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Abstract 

 

For connection of large offshore wind farms over distances 80-100 km, modular 

multi-level converter (MMC) based high voltage DC (HVDC) system emerges as a more 

suitable solution than HVAC due to its flexible control and transmission distance not 

affected by the cable charging current. For HVDC connected wind farms, the offshore 

wind farm AC networks are established by the offshore MMC stations which exhibit 

significant difference compared to conventional onshore networks. Consequently, this 

thesis focuses on the offshore AC voltage control, system stability, and fault analysis of 

the offshore wind farm system connected with MMC-HVDC transmission.  

To control the offshore AC voltage and frequency using the offshore MMC, fixed 

frequency control is the most common approach. However, offshore system with fixed 

frequency control presents a slow response, especially during large transients. Thus, in 

order to improve the voltage controllability and system performances, a PLL based 

enhanced voltage and frequency control is proposed for the offshore MMC station. The 

performance of the proposed control is validated through time-domain simulations. The 

stability of the offshore system with the proposed control is further analysed using a 

developed small-signal offshore system model, including the offshore MMC and lumped 

wind turbine grid side converters. Bode plots and pole/zero maps are utilized to investigate 

suitable control parameter ranges and interactions between the power and AC voltage.  

For the offshore AC network, system control and response during offshore AC faults 

need to be carefully considered. During an offshore fault, both the offshore MMC and WT 

converters have to ensure their safe operation by limiting the currents to be within their 

maximum ranges, and in the meantime, enable satisfactory operation of the overcurrent 

protection relays. Considering the requirements of overcurrent relay, a fault current 

providing control for the offshore MMC is proposed which ramps up current during faults 

over a predefined profile. This ensures adequate fault current for the relays while avoids 

excessive overcurrent during WT string faults. The proposed fault current providing 



 

 

 

control is validated with offshore AC faults at different locations in a wind farm (e.g. 

clusters and strings).  

Onshore faults which lead to the rapid reduction of power transition capability of the 

onshore MMC is another challenge to MMC-HVDC connected offshore wind farm system. 

A DC voltage dependent AC voltage control is thus applied at offshore MMC station 

which reduces the offshore AC voltage once DC overvoltage is detected. The reduced 

offshore AC voltage results in the automatic reduction of power generated by the wind 

farm such that the power imported to and exported from the HVDC link can be rebalanced. 

Therefore, DC overvoltage is alleviated and when the onshore fault is cleared, the offshore 

AC voltage returns to the nominal value, and normal power generation and transmission 

can be quickly restored. Different onshore fault conditions with voltage drops of 100%, 

50% and 20% are tested to show the satisfactory onshore fault ride-through control of the 

system.  
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Chapter 1 

Introduction  

 

1.1. Growth of renewable energy 

The high carbon emission caused by large fossil energy consumption has resulted in 

significant environmental problems such as climate change, air pollution, etc. The 

increased focus is now moving to the use of renewable energy and from the Renewables 

2019 Global Status Report [1], renewable energy has seen huge growth with the 

advancement in enabling technologies, reduced costs, and increased investment. The total 

installed renewable power capacity (including hydropower) was around 2378 Gigawatts 

(GW) worldwide and the added capacity was around 8% during 2018. Wind power 

occupies the most among the existing non-hydropower renewables as listed in Table 1.1.  

Table 1.1 Global Renewable Energy Capacity [1]. 

Power Capacity (GW) Added during 2018 Total at End-2018 

Bio-Power 8.8 130 

Geothermal power 0.5 13.3 

Hydropower  20 1,132 

Ocean power 0 0.5 

Solar PV 100 505 

Concentrating solar 

thermal power (CSP) 

0.6 5.5 

Wind power  51 591 
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The huge growth of renewable power generation is driven by the increased power 

demand for clean energy and continuous cost reduction especially for wind power [2]. By 

the end of 2018, wind turbines installed worldwide were able to supply more than 5% of 

the global electricity demand. Denmark leads the way, and its wind power shares 43% of 

the total power supply, which is then followed by Germany, Ireland, Portugal, Spain [3]. 

With the data published by the World Wind Energy Association [4], the global wind 

energy installed capacity can be described as shown in Figure 1.1. By the end of 2018, 

China and US had the largest installation shares of 36% and 16%, respectively. 100% of 

the electricity generated by renewable sources is being considered by the European Union 

and its member states [3]. 

36%

16%10%
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2%

2%

17%
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China
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Germany

India

Spain

UK

France

Brazil

Canada

Rest of the World

 

Figure 1.1 Continental shares in new capacity (%). 

Due to various limitations related to onshore wind farm development, moving wind 

farms offshore provides significant benefits and offshore wind power technologies have 

been evolving with many innovations. Although the capital cost of offshore wind farms is 

still higher than that of onshore wind farms, the gap is reducing and can also be offset by 

higher capacity factors due to better wind resource and less turbulence.  



 

3 

 

Offshore wind energy has been identified as a key power generation technology for 

renewable energy in the future. Currently, Europe leads the world in the development of 

offshore wind power. According to the reports from Global Wind Energy Council (GWEC) 

and International Renewable Energy Agency [5, 6], the global cumulative offshore wind 

power installed capacity has reached 23 GW with an addition of 4.43 GW in 2018, as 

shown in Figure 1.2. As seen, UK led the offshore wind farm development with an 

accumulated capacity of more than 8 GW by the end of 2018. 
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Figure 1.2 Global cumulative offshore wind capacity in 2017 and 2018. 

Although the potential of offshore wind energy is vast, many key techniques still 

need further research and development, such as system optimization, resource estimation, 

electric transmission and grid connection.  

 

1.2. Comparison of HVDC and HVAC power transmission 

systems 

Due to the rapid expansion of offshore wind farms, the electrical connection system 

between wind farm and onshore power grid becomes one of the main challenges. When 
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connecting an offshore wind farm, the traditional AC transmission system may not meet 

the requirements if the connection distance is long, due to the high cable capacitive 

charging current resulting in high power loss and need for reactive power compensation. 

Thus, high voltage DC (HVDC) transmission might become the only viable option for 

long-distance offshore wind farm integration.  

References [7] and [8] compare the costs on high voltage AC (HVAC) and HVDC 

transmission system for offshore wind farm connecting. As shown in Figure 1.3, the total 

cost for the HVDC transmission system is lower than the HVAC system when the distance 

is over the breakeven distance.  

 

Figure 1.3 Cost comparison of HVDC and HVAC transmission systems [7]. 

In addition, HVDC system enables full control of power flow which makes this 

technique more attractive. The overall comparison of the characteristics of the HVAC and 

HVDC systems for offshore wind farm integration are summarized in Table 1.2 [9]. 
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Table 1.2 Comparative study between HVAC and HVDC transmission systems [9]. 

 
HVAC  HVDC 

Overall Losses High losses  

¶ skin effect 

¶ dielectric loss  

¶ line charging current  

Low losses  

¶ No reactive loss 

¶ less I2R loss  

 

Cost of transmission  Economical for short distance 

but high cost for long 

distance 

High cost for short distance 

but low cost for long distance 

Cost of Equipment Low High (due to high converters 

cost) 

Power flow Control Power flow cannot be 

controlled 

Full control of power flow 

Maximum 

transmitted power 

and distance 

Distance dependent Largely independent on 

distance  

 

1.3. HVDC transmission systems 

As described, compared to HVAC system, HVDC is more attractive when long-

distance and complex interconnections are required. There are two main HVDC 

technologies, i.e. line commuted converter based HVDC (LCC-HVDC) using thyristors 

and voltage source converter based HVDC (VSC-HVDC) using IGBTs (Insulated Gate 

Bipolar Transistor). LCC-HVDC requires external circuits for commutation whereas 

VSC-HVDC uses self-commutated converters [10].  

1.3.1. LCC-HVDC 

LCC-HVDC is a mature technology commonly used for large power transmission 

over a long distance. Compared to VSC-HVDC, LCC-HVDC is suitable for transmitting 

very large power using ultra-high voltage transmission due to its relatively lower losses, 
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lower cost, higher reliability and overload capability, and minimal maintenance [11].  The 

configuration of LCC-HVDC connecting two AC grids is shown in Figure 1.4.  

LCC station 1 LCC station 2

Cable

Transformer 1 Transformer 2AC grid 1 AC grid 2

AC Filters AC Filters

 

Figure 1.4 LCC-HVDC connecting two AC grids. 

However, LCC requires an external commutation voltage supplied by, e.g.,  

synchronous compensator [12] or STATCOM (Static Synchronous Compensator) [13]. It 

should be noticed that the current direction at DC side of LCC cannot be changed. 

Consequently, the change of power direction needs to be realized by changing the polarity 

of the DC voltage which can be cumbersome in practical systems.  

The critical disadvantages related to LCC-HVDC are listed below: 

¶ Lack of independent control on real and reactive power. 

¶ A strong AC network is required for normal operation and the risk of 

commutation failure exists during network disturbances.  

¶ Large site area required due to the need for large AC filters.  

1.3.2. VSC-HVDC 

VSC-HVDC overcomes many limitations of LCC-HVDC system. Compared with 

LCC-HVDC, no external AC source for commutation is required by VSC-HVDC systems, 

and it can create its own voltage in case of black-start [14]. These features make VSC-

HVDC more attractive when used for connecting offshore wind farms. The recently 

developed modular multilevel converter (MMC), a converter topology used for VSC 

based HVDC systems, has solved many challenges associated with VSC-HVDC systems. 

The distinctive characteristics of VSC-HVDC are listed as follows [15] whereas Figure 

1.5 shows a simplified VSC-HVDC configuration when connecting two AC grids. 



 

7 

 

¶ Full control of real and reactive power can be achieved without external voltage 

source.  

¶ No requirement of reactive power compensations and reduced filter (or no filter) 

requirement, leading to a compact design and installation (especially important 

for offshore installation).  

¶ Can restore an offshore wind farm without relying on the external electric power 

transmission network (black start capability) [16].  

VSC station 1 VSC station 2

Cable

Transformer 1 Transformer 2AC grid 1 AC grid 2

AC Filters AC Filters

 

Figure 1.5 VSC-HVDC connecting two AC grids. 

 

1.4. Challenges of MMC-HVDC system for connecting offshore 

wind farm 

The connection systems for offshore wind farm must have very high reliability due 

to the long repair time and high maintenance cost. To ensure safe operation and power 

transmission, adequate system control during normal operation and fault conditions is 

necessary.  

For HVDC connected offshore wind farms, the offshore network is formed by the 

HVDC converter and wind turbine converters. Such offshore AC grid with no rotating 

machine shows a different characteristic compared with onshore grids. Consequently, 

distinctive controls of the HVDC converters have to be adopted, e.g. frequency control, 

DC voltage control, offshore AC voltage control and power control. The control schemes 

for converters which apply at island network has been introduced in [17]. For offshore AC 

grid, the varying wind power and high cable capacitance may cause voltage instability and 
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harmonic resonance. Thus, a stable AC voltage and frequency control at the offshore 

system is required [18].  

System behavior and response during fault conditions need to be addressed. During 

various faults, e.g. onshore AC fault, DC fault, offshore AC fault, the offshore system 

needs to be properly protected and remains optional if possible.  

For offshore AC fault, large fault currents could potentially cause damage to the 

offshore systems and thus, the offshore converter must ensure fast response in 

manipulating the fault current of offshore system. Consequently, the main requirements 

for the offshore converters are controlling and limiting the fault current within the safety 

range, whilst contribute to a more rapid system recovery [19] and facilitate the operation 

of protecting devices.  

The behaviour of an offshore wind farm system during an onshore AC voltage drop 

is another important aspect which needs to be researched. To ensure onshore grid stability, 

the large wind farm usually is not allowed to be disconnected during such onshore voltage 

dip and meanwhile the transmitted power is limited. Therefore, a well-coordinated control 

on the HVDC converter and offshore wind farm needs to be considered, and the wind farm 

system stays connected during onshore AC faults whilst any overvoltage on HVDC link 

is avoided.  

 

1.5. Motivation and contributions  

The research work will focus on the use of MMC-based VSC-HVDC systems for 

connecting large offshore wind farms. Coordinated control of the wind farms and HVDC 

converters to ensure adequate system stability and dynamic response are investigated. 

Transient behavior during offshore and onshore AC network faults are studied and the 

corresponding control during fault conditions is proposed to ensure fast system recovery. 

The main contributions of this thesis are: 
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¶ Proposing an enhanced AC voltage and frequency control of offshore MMC 

station for wind farm connection. The proposed control improves the voltage 

performance of the offshore network and enables better dynamic response of the 

offshore wind farm system. The stability of the proposed scheme and selection 

of control parameters are investigated using developed small-signal models. 

¶ A fault current injection control is proposed to ride-through offshore AC faults 

and to provide adequate fault current for protection equipment.  

¶ To ride-through onshore AC faults, a DC voltage dependent offshore AC voltage 

control method is proposed to ensure that the wind power is automatically 

reduced when the onshore AC voltage drops to enable power balance and reduce 

DC overvoltage. 

 

1.6. Organization of thesis 

The thesis is organized into seven chapters as follow: 

Chapter 2: Review of HVDC transmission system connected with offshore wind 

farms. 

The research on HVDC connected offshore wind farm system is reviewed, including 

HVDC transmission system configurations, control of VSC-HVDC transmission system 

and system fault-ride-through (FRT).  

Chapter 3: Fundamentals of converter modelling and control. 

In Chapter 3, the principle of VSC-HVDC system is studied and the basic controls 

are overviewed. The structure, modelling and basic control of MMC including voltage 

balancing and circulating current control are introduced.  

Chapter 4: Control of the offshore wind farm system. 

An enhanced AC voltage and frequency control of offshore MMC station for wind 

farm connection is proposed in this chapter. An additional frequency control loop is added 



 

10 

 

to the offshore MMC control to improve the dynamic response of the offshore wind farm 

system. Comparisons between the proposed control and conventional control are 

presented during start-up and power step changes.  

Chapter 5: Small-signal modelling and analysis of offshore AC system. 

To investigate system stability with the proposed enhanced AC voltage and 

frequency control, a small-signal model of offshore wind farm system is developed. With 

the small-signal state space model, the stabilities of offshore wind farm voltage and 

frequency are analysed. Furthermore, by using the pole/zero map, the ranges of parameters 

are investigated.  

Chapter 6: Fault analyses of MMC-HVDC system connecting offshore wind farm. 

In the event of offshore AC faults, offshore MMC and wind turbines should remain 

connected with the controlled current. In the meantime, adequate fault currents should be 

provided to the offshore network to enable fault detection and isolation. A fault current 

injection control is proposed in this chapter to facilitate offshore AC fault over-current 

protection and fast system recovery. During onshore grid fault, a DC voltage dependent 

offshore AC voltage control is introduced to ensure balanced transmission power of the 

HVDC line. Simulation results are presented to demonstrate the performance of the wind 

farm system with the proposed control methods.  

Chapter 7: Conclusions 

Chapter 7 draws the conclusions of the researches and outlines the contributions of 

this thesis. Further work is also recommended. 
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Chapter 2  

Review on HVDC transmission system 

connecting offshore wind farms 

 

2.1. Introduction 

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

technology to connect large-scale offshore wind farms over long-distance. Many 

researches have been carried out on the control and operation of the HVDC system and 

offshore wind turbines. This chapter focuses on the VSC-HVDC system connected with 

offshore wind farms and reviews the general configurations of the transmission system, 

control of the HVDC converters and the fault ride-through (FRT) capability of the 

offshore wind farm systems. 

 

2.2. Offshore transmission system configuration 

For a large offshore wind farm, VSC-HVDC transmission system structures can be 

designed as a point-to-point HVDC transmission system, parallel HVDC links connected 

to the offshore wind farm AC system and multi-terminal HVDC (MTDC) transmission 

system depending on different situations [20]. Compared to the simplest and the most 

commonly used point-to-point links, the parallel and MTDC configurations increase 

power transmission capability and system availability but have more complex 

configurations and high requirements on control. In addition, the selection of offshore 

HVDC configurations should consider the economic assessment, and regulatory and 

geographical limitations [21]. Figure 2.1 shows the three mentioned configurations of 

HVDC system connected offshore wind power plants (OWPP).  
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Figure 2.1 OWPP connected through offshore HVDC links. 

(a) Point-to-point HVDC connection, (b) parallel HVDC connection, (c) multi-terminal 

HVDC connection. 

2.2.1. Point-to-point HVDC transmission system 

The point-to-point HVDC system has the simplest structure, and the VSC-HVDC 

system can well control the offshore network during AC system disturbances and variation 

of wind power. Moreover, the VSC-HVDC has black start capability which is a critical 

requirement at offshore WPP sites. In the case of DC faults, converters at both terminals 

of the HVDC link can isolate the DC link through AC side breakers to help the fault 
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clearance, and thus, no DC breakers are necessary [7, 22]. However, the most serious 

challenge of point-to-point HVDC system is that the entire offshore power would be lost 

during the outage of the HVDC link. 

2.2.2. Parallel HVDC transmission system 

As shown in Figure 2.1 (b), all the OWPP are connected to the offshore AC collector 

and then deliver their power to the onshore site through two parallel HVDC links. With 

such configuration, the availability of the HVDC system can be improved significantly, 

as the wind power can be exported through the other route during faults on one HVDC 

link (converters or cables) [23]. Active power flow through the two parallel links need to 

be controlled to allow certain power sharing. Similar to the point-to-point configuration, 

it also allows the breakers at AC sides to isolate DC faults.  

2.2.3. Multi -terminal HVDC transmission system 

Considering system reliability, power supply security, operational flexibility and 

maintenance strategies, multi-terminal HVDC configurations were introduced [24-27]. 

With the increasing number of operating point-to-point HVDC links in close range, the 

availability could be enhanced, and the total costs decreased by interconnecting them 

together to form MTDC systems [28]. Studies have shown that multi-terminal HVDC 

links improve power exchange flexibility between multiple areas and provide better 

system redundancy [29, 30]. Also, coordinated converter controls such as voltage droop 

control which is able to provide robust performances with power-sharing, improves 

system transient stability and ensures safe operation of the system [31, 32].  

However, the feasibility of the multi-terminal VSC-HVDC link is limited by the lack 

of mature HVDC breakers and associated DC protection systems [22, 33], and the total 

cost may even higher than equivalent AC systems due to the DC breakers [34]. To 

overcome the DC fault issues, the protection of large HVDC systems is under extensive 

research [33]. Converters with fault blocking capability have also been considered, though 

the main drawback of these converters is their relatively higher cost and power loss [35].  
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2.3. Control of HVDC systems connected with offshore wind farm 

VSC-HVDC connected to an offshore wind farm system transmits wind power to the 

onshore grid and provide AC voltage control to the offshore AC grid. Usually, the onshore 

grid side converter of the HVDC system controls the DC voltage of the HVDC link and 

transfers the received active power to the onshore grid. For the offshore wind farm side 

converter, it forms the voltage and frequency of the offshore AC grid, as shown in Figure 

2.2.  

HVDC 

link 

AC grid

Onshore 

VSC (GSC)

Offshore 

VSC (WFC)

OWPP

Vdc - Q/Vac 

control
Vac - f control

PCC bus

P 

AC bus

P - Q control

+

_
Vdc

PW

L
vg

ig

Pg , Qg

vc Lw
C

vw

ioff

vs

iw

 

Figure 2.2 General control scheme of VSC-HVDC connected offshore wind farm. 

2.3.1. Control of offshore wind farm side converter 

The offshore wind farm side HVDC converter (WFC) is required to build up the 

offshore AC grid and controls the AC voltage and frequency. The frequency can be 

directly fixed and the phase angle ɗ is derived using the fixed frequency. Thus, PLL is not 

required for the WFC. Two main control designs have been proposed for the WFC:  

¶ Voltage amplitude-angle control generates the AC voltage by simply using the 

AC reference amplitude V*
w and fixed frequency ɤw without dq transform [36], 

as schematically shown in Figure 2.3. This control does not include current loops 

and thus, the converter may experience overcurrent during large transients [37].  

++
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w

Vw

_
PI

M

Vsa=Msin(ɤwt+ɗ)

Vsb=Msin(ɤwt+ɗ-2 /́3)

Vsc=Msin(ɤwt+ɗ+2 /́3)
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ɗ

Vsa

Vsb

Vsc
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Figure 2.3 Amplitude-angle voltage control scheme [38]. 
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¶ Nested vector control with fast inner current loop and outer voltage loop is able 

to limit the overcurrent during large transients [39, 40]. This control is the most 

common approach where d-axis PCC (point of common coupling) voltage 

reference is set at the desired voltage value and the q-axis voltage reference is 

always set at 0, as shown in Figure 2.4. The current and voltage symbols are 

defined in Figure 2.2.  
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Figure 2.4 Nested vector control scheme. 

Although the nested vector control has a more complex design than the other one, it 

provides current control capability [41, 42]. Due to high wind generation variation, HVDC 

connected offshore wind farm network may pose difficulties such as harmonic resonance 

and voltage instability [43]. Various control strategies have been proposed to enhance the 

offshore AC network stability and improve power transmission efficiency. Reference [44] 

and [45] study the power-synchronization control, in which the offshore grid frequency is 

dependent on the active power, as shown in Figure 2.4, where Kpf is a non-zero droop gain. 

However, for the offshore network, system instabilities and grid resonances have not been 

well understood, especially the interactions among the HVDC and WT converters are 

requiring further investigation. 
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2.3.2. Control of onshore grid side converter 

As described, for MMC-HVDC system connected with an offshore wind farm, the 

onshore MMC station usually controls the DC link voltage to ensure balancing of the 

imported and exported power of the HVDC link. The most common control strategy 

applied at the grid side converter (GSC) is vector control where the d-axis current 

regulates the DC voltage or active power and the q-axis current is used to control the AC 

voltage or reactive power, as shown in Figure 2.5. The PLL is used to track the AC voltage 

phase angle and frequency of the onshore grid.  

For point-to-point HVDC configuration, as long as the injected power of the GSC is 

within its power limit, the GSC normally operates in Vdc-Q (AC voltage, shown in Figure 

2.5) control mode. In the event when the GSC reaches its power/current limits, GSC might 

transfer to power limit or current limit mode. For a MTDC configuration in which several 

GSCs are connected to the DC link, the GSCs need to be coordinated to prevent conflict 

in DC voltage control [46]. In normal practice, one GSC controls the DC voltage while 

the others either directly regulate active power injected to the AC grid or utilize DC 

voltage-power droop control [47, 48], shown in Figure 2.5.  
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Figure 2.5 GSC control scheme. 
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2.4. Review on fault ride-through of offshore wind farms  

To ensure the safety of the equipment, the operation, also protection of the HVDC at 

offshore and onshore AC networks in the event of a network fault, the system must be 

designed and controlled to cope with such fast transients. Various faults including offshore 

and onshore AC faults, DC fault need to be considered.  

During an offshore AC fault, both the offshore wind turbines and offshore MMC 

must be able to ride-through fault and ensure fast post-fault recovery. Minimizing the 

overcurrent, overvoltage and thermal stress which could happen to WTs and MMC should 

all be considered. 

In the event of an onshore AC grid fault, the onshore voltage dip during the fault can 

impact on the DC link voltage and thus the operation of the HVDC link. In particular, the 

power transmission capability of the onshore MMC is reduced and the imbalanced power 

transmission between the onshore and offshore sites could lead to rapid rise of the DC 

voltage at the HVDC link. This must be dealt with otherwise the entire system may have 

to be disconnected [49].  

This section reviews the control and operation of WTs and MMC-HVDC system 

during faults. DC fault at HVDC link which is another serious system condition is also 

briefly reviewed although it is not studied in this thesis.    

2.4.1. Offshore AC fault ride-through operation 

The rapid drop of AC voltage on the PCC bus during an offshore fault could 

potentially lead to overcurrent in the offshore MMC [50] . Therefore, current limitation 

control is required on offshore MMC. To limit the fault currents and avoid damage of 

offshore MMC station, three-phase currents are measured in [51] to adjust the voltage 

control loop reference as illustrated in Figure 2.6, where f0 is the fixed frequency (usually 

50 Hz). If the currents are out of the predefined range, the offshore voltage is reduced 

accordingly in order to decrease the MMC output currents.  
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Figure 2.6 Current limitation control at WFC. 

Reference [51] also introduces a short-circuit protection scheme for offshore AC grid 

during offshore AC faults. However, it does not consider the requirements for the 

operation of the protection relays, and it takes a long time to recover power transmission 

after fault clearance. Reference [52] proposes a coordinated voltage control scheme which 

enables the offshore VSCs to provide fault currents after offshore AC fault to support the 

offshore grid, shown in Figure 2.7. However, the fault current is large during the fault 

condition (due to the exist of id and iq) which indicates large capacity overcurrent relay is 

necessary and fast communication is also required between the offshore MMC stations 

and WT converters.  
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Figure 2.7 AC voltage control with reactive current providing on WFC. 
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To provide fast current limiting during offshore AC faults, the inner current loop is 

applied [53] and a decoupled current controller which is bypassed during normal operation 

is further introduced in [18, 53-56]. Once the currents are out of the predefined threshold, 

the current controllers are trigged to limit the output currents and the offshore MMC is 

switched to current control mode as shown in Figure 2.8. After fault clearance, MMC is 

switched back to voltage control mode. However, the switching between voltage and 

current control modes can potentially lead to transient overcurrent. 

 

Figure 2.8 Power-synchronization control of VSC [53]. 

2.4.2. Onshore AC fault ride-through operation 

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

likely to be severely reduced. The continuous power output from the wind farms (WF) to 

the HVDC link leads to power imbalance in the DC link and rapid DC voltage increase of 
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the HVDC transmission system. To avoid damage to the HVDC link, the excess power 

has to be dissipated or the power transmitted from WF needs to be reduced.  

The simplest way to de-load the excess power during onshore faults to avoid DC 

overvoltage is using DC choppers or dynamic braking resistors (DBR) at HVDC link [42, 

57, 58] as shown in Figure 2.9 (a). The DBR can be configured in different ways as shown 

in Figure 2.9 (b), and with PWM control of the switches, the power dissipated can be 

regulated. DBR circuit is reliable which can ensure the safe operation of the system and 

the offshore wind farm is not disturbed during the onshore AC faults. However, they 

increase investment costs.  

(a)

(b)
 

Figure 2.9 VSC-HVDC system with DBR [57]. 

System control based on communication is employed in [59-61] and the layout is 

shown in Figure 2.10. Wind turbines reduce their output power after receiving the signals 
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from the offshore MMC through fast speed communication. The main drawback thus is 

the need of communication, and with this method, communication delays and reliability 

directly influence the system performance.    

 

Figure 2.10 Communication layout of VSC-HVDC connecting offshore wind farm [59]. 

Reference [62] proposes an offshore AC voltage limiting method. The offshore AC 

voltage limit is reduced linearly according to the exceeded DC voltage, and then a method 

of de-loading which rapidly reduces the generator torque is used at every WT. The control 

diagram is shown in Figure 2.11. However, with this method the current is uncontrollable, 

and simply setting on the upper limit of the PI controller may influence the system 

dynamic response and cause oscillations in the system. 
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Figure 2.11 Offshore AC voltage limiting control for FRT at WFC. 

In [38], once the fault occurs at the onshore AC system and the increase of the DC 

voltage is detected by the WFC, the WFC regulates the frequency rise of the offshore AC 
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system. When the wind turbines detect the increased frequency, the output power is 

reduced accordingly. However, the frequency response is slow, and the wind turbines have 

to adopt special designs. 

2.4.3. DC fault right -through operation  

MMC based on half-bridge (HB) sub-module (SM) is the most commonly used in 

HVDC system. When a fault occurs on the DC side, all the submodules are blocked, and 

the SM capacitances are bypassed. However, the freewheeling diodes are still connected 

in the circuit, and the blocked MMC acts as an uncontrolled rectifier feeding fault current 

from AC to the DC fault points [63].  

Using MMCs with SMs which are able to block DC faults, e.g. full-bridge (FB) SMs, 

is a potential method to tackle DC faults. Reference [64] investigates the DC FRT 

capability of a hybrid MMC combining HB and FB SMs, which can also block the DC 

fault while reducing cost and power loss compared to FB MMC. However, FB SMs result 

in higher power loss and higher cost compared to HB SMs.  

The method to isolate the DC fault in [65] is to disconnect the entire wind farm 

network when a fault occurs on the DC link to de-energize the DC link and then uses DC 

disconnectors to clear the DC fault. The drawback of this approach is slow recovery and 

long-time loss of large power generation. The slow recovery could also lead to the 

disconnection of offshore WTs due to the blocked offshore MMC station and lost control 

of offshore AC voltage and frequency. 

The most direct way to isolate the DC fault is to use DC circuit breakers (DCCB) 

though they are not yet commercially available [65]. Because of the challenge on the high 

requirements on operation speed, size and cost, further research and development on 

HVDC circuit breakers are required. In [66], a solid-state DC breaker is investigated for 

HVDC system though the high power loss during normal operation prohibits it from 

practical use. With further development in DC breakers technology such as hybrid DCCB 

[67, 68], fast fault isolation in HVDC systems can be achieved, and leading to reduced 

disturbance to the connected offshore wind farm and onshore networks.  
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2.5. Summary  

This chapter mainly reviews HVDC connected offshore wind farm configurations, 

control of HVDC transmission system and FRT requirement of offshore wind farms. To 

ensure stable offshore AC voltage and frequency, various offshore HVDC converter 

controls have been developed. The existing control methods use open-loop fixed 

frequency for generating offshore AC voltage which can lead to slow system response and 

recovery after large transients, and thus further investigation is required. To ensure safe 

operation of the HVDC scheme and offshore wind farm, adequate protection and 

operation during various faults, e.g. onshore and offshore AC faults must be incorporated. 

The existing work related to offshore AC faults largely concentrates on providing certain 

fault current without considering the needs and characteristics for protection relays. 

Significant further investigations are required to tackle the control and operation of such 

systems during various faults conditions.  
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Chapter 3  

Fundamentals of converter modelling and 

control  

 

3.1. Introduction 

As mentioned in the previous chapters, HVDC connection is an economical solution 

for integrating long distance offshore wind farms when compared with AC transmission. 

Modular multilevel converter (MMC) has been developed recently and is now the 

converter topology used for VSC based HVDC systems due to its advantages of modular 

design, flexible control and configuration, low power loss and good waveform quality 

[69-72]. Therefore, MMC based HVDC system is considered in the work of this thesis.  

For the offshore wind farm studied in this thesis, variable speed WTs with full sized 

back-to-back converters are considered. As the focus of the study is on the offshore AC 

network, only the grid side WT characteristics are included and thus all the WTs are 

presented as simplified VSCs with the DC side voltage fixed. 

In this chapter, the modelling of WT VSC and the MMC used in HVDC system is 

introduced in detail, and their basic controls are discussed. 

 

3.2. WT grid side VSC  

VSC can synthesize an AC voltage from a DC supply voltage by controlling the duty 

cycle of the power devices, and in this study, the WTs grid side VSCs are aggregated into 

different sizes to presents the different capacities of WTs.  
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3.2.1. VSC principles  

The basic structure of a two-level VSC is shown in Figure 3.1. As illustrated, by 

switching the IGBTs on and off in each phase of the VSC, the voltage on each phase can 

present positive or negative value, and thus, the output voltage of VSC can be controlled. 

To avoid the short circuit at each phase, the IGBTs of the upper and lower arm at each 

phase must not be turned on simultaneously.  

 

Figure 3.1 Two level VSC structure. 

To synthesize a smooth output AC waveform and reduce the harmonic contents, the 

sinusoidal Pulse Width Modulation (PWM) strategy is applied to control the converter 

states as schematically shown in Figure 3.2.  

 

Figure 3.2 Sinusoidal pulse width modulation. 
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During the process, the reference sinusoidal signal (modulation waveform) is 

compared with a periodical triangular waveform (carrier wave) at the required IGBT 

switching frequency. In regular operation, the IGBT at the upper arm switches on when 

the reference exceeds the carrier and vice versa. 

As seen in Figure 3.2, the modulation function ma is applied in the PWM method to 

control the output fundamental frequency voltage va of the VSC with the following 

relationship: 

 ( ) ( ) sin( )
2 2

dc dc
a a

V V
v t m t M tw q= = +  (3.1) 

where M is the modulation index which can adjust the voltage magnitude, ɤ is the 

frequency, and ɗ is the phase angle.  

To avoid distortion and additional harmonics, the maximum output voltage va is 

limited to Vdc/2 with the maximum modulation index M limited to 1. To improve the DC 

voltage utilization and achieve a higher AC output from the same DC supply, the third 

harmonic can be injected to the modulation waveform to increase the output voltage [73]. 

3.2.2. VSC control  

For the WT VSCs, by adjusting their modulation index M and phase angle ɗ, the 

output voltage can be controlled to regulate the power output to the grid [54]. In this 

section, the basic VSC control is discussed. 

 dq transform 

Direct-quadrature transformation (dq transform or Clark transformation) is a 

mathematical transformation which transforms three-phase quantities to dq quantities to 

simplify the circuit analysis as: 

 1

dq abc

abc dq

x Px

x P x-
=

=
  (3.2) 
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where xabc can be voltage or current in the three-phase frame, and xdq is the corresponding 

quantities in the dq frame. The dq transform parameter matrix P and P-1 with the system 

phase angle ɗ are described as: 

 

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

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

1/ 2 1/ 2 1/ 2

P

q q p q p

q q p q p

- +è ø
é ù

= - - - - +
é ù
é ùê ú

 (3.3) 

 
1

cos sin 1

cos( 2 / 3) sin( 2 / 3) 1

cos( 2 / 3) sin( 2 / 3) 1

P

q q

q p q p

q p q p

-

-è ø
é ù
= - - -
é ù
é ù+ - +ê ú

. (3.4) 

By applying the transformation matrix P, three separate sinusoidal phase quantities 

can be transformed into two axes frame using the displacement angle between the three-

phase and dq frames.  

 Vector current control 

Figure 3.3 illustrates a simple structure when a VSC is connected to a grid through a 

reactor L.  

L

vg vs

i
Vdc

 

Figure 3.3 Grid connected VSC structure. 

By applying Kirchhoff's voltage law (KVL) and considering the fundamental 

frequency voltage produced by the VSC, the relationship between the grid voltage vg, the 

output voltage of converter vs, and the line current i can be described as: 

 g s

di
v v L

dt
= - . (3.5) 

Taking the transformation parameter matrix P and P-1 into (3.5) , the system 

dynamics can be transformed into dq frame as: 
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where vgd and vgq are the d- and q-axis components of the grid voltage vg, vsd and vsq are 

the d- and q-axis components of the converter voltage vs, id and iq are the d- and q-axis 

components of the three-phase current i, and ɤ is the rotating speed of the dq frame and 

is given as ɤ=dɗ/dt. 

From (3.6), current idq in the system can be adjusted by regulating the converter 

output voltages vsd and vsq. Based on this equation, the fast dynamic inner current control 

loop can be designed with proportional-integral (PI) regulators as: 

 

* * *

* * *

( ) ( )

( ) ( )

sd gd q p d d i d d

sq gq d p q q i q q

v v Li k i i k i i dt

v v Li k i i k i i dt

w

w

ë è ø= + - - + -
î ê ú
ì
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ê úí

ñ

ñ
 (3.7) 

With the PI controller, the vector current control loop can be simplified as a second-

order close loop system as shown in Figure 3.4 and the transfer function can be written as: 

 
2

p i

ref p i

k s ki

i Ls k s k

+
=

+ +
.  (3.8) 

Thus, the PI parameters kp and ki can be presented as: 

 2

2p i

i i

k L

k L

zw

w

= ³ë
ì
= ³í

. (3.9) 

where ɕ is the controller damping ratio, ɤi is the natural frequency of the control loop, id
* 

and iq
* are the references of the d- and q-axis currents [74]. Later in this thesis, the 

parameter L is designed as a gain of PI controller and the parameters kp and ki is defined 

without the L. 
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Figure 3.4 Simplified current control loop. 
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 Phase lock loop  

The phase lock loop (PLL) is used to ensure the d-axis of the synchronous dq frame 

is aligned with the grid source voltage vector. As illustrated in Figure 3.5, the grid voltage 

vg is rotating at frequency ɤs whilst the d-axis alignment of the converter which rotating 

with frequency ɤ has an angle displacement with the grid voltage vector.  

Vg

ɤs

ɤ

vsd

vgq

ȹɗ
d

q

 

Figure 3.5 Synchronous frame and source vector. 

Considering that the angle difference ȹɗ is small and Vg is the voltage magnitude of 

vg, the q-axis voltage can be described as: 

 singq g gv V Vq q= D º D . (3.10) 

Equation (3.10) stipulates that vgq reflects the angle difference between the d-axis of 

the dq frame and the grid voltage vector, which is zero under ideal alignment. On the other 

hand, the angle difference can be described as: 

 

( )s

s

dt

d

dt

q w w

q
w w w

D = -

D
= - =D

ñ
  (3.11) 

where ɤn is the rated grid frequency and ȹɤ is the small diversion which actual frequency 

deviates away from the rated value. To design a PLL, a PI controller which takes vgq as 

the input can be applied as demonstrated in Figure 3.6. 
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Figure 3.6 PLL control diagram. 
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3.3. Modular multilevel converter 

Due to many restrictions of 2-level VSCs for HVDC application, such as high 

uniformity requirements on series connection of switching devices to withstand high 

voltage, poor AC waveform quality and substantial AC filter requirement, high power 

losses etc. [75], the MMC was first proposed in 2003 and has been further developed. It 

has become the most commonly used VSC topology for HVDC transmission applications. 

The modularity characteristic of MMC brings many benefits, such as better scalability and 

flexibility when adapting to any voltage level [76, 77], high efficiency, better power 

quality with reduced (or even without) filters [78], and possible fault-blocking capacity 

when applying in HVDC systems [76]. In this section, the fundamentals of MMC, 

including the structure and basic control strategies, are discussed.  

3.3.1. MMC principles  

a) MMC structure 

 

Figure 3.7 MMC topology structures. 
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The three-phase MMC circuit diagram is shown in Figure 3.7 (a). As illustrated, each 

phase consists of an upper arm and a lower arm, and each arm is formed by N cascaded 

SMs and an arm inductor. By controlling the states of the SMs at each arm, the output AC 

voltage can be adjusted. Figure 3.7 (b) and (c) illustrate two different circuit structures of 

SMs. With different SM structures, the MMCs presents different characteristics. 

The half-bridge based SM (HBSM) as shown in Figure 3.7 (b) is the most commonly 

used topology for MMC. Because of the simple topology, it has the lowest loss and cost 

comparing to other MMC topologies [77]. The SM capacitor voltage Vc equals to Vdc/N, 

and the switching status of HBSM is shown in Table 3.1. The output voltage of each 

HBSM is 0 or Vc. In the event of a fault on the DC side, the collapse of the DC voltage 

could potentially lead to the discharge of the SM capacitors and high fault current. The 

IGBTs in all the SMs can be blocked to prevent SM capacitors from discharging though 

the MMC will behave like an uncontrolled rectifier and AC side fault current can continue 

feeding through the diodes to the DC fault [79, 80].  

Table 3.1 Switching status and output voltage 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 

 

Figure 3.7 (c) illustrates the full-bridge based SM (FBSM) circuit structure. With 

FBSM, the voltage of each SM can be positive or negative. The switching status of FBSM 

are described in Table 3.2.  

In contrast to HBSM, in the event of a fault on the DC side, and negative voltage 

from the SMs can prevent AC side fault current from feeding to the DC fault and thus 

MMC with FBSM has DC fault blocking capability. However, the doubled numbers of 
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IGBT and diode used in FBSM lead to the lower efficiency and higher cost when 

compared to the HBSM based MMC topology [81]. 

Table 3.2 Switching status of FBSM. 

States S1 S2 S3 S4 vSM iSM Capacitor status 

1 On  Off On Off 0 - Bypassed 

2 On Off Off  On Vc >0 Charging 

On Off Off  On Vc <0 Discharging 

3 Off On On Off -Vc >0 Discharging 

Off On On Off -Vc <0 Charging 

4 Off  On  Off  On 0 - Bypassed 

5 Off Off Off Off - - Blocked 

 

A variety of SM topologies have been studied to provide improved MMC 

characteristics, e.g. fault blocking, reduced losses etc. For example, the clamp double half-

bridge based SM (CDSM) [82] has lower power loss than the FBSM whilst retaining fault 

blocking capacity, and the flying capacitor SM presents less circulating current and 

voltage ripple, higher efficiency but with increased challenge on voltage balancing [83]. 

The development of power semiconductor devices, new demands and regulations will 

continue driving and shaping future MMC technologies [82, 84].  

b) MMC operations 

For a three-phase MMC with N numbers of SMs at each arm (2N each phase), each arm 

can generate voltage waveform with N+1 levels. To ensure stable voltage at DC side, the 

sum voltage of the upper arm and lower arm at each phase should be Vdc, and the inserted 

SM number at each phase should be equal to N (considering SM capacitor voltage 

Vc=Vdc/N). By controlling the inserted SMs at the upper and lower arms, the output 
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voltage can be adjusted. The relationship between the output voltage at the AC side (taken 

Vdc/2 as the reference) and the inserted SMs number is shown in Table 3.3. 

Table 3.3 Inserted SMs and the output voltage. 

Upper arm Inserted 

SMs 

Lower arm Inserted 

SMs 

Phase inserted 

SMs 

vj 

0 N N (N/2) Vdc/N 

1 N-1 N (N/2-1) Vdc/N 

2 N-2 N (N/2-2) Vdc/N 

ŀ ŀ N ŀ 

N/2 N/2 N 0 

N/2+1 N/2-1 N -Vdc/N 

N/2+2 N/2-2 N -2Vdc/N 

ŀ ŀ N ŀ 

N 0 N -(N/2) Vdc/N 

 

c) MMC equivalent model  

The SMs at each arm of MMC can be represented by arm voltage sources as shown 

in Figure 3.8. According to Figure 3.8, by applying KVL, the equations at MMC AC side 

can be derived as: 

 2

2

ujdc
uj j arm

ljdc
lj j arm

diV
v v L

dt

diV
v v L

dt

ë
=- + +îî

ì
î = + +
îí

 (3.12) 

where vj (phase j=a, b, c) denotes the three-phase MMC voltage, vuj and vl j are the sum 

voltage of SMs in the upper and lower arm at each phase respectively; Vdc is the DC 



 

34 

 

voltage of the MMC station, iuj and i lj are the MMC upper and lower arm currents 

respectively at each phase, Larm is the arm inductance. 
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Figure 3.8 Simplified MMC model. 

Arm currents iuj (upper arm) and i lj (lower arm) at each phase comprise half of the 

phase current i j, one-third of the DC current and any circulating currents that may present 

among the three-phase legs. Considering the circuiting currents of MMCs are well 

suppressed by the controller, they are assumed at zero during the analysis. By applying 

KCL, the arm currents can be represented as:  

 
2

2

j
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j

lj c

i
i i

i
i i

ë
= +îî

ì
î =- +
îí

  (3.13) 

where i j is three-phase current, ic is the DC component in the arm. 

By substituting (3.13) into (3.12), the three-phase voltages can be described as: 

 

2 ( )

2 2

lj uj

lj uj j arm

j lj ujarm
j

di di
v v v L

dt dt

di v vL
v

dt

- = + -

-
= +

.  (3.14) 

Defining: 
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  (3.15) 

equation (3.14) which describes the MMC voltage can be rewritten as:  

 
j

j mmc mmcj

di
v L v

dt
= + .  (3.16) 

Thus, the MMC acts as a controlled voltage source on its AC side as described in 

(3.16), and the AC side current can be controlled accordingly. 

3.3.2. MMC control  

The operation process of MMC controls the switching status of the SMs to select the 

total inserted SM capacitors to resemble the required arm voltage. However, this 

configuration and working mode leads to complex interactions on the SM voltage and 

phase current, such as: 

1. the charging and discharging of the connected SM capacitor which causes 

voltage variation; 

2. existing circulating current among the arms leading to increased power loss.  

The large numbers of SMs in each arm also means the conventional PWM is not 

suitable for MMC and new modulation methods are required.  

a) Modulation methods 

For controlling multilevel converters, the phase-shift PWM and level-shift PWM are 

commonly used. Using the phase-shift PWM method at MMC, many carrier waves are 

required and the small phase displacement (phase shift) requires an accurate carrier wave 

generation when the number of SMs is large [85]. Level-shift PWM introduced in [86] 

also employs N carrier waves which are vertically located within different bands for N+1 

level MMC. Both these two modulation methods become impractical when the number of 

SMs (i.e. N) is high due to the potential high switching frequency and complexity of the 
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switching decisions [87]. The nearest level modulation (NLM) introduced in [88] reduces 

the switching frequency, and is the simplest modulation method for MMC.  

NLM without carrier signals selects the number of SMs which allows the converter 

to generate the nearest output voltage level to the modulation wave. For N+1 level MMC, 

each phase (including the upper and low arms) has N SMs switched on at any time, as 

described in Table 3.3. Assuming that the voltage is balanced, the average SM capacity 

voltage is Vc that can be described as: 

 /c dcV V N= .  (3.17) 

 

Figure 3.9 Nearest level modulation diagram. 

As illustrated in Figure 3.9, the red wave vs is the desired voltage, and the inserted 

SM numbers at upper arm Nupper and lower arm Nlower can be described as (3.18) while 

round means the closest integer. 
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b) Voltage balancing  

During operation, the on-state of SM leads to the charging or discharging of its DC 

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

monitored and kept balanced [89]. In general, the most common voltage balancing method 

+Vdc/2
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0
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t1t2

Modulation wave vs

-Vdc/2
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is based on the sorting and selecting method [86, 90], which involves the following 

procedures: 

1. Monitoring and sorting the SMs according to their capacitor voltages. 

2. Measuring the direction of arm current and determining the charging and 

discharging status. 

3. Selecting the SM with the lowest capacitor voltage at charging status and 

selecting the SM with the highest capacitor voltage at discharging status. 

One of the drawbacks for the sorting method is the high computation requirement as 

all the SMs have to be sorted based on their capacitor voltages during each sampling 

period. To address this problem, a slow-rate sorting strategy based on a closed-loop 

modified method is studied in [91]. This method only sorts a limited number of SMs 

during a period rather than all the SMs. With this method, if additional SMs are required 

to be turned on at the next control period, only the off-state SMs are sorted and vice versa. 

Reference [92] proposes and investigates a fundamental-frequency sorting method. With 

this method, all the SMs are only sorted when the AC output voltage is at the two peak 

AC voltage levels (Vdc/2 and -Vdc/2 when M=1). Based on this updated index list and the 

direction of arm current, the required number of SMs are selected. A hybrid balancing 

strategy which combines a predictive method is also studied in [92]. This strategy 

combines the traditional sorting method and predictive sorting method by comparing the 

predicted capacitor voltage error in the one-step forward control cycle with their average 

values to select the SMs to be inserted.  

In this thesis, average MMC model is used where each arm voltage is represented by 

a controlled voltage source and one lumped DC capacitor [93, 94]. This effectively 

assumes all the SM capacitors are perfectly balanced.  

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

the 6 arms are equal. This means the voltages across the 6 lumped arm capacitors in the 

average MMC model should be balanced. Voltage balancing between the upper and lower 

arms of the same phase is usually called vertical balancing and voltage balancing between 
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the upper (or lower) arms of the three phases is usually called horizontal balancing. The 

sum and difference voltages of the upper and lower arm at each phase are defined as: 

 
cj cuj clj

cj cuj clj

V V V

V V V

= +

D = -

ä
  (3.19) 

where Vcuj and Vclj are the upper and lower SM capacitors voltages for phase j. 

According to [95, 96], injecting a small fundamental current into the common-mode 

current as defined in (3.20) can eliminate the DC voltage error between the upper and 

lower SM capacitor voltages. 

 
2

uj lj

comm

i i
i

+
= .  (3.20) 

Therefore, three PI controllers (one for each phase) for vertical voltage balancing 

control can be designed as shown in Figure 3.10 and the DVcj is the difference in capacitor 

voltages in phase j (j=a,b,c). A band pass filter tuned at fundamental frequency w is used 

to remove the fundamental frequency oscillation in the voltage difference so as to extract 

the DC error component. 

A DC offset injecting to the common-mode current can eliminate the DC voltage 

error between the three phases [95, 96]. As illustrated in Figure 3.10, a PI controller is 

applied at each phase for the horizontal voltage balancing control. The ×V*
cj is the sum 

voltage reference of SM capacitor (2NV*
c) at each phase. A band pass filter tuned at 2w is 

used for removing the second-order behavior in the sum of the capacitor voltage [97]. 
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Figure 3.10 Voltage balancing control [95]. 
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By regulating the common-mode current which does not affect the MMC AC output 

voltage and current, the horizontal voltage balancing, and vertical voltage balancing can 

be achieved. The common-mode current control will be introduced in the next section. 

c) Circulating current and common mode current control 

The current circulating between the three phases is a distinctive characteristic of MMC. 

The circulating current mainly includes the DC component which is used for converting 

real power and the second-order harmonic component [98]. Reference [99] investigates 

the relationship between circulating current and MMC performances, and proves that the 

second-order circulating current affects power loss and capacitor voltage ripples. 

Therefore, control of circulating current in MMC is necessary and the main target is to 

eliminate the second order harmonic circulating current and minimize the voltage ripple 

of SM capacitors.  

Reference [100] applies a circulating current suppressing strategy based on the inner 

current control loop with a proportional-resonant (PR) controller. However, the method 

only targets at arm current reduction without considering the capacitor voltage ripple. The 

control methods proposed in [101, 102] reduce the capacitor voltage ripple, but the 

extensive output current measurements complicate the control structure and the increased 

arm current leads to more substantial power loss.  

In this study, two PR controllers resonating at ɤ (fundamental frequency) and 2ɤ are 

adopted to control the circuiting current as described in (3.21).  

 1 2
( ) 2 2 2 2

2 2

(2 )

r r
s p

K s K s
G K

s sw w
= + +

+ +
.  (3.21) 

The PR controller at resonant frequency ɤ is adopted to control the fundamental 

frequency current as required by the vertical capacitor voltage balancing shown in Figure 

3.10, whereas the other one at resonant frequency 2ɤ is used for suppressing the second-

order circulating current. The control structure for the common mode current control is 

schematically shown in Figure 3.11 where the i*comm is feed from voltage balancing control 

and icomm is calculated by (3.20). The v*ô
uj and v*ô

lj in Figure 3.11 come from the inner 
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current loop of the MMC as demonstrated in Figure 3.12, which shows the complete 

control diagram of the MMC based on average model (the simplified MMC model as 

shown in Figure 3.8). 
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Figure 3.11 Common mode current controller [96]. 
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Figure 3.12 Compete control diagram for average MMC model. 

 

3.4. Summary  

In this chapter, WT VSC structure and operating principles are introduced. The inner 

current control loop applied at VSC based on dq frame is discussed. The operating 

principles of MMC are also introduced. The inherent characteristics of MMC, such as 

circulating current and capacity voltage variation are studied. Typical system 

configurations and control strategies for MMC are discussed, and various modulation 

strategies for ensuring capacitor voltage balancing are illustrated.  
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Chapter 4  

Control of the offshore wind farm system  

 

4.1. Introduction  

For offshore wind farms connected using HVDC, the offshore VSC (i.e. MMC) 

station has to form the AC power systems in offshore wind farms, which exhibit different 

characteristics compared to conventional onshore power systems, and potential voltage 

oscillation or harmonic resonance in the event of faults can be induced [103-108]. Stable 

AC voltage and frequency control is thus a prerequisite for the transmission of offshore 

wind energy.  

Fixed frequency control by the offshore MMC station as discussed in Chapter 2 is 

the most common approach to regulate the AC voltage of offshore networks. With fixed 

offshore frequency, the phase angle is generated using the fixed frequency, and a PI 

controller is used to regulate the d-axis voltage, thereby the offshore voltage magnitude 

[109]. Besides the control methods reviewed in Chapter 2, in [110], offshore grid three-

phase voltages are added to the output of the PR controllers as feedforwards to improve 

the dynamics of offshore voltage controller. However, as these control schemes only 

contain voltage control loop and do not have current control, the system performance of 

the offshore MMC stations, especially during large transients, cannot be guaranteed. 

In this chapter, the basic MMC control method is described first, and an enhanced 

AC voltage and frequency control of the offshore MMC station connected with wind 

farms is then proposed. Considering the operating principle of the PLL, the offshore 

frequency flexibility is utilized to improve the offshore voltage control leading to faster 

dynamic response and better performance of offshore AC voltage. 



 

42 

 

4.2. System structure 

When using MMC-HVDC systems for connecting offshore wind farms, MMC 

station located onshore usually regulates the DC voltage of the HVDC link to ensure stable 

power transmission from offshore wind farms to onshore grids. The DC voltage control 

method on the onshore MMC has been introduced in the previous chapter. With the stable 

DC voltage, offshore MMC controls the offshore AC voltage at the PCC bus and ensures 

the offshore wind turbines have a stable AC network voltage for controlling their active 

and reactive power generation. 

 

Figure 4.1 Structure of MMC-HVDC connected offshore wind farm system. 

The considered offshore wind farm connected with an MMC-HVDC is schematically 

shown in Figure 4.1. A symmetrical monopole HVDC system with the rated DC voltage 

of ±400 kV and two submarine cables are considered in this study. At the onshore side, a 

single AC source with certain impedance is used to represent the onshore electrical power 

grid. The onshore station MMC2 which connected to the onshore power grid regulates the 

DC voltage of the HVDC link. At the offshore side, the offshore station MMC1 controls 

the AC voltage and frequency of the offshore network. The offshore wind farm is 
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represented by three 33kV wind turbine cluster models which are connected to the 

offshore 200 kV HVAC network through 33kV/200kV transformers. The three wind 

turbine cluster models are rated at 500MW, 450MW, and 50 MW respectively, so events 

with different power scales can be simulated in the late studies. The three wind turbine 

clusters are connected at different locations with different distances to the PCC bus. At 

the end of each cluster cable, AC circuit breakers are equipped to isolate the fault branch 

and enable continuous operation of the healthy wind turbines in the event of a fault in the 

offshore AC network.  

4.2.1. Wind turbine modelling 

With the increasing scale on wind farms, simulating an offshore wind farm system 

becomes computationally intensive when modelling each wind turbine (WT) in detail 

[111]. As this thesis mainly investigates offshore AC voltage and frequency control and 

the WTs mostly follow the network established by the offshore MMC, aggregated and 

simplified WT systems are used. Thus, the detail influence factors of each WT can be 

neglected, such as wake effect or different power output due to the variable wind speed 

and direction, and only the total output power and current need to be focused.  

To aggregate WTs, there are two types of methods that can be used: Single-Machine 

Representation Method (SRM) and Multi-Machines Representation Method (MRM)  

[112]. SRM represents the whole WF into one equivalent WT whereas MRM clusters the 

WF in different WT groups according to the operation characteristics and then uses 

parameter estimation to model each group of WTs as one equivalent WT [113]. Because 

the dynamics of the WT mechanical system and wind generator are not the focus of this 

thesis and for simplification of analysis, the WTs are classified and represented by three 

lumped different capacity WT converters. In the WT converter models, only the grid side 

converter is modelled, and the DC side is considered as a simple DC source. Different 

power orders are applied to simulate the variation of wind power generation.  

With the aggregation of WTs, offshore wind farm structure in Figure 4.1 can be 

simplified to the circuit as shown in Figure 4.2. All the wind turbines are classified and 
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combined to the equivalent three different wind turbine clusters which are represented by 

the three lumped WT models. These three WT models demonstrate wind turbine clusters 

with different capacity according to the numbers of WTs connected to each cluster. The 

aggregated wind turbines and their filters are connected to the terminals through a 

transformer at each wind turbine cluster.  

 

Figure 4.2 Offshore wind farm system structure with lumped WT clusters. 

4.2.2. Control of wind turbine converters 

As shown in Figure 4.2, the system is represented by three lumped WTs, which are 

modeled as three two-level VSCs connected to constant DC sources. Figure 4.3 shows the 

connection of one WT converter. The lumped VSC model generates a voltage vvsc through 

an inner vector control loop which has been introduced in Chapter 3. The PWM 

modulation described in previous chapter is applied to generate the switching pulses as 

demonstrated in Figure 4.4.  

 

Figure 4.3 Structure of single simplified WT cluster. 
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The control diagram of lumped WT VSC based on decoupled dq frame with fault 

current limitation is given in Figure 4.4. In this VSC control structure, the three-phase 

voltage vwt on the WT connection point is measured first and a PLL is used to obtain the 

phase angle and frequency. The voltage and current are then transformed from three-phase 

to those in the dq reference frames. The PLL control principle has been introduced in the 

previous chapter so no further discussion is given here.  
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Figure 4.4 Control structure on WT side VSC. 

In the power control loop, reference current on d-axis idref can be calculated as: 

 
2

3

ref

dref

wtd

P
i

v
= ³   (4.1) 

where the Pref is the output wind power of VSC, vwtd is the d-axis voltage of vwt. The 

reference current on q-axis is set as 0 in the illustration but can be set to different values 

as required.  

 

4.3. Basic control on offshore MMC station 

The offshore MMC station works as a grid-forming converter to establish the 

offshore AC network frequency and voltage, as well as balancing the transmitted active 

power between WTs and the offshore network. The offshore MMC typically contains an 

outer AC voltage control loop and an inner current loop to provide fast system dynamics 

and to enable MMC fault current limiting capability during offshore AC faults.  
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4.3.1. Inner current loop 

For the offshore MMC1 shown in Figure 4.2, by applying Kirchhoff's voltage law 

(KVL) at the PCC bus and equivalent the voltage to transformerôs primary side (MMC 

side), the relationship between current and voltage on the PCC bus in three-phase static 

coordinate frame can be described as shown in the dynamic differential equation (4.2). In 

this equation, vc is the three-phase voltage generated by the MMC1 station, i1 describe the 

three-phase AC current while vpcc is the three-phase voltage on PCC bus. Rtrans is the 

transformer resistance; L is the total inductance including the transformer leakage 

inductance Ltrans and MMC arm inductance Lmmc as (4.3), and n is the transformer ratio. 

 1
1pcc c trans

di
nv v L R i

dt
= + +  (4.2) 

 trans mmcL L L= + . (4.3) 

The resistor on the transform is relatively small and thus is neglected in the control 

part. Therefore, the three-phase dynamic differential equations on AC side can be 

described into matrix form as:  

 

1

1

1

ca pcca a

cb pccb b

cc pccc c

v v i
d

v n v L i
dt

v v i

è øè ø è ø
é ùé ù é ù

= -é ùé ù é ù
é ùé ù é ùê ú ê úê ú

. (4.4) 

 Applying dq transform with parameter matrixes which have been described in 

Chapter 3, the three-phase system (4.4) can be transformed into dq quantities. The current 

loop dynamics in the dq reference frame where the d-axis is fixed to the PCC voltage vpcc 

can be expressed as:  

 1 1

1 1

0 0

0 0

cd pccd d d

cq pccq q q

v v i iL L d
n

v v i iL L dt

w

w

è ø è ø è ø è øè ø è ø
= + -é ù é ù é ù é ùé ù é ù

-ê ú ê úê ú ê ú ê ú ê ú

  (4.5) 

where ɤ is the angular frequency of the offshore network; i1d and i1q are the MMC dq 

currents; vcd and vcq are the MMC output dq voltages; vpccd and vpccq are the PCC voltages 

in the dq frame.  
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From (4.5), by adjusting the offshore MMC station output voltages, the dq currents 

can be regulated. Thus, the current controllers in the dq axes including the proportional-

integral (PI) regulators can be designed as illustrated in Figure 4.5 and described as (4.6). 

 

* * *

1 1 1 1 1

* * *

1 1 1 1 1

( ) ( )

( ) ( )

cd pccd q ip d d ii d d

cq pccq d ip q q ii q q

v nv Li k i i k i i dt

v nv Li k i i k i i dt

w

w

ë è ø= + - - + -
î ê ú
ì

è ø= - - - + -î
ê úí

ñ

ñ
. (4.6) 

In (4.6) and Figure 4.5, the signals with superscript * indicate reference values, kip 

and kii are the parameters of the PI regulators in the current control loop.  

 

Figure 4.5 Current control loop structure. 

4.3.2. Outer voltage loop for AC voltage control 

Transform the MMC current i1 to the secondary side of transformer (PCC side), the 

relationship between current and voltage at the PCC is shown as:  

 

1 2

1 2

1 2
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b b pccb

c c pccc

i i v
d

n i i C v
dt

i i v

è øè ø è ø
é ùé ù é ù

= - é ùé ù é ù
é ùé ù é ùê ú ê ú ê ú

.  (4.7) 

As shown in Figure 4.2, i1 is the current flowing into the offshore MMC station and 

i2 is the current flowing from the WT collector network to the PCC bus. C represents the 

equivalent AC capacitance seen at the PCC point. Transforming (4.7) into dq frame yields: 
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From (4.8), it can be concluded that the outer AC voltage loop can set the current 

references to control the PCC voltages. Thus, the outer voltage loop can be designed in a 

similar way as for the current loop as: 

 

* * *2
1

2* * *

1

( ) ( )

( ) ( )

d
d pccq vp pccd pccd vi pccd pccd

q

q pccd vp pccq pccq vi pccq pccq

i C
i v k v v k v v dt

n n

i C
i v k v v k v v dt

n n

w

w

ë è ø= + - - + -î ê úî
ì
î è ø= - - - + -

ê úîí

ñ

ñ

.  (4.9) 

In (4.9), signals with superscript * indicate reference values, kvp and kvi are the 

parameters of the PI regulators in the voltage control loop. Figure 4.6 illustrates the control 

diagram based on (4.9). 

 

Figure 4.6 Voltage control loop structure. 

4.3.3. Offshore frequency control 

In the existing methods, no PLL is used and the offshore frequency f is typically fixed 

(e.g. 50 Hz). The phase angle ɗ is simply derived using the fixed frequency as:  

 2 100ft tq p p= = .   (4.10) 

The MMC station then forms the offshore network according to the phase 

information obtained by (4.10) [114]. This approach is easy to implement. The overall 

control structure is shown in Figure 4.7 in which the d-axis PCC voltage reference is set 

at the desired value while the q-axis voltage reference is always 0. However, with fixed 

frequency, the offshore frequency flexibility is not utilized, which reduces the offshore 

voltage performance especially under transient conditions as will be demonstrated later.  
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Figure 4.7 Offshore MMC station AC voltage control strategy with fixed frequency. 

 

4.4. Enhanced AC voltage and frequency control 

To improve the dynamic response of the offshore system and provide a better control 

on offshore AC voltage, a PLL based frequency control is proposed in this section. This 

control method is able to improve the AC voltage control by utilizing the offshore 

frequency flexibility of the MMC station. 
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Figure 4.8 PLL based frequency control strategy. 

Due to the robustness and ease of implementation, PLL is widely used in tracking 

AC voltage angle and frequency [55, 104]. It usually measures the q-axis voltage vpccq and 

a PI regulator drives the frequency in order to obtain zero vpccq, as illustrated in Figure 4.8 

where the PLL part can be described as:  
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T s

= + +
+ Ö ñ   (4.11) 

where Ts is the time constant of the low pass filter (LPF) and f0 is the desired frequency, 

e.g. 50Hz.  

Since the output frequency and the phase angle of the offshore MMC derived by the 

PLL, form the offshore AC network, an additional PLL-based frequency loop is proposed 
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to generate the desired v*
pccq. The proposed offshore MMC frequency control considers 

the operating principle of the PLL, and sets the q-axis voltage reference v*
pccq by the 

reference frequency and the q-axis voltage droop control as: 

 
* *( )pccq fv K f f= -   (4.12) 

where Kf is the droop control gain and f * is the frequency reference. The PLL acquires the 

frequency f and the deviation of actual frequency and reference frequency acts on the q-

axis voltage value on the PCC as shown in Figure 4.8. 
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Figure 4.9 PLL synchronization control. 

The operation principle can be further explained in detail by considering Figure 4.9. 

The d-axis vpccd is the initial position measured by the PLL. If the MMC instantly generates 

an AC voltage vpcc which leads the d-axis by a certain angle æɗ, the PLL will detect a 

positive vpccq in the next sampling step as can be seen in Figure 4.9. Consequently the new 

measured frequency f increases, as depicted by (4.11) and Figure 4.8. This in deed will 

increase the MMC output voltage frequency since the measured frequency is used for 

generating the output voltage. Thus, if the real offshore frequency obtained by PLL is less 

than the reference value, i.e. f < f *, the frequency loop outputs a positive v*
pccq with (4.12) 

which is then fed to the MMC AC voltage loop to generate the corresponding positive 

vpccq. In the next measurement step on PLL, the positive vpccq is detected by the PLL and 

the offshore AC frequency controlled by the MMC increases accordingly. Similarly, if the 

measured frequency is higher than the reference, i.e. f > f *, a negative voltage reference 

v*
pccq is generated by the frequency loop and the MMC generates a negative vpccq. Under 
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such a condition, the frequency detected by the PLL reduces due to the negative q-axis 

voltage (vpccq < 0) and so as the new frequency of the MMC AC output. Therefore, with 

the proposed frequency control, the offshore frequency f can be tightly controlled at the 

reference value. The overall control strategy is shown in Figure 4.10. 
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Figure 4.10 Offshore MMC station AC voltage control strategy with PLL-based 

frequency loop. 

Compared with the traditional method shown in Figure 4.7, a PLL-based frequency 

control is added to MMC to provide dynamic q-axis voltage reference. By utilizing the 

offshore frequency flexibility, the proposed strategy tightly controls the AC voltage and 

frequency of the offshore network and ensures a stable transmission of the offshore wind 

energy, as will be demonstrated in the following section. 

 

4.5. Simulation results on normal operation of offshore wind farm 

The proposed control strategy is tested in Matlab/Simulink environment using the 

model shown in Figure 4.2, where the generator-side WT converters are represented by 

DC voltage sources for simplicity. Average models (as reviewed in Chapter 3) are used 

for the MMC stations [115], and detailed 2-level VSC switch models are adopted for the 

grid-side WT converters. As previously described, the offshore wind farm has three 

lumped wind turbine models rated at 500 MW, 450 MW, and 50 MW respectively, and 

connected to the collector buses through 10 km, 5 km and 3 km cables respectively. The 

detailed parameters of the offshore MMC-HVDC system and the WT converters are listed 

in Table 4.1 and Table 4.2 respectively. 
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Table 4.1 Parameters of the MMC-HVDC system. 

AC grid voltage 429 kV 

HVDC voltage 800 kV 

MMC power rating  1000 MW 

MMC side 

transformer  

Reactance 0.2 pu 

Resistance 0.004452 pu 

MMC side AC capacitance 0.01 pu 

PCC voltage 200 kV 

R, L, and C of Cable 15 mɋ/km, 0.3 mH/km,  

0.12 µF/km 

Table 4.2 Parameters of the lumped wind turbine models. 

DC voltage of WT converter 65 kV 

WT side 

transformer  

Reactance 0.1 pu 

Resistance 0.004 pu 

WT side capacitor 0.15 pu 

WT side inductor 0.2 pu 

R, L, and C of Cable 1 (10km) 15 mɋ/km, 0.3 mH/km, 

0.12 µF/km 

R, L, and C of Cable 2 (5km) 16.5 mɋ/km, 0.33 mH/km, 

0.11 µF/km 

R, L, and C of Cable 3 (3km) 150 mɋ/km, 3 mH/km, 

0.012 µF/km 
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4.5.1. Start-up duration 

a) Start-up process 

After the stabilization of the HVDC-link voltage regulated by the onshore station 

MMC2, the offshore station MMC1 is enabled at 0.05 s and the waveforms associated with 

the start-up process are shown in Figure 4.11. All three WT converters are not enabled 

(i.e. the IGBTs are blocked) initially, but their AC filters are connected to the offshore AC 

network. At 0.1 s, the offshore MMC station starts to build up the offshore AC voltage 

and the AC voltage reaches the rated value at around 0.2 s and remains stable. The three-

phase AC voltage and current of the offshore grid during start-up with the proposed 

frequency control methods are displayed in Figure 4.11 (b) and (c), respectively, whereas 

Figure 4.11 (e) and (f) illustrate the PCC voltage in dq frame. When the proposed control 

started at 0.1 s, the d-axis voltage vd_pcc follows the reference tightly and the q-axis voltage 

vq_pcc is also regulated to around zero. The frequency dynamic response with the proposed 

control is illustrated in Figure 4.12, where it can be seen that the offshore AC frequency 

is controlled around the desired value of 50 Hz by the proposed frequency control. Due to 

the considerable capacitive reactive power produced by the WT converter filters, inductive 

reactive power is needed from the offshore MMC station as can be seen in Figure 4.11 (d). 

As all the WTs are blocked, no active power generation by the WTs in the offshore system, 

seen Figure 4.11 (d). 
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Figure 4.11 Simulation waveforms of offshore station MMC1 during start-up. 

(a) DC voltage on HVDC link, (b) three-phase voltage on PCC, (c) three-phase currents 

i1, (d) MMC1 active and reactive power, (e) PCC d-axis voltage, (f) PCC q-axis voltage. 
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Figure 4.12 Offshore system frequency during start-up. 

b) Comparison between the proposed and conventional controls during start-up 

The AC voltage amplitude at the PCC bus of the offshore grid during start-up with 

the conventional and proposed frequency control methods are compared in Figure 4.13. 

The detailed waveforms compared in Figure 4.13 (b) and (c) shows that the voltage vd_pcc1 

with proposed control has a better reference tracking than vd_pcc2 with conventional control 

method with the fixed frequency.  

 

Figure 4.13  Simulation waveforms comparison of AC voltage amplitude on PCC during 

start-up. 

 (a) Comparison of d-axis PCC voltage with different control strategies, (b) detailed 

waveforms around 0.1 s, (c) detailed waveforms around 0.2 s. 

49.5

50

50.5

0 0.1 0.2 0.3 0.4 0.5
t/s

f 
(H

z)

f  ref
f 

0

0.5

1

t/s
0 0.1 0.2 0.3 0.4 0.5

0.1 0.15

0

0.5

0.2 0.25

1

 v d
_

 (
p
.u

)

 
 p
cc

(b) (c)

(a)

(b)
(c)

vd_pcc1

vd_pcc2

vd_pcc1

vd_pcc2

 with conventional control

v
d_pcc

 reference

v
d_pcc

 with proposed control

v
d_pcc

1

2



 

56 

 

Figure 4.13 demonstrates that by utilizing the offshore frequency flexibility, the 

proposed strategy controls the AC voltage of the offshore network more tightly than the 

conventional approach with fixed offshore frequency. Further studies on the stability of 

the offshore system with proposed control will be reported in the small-signal analysis in 

the following chapters.  

4.5.2. Wind turbine connection and power ramping up 

The three lumped wind turbines are all enabled at 0.5 s and start generating power 

from 0.7 s. Throughout the process, the DC voltage of the HVDC link is well controlled 

by the onshore MMC as shown in Figure 4.14 (a). The AC voltage amplitude at the PCC 

slightly deviates from the reference but is restored quickly during wind power ramp up, 

demonstrated in Figure 4.14 (b) and (e). As shown in Figure 4.14 (c), (d), the AC currents 

of the offshore station MMC1 increases with the increase of the received wind power after 

0.7 s. The offshore frequency is also tightly regulated around the reference during wind 

power increase, benefitting from the proposed frequency control, as shown in Figure 4.15. 

After t=1.05 s, the power generated by the three wind turbines reaches the rated values, 

and the offshore MMC operates in steady-state condition and transmits rated power to the 

onshore side.  
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Figure 4.14 Simulation waveforms of offshore station MMC1 during enable of WTs and 

power increasing. 

(a) DC voltage on HVDC link, (b) three-phase voltage on PCC, (c) three-phase currents 

i1, (d). MMC1 active and reactive power, (e) PCC d-axis voltage, (f) PCC q-axis voltage. 
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Figure 4.15 Offshore frequency during enable of WTs and power up. 

For onshore site, Figure 4.16 shows the onshore AC current and power flow. At 

t=0.7s, the AC current of onshore MMC2 begins to increase and MMC2 starts to receive 

the active power. In the simulation, the reactive power reference for MMC2 is set at zero 

and so as the measured reactive power is always zero as illustrated in Figure 4.16 (b). 

 

Figure 4.16 Current and power flows at onshore MMC2 station during connecting of 

WTs and power ramp up. 

(a) Three-phase current at onshore MMC2 station, (b) active and reactive power received 

by onshore MMC2 station. 

The current and active and reactive power waveforms of the three WTs are shown in 

Figure 4.17. As stated, the three WT clusters with respective capacities of 500 MW, 

450MW and 50MW are enabled at 0.5 s and ramp up power generation from 0.7 s at a 

rate of 3 pu/s. At around 1.05 s, the three wind turbine clusters all reach their rated values 

and operate in stable conditions.  
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Figure 4.17 AC current and output power on each WT cluster during enable of WTs and 

power increasing. 

(a) Three-phase current of VSC1, (b) Three-phase current of VSC2, (c) Three-phase 

current of VSC3, (d) active and reactive power generated by VSC1, (e) active and reactive 

power generated by VSC2, (f) active and reactive power generated by VSC3. 
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4.5.3. System response during large power step 

a) Power step due to WT blocking 

To test the response of the system during large transients, simulations are carried out 

when the 500 MW WT (VSC1) is suddenly blocked at t=1.5 s (e.g. caused by high wind 

speed), resulting in the reduction of total generated wind power from 1 pu to 0.5 pu. The 

simulation results are shown in Figure 4.18. Due to the large power change, the offshore 

AC voltage fluctuates following the blocking of VSC1 but is quickly recovered to the rated 

value, shown in Figure 4.18 (b). To further observe the change on the PCC voltage, the 

RMS (root mean square) value is shown in Figure 4.18 (f). As seen, the PCC voltage drops 

to around 0.7 pu at the time when VSC1 is blocked but recovers within around 0.1 s. The 

DC voltage also fluctuates as shown in Figure 4.18 (a) because of the sudden power 

imbalance between the onshore and offshore sites, but it is well controlled by the onshore 

MMC2. The current flows through the MMC1 station is well controlled and gradually 

reduces to 0.5 pu when the power is reduced to 0.5 pu, as seen in Figure 4.18 (c) and (d). 

Again, the offshore frequency is well controlled even during such a large transient, as 

illustrated in Figure 4.18 (e).  

The responses of each WT cluster are shown in Figure 4.19. VSC1 is blocked at 1.5s 

and its output wind power reduces to zero quickly as shown in Figure 4.19 (a) and (d). 

However, VSC2 and VSC3 are still operating as normal and continue transmitting wind 

power to the onshore site through MMC1. Because of the constant output wind power, 

reduced PCC voltage leads to the temporary increase of the WT current as shown in Figure 

4.19 (b) and (c). To protect the WT converters, their currents are limited to 1.2 pu which 

results in a small dip of active power generation for a short period around 1.5 s as seen 

from Figure 4.19 (e) and (f). After the recovery of voltage on the PCC bus, the output 

currents return to the pre-fault values.  
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Figure 4.18 Simulation waveforms of offshore station MMC1 during power step. 

 (a) DC voltage on HVDC link, (b) three-phase voltage on PCC, (c) three-phase currents 

i1, (d). MMC1 active and reactive power, (e) offshore frequency, (f) PCC RMS voltage.  
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Figure 4.19 AC current and output power on each WT cluster during power step. 

(a) Three-phase current of VSC1, (b) Three-phase current of VSC2, (c) Three-phase 

current of VSC3, (d) active and reactive power generated by VSC1, (e) active and reactive 

power generated by VSC2, (f) active and reactive power generated by VSC3. 



 

63 

 

b) Comparisons of the proposed and conventional controls during WT 

disconnecting 

The advantages of the proposed control over conventional method can be further 

demonstrated by comparing the offshore voltages and currents during a large transient 

caused by the tripping of a WT cluster. The PCC voltage and the AC current of the 

offshore MMC are compared in Figure 4.20.  

 

Figure 4.20 Voltage and current comparison during the WT disconnection. 

(a) PCC RMS voltage, (b) MMC1 RMS current, (c) Offshore frequency. 

At t=1.5 s, WT1 cluster (VSC1) suddenly disconnects from the PCC bus by opening 

CB1 (circuit breaker). The total wind power transmitted to offshore MMC station is 

immediately reduced to 0.5 pu which leads to large transient on the PCC bus voltage. As 

can be seen, with the proposed control, the offshore voltage is more stable with faster 
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restoration than that under conventional fixed frequency control, as shown in Figure 4.20 

(a). Due to better offshore AC voltage control, the current of the offshore MMC station 

experiences less disturbance and exhibits better dynamic response with the proposed 

scheme than the conventional one, as displayed in Figure 4.20 (b). The frequency under 

the proposed control does have relatively large fluctuations, though the oscillation is still 

controlled within around ±1% pu. 

 

4.6. Summary 

In this chapter, the control and operation of offshore wind farm connected by MMC-

HVDC transmission systems are investigated. To analyse the operation process of an 

offshore wind farm, all the WTs connected in the offshore system are divided into groups 

and aggregated to WT clusters represented by VSCs.  

An enhanced frequency and AC voltage control scheme of the offshore MMC station 

for wind energy transmission is proposed. An additional frequency loop based on PLL 

principle is used to set the q-axis voltage reference to control the offshore network 

frequency. With the proposed control, the frequency is tightly regulated through the 

adjustment of q-axis voltage at normal operation and it also allows slightly frequency 

deviating during transients to improve voltage performance. Simulation studies validated 

that during start-up and power step, MMC with the proposed enhanced frequency and 

voltage control presents a faster dynamic response when compared to the conventional 

method without frequency loop. The effectiveness of the proposed control is further 

demonstrated during large transients caused by the sudden blocking and tripping of a 0.5 

pu WT cluster.   
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Chapter 5  

Small-signal modelling and analysis of 

offshore AC system 

 

5.1. Introduction 

In Chapter 4, an enhanced AC voltage and frequency control method for the offshore 

MMC was proposed to improve the dynamic response of offshore wind farm. The 

simulation results in Chapter 4 have shown many advantages of the proposed control 

method with the additional PLL-based frequency control loop. In this chapter, further 

studies on the effect of the proposed controller on offshore wind farm system stability are 

investigated.  

Generally, small-signal analysis based on the state space models is utilized to 

investigate the dynamic response of a system. Thus, in this chapter, the corresponding 

small-signal state space model of the offshore wind farm system is developed to analyse 

the system responses and behaviors of the system. The interaction of wind power and 

offshore voltage is studied using Bode plots and the impacts of control parameters on 

system stability are examined using pole/zero maps. Moreover, system frequency 

responses with the proposed and conventional controls are compared. 

 

5.2. Offshore wind farm small-signal modelling 

In order to simplify the system structure but keep adequate dynamic response, both 

the offshore MMC station and VSCs at WT side are modeled as controllable voltage 

sources. Since the focus of this study is on the offshore AC network, the internal dynamics 

of the offshore MMC is thus neglected. Transmission cables and transformers are also 
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represented by equivalent resistors and inductors. The equivalent circuit diagram of the 

offshore wind farm system is shown in Figure 5.1. To analyse the stability of the offshore 

wind farm system with enhanced AC voltage control, the system state equations are 

formed and linearized based on this simplified model. 

vpcc

Lt+Rt Cc
Lcable+Rcable Ltrans1+Rtrans1 Cwt1

Lwt1 vvsc1

vwt1 iwt1
i2i1

iwtc1
n1:1 n2:1

Offshore MMC station Offshore Wind Farm

Offshore  

MMC

station 

vwtc

 

Figure 5.1 Offshore wind farm equivalent circuit. 

5.2.1. Offshore MMC small-signal modelling 

For system level studies, the average MMC model [116] is usually employed instead 

of the detailed MMC model. As the focus of this study is the stability of offshore AC 

system, the DC dynamics of the HVDC system is thus neglected, and the DC voltage is 

assumed to be controlled to a constant value by the onshore MMC. Besides, as previously 

described, controllable AC voltage source is used to represent the AC side of the offshore 

MMC and its internal dynamics, e.g., SM capacitor voltage variation, arm energy 

balancing, etc., are not considered. Consequently, the small-signal model of the offshore 

MMC includes the AC side MMC equivalent circuit, the voltage on the PCC bus and the 

MMC controller. 

a) MMC side network system modelling 

Using the simplified equivalent MMC circuit, the small-signal model of the MMC 

and PCC bus can be developed based on the structure shown in Figure 5.2. The 

transformer is equivalent to a series connected resistance Rt and reactance Lt at the primary 

side. Dynamic AC voltage which formed by MMC can be calculated using the differential 

equations on the PCC capacitor and the total inductance Ltotal composed of MMC arm 

inductance Lmmc and transformer inductance Lt. 
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Figure 5.2 The circuit diagram of the PCC side grid connected with equivalent MMC. 

The AC voltage on the PCC bus can be defined as:  

 2 1 1

pcc

c

dv
i n i C

dt
= +   (5.1) 

where vpcc is the voltage on PCC bus, i1 is the MMC current at the primary side of the 

MMC transformer, i2 is the current flowing from the offshore WT side, n1 is the ratio of 

MMC transformer, Cc represents the cable capacitance at PCC bus or any AC filters 

installed at the offshore MMC station [117].  

Transforming (5.1) into dq frame as demonstrated in (4.8) and then expressing the 

dq axis separately: 

 

1 1 2

1 1 2

pccd

d d c pccq c

pccq

q q c pccd c

dv
n i i C v C

dt

dv
n i i C v C

dt

w

w

ë
= + -îî

ì
î = + -
îí .  (5.2) 

The equation (5.2) can be linearized at the operating point as: 

 

2 1 1
0 0

2 1 1

0 0

d d
pccd pccq pccq

c

q q

pccq pccd pccd

c

i n i
v v v

C

i n i
v v v

C

w w

w w

D - Dë
D = + D +Dî
î
ì

D - DîD = - D -D
îí

.  (5.3) 

The voltages and currents with ȹ denote the terms which are deviated from the operation 

point, and subscripts d and q indicate the d-axis or q-axis components. The equations are 

linearized at ɤ0, vpccd0 and vpccq0 [118]. By selecting ȹvpccd and ȹvpccq as the two state 
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variables, ȹɤ, ȹi1dq and ȹi2dq as the input signals, the state space matrix can be described 

as: 

 

1
10

0

1

0 1
0 2

2

1
0 0

0

0 1
0 0

dpccq

pccd pccd c c

q

pccq pccq

pccd d

c c

q

n
iv

v v C C
i

v v n
v i

C C
i

w

w

w

Dè ø
-è øé ù

Dé ùé ùD Dè ø è øè ø
é ùé ùD= +é ù é ùé ùD D- -é ùé ùê úê ú ê ú- Dé ùé ù
ê úé ùDê ú

.  (5.4) 

To calculate the MMC current, the differential equation across the impedance 

between MMC equivalent voltage source and PCC bus on the primary side of the MMC 

transformer (at MMC side) is given as: 

 
1

1 1( )pcc mmc mmc t t

di
n v v L L R i

dt
= + + +.  (5.5) 

In (5.5), Lt and Rt are the respective inductance and resistance of the transformer seen at 

the primary side, vmmc represents MMC equivalent voltage which is obtained from MMC 

control output. Describe (5.5) under dq frame as:  

 

1

1 1 0 1 1 0

1

1 1 0 1 1 0

pccd mmcd t
d d q q

mmc t mmc t

pccq mmcq t
q q d d

mmc t mmc t

n v v R
i i i i

L L L L

n v v R
i i i i

L L L L

w w

w w

D -Dë
D = - D + D +Dî

+ +î
ì

D -DîD = - D - D -D
î + +í

 . (5.6) 

Linearizing (5.6) at ɤ0, i1d0 and i1q0 and selecting ȹi1d and ȹi1q as the state variables, 

the state space equation can be described as: 

1
0 1 0

11

11 1
1 00

1
0 0

1
0 0

t
q mmcd

dd mmc t mmc t mmc t

mmcq

qq t
d pccd

mmc t mmc tmmc t
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R n
i v

ii L L L L L L
v

ii R n
i v

L L L LL L
v

w

w

w

è øD
é ù- -è ø è ø
Dé ùé ù é ùDè øD + + +è ø é ùé ù é ù= + Dé ù é ù é ùDD é ù- é - ùê úê ú -- é ùDé ù é ù+ ++ é ùê úê ú
Dé ùê ú

. (5.7)  

Combining (5.4) and (5.7), the state space model of the offshore MMC and PCC bus 

is developed as shown in Figure 5.3. 
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Figure 5.3 State space model of PCC side grid. 

b) PLL linearization 

A PLL at offshore MMC is employed to track the frequency and phase angle of the 

offshore network voltage which is used for dq transformation and frequency control in the 

control system. In steady-state condition, the dq frame formed by the PLL in the control 

system is aligned with the plant dq frame which defined by the actual grid voltage. 

However, once a perturbation is added to the grid, an angle difference will arise between 

the dq frame detected by the PLL and the actual plant dq frame. Thus, two dq frames are 

required in the model, i.e. the actual plant dq frame and the controller dq frame [119, 120]. 

When developing the small-signal model, the angle difference between the two systems 

needs to be fed into the control loop to represent the effect of the PLL loop dynamics. 

With the angle difference æɗ, as: 

 plant pllq q qD = - . (5.8) 

Signals expressed in the converter control system can be transformed to the actual 

plant dq frame as: 

 
j

plant contrlx x e qD=  (5.9) 

where xcontrol can be the voltage or current signals defined by the PLL with measured phase 

angle ɗpll in the converter control loop, and xplant represents the corresponding voltage or 

current at the wind farm plant with the actual system angle ɗplant. Reformulating this 

equation by using Eulerôs formula yields: 

 ( ) ( )(cos sin )cd cq pd pqx jx x jx jq q+ = + D - D  (5.10) 
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where xcd and xcq are the d- and q-axis components of xcontrol. xpd and xpq represent the d- 

and q-axis components of xplant. Equation (5.10) can be described in matrix form as: 

 
cos sin

sin cos

cd pd

cq pq

x x

x x

q q

q q

è ø è øD Dè ø
=é ù é ùé ù
- D Dê úê ú ê ú

.  (5.11) 

For small angle difference ȹɗ with steady-state operation point ɗpll0=0, xpd0 and xpq0, 

(5.11) can be linearized as [118]: 

 
0 0

0 0

1 0

0 1

pd

cd pd pq

pq

cq pq pd

x
x x x

x
x x x

q

Dè ø
è ø è ø è øé ù

= + Dé ù é ù é ùé ù-ê ú ê ú ê úé ùDê ú

.  (5.12) 

This signal transformation needs to be applied before the measured voltage and 

current signals entering the converter control loop. On the other hand, when the signals 

are output from the controller, they should also be transformed before being fed to the 

plant model using the following inverse transformation: 

 
0 0

0 0

1 0

0 1

cd

pd cd cq

cq

pq cq cd

x
x x x

x
x x x

q

Dè ø
-è ø è øè øé ù

= + Dé ù é ùé ùé ù
ê úê ú ê ú é ùDê ú

  (5.13) 

c) MMC control linearization 

The basic MMC control system has been introduced in Chapter 4 and thus will not 

be repeated here. The MMC control system consists of a frequency control loop, an AC 

voltage control loop, and a current control loop. The linearized MMC control block 

diagram which introduced in Chapter 4 is shown in Figure 5.4 at its operation point 

(variations with subscript 0). The voltages vpccd,control and vpccq,control are the corresponding 

d- and q-axis voltage vpcc after doing the PLL angle shift (5.12). The currents i1dq,control and 

i2dq,control are the currents i1dq and i2dq after the PLL angle shift transforming.  

Adding the PLL, the control structure of the MMC system can be demonstrated in 

Figure 5.5, where the vpccdq and i1dq are the measured network voltage and current, 

vpccdq,control and i1dq,control are the voltage and current signal at MMC control loop as 

described in Figure 5.4. Moreover, MMC is assumed to have no control delays, i.e., after 
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transforming the voltage vmmcdq into three phase form, it is the same with voltage vmmc as 

shown in Figure 5.2. 
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Figure 5.4 Linearized MMC control block diagram. 
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Figure 5.5 Control structure of offshore MMC with PLL angle shift. 

d) MMC small-signal model validate 

To validate the developed equivalent MMC and PCC side small-signal model, the 

frequency responses of the linearized MMC state space model are compared to those from 

the time-domain Simulink model under the same operating condition. The system 

parameters are listed in Table 5.1. 

The Bode plots for the close-loop response (to the reference value) of vpccd, vpccq and 

f from the two models are compared in Figure 5.6, where the blue curves are from the 

small-signal model (SS model) with state space equations while the red curves are from 
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the time-domain non-linear model (TD model). It can be seen from Figure 5.6 that the 

linearized SS model matches the frequency responses well with the TD model in the 

frequency range of 0.1 Hz to 1000 Hz. Above 1000 Hz, there are considerable errors 

between the two models which are primarily caused by the Taylor transformation when 

applying the SS models. As the main interest of frequency for stability investigation in 

this thesis is below a few hundred Hertz, the linearized SS model is adequate.  

Table 5.1 Parameters on offshore wind farm PCC side. 

MMC control parameters 

Frequency loop Kf 0.5 pu 

Voltage loop Kvp=2ɕv(2ˊfv) Kvi=(2ˊfv)
2 

fv 30 Hz 

ɕv 1.2 

Current loop Kip=2ɕc(2ˊfc) Kii=(2ˊfc)
2 

fc 50 Hz 

ɕc 1 

MMC grid parameters  

MMC arm inductance Lmmc 14 mH (0.1 pu) 

Transformer  Ratio n1 429 kV/200 kV 

Resistance Rt 0.74 ɋ (0.004 pu) 

Inductance Lt 64 mH (0.11 pu) 

PCC capacitor Cc 7.16 µF 

 



 

73 

 

 

Figure 5.6 Frequency responses comparisons on SS model and TD model at PCC side.  

 (a) Bode plot of the d-axis voltage reference v*
pccd to the d-axis voltage vpccd, (b) Bode 

plot of the q-axis voltage reference v*
pccq to the q-axis voltage vpccq, (c) Bode plot of 

frequency reference f * to frequency f. 
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5.2.2. Offshore wind farm small-signal modelling  

In this study, a lumped WT model is considered and is represented by a controllable 

voltage source as shown in Figure 5.1. The WT transformer and transmission cable are 

again represented by equivalent inductance and resistance as shown in Figure 5.1. 

Although only one WT model is considered in the study, the developed model can be 

extended to multiple WTs by considering the interconnection cables between different 

WT converters. 

a) WT cluster equivalent 

As shown in Figure 5.1, to describe the dynamic response at WT cluster side, the 

relationship between the output current and voltage on WT converter is given as: 

 1
1 1 1

wt
vsc wt wt

di
v v L

dt
= +   (5.14) 

where vvsc1 is the VSC AC output voltage and iwt1 is the VSC output current. Lwt1 is the 

inductance of the VSC filter while vwt1 is the voltage at WT filter side. Transforming (5.14) 

into dq frame yields: 
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Assuming the steady-state operating point of VSC is ɤ0, iwt1d0 and iwt1q0 and by 

selecting ȹiwt1d and ȹiwt1q as the state variables, the state space equation of (5.15) can be 

described as:  
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The dynamics of the voltage on the capacitor of the WT filter can be defined as: 

 
1

1 2 1 1
wt

wt wtc wt

dv
i n i C

dt
= +  (5.17) 

where iwtc1 is the three-phase currents at WT transmission cable, Cwt1 is the capacitance of 

the WT filter and n2 is the VSC transformer ratio. Transforming (5.17) into dq frame and 

expressing at the operating point yield:  
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where vwt1d0 and vwt1q0 are the voltage operating points. By selecting ȹvwt1d and ȹvwt1q as 

the state variables, (5.18) is then expressed in state space format as:   
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According to Figure 5.1, there are: 

 
1 1

1 1

wtc cable trans

wtc cable trans

L L L

R R R
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= +
  (5.20) 

 
1

2 1 1 1 1
wtc

wt wtc wtc wtc wtc

di
n v v L R i

dt
= + +  (5.21) 

where Rtrans and Rcable are the resistances of WT transformer and transmission cable 

respectively, Ltrans and Lcable are the inductances of WT transformer and transmission cable 

respectively. Similarly, linearizing (5.21) in dq frame yields: 
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In the equations, iwt1d0 and iwt1q0 are the steady-state points. Selecting state variables 

ȹiwt1d and ȹiwt1q, the state space equation can be described as: 
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As shown in Figure 5.1, the current i2 injected to the PCC bus is equals to the iwtc1.  

b) WT control linearization 

As described in Chapter 4, WT side VSC control system includes the PLL control, 

power control and current control. Linearizing the power control loop and current control 

loop at its operation point (variations with subscript 0), the WT control diagram can be 

described as Figure 5.7.  
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Figure 5.7 Linearized control diagram on WT VSC. 
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It should be noticed that the voltages and currents with subscript control are all the 

signals applying at control loop, which have been transformed by PLL angle shift. 

The small-signal model of the complete WT system is expressed in Figure 5.8. As 

seen in Figure 5.8, vwt1dq and iwt1dq are the grid measured voltage and current, vwt1dq,control 

and iwt1dq,control are the control signals which have been corrected by PLL angle difference 

ȹɗwt and are then fed to the control loop as demonstrated in Figure 5.7, vvsc1dq,control is the 

output voltage of VSC control loop while vvsc1dq is the VSC output voltage after the angle 

compensation.  

Power
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Figure 5.8 The entire control structure of WT with PLL angle shift. 

c) WT small-signal model validation 

To validate the accuracy of the WT converter side small-signal model, the frequency 

responses from its corresponding SS model and TD model are compared in Figure 5.9 

with the parameters shown in Table 5.2. 

From Figure 5.9 (a), active power responses (from power to reference power) of the 

two models when the WT is connected to a stable AC source match well in the frequency 

range of 0.1 HZ to 1000 Hz. Similar trends can be observed in the iwt1d and iwt1q responses 

shown in Figure 5.9 (b) and (c), where the blue curves from the SS model with state space 

equations perfectly match to the red curves from the TD model. These results indicate that 

the SS model of WT side can reflect the features of actual WT model within the specific 

frequency range.  
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Table 5.2 Parameters at offshore wind farm WT side. 

VSC control parameters 

PLL  KPLLp=2ɕPLL(2ˊfPLL) KPLLi=(2ˊfPLL)
2 

fPLL 10 Hz 

ɕPLL 1 

Current loop Kwtp=2ɕWT(2ˊfwt) Kwti=(2ˊfwt)
2 

fwt 50 Hz 

ɕwt 1 

VSC grid parameters 

VSC inductance Lwt1 1.4 mH (0.2 pu) 

VSC capacitor Cwt1 219 µF (0.15 pu) 

Transformer  Ratio n2 200 kV/33 kV 

Resistance Rt 0.32 ɋ (0.004 pu) 

Inductance Lt 25.5 mH (0.1 pu) 

Cable Resistance Rc 0.15 ɋ 

Inductance Lc 3 mH 
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Figure 5.9 Frequency response comparisons between the SS model and TD model at WT 

side. 

(a) Bode plot of the WT power reference P* to the power P, (b) Bode plot of the WT d-

axis current reference i*wt1d to the d-axis current iwt1d, (c) Bode plot of the WT q-axis 

current reference i*wt1q to the q-axis current iwt1q. 
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5.2.3. Small-signal modelling of the complete offshore system 

In the previous small-signal modelling approach, the offshore wind farm system is 

divided into the PCC MMC part and WT part. Each part is modeled on their own dq 

reference frame defined by their PLL as shown in Figure 5.10.  

dpcc

qpcc

ɗdiff

vpccd

vwt1d dwt

qwt

ɤ

ɤ1

 

Figure 5.10 Reference frame transformation 

To connect the PCC MMC part SS model and WT side SS model, the angle shift 

between the two dq frames should be considered [118]. In Figure 5.10, the angle difference 

ɗdiff is calculated as: 

 1( )diff pcc wt tq q q w w= - = -   (5.24) 

where the ɗpcc and ɤ are obtained from the PLL at offshore MMC station, and the ɗwt and 

ɤ1 are obtained from the PLL of the WT side VSC. To translate the PCC voltage which 

is formed by the MMC to the WT side dq frame, the angle shift matrix should be 

implemented, and the corresponding voltage can be calculated as: 

 
cos sin

sin cos

wtcd diff diff pccd

wtcq diff diff pccq

v v

v v

q q

q q

-è ø è øè ø
=é ù é ùé ù

ê ú ê úê ú
.  (5.25) 

By applying (5.25), the voltage vpccdq under MMC dq frame is transferred to WT side 

dq frame expressed as vwtcdq. 

To translate the output current from WT side under WT dq frame to the PCC side, 

the inverse transformation is required as: 
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where i2dq is the current under MMC dq frame and the current iwtc1dq is the original WT 

output current under WT side VSC dq frame.  

With the angle shift, the PCC side voltage signal which has transformed to WT dq 

frame can be fed into WT side SS model. This equally applies to the WT side, where WT 

current after the inverse angle shift can be fed to PCC side SS model. It also need to note 

the voltages and currents are all measured from the network and thus, before fed into the 

control loop from plant, they need to apply the angle shift as described in (5.12) and (5.13). 

Figure 5.11 shows the SS model of the entire offshore wind farm system 

corresponding to the TD model shown in Figure 5.1.  
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Figure 5.11 SS model of the offshore wind farm system. 
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5.2.4. Offshore wind farm small-signal model validation 

To validate the effectiveness and accuracy of the developed offshore wind farm SS 

model and investigate the interactions between the WTs output power and AC voltage on 

PCC bus, power and voltage disturbance are introduced at the SS and TD offshore wind 

farm system models, and their simulation results are compared.  

a) Power disturbance 

In this section, a small power disturbance is induced at WT side. At t=2.5 s, the 

reference output power of VSC1 (WT) increases by 1%, and as shown in Figure 5.12 (a) 

and (b), the increased power leads to oscillations at both PCC d-axis and q-axis voltages. 

The results show a good match between the SS model and the TD model. The power 

perturbation also leads to the frequency oscillation on PCC bus. As illustrated in Figure 

5.12 (c), frequency swing occurs at t=2.5 s but quickly recovers to its rated value.  

At the WT side, the 1% increase of wind power results in the increased d-axis output 

current of VSC1 as shown in Figure 5.13 (a). The changing on the d-axis current affects 

the PCC voltage and thus leads to small q-axis current oscillation, as shown in Figure 5.13 

(b). The output power of VSC1 is demonstrated in Figure 5.13 (c), an 1% increase in its 

value can be seen after t=2.5 s.  

From Figure 5.12 and Figure 5.13, the accuracy of the small-signal model can be 

confirmed during power disturbance on the offshore wind farm system. The waveforms 

from the SS model are in good agreement with those obtained from the TD model.  
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Figure 5.12 Comparisons of PCC voltage and frequency from TD and SS model during 

the power disturbance. 

(a) PCC bus d-axis voltage comparison on TD model and SS model, (b) PCC bus q-axis 

voltage comparison on TD model and SS model. (c) frequency of PCC bus comparison 

on TD model and SS model. 
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Figure 5.13 VSC1 current and power responses comparisons during the power 

disturbance. 

(a) VSC1 d-axis current comparison on TD model and SS model, (b) VSC1 q-axis current 

comparison on TD model and SS model, (c) power comparison on TD model and SS 

model at VSC1. 

b) Voltage disturbance 

To further validate the small-signal model, 1% voltage disturbance is applied at the 

PCC bus. The reference d-axis voltage on the PCC bus which is controlled by the MMC 

is increased by 1% at t=2.5 s and Figure 5.14 (a) shows the measured PCC d-axis voltage 

from the TD model and SS model. As seen in Figure 5.14 (b) and (c), both the PCC q-axis 

voltage and the frequency are also affected by the voltage disturbance. Good agreements 

between the waveforms of the SS and TD model are observed. 
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Figure 5.14 PCC voltage and frequency responses comparisons during voltage 

oscillation. 

(a) PCC bus d-axis voltage comparison on TD model and SS model, (b) PCC bus q-axis 

voltage comparison on TD model and SS model, (c) frequency of PCC bus comparison 

on the TD model and SS model. 

The increase of voltage on PCC bus leads to the WT side output current reduction 

due to fixed wind power output, as shown in Figure 5.15 (a) and (c). Small oscillations 

appear on WT q-axis current caused by the PCC bus voltage disturbance, shown in Figure 

5.15 (b). Again, the waveforms match well between the two models.  
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Figure 5.15 VSC1 current and power responses comparisons during the voltage 

disturbance. 

(a) d-axis current comparison on TD model and SS model at VSC1, (b) q-axis current 

comparison on TD model and SS model at VSC1, (c) power comparison on TD model and 

SS model at VSC1. 

 

5.3. Stability analysis with small-signal model of offshore wind 

farm 

 In this section, the Bode plots from the developed small-signal offshore system 

model are used to analyse system frequency response of the offshore wind farm with the 

proposed frequency control. By applying the pole/zero map (p/z map), the impacts of 

different parameters of frequency control and voltage control on system stability are 

analysed. 
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5.3.1. Stability analysis of PLL based frequency loop 

With the linearized SS model, the performance of PLL based frequency control loop 

is analysed by considering the transfer functions across the frequency reference f * to 

measured frequency f. The corresponding Bode plot is shown in Figure 5.16. As can be 

seen, the stability of the system with frequency control can be ensured. 
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Figure 5.16 Bode plot of the frequency control loop. 

To study the impact of the frequency loop parameter Kf (as shown in Figure 4.8 and 

Table 5.1) on system stability, the p/z map is published with the Kf increasing from 0.05 

pu to 15 pu (with f=50 Hz and vpccq=350 kV set as rated values), while the other parameters 

are set as listed in Table 5.1 and Table 5.2. After the Kf increases from 0.186 pu to 0.2 pu, 

all the poles are located at the left half plane, and this stipulates that the system is stable. 
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Figure 5.17 The p/z map of PCC voltage with variable Kf. 

(a) The p/z map of system frequency when Kf increases from 0.05pu to 30 pu, (b) the 

zoomed-in p/z map when Kf increases from 0.186 pu to 0.2 pu. 

By changing the frequency loop parameter Kf from 0.186 pu to 0.2 pu, the frequency 

and voltage on the PCC bus from the time-domain model are illustrated in Figure 5.18. 

Before 0.6 s, Kf=0.186 pu, and as shown in Figure 5.18 (a), (b) and (c), the frequency, d-

axis PCC voltage and q-axis PCC voltage are all diverged, indicating that the system is 

unstable. After 0.6 s, the Kf changes to 0.2 pu, and the PCC voltages and frequency begin 

to converge. The time-domain simulation results are in good agreement with the p/z map 

analysis which derived from the developed small-signal model.  
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Figure 5.18 Simulation waveforms of PCC frequency and voltage with variable Kf. 

(a) Frequency on PCC bus, (b) d-axis voltage on PCC bus, (c) q-axis voltage on PCC bus. 

5.3.2. Stability analysis of PCC voltage 

To further study the system stability with proposed control, pole/zero map are used 

to investigate the variation of the parameters in voltage control loop on system stability. 

a) Stability analysis of nature frequency fv at voltage control loop 

To study the impact of the natural frequency fv in MMC voltage control loop as 

described in Table 5.1 on system stability, poles and zeros of the SS model transfer 

function with fv increasing from 1 Hz to 700 Hz are plotted, while the Kf is set at 0.5 pu 

and damping value ɕv of voltage control is 1.2. Figure 5.19 (a) and (b) demonstrate the p/z 

map of d-axis voltage reference to measured d-axis voltage and q-axis reference to 



 

90 

 

measured q-axis voltage, respectively. When fv increases from 15 HZ to 20 Hz, all the 

poles in Figure 5.19 move to the left half plane, and this p/z map stipulates that system is 

stable when fv is greater than 15 Hz.  
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Figure 5.19 The p/z map of PCC voltage with variable fv. 

 (a) The p/z map of d-axis PCC voltage, (b) the p/z map of q-axis PCC voltage. 

Figure 5.20 shows the simulation results of the PCC frequency and voltage from the 

time-domain model with different voltage control parameter fv. As seen, the offshore AC 

system is unstable before 0.6 s when fv is 15 Hz but becomes stable after fv increases to 20 
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Hz. This shows good agreement with the p/z map analysis using the developed offshore 

wind farm SS model. 
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Figure 5.20 Simulation waveforms of PCC frequency and voltage when fv increase from 

15 Hz to 20 Hz. 

(a) Frequency on PCC bus, (b) d-axis voltage on PCC bus, (c) q-axis voltage on PCC bus. 

To further investigate the stability, the nature frequency fv varied from 17 Hz to 18 

Hz in the voltage control loop is carried out. The p/z map of PCC voltage is shown in  

Figure 5.21 and the time-domain simulation waveforms are illustrated in Figure 5.22. 
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Figure 5.21 Zoomed-in p/z map of PCC voltage when fv increases from 15 to 20. 

(a) The p/z map of d-axis PCC voltage, (b) the p/z map of q-axis PCC voltage.  

From Figure 5.21, it shows that the system becomes stable when fv is increased from 

17 Hz to 18 Hz. As demonstrated in Figure 5.22 (a), (b) and (c), before t=0.6 s, fv is 17 Hz 

and the frequency and voltage diverged with large oscillations. After t=0.6 s, fv increases 

to 18 Hz and the frequency and voltage began to converge slowly. Again, the results from 

the SS model and those from the TD model match well.  
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Figure 5.22 Simulation waveforms of PCC frequency and voltage when fv increase from 

17 Hz to 18 Hz. 

(a) Frequency on PCC bus, (b) d-axis voltage on PCC bus, (c) q-axis voltage on PCC bus. 

b) Stability analysis of voltage control damping value ɕv 

With the frequency control parameter Kf, control frequency fv and current control 

parameters keep at constant as defined in Table 5.1, Figure 5.23 shows the movements of 

the poles and zeros when the voltage control damping value ɕv increases from 0.1 to 10, 

whereas Figure 5.24 shows the zoomed-in poles and zero positions when the ɕv increases 

from 0.7 to 1. As can be seen in Figure 5.24 (a) and (b), when ɕv increases from 0.8 to 0.9, 

all the poles move to the left half plane, stipulates that the system is stable.  
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Figure 5.23 The p/z map of PCC voltage with variable ɕv. 

(a) The p/z map of d-axis PCC voltage, (b) the p/z map of q-axis PCC voltage.  
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Figure 5.24 The zoomed-in p/z map of voltage on PCC bus with variable ɕv. 

(a) The p/z map of d-axis PCC voltage, (b) the p/z map of q-axis PCC voltage. 

Simulation results from the time-domain model with the variable ɕv values are shown 

in Figure 5.25. The system is unstable when ɕv is 0.8 before 0.6 s and after the ɕv increases 

to 0.9, the system becomes stable. Again the time-domain simulation results are in the 

good agreement with the p/z map analysis in Figure 5.23 and Figure 5.24. 
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Figure 5.25 Simulation results on PCC frequency and voltage with ɕv =0.8 and 0.9. 

(a) Frequency on PCC bus, (b) d-axis voltage on PCC bus, (c) q-axis voltage on PCC bus. 

c) Stability analysis with conventional control without frequency loop 

For comparison, system stability with conventional control without frequency loop 

is studied with variation of the damping ratio ɕvs of the voltage control loop. Under the 

same offshore wind farm conditions with the same fv of voltage control and current control 

parameters, the range of voltage control damping ratio ɕvs is tested and the p/z maps are 

shown in Figure 5.26. And Figure 5.27 shows the zoomed-in poles and zero positions 

when the ɕvs increases from 2.6 to 3.2. As illustrated in Figure 5.27 (a) and (b) for the 

respective d-axis and q-axis voltage responses, only until ɕvs is increased to 3, all the poles 

move to the left half plane and the system becomes stable. Compared to the damping ratio 
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with the proposed frequency control (ɕv Ó 0.9 can ensure system stability), system with the 

fixed frequency control presents a higher requirement on the damping ratio (system 

becoming stable only until ɕvs Ó 3). Requiring a larger damping value indicates that the 

system is more difficult to be stable. Therefore, the proposed control has better system 

stability a than the conventional control method.   

 

Figure 5.26 P/z map when voltage control parameter ɕvs increases from 0.4 to 5. 

(a) The p/z map of d-axis PCC voltage (b) The p/z map of q-axis PCC voltage.  
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Figure 5.27 The zoomed-in p/z map of voltage on PCC bus with variable ɕvs. 

(a) The p/z map of d-axis PCC voltage, (b) the p/z map of q-axis PCC voltage. 

5.3.3. Wind power interaction with PCC voltage  

The offshore network formed by the offshore MMC is typically weak. Consequently, 

wind power variation can affect the stability of the offshore wind farm system, especially 

on the PCC voltage. To study the interactions between the wind power and PCC voltage, 

the transfer functions are obtained from the developed SS model as illustrated in Figure 

5.11. The SS model of conventional control with fixed frequency is also studied for 

comparison.  
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Figure 5.28 Bode plots comparison from power to PCC voltage response in two systems. 

(a) Response from VSC output power P to d-axis PCC voltage, (b) response from VSC 

output power P to q-axis PCC voltage.  

Figure 5.28 shows the PCC d-axis and q-axis voltage responses to the inject power 

from VSC1 respectively. Due to the frequency control lies on q-axis, PCC d-axis voltage 

with proposed control has a similar response with the system applying conventional 

control as shown in Figure 5.28 (a), and this characteristic also reflects on its relationship 

with the power change. The main difference lies on the q-axis and the proposed control 

improves the PCC q-axis voltage response as illustrated in Figure 5.28 (b). With the 
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proposed frequency control, power injected to MMC has a smaller impact on vpccq 

compared to the traditional control system in the low to medium frequency range. 

Therefore, the system with frequency control is less affected by the injected wind power 

variation. 

 

5.4. Summary 

This chapter develops small-signal models of the complete offshore system including 

the MMC model and the WT system model. To validate the developed SS model, 

frequency responses from the separate MMC and WT SS models are compared to the 

corresponding TD models. The complete offshore wind farm SS model is then validated 

using the same approach by using the TD model. Waveforms form SS model and TD 

model with small power and voltage disturbances further validated the accuracy of the SS 

model.  

With the small-signal state space model, system stability is analysed in frequency 

domain. The impacts of various control parameters on the system stability are studied 

using Bode plot and p/z map. Compared to the conventional control, system with the 

proposed control allows a wider parameter range. The interactions between the PCC 

voltage and offshore wind power are also investigated. Simulation results show that the 

voltage on PCC bus is less influenced by the wind power variation while utilizing the 

enhanced frequency and voltage control than the conventional fixed frequency method. 

  



 

101 

 

Chapter 6  

Fault analysis of MMC-HVDC system 

connecting offshore wind farm 

 

6.1. Introduction  

With the increasing penetration of wind power and development of large-scale 

offshore wind farms, it is important to ensure wind farms can remain connected during 

large transients, e.g., onshore and offshore AC faults. In the events of AC faults at the 

offshore AC system of HVDC (MMC) connected offshore wind farms, there are a number 

of challenges that need to be addressed: 

¶ ensuring the currents of the MMC and WT converters are limited within safe 

ranges; 

¶ adequate fault currents are provided to enable fault detection and proper 

operation of protection devices; 

¶ fast system recovery after fault clearance. 

In the events of onshore AC grid faults, onshore voltage dip during the fault period 

can result in significant reduction of active power that can be transmitted through the 

onshore MMC converter, leading to imbalanced power transmission between onshore and 

offshore sites. This potentially can lead to excessive DC voltage at the HVDC link and 

the disconnection of the entire offshore system [49].  

In this chapter, system control and operation of the HVDC system and WTs are 

investigated, and different types of protection relay settings are studied for offshore wind 

farm system application. To enable offshore AC fault protection, a fault current injection 
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control for offshore MMC and WTs is proposed such that faults at different parts of the 

offshore AC network, e.g. WT cluster cables, string cables etc. can be adequately 

protected. To enable the safe operation and satisfactory ride-through during the onshore 

AC faults, an offshore MMC voltage reduction control strategy based on HVDC system 

overvoltage is proposed to rapidly balance the generated and transmitted power. The 

proposed design and control are validated by MATLAB/SIMULINK  simulations.  

 

6.2. Control and operation during offshore AC faults  

In the event of an offshore AC fault, the offshore voltage drops and the fault currents 

from the MMC and WT converters can potentially increase rapidly if immediate control 

actions are not taken. To limit the fault currents and avoid damage to the offshore MMC 

station, the three-phase currents are measured and if the currents are out of the predefined 

range, the offshore voltage is reduced accordingly in order to decrease the MMC output 

currents [121].  

To supply adequate fault currents for offshore AC protection purpose while avoiding 

excessive fault current for protection relays, a fault current providing control is developed 

in MMC station. Considering the overcurrent protection at WT side during abnormal 

conditions, the control strategy with a fault current supply at WT side is introduced and 

applied at WTs to help with the fault recovery. 

6.2.1. Fault current providing control  

a) Fault current supply of offshore MMC station  

After an offshore AC fault occurs at the wind farm network, MMC1 initially tries to 

restore the AC voltage by increasing the reversed current (from receiving current to 

generating current). However, when the offshore AC voltage is significantly reduced, e.g. 

around to zero, no active power can be generated and transmitted, i1d in Figure 6.1 is thus 

limited at around zero (i.e., no current reversal). To provide sufficient fault current for the 
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protection relays connected to the offshore AC system, the q-axis current reference of the 

offshore MMC station i*1q is modified accordingly as shown in Figure 6.1 (a).  
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Figure 6.1 Fault current injection control of offshore MMC station. 

(a) Fault current injection control, (b) Fault current injection curve. 

As shown, the difference between the measured PCC voltage magnitude vpccd and its 

reference v*
pccd (v

*
pccd -vpccd) is calculated and compared to the pre-set threshold, e.g. 0.4 

pu. During normal operation, v*
pccd - vpccd is less than the threshold and i*1q is set by the q-

axis voltage control loop. However, during an offshore AC fault, vpccd is significantly 

reduced and the d-axis voltage error will be over the threshold. Thus, an additional 

component ȹiq is added to the reference to inject q-axis fault current to the offshore 

network. The fault current profile is illustrated in Figure 6.1 (b) and as seen, the fault 

current i fs provided by the offshore MMC in this example is gradually ramped up from 0.3 

pu with the rate of 0.9 pu/s, up to a maximum current of 1.2 pu. As the fault current i fs 

supplied by MMC1 flows to the offshore system, it is negative to i1 (i1 is positive when the 

current flows from WF to MMC) as: 

 

* *

1 1

0.3 0.9 (pu)

fs qf q q

f

i i i i

t

=- =- -D

= + ³
 . (6.1) 

where the tf is the time after fault occurs. As will be shown in the following sections, 

considering the relayôs time-current characteristic profile, offshore circuit can operate by 
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overcurrent protection while potential excessive fault current of the circuit breakers is 

avoided.  

b) Fault current supply of WTs 

When the fault occurs at the offshore side, AC voltage on the PCC bus drops to 

around zero and MMC station starts to increase q-axis current to provide fault current. At 

WT sides, in order to output the generated power, the currents of the WTs initially increase 

rapidly because of the voltage drop but are quickly limited to their maximum values. 

Meanwhile, the PLLs at WT sides are unlikely to be able to track the phase angle and the 

offshore network frequency if the AC voltage is reduced to around zero (e.g. during a 

severe 3-phase fault). To stay connected and contribute to system recovery, WTs are 

controlled such that their q-axis (reactive) currents are used to assists relay tripping and 

the frequency of the WT converters (i.e., frequency output from the WT PLLs) are set to 

fixed value during the fault conditions.  

On the other hand, if an AC fault occurs at a WT string, the currents generated by the 

other healthy WTs as well as the MMC directly feed to the fault point, and lead to 

excessive fault current flowing through the faulty WT string. The fault current could 

potentially reach tens of times of their rated capacities and might overstretch the capability 

of the protection equipment/relay at the faulty WTs string.  

To reduce the capacity and size of relays at WT strings and contribute to the 

overcurrent protection of offshore wind farm systems, a similar method of fault current 

supply as for offshore MMC converter is implemented at WTs side as shown in Figure 

6.2. The current irated is from the power control loop of WTs, v*
wt and vwt are the respective 

rated and measured WT voltages, i*wtd and i*wtq are the d- and q-axis current references 

which feed to the WT current control loop. As shown in Figure 6.2, d-axis current 

reference i*wtd is equal to the nominal value and q-axis current reference i*wtq is zero (or at 

any other values as required) while the WT working at normal mode. When the fault 

occurs, and the detected voltage drop is more than the pre-set threshold (e.g 0.4 pu), the 

current iwtd generated by WTs follows the new reference and quickly drops to zero. Fault 
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current is presented in iwtq which increases from 0 to the upper current limit (e.g 1.2 pu) 

as: 

 
*

wtq iq fi k t= ³.  (6.2) 

The increasing rate kiq is set as 4 pu/s in this thesis which means after 0.3 s the fault 

current supplied by the WT reaches to the maximum value of 1.2 pu. Once the fault is 

clear, iwtq backs to 0 while iwtd recovers to the initial value. With this proposed fault current 

supply, the fault current injected to the fault point only increases gradually after fault 

occurrence and thus, the capacity of WT string protection relays can be reduced. 
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Figure 6.2 Fault current supply by WTs. 

With the fault current providing controls implemented at offshore MMC and WTs, 

and proper setting of the different relay parameters, offshore AC fault can be accurately 

located, and the corresponding circuit breaker can be opened to isolate the fault. Although 

MMC and WT converters have limited fault current capability, during an offshore fault, 

substantial overcurrent can still be present as all the converters will feed fault current to 

the fault point as will be analysed in more details in the following sections.  

6.2.2. Wind farm relay design 

Overcurrent relaying protection is the most economical and simplest way to protect 

the facilities and transmission lines. The speed of an overcurrent protection relay e.g. 

inverse definite minimum time relay (IDMT), is dependent on the magnitude of the 

overcurrent. By applying IDMT relay, the operating time will be shorter with a higher 

overcurrent magnitude and the selective protection is easy to be implemented.  
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a) IDMT relay 

For IDMT relay, its operating time is inversely proportional to the fault current above 

the inverse time pick-up current value and becomes constant when the fault current is over 

the definite time pick-up current threshold. The time-current characteristic is shown in 

Figure 6.3, and usually, the definite time pick up value is set as n times to inverse time 

pick up value.  

 

Figure 6.3 Mixed curves IDMT characteristic [122]. 

For inverse-time characteristic area of IDMT relay, the operation time is inversely 

proportional to the fault current and the operation time can be expressed by the fault 

current as: 

 

( ) 1
CB

F

k TMS
t

i

CTR PS

a

³
=

-
³

  (6.3) 

where Ŭ and k are the curve set-related parameters which are decided by the different types 

of time-current characteristic, iF is the measured phase current, CTR is transformer ratio 

of the relay, PS is the relay rated operating current, and time multiple setting (TMS) is an 

adjustable time multiplier. With the increase of TMS, the tripping time becomes longer 

Inverse time

Pick-up value

Definite time

Pick-up value
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with the same phase current. The PS is usually set at 100% or 125% of detect phase current 

iF. When 100% is chosen as PS value (equals to 1), the rated current value of the relay 

follows the test phase current rated value in per unit. With normal inverse curve 

parameters, Ŭ=0.14 and k=0.02, and PS is chosen as 100%, (6.3) can be simplified as: 

 
0.02

0.14

1
CB

TMS
t

MPS

³
=

-   (6.4) 

where the MPS, multiples of plug settings, equals to iF/(CTR×PS). By selecting the proper 

TMS and MPS, the different protection requirements of system can be actualized by relays 

with variable settings. 

b) Offshore wind farm relay setting 

In this study, IDMT relays are applied at the offshore wind farm system for 

overcurrent protection. They are installed at the end of the WTs clusters and terminal of 

WTs strings as shown in Figure 6.4 (a). As shown in Figure 6.4 (a), the considered 

offshore wind farm contains two WT clusters and each WT cluster consists of five WT 

strings with the same capacity. Each WT string is made up of ten 10 MW fully rated 

converter WTs. Different TMS characteristics lead to various tripping times to meet the 

requirement for different fault current levels.   

System protections under two different AC fault positions are investigated with this 

model as shown in Figure 6.4 (a).  AC fault F1 occurs on WT cluster and F2 occurs on WT 

string.  

The parameters of the offshore system are given in Table 6.1. As previously 

described, string CBs (circuit breaker) are placed at every end of WT strings, whereas WT 

cluster CBs are installed at every terminal of WT clusters as illustrated in Figure 6.4 (a).  
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Figure 6.4 Offshore wind farm structure with defined current and relays. 

(a) System structure, (b) System with defined current and relays. 
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Table 6.1 Offshore wind farm system parameters and relay setting. 

AC voltage on PCC 429 kV 

MMC power rating  1000 MW 

MMC transformer ratio  429/200 

 

WT side 

WT power rating 10 MW 

WT string power rating 100 MW 

WT cluster power rating 500 MW 

WT cluster transformer ratio 200 kV/33 kV 

WT string CB 

(IDMT relay)  

Inverse part setting MPS 2 pu 0.04 TMS 

Definite part setting MPS 3 pu 0.04 s 

WT cluster CB 

(IDMT relay)  

Inverse part setting MPS 2 pu 0.04 TMS 

Definite part setting MPS 3 pu 0.25 s 

 

As shown in Figure 6.4 (b), once the fault F1 occurs at WT cluster, fault currents 

from the other healthy WT cluster iwtc2 and offshore MMC station i fs both flow to the fault 

point through CB1. When CB1 detects the current on the cluster is over 2 pu, the time-

current characteristic of the IDMT relay comes into the inverse-time part setting as 

indicated in Table 6.1. If  the fault current which flows through the CB1 reaches the definite 

time area of 3 pu, CB1 enters the definite time part and trip after 0.25 s (according to the 

general operation time settings introduced in [122]). CBs on WT strings experience 1.2 

pu (output current limit of WTs) of their own rated value at this time and thus, they will 

not trip. After the fault is cleared by CB1, the offshore voltage recovers, the healthy WT 

strings back to normal operation. The cluster relay CB1 can be described as: 

 0.02

2

0.14 0.04
2 3

1

0.25 3

CB

MPS

t MPS
MPS

MPS

¤ <ë
î

³î
= ¢ <ì

-î
²îí

.  (6.5) 
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For fault F2 occurring at a WT string connected to CB21 as illustrated in Figure 6.4, 

the currents of other healthy WT strings as well MMC1 all flow into the fault point through 

CB21 and therefore, the fault current is likely to be far larger than 3 pu. In order to protect 

the faulty WT string, CBs on WT string are designed to trip as soon as possible. Therefore, 

the definite operating time of string CB is set at 0.04 s which means once the detected 

current is above 3 pu, WT string CB will take 0.04 s to disconnect the fault WT string (the 

fastest operation time of overcurrent relay is about 4 milliseconds). The relay set on WT 

strings can be described as: 

 0.02

2

0.14 0.04
2 3

1

0.04 3

CB

MPS

t MPS
MPS

MPS

¤ <ë
î

³î
= ¢ <ì

-î
²îí

.  (6.6) 

The characteristics of these two kinds of relays with different settings are illustrated 

in Table 6.1. The characteristic curves of operation time-overcurrent for these relays are 

demonstrated in Figure 6.5, where the currents are expressed using actual phase current 

values.  

 

Figure 6.5 System relay characteristics. 

(Note: WT cluster is 200 kV and WT string is 33 kV) 

The time-current curve indicates the relationship between the operation time of a 

relay and the fault current flowing through it. However, the total tripping time of a relay 
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includes the safety margin duration ts which is defined by the period of a fault has been 

detected but has not led to the relayôs immediate action. Therefore, the relayôs tripping 

time is given as: 

 trip s CBt t t= + .  (6.7) 

6.2.3. Overcurrent detection of offshore AC faults   

To further analyse the fault conditions and operation characteristics of relays, the 

system structure with defined current and relays as displayed in Figure 6.4 (b) is described 

in more details. As shown in Figure 6.4 (b), i ij (i=1, 2, and j = 1,é5) are the currents on 

the WT strings, iCBij are the currents flow through the relatively WT string CBs. 

a) Fault on WT cluster F1 

Considering that the fault occurs on a WT cluster, F1 in Figure 6.4, the fault currents 

flowing through the CB1 come from MMC1 and WTs connected at clusters 2, as:  

 1 2.CB fs wtci i i= +   (6.8) 

With the increasing fault current as defined in (6.1) and (6.2), the current flowing 

through CB1 gradually increases. The breakers on the healthy cable CB2 experiences 

maximum overcurrent of 1.2 pu and thus the relay remains closed during the cluster fault 

F1. Fault current through CB2 can be express as: 

 
5

2 2 2

1

CB wtc j

j

i i i
=

=- =-ä .  (6.9) 

As the fault current flows through CB1 is not a constant during the cluster fault F1, 

as i fs and iwtc2 in (6.8) are not constant. Thus, formula (6.5) cannot be used in this condition 

to calculate the tripping time of the cluster relay. To model the relay tripping time more 

accuracy with dynamic fault current, it is assumed that the integration of fault current iCB1 

during faulty time tf determines relay tripping time which is described as: 

 1

trip

s

t

CB f
t

Q i dtD =ñ   (6.10) 
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where iCB1 dependent on the time is the fault current flows through CB1, ts is the time when 

fault current reaches to the pick-up value of CB1 (2 pu in the previous setting) and ttrip is 

the time when the relay is tripping. Considering the inverse part setting of relays, ȹQ can 

set at 0.8 (when the fault current is 2 pu, CB trips after 0.4 s). Thus, the ramped-up fault 

current leads to a shorter relay tripping time. 

The current flows through CB1 during the fault F1 is the sum of fault currents supplied 

by MMC1 and the healthy WT cluster. According to the fault current profiles of MMC1 

and WTs as previously described, as the capacity of MMC1 is twice of the WT cluster, the 

fault current supplied by MMC1 should be doubled with the WT cluster reference in per-

unit terms. Thus, the increasing rate of fault current from MMC1 becomes 1.8 pu/s, and 

the starting current is 0.6 pu for CB1. Current flows from the other WT cluster increases 

with the rate of 4 pu/s from 0 pu. According to (6.1) and (6.2), the variation of fault current 

flowing through CB1 can be expressed as:  

 
1 2

2 (0.3 0.9 ) 4

CB fs wtc

f f

i i i

t t

= +

= ³ + ³ + ³
.  (6.11)  

The time ts when the fault current hit the CB pick-up value 2 pu can be calculated 

with (6.11), and then the fault current starts to be integrated on the time to calculate the  

tripping time of CB1. The constant integration ȹQ (integration of fault current which is 

dependent on the time) can be calculated as: 

 2 (0.3 0.9 ) 4
trip

s

t

f f f
t

Q t t dtD = ³ + ³ + ³ñ .  (6.12) 

Therefore, the tripping time according to (6.12) can be calculated as: 

 

2

(2 0.6)/5.80.8 (0.6 2.9 )

0.52

tript

trip

t t

t

-= +

º
.  (6.13) 

Consequently, the tripping time ttrip of CB1 is 0.52s while the fault current flows 

through CB1 is 2.74 pu. This means the relay trips before it goes into the definite time 

characteristic area of its time-current curve. The status of the relays at the offshore wind 

farm and the currents flow through different CBs are shown in Table 6.2. 
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Table 6.2 Relay tripping time with the WT cluster fault.  

 max CB 

current  

ts tCB ttrip CB 

status 

WT 

cluster 

relay 

CB1 2.74 pu 0.24 s 0.28 s 0.52 s Open 

CB2 1.2 pu 0.52 s Ð Ð Closed 

WT string 

relay 

CB1j 1.2 pu 0.52 s Ð Ð Closed 

CB2j 1.2 pu 0.52 s Ð Ð Closed 

 

As described in Table 6.2, once the fault occurs at WT cluster 1, CB1 on WT cluster 

1 trips after 0.52 s and the voltage on the PCC is quickly controlled back to the rated value 

by MMC1. The CBs connected to other healthy WT clusters will not trip because the fault 

current has not reached the pick-up value 2 pu during the fault event. The current flows 

through the AC cable at MMC1 side even has not reached 1 pu before the fault is cleared. 

Thus, by appropriately setting the relays parameters, the protection of cluster cable fault 

can be implemented using the reliable and straightforward overcurrent protection 

approach. If faster relay tripping is required, the fault currents from MMC and WTs can 

be modified accordingly. 

b) Fault on WT string F2 

If a fault occurs on the WT string i.e. F2 as shown in Figure 6.4, all fault currents will 

flow into the fault point at the faulty WT string. The currents through WT cluster 1 CB1 

and WT cluster 2 CB2, and the current through WT string CB21 can be expressed as 
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1 1 1
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Considering the capacity of MMC1 is 10 times of that of the WT string, fault current 

i fs supplied by MMC1 starts to increase from 3 pu with a rate of 9 pu/s in WT string per-

unit terms, and the other healthy WTs (total 9 strings) begin to generate fault current from 

0 with a rate of equivalent 36 pu/s (4 pu/s respectively). According to the fault current 

supplied as shown in (6.1), once the fault occurs at WT string, CB21 detects 3 pu phase 

current from MMC1 station immediately and the relay time-current curve comes into the 

definite time characteristic directly. CB21 trips after 0.04s according to the relay setting in 

Table 6.1. When the faulty WT string is disconnected by CB21, the currents flowing 

through the CBs connected to the WT cluster relays and other healthy WT strings have 

not reached their pick-up values. The maximum currents at the fault clear and tripping 

time of the relays are shown in Table 6.3. 

Table 6.3 Relay tripping time with the WT string fault.  

 max CB 

current  

ts tCB ttrip CB 

status 

WT 

cluster 

relay 

CB1 0.16 pu 0.04 s Ð Ð Closed 

CB2 0.83 pu 0.04 s Ð Ð Closed 

 

WT string 

relay 

CB1j 0.16 pu 0.04 s Ð Ð Closed 

CB21 4.8 pu 0 s 0.04 s 0.04 s Open 

CB2j 

(j)Í1 

0.16 pu 0.04 s Ð Ð Closed 

 

From Table 6.3, relays on WT strings with the smallest capacities are the most 

sensitive equipment. Once the fault occurs, it could potentially experience excessively 

large fault current from other healthy parts of the wind farm and offshore MMC converter. 

The fault current profiles of the MMC and WT converters proposed in this study where 

the fault currents increase gradually avoid such a problem whilst also ensuring correct 

protection actions. 
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6.2.4. SM capacitance requirements 

Compared to normal operation, the fault current providing capability of the offshore 

MMC station might require relatively larger SM capacitance, which will be described in 

this subsection. 

The arm voltage varm of the MMC station is given as [107] 

 ( ) 22 ( )arm
arm dc

SM

N E t
v t V

C

w
w

³D
= +   (6.16) 

where N is the SM number per arm; CSM is the SM capacitance; ȹEarm is the arm energy 

variation; Vdc is the DC voltage. With third harmonic injection in the arm voltage as 

commonly used, ȹEarm is expressed as (6.17) [123]: 
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where iarm is the arm current; Vm and Im are the phase voltage and current amplitudes 

respectively; V3m is the amplitude of the third harmonic voltage; Idc is the DC current; and 

ű is the phase angle difference between the voltage and current on the MMC AC side.  

From (6.16) and (6.17), the arm voltage is illustrated in Figure 6.6. With the 

equivalent capacitor discharging time constant set at 30 ms (30 kJ/MVA) [124], the arm 

voltage is well regulated in the range of ±10%. After a solid offshore AC fault at t=0.1 s, 

the offshore voltage drops to zero and the MMC station starts to provide q-axis reactive 

current to enable fault detection. The arm voltage variation then increases to 1.44 times 

that of normal operation. Thus, to provide the fault current, relatively large SM 

capacitance is required, which can be designed according to (6.16) and (6.17). 

Alternatively, the maximum fault current might have to be limited to be less than 1.2 pu. 
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Figure 6.6  Arm voltage of MMC, where the offshore station provides q-axis current to 

enable fault detection after an offshore AC fault at t=0.1 s. 

 

6.3. Control and operation during onshore AC Faults 

Apart from offshore faults, MMC-HVDC connected offshore wind farm systems 

should also be able to ride-through faults at the onshore networks. In this section, to ride-

through onshore AC faults, a DC voltage-dependent AC voltage controller is introduced 

to the offshore MMC station to actively reduce the offshore AC voltage to alleviate 

potential DC overvoltage of the HVDC system. 

After a solid onshore three-phase fault, the onshore grid voltage drops and thus the 

active power that can be transmitted by the onshore MMC station is significantly reduced. 

Meanwhile, the WTs still try to transmit power to the HVDC-link and the resultant power 

surplus leads to the increase of the HVDC link voltage. To alleviate the DC overvoltage, 

the offshore MMC station needs to reduce power absorption from the offshore network 

immediately, and the power generation from the WTs also needs to be rapidly reduced.  

To achieve this, the offshore grid voltage is reduced immediately by the offshore 

MMC after detecting DC overvoltage using an HVDC voltage-dependent offshore AC 

voltage controller which is introduced to actively regulate the offshore voltage, as shown 

in Figure 6.7. The DC voltage Vdc at the HVDC link and offshore AC voltage v*
pccd are 

controlled at the rated value Vdcrated and Vacrated respectively during normal operation. Once 

Vdc is over the lower threshold Vthl after an onshore fault, the offshore voltage v*
pccd starts 

to reduce according to the solid curves defined in Figure 6.7 and (6.18) as: 
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The offshore AC voltage v*
pccd is decreased to zero when the DC voltage reaches the 

upper threshold Vthu. Due to the reduced offshore AC voltage, the power generated by 

WTs is reduced, and so does the power inject to the HVDC-link. This ensures power flows 

in and out of the HVDC link is rebalanced and excessive DC overvoltage thus is avoided. 

 

Figure 6.7 Characteristics of the HVDC voltage dependent offshore AC voltage. 

After onshore fault clearance (typically several tens milliseconds), the onshore MMC 

station resumes DC voltage control capability and the HVDC-link overvoltage starts to 

reduce. When the DC voltage reaches the lower threshold Vthl, the offshore voltage v*
pccd 

is gradual restores according to the dashed curve in Figure 6.7 and (6.19) as  
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If during an onshore AC fault (e.g. remote fault or high impedance fault), relatively 

high AC voltage is retained at the onshore converter terminal. In such a situation, the 

onshore MMC can still transmit part of wind power and consequently, the voltage at 

offshore network will remain at a certain level with reduced wind power generation. 

Vdc

v*
pccd

0

Vacrated

Vdcrated Vthl Vthu
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During the period with reduced offshore AC voltage, WTs operate in current 

limitation mode and the system can be recovered quickly after the onshore fault clearance.  

 

6.4. Simulation results 

By simplifying the offshore wind farm system and aggregating WTs as described in 

Chapter 4, the complete offshore grid shown in Figure 6.4 is simplified as the model 

displayed in Figure 6.8. The parameters of MMC-HVDC connected offshore wind farm 

model are listed in Table 6.4. 

 

Figure 6.8 Offshore wind farm connected with MMC-HVDC model. 

The proposed AC fault control strategies are tested using the model in Figure 6.8 in 

Matlab/Simulink. In this model, the same five WT strings connected to cluster 1 are 

aggregated as a large lumped WT model represented by a single VSC rated at 500 MW 

and connected to the collector bus through a 10 km cable. In order to simulate the fault 

occurring on WT string, WT strings connected to cluster 2 are divided into two parts: 

VSC2 rated at 100 MW which is employed to represent a single WT string and an 

aggregated VSC3 rated at 400 MW representing the other four strings. WT cluster 2 

includes VSC2 and VSC3 and is connected to the collector bus through another 10 km 

cable in the same way as cluster 1.  
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Table 6.4 Parameters of the MMC-HVDC system. 

MMC -HVDC system 

AC grid voltage 429 kV 

HVDC voltage 800 kV 

Rated power 1000 MW 

 

MMC 

transformer  

Voltage ratio 429 kV/200 kV 

MVA rating 1000 MVA 

Reactance 0.2 pu 

Resistance 0.004452 pu 

MMC side AC capacitance 0.01 pu 

PCC voltage 200 kV 

Lumped wind turbine models 

DC voltage of WT converter 65 kV 

 

WT power rating 

VSC1 500 MW 

VSC2 100 MW 

VSC3 400 MW 

 

Cluster 

transformer  

Voltage ratio 200 kV/33 kV 

MVA rating 500 MVA 

Reactance 0.1 pu 

Resistance 0.004 pu 

WT side capacitor 0.15 pu 

WT side inductor 0.2 pu 

R, L, and C of cluster Cable (10 km) 15 mɋ/km, 0.3 mH/km, 0.12 ɛF/km 
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With the parameters listed in Table 6.4, simulations studies during offshore AC fault 

at cluster and string cables are carried out whereas for onshore AC faults, three different 

voltage drop conditions are considered. 

6.4.1. Offshore AC faults on WT cluster cable 

Figure 6.9 shows the simulation results when a symmetrical offshore AC fault F1 is 

applied at Cable 1 as shown in Figure 6.8 at t=1.1 s. As shown in Figure 6.9 (a), the 

offshore AC voltage rapidly drops to around zero. As the voltage on PCC cannot follow 

the reference, the AC voltage controller in MMC1 tends to reduce the active power intake 

from the offshore wind farm and thus its d-axis current is rapidly reduced as shown in 

Figure 6.9 (e). This leads to the saturation of the voltage loop and the lower d-axis current 

is limited to zero set by the controller (to ensure no power reversal in this design). The 

offshore MMC1 then provides fault currents by increasing its q-axis current which is 

gradually ramped from -0.3 pu with the rate of -0.9 pu/s (negative values represent 

capacitive reactive power) which can be used for fault detection, as shown in Figure 6.9 

(b) and (f). Because of the large fault current injected to cluster 1, CB1 trips at around 

1.62s according to the presented overcurrent fault detection to isolate the fault. After the 

fault isolation, the AC voltage of the offshore network gradually restores to the rated value 

by MMC1 as shown in Figure 6.9 (a). The offshore frequency is also restored to the 

reference value after the fault isolation, Figure 6.9 (d). The generated and transmitted 

power recover to half of the previous rated value as only one healthy cluster is connected, 

as shown in Figure 6.9 (c).  
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Figure 6.9 Simulation waveforms of offshore MMC1 during WT cluster fault. 

(a) PCC three-phase voltage, (b) MMC1 three-phase current, (c) MMC1 real and reactive 

power, (d) offshore grid frequency, (e) MMC1 d-axis current, (f) MMC1 q-axis current. 






































































