
 

  
Abstract-- Utilization of Voltage Source Converter (VSC) – 

High Voltage Direct Current (HVDC) systems for grid-
connection of large offshore windfarms becomes relevant as 
installed power capacities as well as distances to the connection 
points of on-land transmission systems increase. At the same 
time, the grid code requirements of the Transmission System 
Operators (TSO), including ancillary system services and Low-
Voltage Fault-Ride-Through (LVFRT) capability of large 
offshore windfarms, become more demanding. This paper 
presents a general-level model of and a LVFRT solution for a 
VSC-HVDC system for grid-connection of large offshore 
windfarms. The VSC-HVDC model is implemented using a 
general approach of independent control of active and reactive 
power in normal operations. The on-land VSC inverter, i.e. a 
grid-side inverter, provides voltage support to the transmission 
system and comprises a LVFRT solution in short-circuit faults. 
The presented model, LVFRT solution and impact on the 
system stability are investigated as a case study of a 1,000 MW 
offshore windfarm grid-connected through a VSC-HVDC 
system. The investigation is carried out on a model of the west 
Danish, with some elements of the north German, 400 kV, 220 
kV and 150 kV transmission systems stage 2005-2006 using the 
DIgSILENT PowerFactory simulation program. In the 
investigation, a thermal power plant just south to the Danish 
border has been substituted by this 1,000 MW offshore 
windfarm utilizing the VSC-HVDC system. The investigation 
has shown that the substitution of a thermal power plant by a 
VSC-HVDC connected offshore windfarm should not have any 
negative impact on the short-term stability of the west Danish 
transmission system. The investigation should be repeated 
applying updated system model stages and offshore wind 
power commissioning schedules in the North and Baltic Seas.  
 

Index Terms-- Large offshore windfarms, Low-Voltage 
Fault-Ride-Through, modeling, power system stability, voltage 
control and support, VSC-HVDC.  

I.  INTRODUCTION 
APID grid-integration of large offshore windfarms in 
the European countries including completed, under 

construction and envisaged projects sets a new record. As 
estimated, the installed power capacity of offshore wind 
power in Europe will increase from 1,471 MW in 2008 to 
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37,442 MW in 2015 [1]. This growth must be superimposed 
by the German plans for offshore windfarms in the North 
and Baltic Seas, 25 GW by the year 2020 [2], the French 
target for 6 GW offshore wind power by 2020 and very 
expansive plans in the Great Britain already reaching 4 GW 
on- and offshore wind power in 2009. The growth in the 
offshore wind power is strong as the announced projects are 
often upgraded to larger power capacities and new projects 
are frequently announced. The announced projects are in a 
range of hundreds of MW and comprise hundreds of MW-
class wind turbines. With the scheduled power capacity of 
1,000 MW and comprising wind turbines from different 
manufacturers, the London Array at the Themes outlet is so 
far the largest project under construction. Since installed 
power capacities of and distances from offshore windfarms 
to the on-land connection points increase, the Voltage 
Source Converter (VSC) - High Voltage Direct Current 
(HVDC) connection becomes more relevant and feasible 
than utilization of High Voltage AC (HVAC) cables. 
According to the German studies [2], [3], the VSC-HVDC 
connection is considered for several large offshore 
windfarms to be commissioned in the North Sea accessing 
the north German transmission system. At the same time, 
the thermal power plants are to be closed to reduce 
environmental impact and maintain power and energy 
balance between generation and consumption in this region.  

Considering the installed power capacities, large offshore 
windfarms may influence operation of transmission systems. 
Hence, ancillary services to the grid, similarly to those from 
conventional power plants, are required by the Transmission 
System Operators (TSO) through the Grid Codes [4]-[7]; the 
term “wind power plants” referring to large (offshore) 
windfarms starts appearing in technical literature [8], [9]. 

Usually, the ancillary services and requirements of the 
TSO comprise specific voltage, active and reactive power, 
power-factor, and frequency controls, Low-Voltage Fault-
Ride-Through (LVFRT) capability [4]-[7] and grid voltage 
support by injecting a required amount of the reactive 
current during a short-circuit fault [6], [7] and must be 
delivered at the connection point in the on-land transmission 
system (unless another node in the grid is specified). When 
a VSC-HVDC connection is utilized, demanded ancillary 
services and requirements of the TSO should be fulfilled by 
the grid-side inverter commissioned on-land.  

This paper presents a general control system and a 
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LVFRT solution of a large offshore windfarm utilizing a 
VSC-HVDC connection to the transmission system. The 
control and LVFRT solution of the VSC-HVDC connected 
windfarm are evaluated for a case study applying a complete 
400 kV, 220 kV and 150 kV transmission system models of 
the west Danish, with sufficient representation of the north 
German, transmission systems stage 2005-2006. Impact on 
the power system stability due to substituting a large 
conventional power plant with a VSC-HVDC connected 
windfarm (1,000 MW rated power in this study case) is 
examined. The applied power system model gives a realistic 
and sufficiently accurate system response to the grid 
disturbances, although it does not contain future upgrading 
of the west Danish transmission system, such as 
commissioning of the Horns Rev 2 offshore windfarm in 
2009 and the Great Belt HVDC Link scheduled for 2010. 

II.  HVAC VERSUS VSC-HVDC CONNECTION 
In common, offshore windfarms are grid-connected using 

HVAC cables. For example, the Horns Rev 1 offshore 
windfarm (160 MW, Denmark) commissioned in 2003 in 
the North Sea is connected to the nearest suitable 150 kV 
on-land substation through a 55 km long, 150 kV AC cable. 
The Horns Rev 2 offshore windfarm (209 MW, under 
construction in Denmark), is to be grid-connected utilizing 
an almost 100 km long, 150 kV AC cable system consisting 
of a submarine and a land cable sections, and shunt reactors 
to compensate the reactive power generation in the HVAC 
cable. The 400 MW offshore windfarm at Djursland-Anholt 
to be commissioned by 2012 in Denmark was primarily 
announced applying a VSC-HVDC connection [8]. At 
present, the Danish TSO Energinet.dk investigates also an 
alternative connection utilizing a 220 kV AC cable system; 
this offshore windfarm will be approximately 25 km from 
the nearest suitable connection point in the Danish 400 kV 
transmission system.  

With increasing installed power capacities of and 
distances from offshore windfarms to the nearest suitable 
connection points in the on-land transmission system, the 
VSC-HVDC connection will eventually substitute solutions 
utilizing HVAC cable systems due to economical and 
technical reasons [9]-[13]. Considering submarine cable 
options as a function of the distance and the power to be 
transmitted, the VSC-HVDC connection should be chosen 
instead of the HVAC cable-based connection when the 
power is larger than 300 MW or the distance is larger than 
250 km [13]. However, additional factors should be taken 
into account when choosing suitable grid-connection 
solutions.  

A.  Voltage and Reactive Power Control 
Specific voltage, power-factor and reactive power control 

(part of ancillary services) in normal grid operations is to be 
provided by the large offshore windfarm at the on-land 
connection point. The term “specific” means that the voltage 
and reactive power response must be compliant with the 
Grid Codes. For instance, the British Grid Code specifies 
that a required voltage or reactive power reference must be 

reached by the large offshore windfarm within one second 
[5]. 

When a HVAC connection is applied, each offshore 
wind turbine must contribute to the required voltage, power-
factor and reactive power control in the on-land connection 
point. When some of the wind turbines are out-of-service, 
this may introduce additional control demands to those in-
service. With a large number of wind turbines out-of-
service, this may reduce the control range, which might 
require commissioning and utilization of additional control 
equipment [12]. Besides, the reactive power is not to be 
transported over long distances without introducing a 
(significant) voltage drop between the sending and receiving 
end of the HVAC cable. Again, this may affect the 
efficiency of the voltage and reactive power control due to 
restrictions on the operation voltage range in the offshore 
windfarm, which can be present due to the insulation 
coordination and use of surge arresters [12], [14].  

When a VSC-HVDC connection is applied, the grid-side 
inverter established in the on-land connection point provides 
the required control regardless the number of wind turbines 
in-service or the distance to the offshore windfarm.  

B.  Low-Voltage Fault-Ride-Through 
Low-voltage fault-ride-through (LVFRT) is required to 

maintain uninterrupted active power and energy supply to 
the grid during and after short-circuit faults. In the German 
and Spanish Grid Codes [6], [7], the delivery of reactive 
current to the grid during the voltage dip is required as part 
of the LVFRT. When a HVAC connection is used, this 
requirement should be fulfilled by the offshore wind 
turbines. The efficiency of the reactive current delivery 
depends on several factors such as the HVAC cable length 
and the number of wind turbines in-service prior to the fault. 

Applying the VSC-HVDC connection, the grid-side 
inverter shall deliver a required amount of the reactive 
current. Hence, the requirements to the offshore wind 
turbines and their LVFRT solution can be reduced. The 
reactive current contribution of the grid-side inverter may 
have more efficient impact on the power system stability 
than that of the offshore wind turbines by two main reasons. 
First, the reactive current will be delivered directly to the 
on-land transmission system by the grid-side inverter. 
Second, the reactive current contribution of the grid-side 
inverter is not dependent from the number of wind turbines 
in-service (prior to the fault) giving better predictability of 
the reactive current contribution to the transmission system.  

C.  Wind Turbine Construction and Control 
When a VSC-HVDC connection is chosen instead of a 

HVAC cable, the grid-side inverter should provide main 
ancillary services to the system with relation to the short-
term stability, LVFRT and voltage, power-factor and 
reactive power control. Therefore, the construction and 
control of the offshore wind turbines can be simplified. In 
this work, the offshore wind turbines are fixed-speed, 
active-stall-controlled and equipped with induction 
generators.  



 

III.  VSC-HVDC SYSTEM MODEL 
Figure 1 shows the applied VSC-HVDC system model 

comprising two VSC converters connected through a DC 
cable. The index 1 refers to on-land and index 2 to offshore 
locations of the system model. On the DC cable offshore 
end, the offshore VSC converter, its inductor and filter feed 
into the large offshore windfarm. The large offshore 
windfarm contains the generator with a reactive 
compensation unit and an offshore transformer. On-land, the 
grid-side inverter, its inductor and filter are through a 
transformer connected to the connection point of the grid. 
The purpose of the DC capacitors on both ends of the DC 
cable is explained later in this paper. The VSC-HVDC 
system model is implemented in the DIgSILENT 
PowerFactory simulation program.  

A.  Grid-Side Converter Control 
The grid-side inverter control and model are essential for 

power system stability investigations because the VSC-
HVDC system interacts with the grid through this converter. 
Figure 2 shows the applied grid-side inverter control system 
with independent active and reactive current control [15]-
[19]. The active current is controlled to maintain a required 
DC voltage and the reactive current is to keep either the AC 
voltage, power-factor or reactive power, by selecting the 
right control option, in the on-land connection point within a 
required range. In undisturbed operation of the power 
system, the active current control has the highest priority. 
The limits of the induced AC voltage of the grid-side 
inverter are within the allowed inverter voltage range.  

B.  Windfarm and Offshore Converter 
The windfarm generator is an induction generator with a 

short-circuited rotor circuit. Figure 3 gives the offshore 
VSC generic control system with independent control of 
active and reactive power. The offshore converter controls 
the active power delivered from the windfarm generator to 
the VSC-HVDC system and, further, to the on-land 
transmission system and keeps the terminal voltage of the 
generator within a required range. The active power output 
is optimized due to variable-frequency operation of the 
generator [18], [19]. The excitation of the windfarm 
generator is arranged using a compensator, which is a 
switchable capacitor unit, and the reactive power control of 
the offshore converter providing the remaining reactive 
power to keep a desired terminal voltage. Thus, the 
windfarm generator looks into a stiff grid with given voltage 
and frequency arranged by the offshore VSC.  

C.  Low-Voltage Fault-Ride-Through 
The LVFRT solution shall be grid-code compliant and 

delivered by the grid-side inverter in coordination with the 
offshore converter control. Since the investigation deals 
with an offshore windfarm substituting a thermal power 
plant in the north German transmission system, the LVFRT 
solution must comply with Ref. [6] requiring the reactive 
current during voltage dips below 0.9 p.u. The reactive 
current has the highest priority in voltage dips, whilst the 
active current is reduced so that the total current to the grid 

does not exceed the rated current of the grid-side inverter. 
The other significant task is that the DC cable voltage 

does not exceed a certain threshold value to avoid a 
protective trip. This threshold value is below 1.2 p.u. of the 
DC rated voltage [17]-[19]. The DC voltage increases in a 
voltage dip operation since the active power supply to the 
grid drops whereas the active power delivery to the offshore 
end of the DC cable continues unchanged. When a breaking 
chopper [18] is not applied to remove excessive DC over-
voltage, the DC voltage quotient, dUDC/dt, can be reduced in 
two ways. First, the active power delivery to the DC cable 
should be reduced immediately when a voltage dip is 
detected. Second, additional DC capacitors, C1 and C2, 
should be connected (permanently) to the DC cable 
increasing the total DC capacitance. In this work, both 
solutions are applied for efficient reduction of the DC 
voltage quotient in voltage dips and prevention of excessive 
DC over-voltage without using a breaking chopper.  

Figure 4 gives the applied control arrangement to reduce 
the active power delivery to the DC cable offshore end. The 
active power of the offshore converter is reduced 
immediately when the DC voltage exceeds the threshold 
value of 1.05 p.u. When excessive over-voltage is detected, 
the signal PREF is switched from the regular power 
reference, PREG, to the predefined threshold value, PTHR, see 
Fig. 3, leading to a fast adjustment of the injected active 
current and delivered active power. The value of PTHR is 
dependent on the over-voltage and is set to zero in severe 
situations. The pitch control implemented using a generic 
control system [17] prevents excessive over-speeding of the 
generator rotor due to power imbalance in the windfarm 
generator.  

The coordinated control of both VSC converters provides 
the LVFRT solution of the large offshore windfarm 
connected to the transmission system through the VSC-
HVDC system.  

IV.  POWER SYSTEM STABILITY 
The proposed LVFRT solution and impact on power 

system stability of the VSC-HVDC system has been 
evaluated applying a complete model of the west Danish, 
with a suitable representation of the north German, 400 kV, 
220 kV and 150 kV transmission system models stage 2005-
2006. The model is kindly provided by the Danish TSO 
Energinet.dk for this work [17]. Figure 5 gives the model 
overview. The west Danish transmission system is a 
relatively small power system with a significant share of 
wind power and decentralized combined heat and power 
(CHP) units [20], [21].  

Notice that the west Danish transmission system has not 
been subject to significant changes until 2009 where the 
Horns Rev 2 offshore windfarm is to be grid-connected. 
Hence, the results of this case study are still applicable for 
the system stages before 2009. However, new stability 
investigations should be carried out for the system stages 
after 2009 in conduction to the commissioning of the Horns 
Rev 2 offshore windfarm and upgrading of the west Danish 
and north German transmission systems.  



 

 
Fig. 1.  Grid-connection of a large offshore windfarm using a VSC-HVDC system.  

 

 
Fig. 2.  Generic grid-side inverter control in undisturbed operation of the power system.  
 

 
Fig. 3.  Generic offshore converter control in undisturbed operation of the 
power system.  

 
Fig. 4.  Generic control against excessive DC over-voltage.  

A.  Grid Disturbance 
The applied disturbance is a three-phase short-circuit 

fault in a 400 kV line Kassø-Audorf interconnecting the 
west Danish and north German transmission systems. The 
fault duration is 100 ms with permanent tripping of the 
faulted 400 kV line. The applied disturbance is considered 
by the Danish TSO as severe because it combines a voltage 
dip in the 400 kV system and weakening of the 
interconnection between the west Danish and remaining 
UCTE transmission systems [20].  

B.  Simulation Case Scenario 
Short-term voltage stability of the west Danish 

transmission system of a given stage is investigated for a 
scenario where the thermal power plant in Brunsbüttel is 
substituted with a 1,000 MW offshore windfarm. The 
offshore windfarm is connected through four 280 MVA 
VSC-HVDC links to the power plant substation.  

In this scenario, the four sections of the large offshore 
windfarm deliver a different amount of the active power, 
specifically 250 MW (the rated operation), 200 MW, 175 
MW and 150 MW (below the rated operation), which in 
total gives 775 MW and matches to the power delivery from 
the thermal power plant if it were in-service. These different 
operation points of the VSC-HVDC links are applied to 
evaluate their LVFRT in different operation regimes as well 
as a risk of hunting between the four grid-side inverters.  

C.  Simulation Results for Transmission System 
Figure 6 shows the simulated voltages in selected Danish 

400 kV substations used for evaluation of the power system 
stability; the selected substations are marked in the 
transmission system overview in Fig. 5.  

The 400 kV system voltage recovers fast when the grid 
disturbance is removed. The power plant substitution with a 
large offshore windfarm utilizing the VSC-HVDC system 
should not affect the short-term voltage stability of the west 
Danish transmission system of a given stage.  

D.  Simulation Results for VSC-HVDC System 
Figure 7 shows the simulated response of the four grid-



 

side inverters to the applied disturbance. Regardless the 
operation point, the grid-side inverters deliver a required 
amount of the reactive power to the grid in response to the 
voltage dip (the voltage drops below 0.9 p.u.) as required by 
the German Grid Code [6]. Hunting between the voltage and 
reactive power control systems of these four grid-side 
inverters is not present. Hunting is avoided by suitable 
tuning of the grid-side inverter control parameters and 
displacing the voltage signals inputting the inverter control 
systems, e.g. the voltage is measured in the inductors’ 
terminals edging the on-land transformers (denoted as TRF 
1 Terminal in Fig. 1), but not in the common point of 
connection (denoted as Connection Point in Fig. 1).  

 

 
Fig. 5.  Transmission system model overview.  

 
In this scenario, the part of the LVFRT solution with fast 

adjustment of the delivered active power is only activated 
for the VSC-HVDC system being in the rated operation 
point. After the voltage dip is removed, the active power 
supply to the grid re-establishes within one second in 
accordance to the basic grid code requirements.  

Notice that if a disturbance were subject to the common 
point of connection, then all four VSC-HVDC systems 
would activate the part of the LVFRT solution with fast 
adjustment of the delivered active power to avoid undesired 
tripping by the DC over-voltage. Such a disturbance would 
be more severe to the VSC-HVDC systems than that applied 
in this case study. On the other hand, such a disturbance 
would not introduce any noticeable voltage dip in the 
Danish transmission system.  

V.  CONCLUSION 
Increasing installed power capacities and distances to 

suitable connection points in the transmission systems make 
VSC-HVDC systems interesting and relevant grid-

connection solutions for large (offshore) windfarms.  
A general VSC-HVDC system model with independent 

active and reactive power control has been set up and 
evaluated for the grid-connection of a large offshore 
windfarm. The VSC-HVDC system model comprises a low-
voltage fault-ride-through solution to comply with basic 
requirements of the grid codes of the transmission system 
operators; the reactive current and power delivery during a 
voltage dip is among such basic requirements. The LVFRT 
solution shall prevent excessive DC over-voltage. In this 
general model, excessive DC over-voltage is prevented due 
to utilization of additional capacitors at the ends of the DC 
cable and fast adjustment of the active current injected into 
the DC cable offshore end in severe voltage dips. The active 
power delivery re-establishes within one second when the 
voltage dip is removed.  

The developed VSC-HVDC model together with the 
low-voltage fault-ride-through solution have been evaluated 
in conduction to the commissioning of a large offshore 
windfarm in the north German transmission system and its 
impact on the power system stability of the west Danish 
system. In the conducted case study, a thermal power plant 
in Northern Germany has been substituted with a 1,000 
MW, VSC-HVDC connected offshore windfarm. It has 
been shown that this substitution would not affect the short-
term voltage stability of the west Danish transmission 
system of a given system stage. The investigation should be 
repeated for newer system stages containing the expected 
and planned system upgrading in relation to the 
establishment of the Horns Rev 2 offshore windfarm and the 
Great Belt HVDC Link in Western Denmark as well as 
intensive wind power integration plans in Northern 
Germany with announced substitution of more thermal 
power plants with large offshore windfarms.  
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