_

id* 
_

iq
_

id
_

vq
_

vd
_

+LWTiq

+LWTid

+-

+
- +

-+

+
+

+

+
-

+-
+
-

+
+

+
+

vq* 
_

vd* 
_

+

+

-LWTiq

-LWTid

Mabc 

P

PI

Q

PI

Power &Reactive Power Controller 

PLL

 

vabc

iabc

PLL & DQ Transformation

abc

dq

vabc

+_vd

+_vq

+_id

+_iq

2w 

2w 

2w 

2w 

P* 

Q* 

WT

_



+



+_

+
-

+-

 

Fig. 3.13 WT LSC control diagram 

 Sequence network analysis during offshore asymmetrical 

faults 

To simplify the analysis and for the purpose of illustration, the offshore AC 

collection grid with an AC fault applied at the 66 kV offshore cable shown in Fig. 3.1 

is schematically represented in Fig. 3.14, where the offshore MMC and WT converters 

in Fig. 3.1 are replaced by two controllable three-phase voltage sources. As shown in 

Fig. 3.14, 
j

MMC
E   and 

j

MMC
I   (j=a, b, and c) are the phase voltage and current of the 

offshore MMC station, respectively; 
j

WT
E  and 

j

WT
I  are the respective phase voltage 
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and current of the WTs; 
j

F
V  and 

j

F
I  are the voltage and current at the fault point, 

respectively; ZMMC and ZWT are the equivalent impedances on the offshore MMC and 

WT sides, respectively; and the fault impedance is FZ . The switches shown in Fig. 

3.14 are used to represent different fault scenarios. 
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Fig. 3.14 Simplified offshore AC grid during faults. 

The generic phasor expressions that describe the equivalent circuit of the offshore 

windfarm in Fig. 3.14 are: 

 

abc abc abc

MMC MMC MMC F

abc abc abc

WT WT WT F

=

=

+ 


− 

E Z I V

E Z I V
  (3.19) 

The voltage and current vectors at potential fault point ‘F’ are: 

 

abc abc
F F F

abc abc abc
F WT MMC

 = 


= −

V Z I

I I I
  (3.20) 

where 
abc

WT
E  , 

abc

MMC
E   and 

abc

F
V   are column vectors of the aggregate windfarm converter 

and MMC terminal voltages and the voltage at fault point, respectively; 
abc

WT
I ,

abc

MMC
I  and 

abc

F
I  are column vectors of the windfarm converter and MMC currents and the fault 

current, respectively; and ZMMC and ZWT are generically defined, with ‘x’ referring to 
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‘MMC’ and ‘WT’ as:  

 

N N N
x x x x

N N N
x x x x x

n N N
x x x x

Z Z Z Z

Z Z Z Z

Z Z Z Z

 +
 

= + 
 

+  

Z   (3.21) 

In (3.21), N denotes the corresponding grounding impedance. The three-phase a, 

b, c variables 
abc

F   can be transformed into equivalent symmetrical component 

variables 
0 -+

F  in sequence frame by [126]: 

 

0

0 1

abc

abc

+−

+− −

 =


=

F AF

F A F
  (3.22) 

where the transformation matrix A and A-1 are given as: 

 2 2

2 2

1 1 1 1 1 1
1

1 1
3

1 1

and   

   

   
   

= =   
   
   

-1
A A   (3.23) 

where 1 120 =    . After transforming (3.19) to sequence frame using (3.22) and 

(3.23), the following expressions are obtained: 

 

0 0 0 0

0 0 0 0

 MMC MMC MMC F

WT WT WT F

+− +− +− +−

+− +− +− +−

=

=

 + 


− 

E Z I V

E Z I V
  (3.24) 

where 
10

x x

−+− =Z A Z A   (subscription x represents MMC, WT and F) is a diagonal 

matrix and its components are:  
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 0

3 0 0

0 0

0 0

N

x x

N

x x

N

x x

x

Z Z

Z Z

Z Z

+−
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 

+ 
 + 

=Z   (3.25) 

Expanding (3.24) leads to three pairs of decoupled equations which can be 

expressed graphically as three independent circuits for positive, negative and zero 

sequence voltages and currents. It should be noted that for converter-based networks, 

the negative sequence quantities can be controlled by injecting negatives sequence 

voltage through corresponding controllers, whilst the zero sequence is blocked by the 

delta-start transformer connection from converter side. Thus, compared with the 

traditional sequence modelling [77], the negatives sequence voltages are modelled to 

assess the behaviours during asymmetrical AC faults. 

Similarly, the sequence voltages at the fault point are: 

 0 0 0
F F F
+− +− +−= V Ζ I   (3.26) 

where 
0

F

+−
Ζ  is a diagonal matrix of the fault impedances. From (3.24) and (3.26), 

considering all the four switches in Fig. 3.14 are open which represent normal 

operation (i.e. no fault), three independent positive, negative and zero sequence 

networks can be obtained as shown in Fig. 3.15. 
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Fig. 3.15 Sequence network during normal operation. 

 Single-phase-to-ground fault 

The single-phase-to-ground fault is represented by closing the switches SWF
a and 

SWF
G in Fig. 3.14. Based on circuit analysis on Fig. 3.14, the fault behaviours during 

a single phase to ground fault are: 

• Fault current only flows on the faulty phase a, and the healthy phases (b and 

c) are zero. 

• The voltage at the fault point in the faulty phase A is determined by the fault 

impedance ZF. 

These hypotheses are expressed mathematically as: 

 
& 0

a a a
F F F

a b c
F F F F

V Z I

I I I I

 =


= = =

  (3.27) 

Transforming those equations to sequence networks obtain the followings: 
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  (3.28) 

After algebraic manipulation of (3.28), it yields: 

 
0 0 0 1

3

0 03 3 3

a
F WT MMC F WT MMC F WT MMC F

a
F F F F F F F F F F F

I I I I I I I I I I

V V V I Z I Z I Z I Z

+ + + − − −

+ − + −

 = − = = − = = − =


+ + = = = =

  (3.29) 

From the properties of series circuit exhibited in (3.29), the sequence network for 

a single-phase-to-ground AC fault is drawn in Fig. 3.16. Notice that the sequence 

network in Fig. 3.16 is similar to that of the conventional synchronous AC power 

system, except it includes negative sequence voltage that can be injected into the 

offshore AC network by offshore MMC and WT converters. From (3.29), the fault 

current becomes:  

 0 03( ) 3( ) 3( ).a
F WT MMC WT MMC WT MMCI I I I I I I+ + − −= − = − = −   (3.30) 

From the above analysis, the following observations are drawn for single-phase 

faults: 

• When the offshore MMC and WT control their output negative sequence 

currents at zero, i.e. 0
WT MM C

I I
− −
= = , fault current will become zero ( 0)

a

F
I = , 

and MMC and WT positive sequence currents must be equal ( )
WT MMC

I I+ += . 

Furthermore, (3.30) entails that the MMC and WT zero sequence currents 

will vanish regardless of their transformer ground arrangements, i.e.
0 0

WT
I =  

and 0
0

M M C
I = . 
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• When the WT converter controls its negative sequence current at zero

( 0)
WT

I − = , while MMC does not ( 0)
MMC

I −  , (3.30) indicates that the MMC 

alone defines the fault current level, i.e. 3a

F MMC
I I −= . Under such an operating 

condition, the MMC negative sequence current defines the difference between 

zero and positive sequence currents of the MMC and WT, i.e.

0 0

WT MMC WT MMC MMC
I I I I I+ + −− = − = − .  
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Fig. 3.16 Equivalent sequence circuits during single-phase-to-ground faults. 

 Phase-to-phase AC faults 

When a phase-to-phase AC fault is considered between phases b and c as depicted 

by closing the switches SWF
b and SWF

c in Fig. 3.14 and assuming the fault impedance 

of ZF, the main behaviours can be expressed as: 

 .
0 & 0

c b b
F F F F

a b c
F F F

V V Z I

I I I

 = +


= + =

  (3.31) 

From (3.31), the positive and negative sequence current and voltage relationships 
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are deduced as: 

 

0 0 0

( ).

0

F F F F

F F WT MMC WT MMC

F WT MMC

V V I Z

I I I I I I

I I I

+ − −

+ − + + − −
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

= −  − = − −


= − =

  (3.32) 

Based on the properties exhibited by (3.32), the equivalent sequence network for 

a phase-to-phase AC fault is drawn in Fig. 3.17. Notice that the sequence network in 

Fig. 3.17 differs from the conventional synchronous AC network due to the presence 

of negative sequence voltages which are injected into the offshore AC grid by the WT 

and MMC,. Based on the above analysis of phase-to-phase AC fault, its behaviours are 

similar to the single-phase-to-ground AC fault established earlier. That is, no fault 

current will be observed if both offshore MMC and WT suppress their negative 

sequence currents, i.e. 0
F F

I I+ −= − = , 0
WT MMC

I I− −= =  and WT MMC
I I+ += .  
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Fig. 3.17 Equivalent sequence circuit during phase-to-phase fault. 

 Phase-to-phase-to-ground AC fault 

When a double phase-to-ground fault occurs in phase b and c as graphically 

depicted in Fig. 3.14 by closing the switches SWF
b, SWF

c and SWF
G, the fault 

behaviours can be described by: 
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  (3.33) 

From (3.33), the positive and negative sequence current and voltage relationships 

can be obtained as: 

 

0 0

0
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3
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3

F F F F F

a
F F F F

b c
F FF F

V V V Z I

I I I I

I I I I

+ −

+ −
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
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
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  (3.34) 

Based on the circuit properties depicted by (3.34) , the sequence network for a 

phase-to-phase-to-ground AC fault is drawn in Fig. 3.18, where the positive, negative 

and zero sequence components co-exist as in the conventional synchronous AC power 

network. As in previous cases, the inclusion of negative sequence voltages of the 

offshore MMC and WTs has resulted in the following possibilities: 

• Suppression of negative sequence currents at MMC and WT ( 0)
WT MMC

I I− −= =  can 

only ensure zero negative sequence fault current ( 0)
F

I − =  as shown in Fig. 3.18, 

but does not lead to zero fault current as in previous fault cases according to (3.34). 

This is because the network in Fig. 3.18 permits the residual positive sequence 

voltage at fault point to define both negative and zero sequence voltages, which 

indeed determines the fault current at fault point together with the effective 

impedance in the zero-sequence path, as depicted by (3.34). Under such 

conditions, positive and zero sequence currents, and the fault currents follow the 

relationship of 
0 0 0

F WT WTMMC MMC
I I I I I+ += − + = − , which entails the fault current and the 

net zero sequence current in the offshore AC network is determined by the net 

contribution from the positive sequence current. Therefore, it can deduce that 

lowering positive sequence voltage (and hence lower positive sequence current) 
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will lead to lower zero sequence current, hence fault current level. 

• The equal imposition of positive, negative and zero sequence voltages dictated by 

the parallel nature of sequence networks during phase-to-phase-to-ground AC 

faults could result in overvoltage in the healthy phase as 
0a

F F F F
V V V V

+ −
= + + . Thus, 

due to the presence of negative sequence voltage, it is necessary to reduce the 

positive sequence voltage to prevent both excessive overcurrent and overvoltage 

in the offshore AC grid.  
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Fig. 3.18 Equivalent sequence circuit during double-phase-to-ground faults. 

 Theoretical analysis validation 

To verify the theoretical analysis presented in previous sections, an offshore AC 

grid shown in Fig. 3.19 is built in PSCAD/EMTDC. The system consists of a 1200 

MW offshore windfarm, local 66 kV offshore AC collection grid and an MMC based 

HVDC system rated at ±320 kV to transfer power to the onshore grid. A simple 

Thevenin equivalent circuit is used to represent the onshore AC grid, while offshore 

and onshore MMC1 and MMC2 are represented using electromagnetic Thevenin 

equivalent model with 350 submodules per arm available in the PSCAD library [127, 

128]. MMC1 controls the offshore AC voltage while MMC2 regulates the DC voltage 

of the HVDC link. The offshore windfarm is composed of four 300 MW clusters and 
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each cluster is modelled as a lumped converter, as illustrated in Fig. 3.19. Different 

AC cables are used to reflect different distances of the WT clusters from offshore PCC. 

The detail parameters of the offshore MMC converter and WT converters are listed in 

Table 3.2 and Table 3.3 respectively. 

The test system is subjected to a temporary asymmetric AC faults F1 at the middle 

of the cable C5 at t=2.5 s, with fault duration of 140 ms and fault resistance of 0.1 Ω. 

It is assumed that each WT converter is equipped with a DC chopper to dissipate excess 

energy during offshore AC faults. As discussed in previous sections, both MMC and 

WT suppressing their negative sequence currents to zero. 

~

=

1250 MVA

320 kV/66 kV 

8 km C5

300 km DC

cable

±320 kV

B1

B2

MMC1

1200 MW 400 MVAr

640 kVdc

Offshore AC network

~
=

350 MVA

66 kV/0.69 kV

~
=

350 MVA

66 kV/0.69 kV

~
=

350 MVA

66 kV/0.69 kV

~
=

350 MVA

66 kV/0.69 kV

F1

F2IF2

CB1

3 km C2

2 km C3

1.5 km C4

EMMC

IWT3

IWT4

IWT2

IWT1

ICB1

CB2

ICB2

CB3

ICB3

CB4

ICB4

EDC

IDC

IMMC
IWT

EWT

2.5 km C1

IF1

Offshore 

HVDC transmission
300 MW Converter 1

300 MW Converter 2

300 MW Converter 3

300 MW Converter 4

 

Fig. 3.19 The detailed representation of offshore network. 
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Table 3.2 Nominal parameter of onshore MMC. 

Parameter Nominal value 

Rated power / DC voltage 1200 MW / ±320 kV 

Onshore AC grid voltage 400 kV 

MMC arm inductance 42 mH 

No. of SMs per arm 350 

Rated SM capacitor voltage / SM capacitance 1.83 kV / 8.8 mF 

 

Table 3.3 Nominal parameters of the lumped WTs model. 

Parameter Nominal value 

Rating of lumped WTs 300 MW 

DC voltage 1100 V 

Transformer voltage/ Leakage inductance 66/0.69 kV / 0.08 pu 

Converter inductance 0.15 pu 

Filter capacitance 0.1 pu 

 

a) Single-phase-to-ground fault 

Fig. 3.20 shows selected results to substantiate the analysis and observations 

drawn above, assuming a single-phase-to-ground AC fault occurs at 2.5 s and cleared 

at 2.64 s at the offshore AC cable as shown in Fig. 3.1. Observe that the WT and MMC 
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currents as shown in Fig. 3.20 b) and c) remain balanced during the single-phase-to-

ground AC fault (after the initial transients) and consist of positive sequence 

components only as revealed in the above analysis. The fault current in Fig. 3.20 d) 

decays rapidly to zero after cables are discharged, resulting in disappearance of zero 

sequence currents as analysed in Section 3.2.1.  

Notice that when the fault is cleared, the negative sequence voltages, which are 

injected by WT and MMC to suppress the negative sequence current and can be 

quantified by MMC WT F
E E V− − −= =   from Fig. 3.16, remain. This is because after fault 

clearance, the boundary condition as depicted by (3.29) does not exist, which 

separates the sequence networks into the original three independent circuits, as shown 

in Fig. 3.15. To keep the AC currents of the offshore MMC and WTs balanced, the 

residual negative sequence voltages remain equal and unchanged. This behaviour 

prevents AC voltage recovery after fault clearance at 2.64 s as shown in Fig. 3.20 a). 
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Fig. 3.20 Simulation waveforms during single-phase-to-ground fault from 2.5 s to 2.64 s 

when both MMC and WT suppress their negative sequence currents to zero: a) grid side 

voltages (EMMC), b) MMC grid side three-phase currents (IMMC), c) WT three-phase currents 

(IWT), d) fault currents (IF). 

b) Phase-to-phase fault 

A solid phase b to c fault is applied at 2.5s and cleared at 2.64s, and the simulation 

results are shown in Fig. 3.21. The system behaviours during phase-to-phase faults are 

similar to that during the single-phase-to-ground AC fault established earlier, i.e. no 

fault current will be observed when both offshore MMC and WT suppress their 

negative sequence currents to zero (i.e. 0
F F

I I+ −= − = , 0
WT MM C

I I− −= =  and WT M M C
I I+ += ) as 

illustrated in Fig. 3.21. Also, operation under such condition leads to residual negative 

sequence voltage, which prevents AC voltage from recovering after fault clearance as 

discussed in the previous section.  
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Fig. 3.21 Simulation waveforms during phase-to-phase fault from 2.5 s to 2.64 s when both 

MMC and WT suppress their negative sequence currents to zero: a) grid side voltages 

(EMMC), b) MMC grid side three-phase currents (IMMC), c) WT three-phase currents (IWT), d) 

fault currents (IF). 

c) Phase-to-phase-to-ground fault 

Fig. 3.22 shows selected simulation waveforms during an offshore phase-to-

phase-to-ground fault from 2.5 s and to 2.64 s to validate the above analysis. Fig. 3.22 

c) shows that the MMC currents measured at the converter side remain balanced with 
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reduced magnitude and contain no zero-sequence component, while that measured at 

grid side in Fig. 3.22 b) exhibit sustained unbalance due to zero sequence component. 

The three-phase fault currents as shown in Fig. 3.22 d) are no longer zero. Notice that 

the significant overvoltage in the healthy phase is observed during the fault as shown 

in Fig. 3.22 a), which is due to the induced zero and negative sequence voltages as 

aforementioned. After fault clearance, the negative sequence voltage remains 

unchanged and the currents are balanced as shown in Fig. 3.22 b) whereas the zero-

sequence voltage disappears. These residual negative sequence voltages prevent the 

recovery of the offshore network as shown in Fig. 3.22 a), which is similar to the 

previously discussed cases. 
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Fig. 3.22 Simulation waveforms for phase-to-phase-to-ground fault occurring at 2.5 s and 

cleared at 2.64 s when both MMC and WT suppress their negative sequence currents to zero: 

a) grid side voltages (EMMC), b) MMC grid side currents (IMMC), c) MMC converter side 

currents (ICMMC), d) fault currents (IF). 

 Proposed Scheme for Offshore AC Fault Management 

From the anomalies revealed in the above discussions, the previous negative 

sequence suppression control, which regulates the negative sequence current from both 

the MMC and WTs to zero, is inadequate. Thus, a modified approach that exploits the 

inherent characteristics imposed by the sequence network analysis to control fault 

currents in offshore AC network is proposed to achieve the following objectives:  

• Enable fault detection and discrimination by defining safe converter fault 

current level.  

• Prevent excessive overvoltage in the offshore AC network. 

• Accelerate offshore AC voltage recovery following clearance of asymmetric 

AC faults.  
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 Proposed fault current management scheme  

Fig. 3.23 shows the overall structure of the proposed MMC grid forming control. 

Compared with the conventional grid control, an additional outer negative sequence 

AC voltage control is equipped for the offshore MMC, which regulates both d - and q-

axis components of the negative sequence voltage to zero during normal operation and 

actively injects negative sequence currents into offshore AC network during offshore 

asymmetrical AC faults.  

As established in previous discussions, the magnitude of the fault current is 

determined by the negative sequence current that is injected by the offshore MMC and 

WT during asymmetrical faults. Therefore, WTs suppress their negative sequence 

currents during these asymmetric AC faults and the offshore MMC exclusively defines 

the fault current level for protection purpose by controlling the injected negative 

sequence currents. According to the theoretical analysis in Section 3.2 and control 

scenario stated above, the fault currents during single-phase-to-ground and phase-to-

phase AC faults are respectively linked to MMC negative sequence currents, i.e.,

3a

F MMC
I I −= and 3 3a b

F MMCF F
I I j I j I− −= − = = , as demonstrated quantitatively by Fig. 

3.24 a) and b). 
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Fig. 3.23 Modified control strategy for offshore MMC stations. 
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Fig. 3.24 Simulation waveforms for illustrating the relationship between fault current 

magnitude and corresponding injected negative sequence current: a) single-phase-to-ground 

fault, b) phase-to-phase fault. 

Generally, during asymmetrical AC faults, the negative sequence current injected 

by MMCs is insufficient to correct the unbalanced grid voltage. Therefore, the outer 
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negative sequence AC voltage controller shown in Fig. 3.23 should not pursue the 

objective of suppression of negative sequence voltage to zero. Instead, it defines a safe 

level of negative sequence current set by the maximum negative sequence current 

magnitude 𝐼max⁡ _𝑙𝑖𝑚
−  . The injected negative sequence current should also be 

compatible with protection system requirements. Thus, 𝐼max⁡ _𝑙𝑖𝑚
−   must account for 

circuit breaker settings and ratings of individual lines.  

After fault clearance, the offshore MMC will facilitate controlled injection of 

negative sequence current in an effort to nullify the residual negative sequence 

voltages created by the fault to accelerate AC voltage recovery, while the WT 

converters keep negative sequence current at zero. It must be emphasized that the 

magnitude and characteristics of the injected negative sequence current impact the AC 

voltage recovery speed. Injection of small negative sequence current leads to slow 

nullification of residual negative sequence voltage after fault clearance, as 

demonstrated in Fig. 3.25.  

Based on the principles articulated above, cascaded d-q negative sequence voltage 

and current loops are designed to facilitate controlled injection of negative sequence 

current by the offshore MMC, with d-q negative sequence current orders given equal 

priorities as determined by 
max_ lim

I −  shown in Fig. 3.23. 
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Fig. 3.25 Influence of injected negative sequence current amplitude on system recovery 

speed: a) positive and negative sequence voltages, b) positive and negative sequence 

currents. 

 Over-modulation and overvoltage consideration for 

offshore MMC 

During phase-to-phase-to-ground AC faults, the magnitudes of zero sequence 

current and voltage depend on the residual positive sequence voltage, and the 

simultaneous co-existence of positive, negative and zero sequence voltages could 

potentially create significant overvoltage in the healthy phase on the grid side. Also, 

when negative sequence currents are no longer controlled at zero during single-phase-

to-ground AC faults, zero sequence voltage is induced, which will also exacerbate the 

overvoltage problem in the healthy phases.  

In addition, the required converter output voltage is the sum of negative and 

positive sequence components generated by their corresponding inner current 

controllers. Trying to maintain the positive sequence voltage at nominal value in the 

presence of negative sequence voltage during asymmetrical AC faults will lead to the 

total required voltage over the converter voltage limitation [129] and the saturation of 

both positive and negative control loops. This over-modulation behaviour degrades the 

controllability of the system and thus should be avoided.  
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Therefore, to prevent overvoltage in the offshore AC network and converter over-

modulation, this thesis introduces an adjustment to the positive sequence voltage set-

point of the offshore MMC that takes into account both induced negative and zero 

sequence voltages as shown in the top left of Fig. 3.23. Thus, a further modification 

that describes the positive sequence voltage set-point is given as: 

 * 0
dMMC rated MMC MMCV V V V+ −= − −   (3.35) 

By applying (3.35), reduction of the positive sequence voltage magnitude in the 

offshore AC network will be initiated by the MMC to prevent overvoltage in the AC 

grid during asymmetric AC faults. In the meantime, the reduction of positive sequence 

voltage also prevents the saturation of the voltage and current controllers and the over-

modulation of the converter to ensure controllability of the system.  

 Simulation results 

To validate the analysis and effectiveness of the proposed method, the test system 

as detailed in Section 3.24 is subjected to a temporary asymmetric AC faults F1 at the 

middle of the cable C5 at t=2.5 s, with fault duration of 140 ms and fault resistance of 

0.1 Ω. During asymmetric AC faults, the WT LSC control their negative sequence 

currents at zero, whereas the maximum negative sequence current contribution from 

the offshore MMC is limited to 0.25 pu, considering the need for fault detection and 

post-fault recovery though it can be set to different values based on system control and 

protection requirements. 
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 Single-phase-to-ground fault 

Fig. 3.26 displays the simulation waveforms during a single-phase-to-ground fault 

(F1, Fig. 3.19) at cable C5. Unlike the illustrative case presented in Fig. 3.20, Fig. 3.26 

a) shows that the AC voltage in the offshore AC network has recovered to pre-fault 

level 60 ms after fault clearance. During the fault period, Fig. 3.26 b) shows that the 

currents injected to the 66 kV offshore network by the MMC contain negative 

sequence currents, which feed the fault currents shown in Fig. 3.26 e). Due to the use 

of star-delta interfacing transformer, the zero sequence currents are absent on the 

converter side and thus the converter side currents exhibit different waveforms to the 

grid side currents, as shown in Fig. 3.26 d). The WT side AC currents shown in Fig. 

3.26 c) remain balanced. The results show no significant overvoltage on the healthy 

phases nor excessive overcurrent. Fig. 3.26 f) and g) show that the MMC DC side does 

not exhibit second-order oscillation during faults with the proposed control. As the 

positive sequence voltage and current are both reduced due to the fault, the power 

transferred to the onshore grid is also decreased as shown in Fig. 3.26 f). The offshore 

MMC arm currents shown in Fig. 3.26 h) do not increase significantly and remain well 

below the safe limit of 1.2 pu [51]. Similarly, the MMC SM capacitor voltages exhibit 

some disturbances during the fault but the maximum over-voltage is limited to 20% 

during the transients [130]. 
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Fig. 3.26 Simulation waveforms during single-phase-to-ground fault: a) offshore MMC AC 

voltages (EMMC), b) and c) are AC currents injected into offshore network by the offshore 

MMC (IMMC) and WTs (IWT), respectively, d) MMC converter side currents (ICMMC), e) fault 

current (IF), f) DC side voltage (EDC), g) DC side power (PDC), h) MMC upper arm currents, 

i) MMC average capacitor voltages 

 Phase-to-phase AC faults 

Fig. 3.27 summarizes the simulation waveforms for a phase-to-phase AC fault 

when offshore MMC injects controlled negative sequence currents to accelerate AC 

voltage recovery, while the WT converters control their negative sequence currents at 

zero. As illustrated in Fig. 3.27 a), the offshore AC voltage quickly recovers in after 

fault clearance (around 60 ms). Fig. 3.27 b) and c) confirm that the offshore grid AC 

currents are followed its order as the WTs suppress the negative sequence to zero while 

the offshore MMC injects the certain negative sequence current to help the offshore 

AC voltage recovery. Fig. 3.27 d) indicates that the MMC converter side currents 

remain tightly controlled without significant over-current. Also, the supplied fault 

currents remain well-regulated as demonstrated in Fig. 3.27 and can be adjusted 

accordingly to facilitate fault detection and prevent overcurrent and overvoltage.  
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Fig. 3.27 Simulation waveforms for the scenario during phase-to-phase (a-b) fault: a) 

offshore MMC AC voltages (EMMC), b) and c) are AC currents for the offshore MMC (IMMC) 

and WTs (IWT) injected into offshore network, respectively, d) MMC converter side 

currents(IcMMC), e) fault current (IF). 



87 

 

 Phase-to-phase-to-ground faults 

Fig. 3.28 summarizes the simulation waveforms for a phase-to-phase-to-ground 

AC fault. As shown in Fig. 3.28 a), the overvoltage of the healthy phase during the 

fault is effectively suppressed by actively reducing the positive sequence voltage 

according to (3.35), which considers both the negative and zero sequence voltages. In 

addition, the offshore AC voltage starts to recover to pre-fault condition as soon as the 

fault is cleared. If desired, the magnitude of the fault current in Fig. 3.28 e) can be 

further reduced by instructing the MMC to reduce the magnitude of the positive 

sequence voltage, as aforementioned in Section 3.2.3.  
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Fig. 3.28 Simulation waveforms during phase-to-phase-to-ground AC fault: a) offshore 

MMC AC voltages (EMMC), b) and c) are AC currents for the offshore MMC (IMMC) and WTs 

(IWT) injected into offshore network, respectively, d) MMC converter side currents (IcMMC), 

e) fault current IF). 

 Example illustration of potential application  

The proposed control strategy can help the fault detection for protection system 

during offshore asymmetric AC faults. For example, when an asymmetric AC fault F2 

occurs on the cable C1 as shown in Fig. 3.19, according to the discussions and analysis 

presented earlier, the current distribution in the offshore AC network can be 

summarized as follows:  

• As WT converters do not inject negative sequence current, no overcurrent will 

be observed in WT converters and the cables associated with healthy clusters 

and their respective ACCBs (CB2, CB3 and CB4, Fig. 3.19).  

• Only the AC cable and circuit breaker CB1 in the faulty cluster will experience 

overcurrent, dominantly due to additional negative sequence current provided by 

the offshore MMC, i.e., AC cable C5 and part of cable C1 in the fault current 

path. No extra current stress will be exerted on the part of C1 associated with the 

WTs. Thus, the current in CB1 is 
1 1 2

abc abc abc

CB WT F
I I I= −   and consists of positive 
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sequence current from WT converters which is limited to 1.1 pu, and negative 

sequence current from the offshore MMC.  

To substantiate the above discussion, the permanent single-phase-to-ground fault 

F2 is simulated. The ACCBs are opened with a fixed delay of 7 cycles. As articulated 

throughout the chapter, the injected negative sequence current by the MMC is set at 

0.25 pu, which determines the fault current level. In practical system, the setting of the 

negative sequence current threshold will be decided by the protection system 

requirements.  

The simulation results as shown in Fig. 3.29 support the above analysis. No 

overcurrent is observed from the healthy clusters as depicted in Fig. 3.29 d), f) and h), 

with their peaks limited to 1.1 pu as stated earlier. In contrast, Fig. 3.29 b) shows that 

the currents flowing through CB1 of the fault cluster has well exceeded 2.0 pu and has 

led to its tripping. Following the fault isolation, the faulty cluster is shut down and the 

remaining parts of the offshore grid regain their steady-state conditions, see Fig. 3.29 

a) and c).  

-60

-40

-20

0

20

40

60

2.45 2.5 2.55 2.6 2.65 2.7 2.75

2.45 2.5 2.55 2.6 2.65 2.7 2.75

a)
 V

o
lt

ag
e
 (

k
V

)
b

) 
C

u
rr

e
n

t 
(k

A
)

-20

-10

0

10

20

 



90 

 

2.45 2.5 2.55 2.6 2.65 2.7 2.75

2.45 2.5 2.55 2.6 2.65 2.7 2.75

2.45 2.5 2.55 2.6 2.65 2.7 2.75

e)
 C

u
rr

e
n

t 
(p

u
)

c)
 C

u
rr

e
n
t 

(k
A

)
d
) 

C
u
rr

e
n
t 

(k
A

)

CB1

aI
CB1

bI

CB1

cI
-4

-2

0

2

4

-4

-2

0

2

4

-20

-10

0

10

20

-1.5

-1

-0.5

0

0.5

1

1.5

2.45 2.5 2.55 2.6 2.65 2.7 2.75

-1.5

-1

-0.5

0

0.5

1

1.5

2.45 2.5 2.55 2.6 2.65 2.7 2.75

g
) 

C
u

rr
e
n

t 
(p

u
)

h
) 

C
u

rr
e
n

t 
(p

u
)

t/s

-1.5

-1

-0.5

0

0.5

1

1.5

2.45 2.5 2.55 2.6 2.65 2.7 2.75

f)
C

u
rr

e
n

t 
(p

u
)

 

Fig. 3.29 Overcurrent protection waveforms during cluster fault: a) grid side voltage (EMMC), 

b) MMC grid side currents (IMMC), c) WT currents of the faulty cluster (IWT1), d) fault 

currents (IF) e), f), g) and h) are currents for CB1-4 (ICB1, ICB2, ICB3, ICB4) in pu,. 
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 Summary  

This chapter has conducted a comprehensive study on the ways to regulate the 

positive, negative and zero sequence currents and voltages during asymmetrical 

offshore faults for MMC-HVDC connected offshore wind farm systems. Detailed 

analysis and simulation validation reveal that, when negative sequence currents are 

completely suppressed to zero during asymmetrical faults, the induced negative 

sequence voltage does not allow the automatic recovery of the AC voltage to the pre-

fault condition after fault clearance. Such behaviour could make protection system 

unable to distinguish between the fault and post-fault conditions as the voltages and 

currents remain the unchanged after fault is cleared.  

To address the aforementioned issues, this chapter proposes a new modified 

control scheme that employs negative sequence voltage controller to facilitate 

controlled injection of negative sequence currents to not only define a safe level of 

fault current but also enable quick recovery of the AC voltage following clearance of 

AC faults. The excessive overvoltage in the healthy phases during asymmetrical AC 

faults is prevented by modifying the setting of the positive sequence voltage reference 

for the offshore MMC converter, which takes the induced negative and zero sequence 

voltages into consideration. The impact of proposed control method impact on 

overcurrent protection of cluster cables is also presented and discussed. The viability 

of the proposed control has been tested and confirmed using simulation performed in 

PSCAD.  
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Chapter 4                      

Enhanced Control of Offshore Windfarm 

Connected to Meshed DC Grid during DC 

Fault 

In Chapter 3, enhanced system control and operation during offshore 

asymmetrical AC faults are discussed and analysed. Many studies and projects have 

confirmed the benefits of using MTDC networks for increased power transmission 

reliability by reducing the overall downtime of loss of infeed resulting in lower overall 

investment and operation cost [24-26]. Thus, it is very likely in the future that the 

onshore terminals will be combined with offshore windfarm connections, transforming 

those infrastructures into a MTDC system to provide a cost-effective and secure energy 

supply. However, system protection and control during DC fault is a challenge for the 

development of MTDC connected offshore windfarms. 

Thus, this chapter investigates the DC fault handling strategies for MMC based 

minimal meshed DC grid which is used for the benchmark model in the PROMOTioN 

project [29]. To save the investment cost, a partially selective DC fault protection 

scheme is proposed where the expensive and bulky DCCBs are avoided in offshore 

platforms. However, such protection scheme may cause problems when the offshore 

MMC station is suddenly blocked during DC faults or the ACCBs in offshore AC grid 

suddenly open for fault clearance operation. In such a situation, the offshore AC grid 

loses its voltage regulation, and the offshore WT GSCs commonly equipped with grid 

following control lose their voltage reference, leading to over-voltage and frequency 

deviation in the AC offshore grid. Such behaviours may result in the shutdown of the 

offshore windfarm which would prevent a speedy recovery of the system even after 
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fault isolation.  

To address such issues, an enhanced control for WT LSCs is proposed to enable 

the retention of AC voltage and frequency control when the offshore converter is lost, 

in which seamless transition of the WT control between grid following and forming 

modes is facilitated. The viability and application of the proposed control is 

demonstrated in proposed partially selective DC fault protection in the studied meshed 

DC grid, which includes detailed implementations of DC fault clearance, system 

restart and power transfer resumption. The effectiveness of the proposed control and 

the partially selective DC fault protection are validated in PSCAD/EMTDC. 

 Meshed DC grid and DC fault protection solutions 

 Meshed four-terminal DC network 

The studied system is illustrated in Fig. 4.1. All the four HVDC stations in the DC 

grid are modelled as HB-MMCs with detailed description in Chapter 3 and equipped 

with the following controllers: DC voltage/active power, AC voltage and frequency 

(for the offshore MMCs), inner currents controller, circulating current suppression, and 

vertical and horizontal energy balancing. The DC grid control adopted in this thesis is 

the master-slave control and the control functions allocated to each converter station 

in are: 

• MMC 1 regulates the DC voltage of the DC network at 640 kV and reactive 

power exchange at PCC 1 at zero. 

• MMC 2 exports 1000 MW to PCC 2 at unity power factor. 

• Both MMC 3 and MMC 4 operate as grid forming and control the AC voltage 
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and frequency at 155 kV and 50 Hz for the offshore networks of the offshore 

windfarms 1 and 2. 

Each of the 1200 MW offshore windfarms 1 and 2 shown in Fig. 4.1 is modelled 

as four lumped converters as presented in Chapter 3 with detailed parameters listed in 

Table 3.2 and Table 3.3. 
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Fig. 4.1 The meshed four-terminal DC network for offshore wind power transmission. 

 DC grid protection solutions 

a) Selective fault clearing strategy with DC circuit breakers  

The general fault handling scheme with selective fault clearing strategy is to use 

DCCBs with large current limiting inductance at each DC line as shown in Fig. 4.1. 

After fault occurrence, the fault propagates through the DC system very quickly due 

to the low DC impedance and results in high fault current. The common detection and 

localization criteria for DC fault are based on the voltage breakdown and current rise 

[101]. To avoid damage to the HVDC converter hardware (mainly IGBT due to the 

limited overcurrent capability), DCCBs need to take reaction in a few milliseconds to 
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break the large DC fault current. After successful fault clearance, the DC voltage in 

the system needs to be restored so power flow can be restarted and adjusted to the new 

system configuration.  

However, the high costs and large footprints of DCCBs and their associated 

current limiting inductors will enlarge the total investment cost for offshore platforms 

and reduce the viability of offshore DC grid. 

b) No-selective Fault Clearing Strategy with AC circuit breakers 

Another fault handling scheme with non-selective fault clearing strategy is to use 

ACCBs at each converter terminal and replace the expensive DCCBs with fast DCSWs 

to isolate DC fault as shown in Fig. 4.1. After DC fault occurrence, all the MMCs are 

blocked after the arm current exceeds the pre-set threshold. As the DC side contains 

DCSWs which can only be opened when their currents become zero, fault isolation is 

done by using ACCBs. In such a scheme, the DC grid needs to be totally shut down 

until the fault current die out and DCSWs open. After fault clearance, the fault can be 

located by the “hand shaking” method as detailed in [27].  

However, the non-selective method is extremely slow and may not be adequate 

for critical power corridors because of the use of slow ACCBs and DCSWs for DC 

fault clearance. 

c) Partially selective fault clearing strategy  

To minimize power interruption through prevention of total shut down of the DC 

grid and reduce the total investment cost for protection, the partially selective fault 

clearing strategy is used here. The cost reduction is achieved by restricting the use of 

expensive DCCBs only at the onshore converter DC terminals, while the offshore end 

of each DC cable is connected to offshore converter via fast DCSWs to enable DC 
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fault clearance using ACCBs offshore as illustrated in Fig. 4.2. Such arrangement also 

avoids the use of the expensive offshore platforms for the installation of bulky DCCBs. 

After the DC fault occurrence, the onshore DCCBs will split the offshore grid into two 

segments which refers as healthy and fault segments. Consider the fault happens on 

cable 24, DCCB 5 will be the first one to detect the fault and trip. DCCB 2 will then 

detect the fault and activate to isolate the fault. Thus, windfarm 1 is unaffected and the 

power transmission continues, while power generation and transmission from 

windfarm 2 are interrupted. When the fault is detected by MMC 4, the internal MMC 

protection blocks the converter and trips the offshore ACCB 4 to de-energise cable 24. 

The faulty cable 24 is then isolated by DCSW 3 and power generated from offshore 

windfarm 2 can then be export through cable 14 after the reclosing of DCCB 2. During 

the blocking of MMC4 and opening of ACCB 4 the offshore AC voltage regulation at 

windfarm 2 is lost which may result in the shutdown of the windfarm and prevent 

quick system recovery after fault isolation. Therefore, ensuring continuous control of 

the offshore AC grid during the fault clearance to provide speedy system recovery is a 

big challenge for the proposed partially selective protection scheme.  
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Fig. 4.2 Proposed partially selective protection scheme 
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 Offshore WT behaviour during DC fault and functional 

requirement for post fault recovery  

 Offshore WT behaviours during the DC fault 

Fig. 4.3 shows a simplified diagram of the HVDC connected offshore windfarm, 

which consists of HB SM based offshore MMC and WT clusters represented by an 

aggregated WT.  
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Fig. 4.3 Simplified equivalent circuit during DC faults for offshore windfarm systems 

During a DC short circuit fault, the offshore MMC that sets AC voltage and 

frequency of the offshore AC grid is blocked and the offshore AC voltage will 

experience significant reduction due to the conduction of the MMC freewheeling 

diodes[87]. The scenario for the WTs is similar to a severe offshore three-phase AC 

fault, which forces WTs to operate at their current limits. The fault currents will feed 

to the DC side through MMC’s freewheeling diodes as illustrated in Fig. 4.3.  
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When the main ACCB is opened to isolate the DC fault as previously described, 

the offshore WTs will be isolated from the MMC. This indicates the control over the 

offshore AC frequency and voltage is completely lost. If the WTs continue export 

power/current, the current injection into the offshore AC grid which is disconnected to 

the MMC and appears as having an open circuit will charge the offshore AC array 

cable and filter capacitors, potentially leading to an uncontrolled rise of offshore AC 

voltage. 
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Fig. 4.4 Saturated controllers for conventional grid following control 

With a typical WT controller as illustrated in Fig. 4.4, under open circuit condition, 

the inner current controllers in the WTs cannot follow their current reference orders 

generated by the outer controllers, and thus, inner PI controllers saturate, leading to 

the saturation of modulation index to its maximum value, e.g. 1, as demonstrated in 

Fig. 4.5 a). To avoid the over-voltage on WT converter DC capacitor, the DC choppers 

installed at are activated to dissipate the generated wind power, and the DC voltage of 

the WT is limited to 1.1 pu (½Vdc=725 to 797.5 V) as shown in Fig. 4.5 b). Thus, the 

saturated modulation index combined with DC overvoltage could lead to offshore AC 

overvoltages, as observed in Fig. 4.5 b). Similarly, the offshore frequency previously 

regulated by the offshore MMC will diverge after the blocking of the MMC, 

potentially leading to circulating power among WT converters and resonance issues as 
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presented in [131]. Such behaviours could lead to the shutdown of the offshore 

windfarm to avoid catastrophic failures.  
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Fig. 4.5 Overvoltage phenomena with conventional control method when offshore ACCB 

opens at t=2 s: a) WT LSC modulation index, b) offshore AC voltage and half of WT DC 

capacitor voltage. 

 WT post fault recovery requirement in MTDC network 

In a MTDC grid that connects multiple offshore windfarms, continued operation 

to retain large proportion of pre-fault power transfer to the consumption centres during 

a DC fault is critically important to onshore AC systems. The proposed partially 

selective DC fault protection strategy in which DCCBs can quickly isolate faulty DC 

lines (e.g. less than 5 ms) without the need for converter blocking (onshore) while the 

offshore windfarms use the ACCBs and DSCWs to isolate the DC fault provides a 

cost-effective solution for handling DC faults in offshore MTDC grids. Nonetheless, 

the partially selective DC fault protection strategy requires significant modifications 

to WT control, particularly to maintain offshore AC voltage and frequency for 
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extended period to maintain the offshore AC grid and enable a fast power restoration.  

Some of the desirable control requirements of WTs to facilitate partially selective 

DC fault ride-through strategies in MTDC grids are:  

1) Each WT autonomously treats AC and DC faults in the same manner by 

controlling its fault current contribution to the fault. The freewheeling diodes of 

the blocked offshore MMC can sustain limited fault currents from the WTs until 

opening of the main ACCB.  

2) WTs must rely on local measurements for detection of abnormal offshore grid 

conditions, and initiation of automatic transition from grid following to grid 

forming control mode to maintain AC voltage and frequency of the isolated 

offshore AC grid after opening of the main ACCB.  

3) Shutdown of the islanded offshore AC grid must be prevented to avoid time-

consuming individual WTs restart. 

4) When the faulty DC line is isolated and offshore MMC reconnected, WTs must 

automatically detect the fault clearance, initiate orderly transition back to the 

grid following control mode and resume power generation.  

 Enhanced DC fault ride-through control of WT LSCs 

To facilitate partially selective DC fault ride-through control in line with the 

requirements outlined in Section 4.2.2, a new enhanced WT control shown in Fig. 4.6 

is proposed. As shown, the proposed control method uses a passive Vac controller to 

facilitate seamless transition of the WTs between grid following (during normal 

operation) and grid forming (during MMC blocking) modes based on the local 

measurements, and to provide fast resumption of power transfer after fault clearance. 
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The enhanced WT control method shown in Fig. 4.6 consists of active power or DC 

voltage (P/Vdc) and reactive power (Q) controllers in the outer loops and passive Vac 

controller that manipulates the output dynamic limiters of the P/Vdc controllers to 

facilitate smooth transition of the WT control modes. For ease of illustration, four 

operating modes are considered as detailed in the following subsection. 

 Normal operation 

As the set-point of the passive Vac controller is fixed at 1.05 pu, its output will 

saturate at maximum current 𝐼𝑑𝑚𝑎𝑥_𝑣 (1.1 pu in this study) during normal operation 

(when the offshore MMC that operates in grid forming mode tightly controls the AC 

voltage and frequency in the offshore AC network). As the dynamic current limit Idmax_v 

imposed at the output of the P/Vdc controller by the passive Vac controller is greater 

than the nominal d-axis current (1.0 pu in this study), the normal operation of the P/Vdc 

control is not affected. In addition, saturation of the passive Vac controller will force 

the output of the auxiliary q-axis voltage controller in the passive Vac control, which is 

incorporated into the Q controller to act on q-axis, to zero. This allows Q controller to 

define the entire q-axis current order 𝐼𝑞
∗. Also, saturation of the passive Vac controller 

during the above-mentioned scenarios is designed to ensure that the output of the PI 

controller of the phase-locked loop (PLL) is unaffected as the dynamic frequency limit 

±Δωmax is set at the maximum by the proposed Vac controller (Δωmax=Kf Idmax_v,). Thus, 

individual WT follows the PLL detected AC frequency (around ω0 set by the offshore 

MMC). 

 Fault mode 

This mode represents the period after DC fault inception, during which the main 

ACCB in Fig. 4.3 remains closed and offshore grid AC voltage collapses similarly to 
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that typically occurring during offshore symmetrical three-phase AC faults. As a result, 

the WT DC choppers will be activated to dissipate excessive active power in WTs. 

When the offshore AC voltage Vac becomes lower than the pre-set threshold, e.g. 0.5 

pu as illustrated in Fig. 4.6, the fault current control will be activated to provide 

maximum reactive current to support offshore AC voltage [132]. Thus, the WTs will 

operate at their maximum current limitation with reactive current as priority (denoted 

as 
2 * 2

max
1

d q
I I= −   in Fig. 4.6 while the proposed passive Vac controller remains 

inactive. 

 Open circuit mode 

When the offshore MMC station that sets the offshore AC voltage and frequency 

is disconnected from the offshore network due to the opening of the main ACCB, the 

offshore AC voltage will rise, and frequency will drift as described earlier. The passive 

Vac controller is thus out of saturation and its output is reduced from the upper limit of 

1.1 pu to a lower value (close to zero) which is substantially less than the output from 

the P/Vdc controller. This forces the d-axis current order 
*

d
I  to follow that from the 

passive AC voltage controller, and thus Vac is maintained at 1.05 pu. As the output of 

the passive AC voltage controller Idmax_v will be approaching zero when it limits the 

AC voltage at 1.05 pu after its activation, the output of the PLL Δω will be forced 

toward zero (Δω=Δωmax=KfIdmax_v≈0, Fig. 4.6). This locks the individual WT to 

nominal pre-fault frequency ω0. The activation of the passive Vac controller also 

enables the auxiliary q-axis voltage controller (as its limit is no longer set at zero, i.e. 

𝐼𝑞𝑚𝑎𝑥_𝑣 > 0). Thus, the q-axis voltage controller forces the q-axis voltage 𝑉𝑞 of each 

WT to zero to maintain the synchronization of the offshore grid. In this manner, 

seamless, autonomous and controlled transition of the WTs between grid following 

and forming modes based on local measurements is achieved. Thus, compared with 
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the conventional grid following control method [131, 133, 134] as in Fig. 4.5, the 

passive AC voltage controller avoids the saturation of the WT controller, and thus, 

maintains the offshore AC voltage as demonstrated in Fig. 4.7. 

  

Fig. 4.6 Proposed control strategy of WT LSC. 
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Fig. 4.7 Waveforms with the proposed control when offshore ACCB opens at t=2 s: a) total 

modulation index, b) converter side AC voltages and half of DC voltage. 

 DC fault recovery consideration for offshore MMC 

If the fault is in other part of the MTDC network and after the fault is isolated, the 

ACCB closes while the WTs continue controlling the offshore AC network voltage and 

frequency with the proposed control. The offshore MMC station is thus re-energized 

by the offshore windfarm. After re-energization, the offshore MMC is activated and 

operates on DC voltage control mode with PLL activated. Fig. 4.8 illustrates the PLL 

operation mode switches during system restart. As shown in Fig. 4.8, when the DC 

fault happens, the converter is blocked due to converter overcurrent protection. Under 

such scenario, the PLL will switch to DC voltage control mode (Mode=1) which locks 

the PCC voltage frequency. When the DC voltage of the offshore MMC station is close 

to that of the DC grid, the offshore MMC can be connected to the DC grid. Then, the 

offshore MMC station switches back to offshore AC voltage control mode and 
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regulates the offshore AC grid voltage at the nominal value (i.e. 1 pu) with fixed 

frequency (Mode =0). This forces the passive Vac controllers of the WTs to saturate 

again and move back to idle state. The WTs thus return to grid following mode 

automatically. 

 

Fig. 4.8 Criterion of mode switching for the offshore MMC station. 

 Proposed partially selective DC fault ride through scheme  

This section details the implementation for the proposed partially selective DC 

fault ride-through using the four-terminal DC grid shown in Fig. 4.2. As an example, 

considering the fault happens at cable 24, the offshore station MMC 4 needs to go 

through fault clearance and post-fault recovery. To better discuss the overall sequences, 

including fault isolation and fault recovery as well as WT control behaviours, the fault 

isolation and fault recovery are discussed separately as follows. 
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  Fault clearance  

When a DC fault occurs at a particular line in DC grids using partially selective 

DC fault protection, dedicated DCCBs must be triggered to split the system into 

healthy and faulty parts. The DC fault detection and localization used in this case is 

based on the DC reactor voltage change rate as detailed in [101] to enable a fast and 

accurate selection for the corresponding DCCBs. Considering the DC fault at Cable 

24 connecting DC nodes B2 and B4 in Fig. 4.2, DCCB 2 and 5 will be opened. In this 

way, the system will be separated into the healthy and faulty parts, with MMC 1, 2 and 

3 constituting the healthy section in which the power exchange continues. Thus, the 

loss-of-infeed from offshore windfarms to onshore AC Grid 1 and 2 is minimized to 

around 50%. 

MMC 4 in the faulty part is blocked upon overcurrent / undervoltage detection 

and offshore windfarm 2 will contribute limited fault currents to the DC fault through 

the antiparallel diodes of MMC 4. The fault current contribution from the offshore 

windfarm 2 will continue until ACCB 4 opens to isolate MMC 4 and the faulty DC 

side from the offshore AC network. After ACCB 4 opens, the offshore AC voltage will 

increase as analysed in Section 4.2.1, leading to the activation of the WT passive Vac 

controller to maintain the offshore AC voltage and frequency as illustrated in Fig. 4.9. 

Operational logics of the ACCBs of the offshore MMCs are designed as follows: 

• As shown in Fig. 4.9, in the first 20 ms from the fault detection, the ACCB of 

the affected MMC remains closed so as not to act in case the fault is not at 

cables directly connected to the offshore MMC.  

• After 20 ms from the fault detection, if the MMC DC voltage remains below 

50% of the rated value, the ACCBs are opened. Otherwise, if the MMC DC 

voltage recovers, the ACCBs remain closed.  
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When the installed DC inductors at the DC terminals of the MMCs are unable to 

prevent the blocking of MMC following remote DC fault due to brief period of 

overcurrent, the station will recover quickly as long as its ACCB remains closed and 

DC voltage recovers as stated in the operational logics described above.  

After the opening of DCCB 2 and 5, the current in DCSW 2 drops to zero, while 

the fault current contribution from the offshore windfarm 2 continues to flow through 

DCSW 3. The fault is thus detected on the cable connected with DCSW 3, which needs 

to be opened to isolate the fault. Before the opening of DCSW 3, ACCB 4 must be 

opened to force the fault current that flows through DCSW 3 to decay. Once the DC 

fault current approaches zero (less than 10 A), DCSW 3 is safely opened to isolate the 

faulty Cable 24 from MMC 4.  

  System recovery  

After the isolation of the faulty cable as described above, MMC 4 and parts of DC 

network need to be restarted to enable power transmission of offshore windfarm 2 

through the remaining DC Cable 14. MMC 4 can be re-energized from DC side with 

the aid of DCCB 2 and DC side pre-charging current limiting resistor. However, the 

DC side pre-charging resistor needs to be rated at higher voltage to limit possible 

disturbances to the healthy parts of the DC network and with fast communication 

systems to initiate the restart sequence from onshore when the fault is cleared by the 

offshore protection system. As the proposed enhanced control allows the WTs of the 

offshore windfarm 2 to remain operational after opening of ACCB 4 (with the offshore 

AC network voltage controlled at 1.05 pu), the AC side PIR will be rated for relatively 

low AC voltage compared with DC equivalent. Thus, the WTs are used to re-energize 

offshore MMC 4 and Cable 14. The detailed restoration sequence is as follows: 
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• Offshore ACCB 4 recloses and the offshore windfarm 2 charges MMC 4 and 

DC Cable 14 through AC PIR. After the DC voltage at faulted terminal 

recovers, the PLL of MMC 4 is enabled to track the frequency and angle of 

the offshore AC grid (now controlled by the WTs) for synchronization and 

MMC 4 is then de-blocked and subsequently operated in DC voltage control 

mode to regulate the DC voltage to the rated value, as illustrated in Fig. 4.8. 

When the DC voltage across DCCB 2 closes to zero, it can be reclosed.  

• Following the closure of DCCB 2, MMC 4 switches back to AC voltage 

control mode and regulates the offshore AC voltage to the nominal value. This 

will force the passive Vac controller of the WTs to saturate, increasing the 

current limit 𝐼𝑑𝑚𝑎𝑥_𝑣 imposed at the output of the active power controller to 

the maximum value. Consequently, the WTs reverse back to power control 

mode and power transmission of offshore windfarm 2 resumes. 

It is worth emphasizing that, during the proposed DC fault ride-through, the 

offshore WTs automatically change operation mode without any communications. 
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Fig. 4.9 Sequence of the proposed DC fault protection scheme for the faulty offshore MMC 

station. 
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cost-effective DC fault ride-through in offshore DC grids, a permanent pole-to-pole 

DC short circuit fault is applied at the middle of Cable 24 at t=2 s, as illustrated in Fig. 

4.2. The faulty DC line is isolated using a combination of ACCB 4, DCCB 2 and 

DCCB 5. After isolation of the faulty DC line, the remaining healthy part of the DC 

grid, which is disconnected from the faulty DC line, is reconnected and re-energized 

from offshore windfarm 2 via the MMC 4. The system performances during fault 

clearance and recovery are addressed in subsections 4.5.1 and 4.5.2 respectively.  

 Fault clearance  

After DC fault occurrence at t=2 s, DCCB 2 and 5 open at t=2.006 s (fault 

detection and the DCCBs operation time) to isolate the fault from the healthy part, i.e. 

MMC 1, 2 and 3 and offshore windfarm 1. It is worth underscoring that the onshore 

stations MMC 1 and 2 are protected by DCCBs plus DC inductors, so that the arm 

currents of MMC 1 and 2 are below 2 pu (1 pu current is 2 kA) during the fault and 

thus, both remain operational without blocking [23, 89] as shown in Fig. 4.10 a).  

Observe that the DC voltages of the healthy part experience brief disturbances but 

quickly recover as shown in Fig. 4.11 a) and b). After system separation into healthy 

and faulty parts, the majority of the power that offshore windfarm 1 injects into the 

healthy DC network via MMC 3 is transferred to MMC 2 through Cable 13 and 12 as 

shown in Fig. 4.11 e), f), g) and h). 

As the offshore MMC 4 uses DCSWs with no DC inductors, its DC voltage 

quickly collapses, as seen in Fig. 4.12 a). This leads to the rapid rise of the fault 

currents. Once the arm current exceeds 2 pu [23, 89], MMC 4 is blocked at 2.0015 s 

and the offshore AC network voltage is also collapsed, as shown in Fig. 4.12 b), c) and 

Fig. 4.11 b). With the proposed control, WTs inject reactive currents to support the 



111 

 

offshore AC voltage, which flow through the antiparallel diodes of MMC 4 and feed 

the fault, as shown in Fig. 4.12 b), d) and e) and Fig. 4.11 b).  

Considering 20ms delay time and the ACCB operation time, the ACCB 4 opens at 

t=2.078 s, leading to isolation of MMC 4 from the offshore windfarm 2. Opening of 

ACCB 4 causes the offshore AC voltage to rise as the WTs inject currents into the 

offshore AC network with no power transmission path. Once the offshore AC voltage 

increases to 1.05 pu at t=2.12s, the passive Vac controllers incorporated in WTs are 

activated to maintain the AC voltage by limiting the active current from the WTs 

around 0, as depicted in Fig. 4.12c) and d). As displayed in Fig. 4.12 c), the offshore 

AC voltage only experiences slight over-voltage for around 23 ms at the initial stage 

after the main ACCB opens and the offshore overvoltage is then effectively suppressed. 

At the same time, the dynamic frequency limiter of the PLL loosely locks the offshore 

frequency at 50 Hz while the q-axis voltage control loop maintains the synchronization 

for WTs as in Fig. 4.12 f). In this way, both AC voltage and frequency in the offshore 

network of the offshore windfarm 2 are controlled by WTs. 

1.95 2 2.05 2.1 2.15 2.2 2.25

-5

-4

-3

-2

-1

0

1

t/s

-2

-1

0

1

2

3

2.3

a)
 I

a
rm

M
M

C
2 

(k
A

)
b

) 
I a

rm
M

M
C

4 
(k

A
)

1.95 2 2.05 2.1 2.15 2.2 2.25 2.3

 

Fig. 4.10 Upper arm currents of MMC 2 and 4 during the DC fault: a) onshore MMC 2, b) 

offshore MMC 4. 
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Fig. 4.11 DC side dynamics during offshore DC fault at Cable 24: a) onshore DC voltages, 

b) offshore DC voltages, c) onshore DC currents, d) offshore DC currents, e) onshore DC 

power, f) offshore DC power, g) DC cable currents flowing to MMC 1, h) DC cable 
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Fig. 4.12 Waveforms of offshore station MMC 4 and offshore windfarm 2 during fault 

clearance: a) MMC 4 DC voltage, b) MMC 4 DC current, c) WT AC voltages, d) WT AC 

currents, e) MMC 4 active and reactive power, f) WT frequency. 

 System recovery  

After isolation of the faulty line from offshore windfarm 2 by opening ACCB 4, 

the DC current in the faulty DC line decays to zero as displayed in Fig. 4.12 b). DCSW 

3 is opened once its current approaches zero at t=2.7 s to isolate the faulty Cable 24, 

and offshore MMC 4 can now be restarted. 

To avoid DC side disturbance, the DC voltages of MMC 4 and Cable 14 are 

recovered using offshore windfarm 2. Following ACCB 4 reclosing through current 
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limiting PIR at t=2.73 s, offshore windfarm 2 charges the DC link of the blocked MMC 

4 and DC Cable 14 through MMC 4 antiparallel diodes. After bypassing the PIR, the 

MMC 4 DC link voltage rises to around 580 kV (±290kV) as shown in Fig. 4.13 a) 

and d). MMC 4 is then de-blocked at t=2.77 s and is operated in DC voltage control 

mode to boost the DC voltage to 640 kV (±320 kV), as in Fig. 4.13 a). Subsequently, 

onshore DCCB 2 is reclosed at t=2.82 s when the DC voltages across DCCB 2 match, 

reconnecting MMC 4 to the DC grid. During the DCCB 2 reclosing process, the DC 

grid voltages and currents do not exhibit large disturbances as shown in Fig. 4.13 a) 

and b). MMC 4 subsequently switches back to grid forming mode in which the offshore 

AC voltage and frequency are restored to 1 pu and 50 Hz, respectively. At this stage, 

MMC 4 takes control of the AC voltage and frequency, and WTs of the offshore 

windfarm 2 will transit back from passive Vac control to power control mode as the 

active current upper limit 𝐼𝑑𝑚𝑎𝑥_𝑣 imposed by the passive AC voltage controller is 

restored to the maximum value of 1 pu. 
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Fig. 4.13 Waveforms of offshore station MMC 4 and offshore windfarm 2 during system 

recovery: a) MMC 4 DC voltage, b) MMC 4 DC current, c) WT AC voltages, d) WT AC 

currents, e) MMC 4 active and reactive power, f) WT frequency. 

 Summary 

This chapter proposes an enhanced WT control method that facilitates partially 

selective DC fault clearance and ride-through using reduced number of fast acting 

DCCBs. To avoid the collapse of offshore AC voltage due to sudden loss of offshore 
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MMCs, the proposed passive AC voltage control of wind turbine converters detects 

the abnormal condition based on local measurements and seamlessly transits between 

grid following and forming modes. The offshore grid voltage is thus maintained stable 

during faults and the offshore restoration after fault clearance is enabled by the 

proposed control. Detailed simulation studies confirm that the proposed WT control 

can facilitate clearance of DC faults in multi-terminal offshore DC grid with low cost 

partially selective DC fault ride-through scheme, while significant proportion of pre-

fault power transfer is retained during fault clearance process. After fault clearance, 

system recovery can be initiated with the aid of survival offshore windfarm. Thus, the 

power transfer can resume if there is another energy path available, as demonstrated 

in this Chapter.  
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Chapter 5                            

Black Start Operation of DR-HVDC 

Connected Offshore Windfarms 

 The rapid increases of RES in power system introduces new challenges to 

maintain reliability, stability, and security of power supplies [34]. In the event of 

system blackout, the ability of RES to black start part of a large network could bring 

significant economic and technical benefits to system operators. Thus, black start and 

islanding capabilities of RES have been proposed in ENTSO-E’s network connection 

requirement as an optional requirement by TSOs to support power system restorations 

[33]. The use of HVDC connected offshore wind farms for onshore black start 

operation provided has also been studied in several works [34, 110, 111]. DR-HVDC 

systems have recently been proposed for integrating large offshore windfarms [42, 44] 

due to its potential lower transmission losses and total investment cost. Due to the 

uncontrollability of the passive DR station, the offshore AC network is controlled by 

the WTs which has been addressed in [56, 58]. However, if DR-HVDC connected 

offshore wind farm is used for black start of onshore AC networks, system power 

balancing control and DC link voltage regulations during black start are significantly 

different to MMC connected systems and have not been addressed.   

Thus, a frequency-AC voltage droop control is proposed to the offshore WT to 

maintain the DC voltage of the DR-HVDC link and keep the power balance between 

onshore and offshore grid during black start operation. The detailed energization 

process of the DR-HVDC link, onshore AC network load pick-up and fault ride 

through operation studies are carried out to validate the proposed scheme. Moreover, 

the power redistribution among WTs due to unpredictable wind condition is considered.   
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 DR-HVDC connected offshore windfarm system and 

general control  

Fig. 5.1 shows a general structure of the DR connected offshore windfarm system, 

which consists of an offshore diode rectifier station and an onshore MMC. The DR 

station is made of a 12-pulse bridge rectifier and the onshore MMC controls the DC 

voltage of DR-HVDC link during normal power transmission. 
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Fig. 5.1 DR-HVDC connected offshore windfarm 

The control of DR connected offshore windfarm differs from MMC connection 

described earlier. This is due to the fact that the uncontrollability of the DR necessitates 

the WT LSCs to operate in grid-forming to define offshore AC voltage and frequency 

and control the power dispatch to onshore. In addition, the inherent active and reactive 

power coupling characteristic of DR requires the control of reactive power sharing 

among individual WTs. Thus, to address the general control requirement, the P-V, Q-f 

with distributed PLL frequency regulation control method developed in [58] is adopted 

in this thesis and is briefly described in the following subsections. Fig. 5.2 shows the 

overall WTs control structure of the distributed PLL-based P-V and Q-f control. 
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Fig. 5.2 DR- HVDC connected WT control [58] 

 Distributed PLL-based frequency regulation  

Due to uncontrollability of diode rectifiers, the offshore WT control system needs 

to ensure autonomous frequency regulation by the large number of WTs and to provide 

synchronization for offline WTs. To tackle this problem, the distributed PLL based 

frequency control is proposed in [58] as illustrated in Fig. 5.2. 

In the existing voltage control for converter-based islanding network, the q-axis 

reference is normally set at zero while the voltage magnitude of islanding network 

normally controlled by the d-axis voltage. When a PLL is used, it normally takes q-

axis voltage reference as an input to adjust the frequency output to ensure the q-axis 

always locates at synchronise rotation frame and is kept at zero. Therefore, for each 

WT system, the q-axis voltage 
qWT

V  can be used to control the offshore AC frequency. 

Thus, an additional PLL-based frequency loop is utilized to generate the desired *

qWT
V  

as: 
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 * *( )
qWT f WT WT

V k  = −   (5.1) 

When the frequency measured by WT meets WT
 < 

*

WT
  (i.e. *

qWT
V > 0), the PLL-

based frequency control produces a positive *

qWT
V  feeding to the AC voltage controller. 

The voltage and current loops ensure the converter to generate the required 
qWT

V

according to its reference value produced by the frequency loop. Consequently, the 

frequency measured by the PLL is increased (due to 
qWT

V > 0) until it becomes identical 

to the reference ( WT
 = 

*

WT
 ). Similarly, when WT

 >
*

WT
  (i.e. *

qWT
V < 0), the proposed 

frequency control produces a negative 
qWT

V , so the frequency is reduced accordingly. 

Such frequency control enables individual WTs operating autonomously to contribute 

to the overall frequency regulation of the offshore AC network.  

 Active power control 

As the DC voltage of the DC grid is controlled at the rated value by the onshore 

MMC station, the transmitted active power is largely determined by the DC voltage 

produced by the DR, which is given by [56] considering 3 DR units in series: 

 
18 18

( 2 ) ( 2 )DR

dcDR pcc T dcDR pcc T

dcDR

P
V nV X I nV X

V 
= − = −   (5.2) 

where n is the rectifier transformer turns ratio, XT is the leakage reactance of the DR 

transformer, and IdcDR and PDR are the DC current and power at the rectifier DC 

terminal, respectively. 

 Thus, the active power exported to DC grid can be controlled by adjusting the 

offshore PCC voltage magnitude, as illustrated in the left top active power control 

block in Fig. 5.2. 
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 Q-f reactive power sharing control 

As AC voltage magnitude is selected as the control variable to regulate the WT 

active power, the reactive-power/frequency droop shown in Fig. 5.2 is adopted here. 

Such droop control ensures steady-state reactive power to be shared among WT 

converters due to the same steady-state frequency across the offshore network. The 

adopted reactive power sharing control is expressed as: 

 *
0 WTQk Q = +   (5.3) 

where 0
  is the rated frequency of the offshore AC network, kQ is the droop gain, and 

QWT represents the reactive power of individual WT. The error between the frequency 

reference *  and the frequency   measured by the PLL is fed to the frequency 

controller, which sets the converter q-axis voltage reference to ensure WT reactive 

power sharing. 

 Black start requirements and characteristics of DR-HVDC 

connected offshore windfarm systems  

 System layout  

The layout of the DR-HVDC connected offshore windfarm system for black start 

study is shown in Fig. 5.3. The DR station consists of three 12-pulse DR units 

connected in series, each rated at 400 MW and 213.3 kV DC to enable operation at 

640 kV DC voltage. Pre-insertion resistors are equipped at each of ACCB 1-3 to limit 

inrush current into the transformer and DC link. The tuned AC filters are installed at 

DR station to improve the power quality while compensating the reactive power for 
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DR station. The detailed parameters for DR-system are listed in Table 5.1. 

Table 5.1 Nominal parameter of the DR station 

Components Parameters Values 

DR-HVDC link Power  1200 MW 

DC voltage  320 kV 

12-pulse diode 

rectifier 

Transformer (Y/Y/∆) 66/87.3 kV 

Leakage inductance 0.18 pu 

Tuned filters 0.3 pu 

Moreover, the onshore MMC operates in Vac control mode as detailed in Chapter 

3, and the system parameters are listed in Table 3.2.  
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Fig. 5.3 Layout of studied offshore windfarm system with DR-HVDC 

 Main requirements of WTs for black start  

During normal operation, the onshore MMC station regulates the DC voltage at 

the rated value of ±320 kV. The offshore WT LSCs establish the offshore AC network 

and control the generated wind power, while the GSCs regulate the DC voltage of WT 

converters [75]. However, during black start of the onshore AC system, the onshore 

MMC station needs to operate in grid-forming mode to build up the onshore AC grid 
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and supply the energy required to the onshore loads. Thus, the control of the DC 

voltage of the DR-HVDC link needs to be shifted from the onshore MMC station (as 

in normal operation) to offshore WTs. Furthermore, the transmitted power from 

offshore WTs during black start needs to match the onshore load, so the WTs need to 

maintain power balance between offshore and onshore. Thus, the main requirements 

for the offshore WTs connected to DR-HVDC during black start are: 

• Offshore AC grid voltage and frequency control; 

• DC voltage control of the DR-HVDC link; 

• Onshore and offshore power balancing. 

 System characteristics during black start 

To ensure the DC voltage VdcDR remains largely constant as required in practical 

systems during black start, the relationship between the transmitted power PDR and 

Vpcc derived from (5.2) is plotted in Fig. 5.4 and given as: 

 
23 2

18
dcDR dcDR

pccDR

T T

nV V
P V

X X


= −   (5.4) 

It shows that if the offshore Vpcc regulated by WTs during black start follows the 

curve defined in Fig. 5.4 when the transmitted/generated active power varies, VdcDR 

can be largely maintained at the rated value. However, the offshore DR power PDR is 

not a local measurement for WTs and the individual WT power capability is small 

compared with the whole DR transmitted power. Therefore, it is difficult to directly 

modify the WTs AC voltage magnitude (which determines Vpcc and VdcDR) based on 

local WT active power measurement.  
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During black start, the power provided by the DR-HVDC link is typically low and 

mainly used to restart large thermal power plants. Thus, the maximum power Pbsmax 

required for black start is considered to be 400 WM in this thesis. In addition, it is 

assumed that the power consumed by onshore loads is less than the available wind 

power during black start, and pitch control and WT speed control are used to reduce 

the captured wind energy when required [81, 82]. 

The reactive power QDR consumed by the DR is: 

 
2 sin 2

( )
1 cos 2

DR DRQ P
 



−
=

−
  (5.5) 

where  

 
2 2

arccos(1 ) arccos(1 )T dcDR T DR

pcc pcc dcDR

X I X P

nV nV V
 = − = −   (5.6) 

As depicted by (5.5) (5.6) and illustrated in Fig. 5.4, the reactive power 

consumption of the DR varies with the transmitted active power. Due to the relatively 

small active power required during black start, the switching of the AC filters of the 

DR station is not considered and the reactive power QDR consumed by the DR is 

compensated by the WTs and a fixed 150 MVAr AC filter, which remains connected 

to the DR AC terminal during black start.  
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Fig. 5.4 PDR-Vpcc and QDR-Vpcc characteristics of the DR-HVDC system assuming constant 

DC voltage of the DR-HVDC link. 
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 Black start control and fault consideration   

 Enhanced f-V droop control  

To ensure the regulation of the DC voltage of the DR-HVDC link and power 

balance between offshore and onshore grids during black start, a frequency-AC voltage 

(f-V) droop control is proposed for the WT LSCs.  

As discussed in previous sections, the reactive power QDR consumed by DR 

stations varies with the active power PDR. Thus, by coordinating with the reactive 

power sharing control as detailed in previous sections and in [58], the offshore 

frequency can be utilized to reflect the transmitted DR active power PDR without 

communication. As the AC voltage variation is relatively small across the full power 

range, the reactive power variations across the DR filters and offshore AC cables are 

negligible compared with DR consumptions. Thus, the offshore frequency will mainly 

vary with the changes of the transmitted active power of the DR-HVDC link and all 

the WTs will share the same offshore frequency, which is locally measurable by PLL. 

Thus, the offshore frequency is given as:  

 *
0 ( )

passiveDR

Q

WT

Q Q
f f k

N

+
= +   (5.7) 

where NWT is the number of WTs and Qpassive represents the largely fixed reactive power 

provided by the offshore passive elements such as DR filters and AC cables.  
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Fig. 5.5 f-Vpcc characteristics of the DR-HVDC system. 

From (5.4)-(5.7) , the offshore AC frequency with variation of PCC voltage is 

shown in Fig. 5.5. As observed in (5.7) and Fig. 5.5, the offshore frequency is not a 

linear function of Vpcc but considering limited Vpcc variation, a simple linear f-V 

relationship can be approximated, as depicted in (5.8) and also illustrated in Fig. 5.5 

as: 

 max min

max min

bs bs
f V

bs bs

V V
k

f f−

−
=

−
  (5.8) 

where Vbsmax and fbsmax are the maximum offshore voltage and frequency when 

transmitting the maximum power Pbsmax, as depicted in Fig. 5.4 and Fig. 5.5. Vbsmin is 

the minimum AC voltage set for WTs under the zero-power transmission when the DC 

terminal voltage VdcDR is at the rated value VdcDR0, and can be derived from (5.2) as: 

 0
min

18 2

dcDR
bs

V
V

n


=   (5.9) 

As described earlier, it is assumed that the power consumed by onshore loads is 

less than the available wind power during black start. Therefore, the active power-AC 

voltage (P-V) controller in the WT grid-side converter [58] will saturate, and the 

offshore AC voltage is thus determined by the limit of the WT d-axis voltage. 

Consequently, the proposed f-V droop control imposes the dynamic limit of the WT d-

axis voltage Vdmax to mimic the PCC voltage Vpcc during black start as: 
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*

min min

max * *
min max

,

,

bs bs

d

f V bs bs

V f f
V

k f f f f
−







=

 
  (5.10) 

Fig. 5.6 shows the control block diagram for WT converters including the 

proposed controller and the Q-f, P-V droop control and frequency control loops which 

have been introduced in Section 5.1. Since the output of the P-V control loop saturates 

during black start, the d-axis voltage reference 
*

dV  is only determined by the limit 

Vdmax. Thus, by dynamically limiting Vdmax according to the output of the f-V droop 

controller during black start, the offshore Vpcc is controlled according to the 

relationship shown in Fig. 5.5 and (5.10). Therefore, VdcDR can be maintained in a 

small range when the transmitted power varies.  
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Fig. 5.6 Proposed f-V droop control for WTs. 

During normal operation, the dynamic limit Vdmax of the proposed f-V droop 

control is set at the minimal value Vdmax0 (typically 1.05pu [46, 75]) as shown in Fig. 

5.6, which is the upper limit of the active power controller output. Thus, the embedded 

f-V droop control has no impact on normal operation of the system. 
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To better understand the operation mechanism of the proposed control method, 

the system dynamics during onshore power change are graphically shown in Fig. 5.7. 

Assuming the onshore power demand Ponshore increases, the offshore exported power 

PDR will increase accordingly, leading to the rise of the reactive power QDR consumed 

by the DR and the drop of the DC link voltage VdcDR. Consequently, WTs reactive 

power QWT increases and so does the offshore frequency f due to the effect of the Q-f 

droop. As a result, the proposed f-V droop increases the dynamic voltage limit 

according to (5.10) such that VPCC is increased and the DC link voltage VdcDR restored. 

Therefore, the DC voltage of the DR-HVDC link is controlled within the safe operation 

region, without communication. 
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f

VPCC

VdcDR

VdcDR

VdcDR

QWT
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Fig. 5.7 Graphically illustration of transients during the onshore demand change. 

 Onshore fault consideration during black start  

In the event of onshore AC faults during black start, the onshore MMC operates 

in current limiting mode due to the sudden drop of the AC voltage, and the active 

power demands both onshore and offshore significantly decrease. Due to the coupling 

between the active and reactive power (P-Q) as depicted by (5.5) and (5.6), the 

reactive power consumed by the DR station is also reduced, leading to the decrease of 

the offshore frequency. Thus, the proposed f-V droop control automatically reduces 

the dynamic limit Vdmax according to (5.10), forcing the offshore AC voltage to 

decrease. This accelerates the decrease of the power transmitted to the DR-HVDC link 

and overvoltage of the HVDC link is thus avoided. The surplus power generated by 
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WTs will need to be dissipated by the internal DC choppers at each WT.  

In this way, the WTs automatically track the required operation droop curve and 

handle onshore AC grid faults during black start with the proposed control. 

 Energization of HVDC link and onshore MMC  

Since offshore AC grid energization has been studied in [58], this thesis will 

mainly focus on the DR-DC link energization and MMC station soft energization. Thus, 

the offshore AC network is assumed already built up by WTs by adopting the method 

presented in [58]. 

The DR-DC link will be energized through the different ACCBs (ACCB 1-3) as 

illustrated in Fig. 5.3. To avoid large inrush current to the MMC SM capacitors and 

DC cable, the DR-DC link is energized softly by closing the ACCB 1-3 one by one. 

Thus, the DC voltage is built in three steps. When one DR unit reaches the rated DC 

voltage of 213.3 kV, the ACCB for the next DR unit will be closed.  

The energization of the onshore MMC station is split into two stages, i.e. the 

passive charging stage and the active charging stage, as in following subsections. 

 Passive charging stage  

When the DC link energization is initiated, all the SMs in the onshore MMC are 

blocked. As shown in Fig. 5.8 a) the blocked MMC will automatically be charged 

through its free-wheeling diodes. As there are 2N blocked SMs in each phase in total, 

the voltage the SM capacitors can be charged to at passive charging stage is: 
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 min

_

18 2

2 2

bs dcDR

SM ave

nV V
V

N N
= =   (5.11) 

This likely leads to the SM capacitors to be charged to around half of their rated 

voltages. It should be noted that, as the AC side already has the PIR to limit the inrush 

current, DC side PIR is not required in this study. 
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Fig. 5.8 HB-MMC charging from DC side a) Passive charging state and b) Active charging 

state 

 Active charging stage 

Following the passive charging stage, the active charging stage is initiated, where 

the number of bypassed SMs in each arm is gradually increased (up to N/2, where N 

is the SM number per arm), as shown in Fig. 5.8 b) and Fig. 5.9 a). This would increase 

the SM capacitor voltages to the rated value while preventing potential large transients 
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when the SM capacitors are charged from the HVDC link without DC-side PIRs. 

As shown in Fig. 5.9 b), at the ith (i=1, 2, …, and N/2) charging step, all the N SMs 

in each arm are sorted according to their capacitor voltages and the i SMs with the 

highest capacitor voltage are bypassed while the rest of (N-i) SMs with the lower 

voltage are connected in the circuit to be charged. This ensures all SM capacitors are 

equally charged. At the final step, i=N/2, half of the SMs in each arm are bypassed and 

there are N SMs connected in the charging circuit in each phase. The number of SMs 

connected in the charging circuit in each arm remains at N/2 for a period, and with the 

aid of voltage sorting algorithm, the SMs with the lowest voltages are charged to 

ensure all the SM capacitors can be charged to around the rated value. Then, the MMC 

can be de-blocked to initiate gradual build-up of the onshore AC grid voltage and 

provide power to onshore loads. 
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Fig. 5.9 Sequential charging strategy in onshore MMC active charging stage: a) illustration 

of sequentially bypassing SMs and b) MMC SM states. 
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 Simulation results 

The proposed black start scheme and energization sequence are demonstrated 

using PSCAD based on the system model as detailed in Section 5.2.1 and illustrated 

in Fig. 5.3. As shown, a resistive load rated at 20 MW is initially connected with the 

MMC. Another two loads, i.e. an100 MW resistive load and a 50 MVar inductive load, 

are connected to the network at different locations and different times.  

 Energization of DR-HVDC link 

The energization of the offshore AC network using the offshore WTs has been 

studied in [58], so it is not included here. Thus, the study assumes that the offshore AC 

network is already built up by WTs before energizing the HVDC link and is connected 

with some small local loads e.g. auxiliary supplies, offshore protection systems and 

the losses in the filters and cables). The simulation results are shown in Fig. 5.10. The 

observed small power differences between the clusters as shown in Fig. 5.10 a) are due 

to different impedances between WTs and DR terminal (as the results of different cable 

lengths considered for the three wind turbine clusters). 

At t=0.9 s, ACCB 1 is closed with its PIR to connect the offshore AC grid to DR 

1. As seen in Fig. 5.10 b), the offshore frequency exhibits small disturbance with the 

variation of active and reactive power demands from DR side. The offshore AC voltage 

follows the frequency variation, as observed in Fig. 5.10 c), which is in line with the 

theoretical basis that underpins the operation of the proposed f-V droop control. The 

WTs charge the DR 1 system and DC link to 213 kV, as can be seen from Fig. 5.10 e). 

At t=1 s, ACCB 2 is closed through its PIR to further build up the DC voltage and is 

followed by DR 3 energization by closing ACCB 3 at t=1.1 s. At t=1.31 s the DC 

voltage increases to nearly the rated value of 640 kV and the offshore AC-side PIRs 
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are bypassed. During the passive charging stage, the onshore MMC SM capacitors are 

passively charged to 0.91 kV (0.5 pu), without noticeable overcurrent, as shown in Fig. 

5.10e)- h).  

After the capacitor voltage reaches 0.91 kV, the onshore MMC active charging 

method is automatically activated at t=1.32 s. As seen in Fig. 5.10 g) and h), all six 

arms are equally charged during this start-up period with the aid of the SM capacitor 

voltage balancing algorithm. At t=2.36 s, the SM capacitors are charged to 1.83 kV as 

illustrated in Fig. 5.10 g) and h). After the completion of the onshore MMC 

energization, the onshore MMC can be de-blocked with AC voltage control and is 

ready to start the onshore grid.  
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Fig. 5.10 Performance of start-up of DR-HVDC system: a) offshore WT power, b) offshore 

frequency, c) offshore PCC voltage, d) DR reactive power, e) DC voltage of DR-HVDC 

link, f) DC current of DR-HVDC link g) MMC upper arm average capacitor voltages, and h) 

MMC lower arm average capacitor voltages. 
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 Onshore AC grid energization and load pick up 

Fig. 5.12 displays the system behaviour during onshore grid energization and load 

pick up for the proposed black start scheme. At t=2.6 s, the onshore MMC starts to 

ramp up the AC voltage to energize the converter transformer and the onshore AC 

cables and supply a 20 MW load. The onshore AC grid voltage reaches the rated value 

of 400 kV at t=3 s. With the increase of the onshore AC voltage, the reactive power 

consumption of the onshore AC grid increases from zero to -310 MVAr (capacitive) 

during 2.6~3.0 s, predominantly to feed the transformer and onshore AC cables, as 

shown in Fig. 5.12 c) and d). At t=3.1 s, an additional 100 MW load is suddenly 

connected to the onshore AC grid, leading to an increase of the onshore power demand 

Ponshore. The offshore WT generated power PWT increases accordingly, which in turn 

leads to the increase of reactive power demand of DR station, as illustrated in Fig. 5.12 

e) and h), respectively. The WTs, which are equipped with the frequency-reactive 

power (f-Q) sharing droop control, increase their reactive power outputs and offshore 

frequency, as shown in Fig. 5.12 f). As a result, the proposed droop control is activated 

and increases the offshore PCC voltage according to the droop curve in Fig. 5.5, as 

shown in Fig. 5.12 g). In this way, the DC voltage of the DR-HVDC link remains 

largely at 640 kV as illustrated in Fig. 5.12 a).  

Another 50 MVar (inductive) load is connected to the onshore AC grid at t=3.5 s. 

As demonstrated in Fig. 5.12, the whole system behaves exactly the same as described 

in section III B and graphically shown in Fig. 5.7. The final DC voltage stabilizes at 

637.45 kV. 

Across the entire process of the voltage ramping up and load pick up, the onshore 

and offshore AC grids remain stable while the DC voltage of the DR-HVDC link is 

maintained within the safe range due to the proposed f-V droop control, as 
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demonstrated in Fig. 5.12. 

To further highlight the superior behaviour of proposed scheme, another loading 

ramping case is carried out, in which the onshore power demand is ramping up from 0 

to 400 MW within 3.5-4 s.  

Fig. 5.11 compares the DC voltages between the proposed f-V droop control and 

the scheme with fixed voltage reference (denoted as fixed Vdmax in Fig. 5.11). As can 

be seen, when Vdmax is fixed to its upper limit Vbsmin during black start, the DC voltage 

varies over 40 kV, while with the proposed droop control, the DC voltage variation is 

limited to a mere 10 kV.  
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Fig. 5.11 Comparison of DC voltages between the proposed control and conventional 

control, when the onshore power demand ramping up from 0 to 400 MW. 
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Fig. 5.12 Performance of the onshore AC grid energization and load pick up for the proposed 

black start scheme: a) DC voltage of DR-HVDC link, b) DC current of DR-HVDC link, c) 

onshore active and reactive power, d) onshore AC voltages, e) offshore WT power, f) 

offshore frequency, g) offshore PCC voltage and h) DR reactive power. 

 Onshore fault ride through 

The performance of the proposed control scheme during onshore AC fault is tested 

and the onshore and offshore dynamics are shown in Fig. 5.13. Before the fault 

occurrence, the onshore AC grid has been built up using the proposed black start 

scheme as aforementioned and feeds a 200 MW load.  

At t=4.0 s, a solid three-phase fault occurs at the onshore MMC AC terminal and 

is cleared at t=4.14 s. After fault occurrence, the onshore AC voltage, and active and 

reactive power rapidly decrease to zero, as shown in Fig. 5.13 c) and d). The offshore 

WTs still try to transmit the generated active power to onshore through the DR-HVDC 

link, resulting in an initial increase of the DC voltage of the DR-HVDC link, as 

observed in Fig. 5.13 a). Due to the increased DC voltage, the transmitted power of 

the DR system decreases, leading to the reduction of the reactive power consumed by 

the DR station and thereby the offshore frequency. Thus, the output voltage of WTs is 

reduced by the proposed f-V droop control, as illustrated in Fig. 5.13 g), resulting in 

the power export to the DR-HVDC link drop to almost zero. Consequently, the DC 
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voltage of the DR-HVDC link stops increasing, and the maximum DC voltage reaches 

653 kV as shown in Fig. 5.13 a). After the onshore fault clearance at t=4.14 s, the 

onshore AC grid recovers. The DC voltage of DR-HVDC link and offshore AC voltage 

exhibit slight disturbances during the fault but are quickly recovered to the pre-fault 

state as shown in Fig. 5.13 a), f) and g). 
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Fig. 5.13 Performance of the proposed black start scheme under onshore AC fault: a) DC 

voltage of DR-HVDC link, b) DC current of DR-HVDC link, c) onshore active and reactive 

power, d) onshore AC voltages, e) offshore WT power, f) offshore frequency, g) offshore 

PCC voltage and h) DR reactive power. 

 Offshore wind power redistribution  

Practically, the maximum available power from each WT across a large offshore 

windfarm can vary due to exposure to different wind speeds. Some WTs’ available 

wind power may be low such that the power controllers de-saturate, leading to 

deactivation of the f-V droop control during black start. Therefore, it is necessary to 

ensure that the WTs with low power can automatically change from the f-V droop 

control to MPPT control with the proposed scheme and the offshore AC voltage will 

be determined by other WTs to maintain a stable DC voltage. 
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Assuming that the onshore station supplies a 400 MW load while the available 

wind power of Cluster 2 is reduced to be less than the demand after t=5.02 s, as shown 

in Fig. 5.14 d), the output of the WT active power controller in Cluster 2 reduces and 

becomes less than the upper limit set by the f-V droop control. The active power 

controller of Cluster 2 WTs, thus de-saturates and regulates the output power to follow 

the reference set by the MPPT algorithm. The reactive power consumed by the DR 

station and offshore frequency slightly changes, leading to an increase of the output 

power of Cluster 1 and 3. Thus, the generated power of the entire offshore windfarm 

remains largely unchanged, as displayed in Fig. 5.14 c) and d). The power is 

redistributed among the three clusters and the DC voltage of DR-HVDC link and 

offshore PCC voltage are largely unaffected, as illustrated in Fig. 5.14 a) and f).   
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Fig. 5.14 Performance of the proposed black start scheme in low wind speed scenario: a) DC 

voltage of DR-HVDC link, b) DC current of DR-HVDC link, c) onshore active and reactive 

power, d) offshore WT power, e) offshore frequency, f) offshore PCC voltage and g) DR 

reactive power. 

 Summary 

In this chapter, the use of DR-HVDC connected offshore wind farms for black 

start of an onshore AC network is studied. To address the issue of large DC voltage 
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variation during black start when the onshore loads vary, an enhanced control which 

utilizes the offshore frequency to dynamically regulate the offshore AC voltage is 

proposed aiming to maintain the DC voltage of the DR-HVDC link within the safety 

range. The active power-reactive power-frequency (P-Q-f) coupling characteristics of 

DR-HVDC systems are studied and subsequently used in the proposed control to 

enable WTs to automatically sense the operation condition of the DR-HVDC link 

without communication and ensure offshore and onshore power balance. In the event 

of onshore grid faults, the proposed control can also automatically reduce the offshore 

AC voltage and potential overvoltage of the HVDC link is thus limited. Considering 

different wind conditions across a large offshore wind farm, e.g., when certain WTs’ 

available wind power is low, the power required by onshore loads during black start 

can be automatically redistributed among WTs with the proposed control and the 

system operation is unaffected. In addition, the detailed energization process of the 

DR-HVDC link and onshore MMC station, as well as onshore AC load pick up are 

investigated and demonstrated through simulations. The proposed control scheme 

provides a feasible solution to use DR-HVDC systems for black start of onshore AC 

grid.  
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Chapter 6                      

Conclusions and Future Work 

 General conclusion 

MMC connected offshore windfarm systems exhibit different characteristics 

during offshore AC faults when compared with typical onshore AC systems with 

conventional synchronous generators. The situation becomes more challenging in the 

events of asymmetrical faults since the best practice of considering converters’ 

capability in negative sequence control, converter hardware constraints, and the 

requirements of the offshore network during and after faults, have not been well 

defined and understood. For instance, detailed sequential analysis and simulation 

validation reveals that, the negative sequence current can be completely suppressed to 

prevent the overcurrent of the offshore MMC station during asymmetrical faults. 

However, after fault clearance, the induced negative sequence voltage does not allow 

the automatic recovery of the AC voltage to the pre-fault condition. Such behaviour 

could also make the protection system unable to distinguish between fault and post-

fault conditions. Based on the observation of case study and the finding from 

sequential analysis, a new modified control scheme for the offshore MMC that 

employs negative sequence voltage controller to facilitate controlled injection of 

negative sequence currents is proposed. The additional outer negative sequence AC 

voltage control regulates the negative sequence voltage to zero during normal 

operation and while during offshore asymmetrical AC faults, controlled negative 

sequence currents are injected into the offshore AC network due to the saturation of 

the negative sequence AC voltage controller. The proposed scheme can not only define 

a safe level of fault current during different fault scenario but also enable quick 
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recovery of the AC voltage following clearance of AC faults. In addition, the proposed 

scheme takes the induced negative and zero sequence voltages into consideration to 

manipulate the setting of the positive sequence voltage reference in order to prevent 

any excessive overvoltage in the healthy phases. Simulation results have verified the 

effectiveness of the proposed asymmetrical fault management scheme. 

Studies on the use of multi-terminal HVDC (MTDC) networks for interconnection 

of large offshore wind farms and onshore power networks have shown good potentials 

though significant technical and economic challenges exist, e.g. system protection and 

control during DC faults. Partially selective DC fault protection schemes for offshore 

MTDC networks may provide good balance between performance and cost, in which 

the expensive and bulky DCCBs are only used in limited cable locations while the 

cheap ACCBs and DC disconnectors are installed in most places. However, such 

protection schemes can cause problems such as overvoltage and frequency deviation 

in an AC offshore grid when the offshore MMC station is suddenly blocked during DC 

faults or the ACCBs in offshore AC grid suddenly open for fault clearance operation. 

Detailed analysis reveals that, the conventional WT power control will saturate its 

controllers due to the remaining power and reactive power reference and potentially 

lead to the shutdown of the offshore windfarm. Thus, to avoid the collapse of the 

offshore AC voltage, an enhanced WT control is proposed which enables the WT 

converter control seamlessly transits between grid following and forming modes. In 

addition, a detailed fault ride through operation including fault clearance and system 

recovery process is designed for a 4-terminal MTDC system. Detailed simulation 

studies confirm the feasibility of the proposed WT control and DC fault ride through 

scheme. 

The rapid increases of RES in power system introduces new challenges to 

maintain reliability, stability, and security of power supplies. In the event of system 
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blackout, the ability of RES to black start part of a large network could bring 

significant economic and technical benefits to system operators. Thus, a black start 

operation for DR-HVDC connected offshore windfarm system is investigated in this 

thesis to support onshore AC grid restoration after system blackout. As the onshore 

MMC must perform AC voltage regulation to provide black start service to the onshore 

network, the DC voltage of the DR-HVDC link needs be regulated by the offshore 

WTs, which is in contrast to the normal operation of DR-HVDC connected offshore 

windfarm system. A detailed analysis on system characteristics reveals that adjusting 

the offshore PCC voltage by WTs according to the DR transmitted active power can 

maintain the DC voltage of the DR-HVDC link in a safety range during black start. 

However, the offshore DR power is not local measurement for WTs and individual WT 

power capability is small compared with the whole DR transmitted power. Thus, to 

address the issues of DC voltage regulation, an enhanced control which utilizes active 

power-reactive power-frequency (P-Q-f) coupling characteristics of DR-HVDC 

system is proposed. Such control method enables WTs to automatically sense the 

operation condition of the DR-HVDC link without communication and ensures 

offshore and onshore power balance. The detailed energization process of the DR-

HVDC link and onshore MMC station, and onshore AC load pick up are investigated 

and demonstrated. In addition, the performance of the system during onshore AC faults 

and the redistribution of power generation among WTs due to wind condition changes 

are studied and the results show satisfactory performance. 

 Author’s contribution 

The thesis contains the following main contributions: 

• A detailed sequence analysis is performed to assist in the understanding of 
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converter-based network characteristics under asymmetrical faults. An 

enhanced offshore MMC control strategy is then proposed to keep the fault 

current and phase voltage in safety levels in offshore AC network while 

support AC voltage recovery following clearance of AC faults. 

• The impact of DC faults and its fault clearance strategy on offshore windfarm 

system is studied. Based on the findings, an enhanced passive voltage control 

for offshore WT converters is proposed to deal with the situation when the 

control from the offshore MMC station is lost due to its blocking or sudden 

opening of the offshore AC circuit breakers during a DC fault. The proposed 

WT control is incorporated with the partially selective DC fault protection 

scheme for a 4-terminal meshed DC network, to ensure adequate system 

recovery and minimize potential disturbance during grid restoration. 

• When DR-HVDC connected offshore windfarm s used for black start onshore 

grid, a new WT frequency-AC voltage (f-V) droop control is proposed to 

regulate the DR-HVDC link voltage in a safe range and maintain power 

balance between onshore and offshore grids. Such operation method is 

achieved by dynamically regulating the offshore AC voltage according to the 

system operation condition considering the DR system power and reactive 

power and frequency coupling characteristics.  

 Suggestions for future research 

This thesis has investigated some specific issues related to HVDC connected 

offshore windfarm system, potential areas for future research include:  

• All the WTs model adopted in this thesis are aggregated and only represented 
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by the LSC. It is important to investigate the potential implications of the 

proposed methods on the WTs, e.g. WT drive chain during black start. Thus, 

detailed WTs models considering the dynamics in the turbine, generator, drive 

chain and GSC. 

• The onshore system studied in this thesis during offshore transient is 

represented by a Thevenin equivalent circuit. Thus, the impact of the offshore 

system transient on the onshore system dynamics can be further explored. 

• The black start studies performed in this thesis can be further extended to the 

detailed synchronous generator start-up and AC system reconnection, etc.  

• Hardware-in-the-loop simulation platform can be created to further 

demonstrate the effectiveness of the proposed fault ride through and black 

start methods under various operating conditions.  
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