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Abstract-- Many large wind farms have been installed and more are planned. Quite often they are 
located a relatively long distance from the main load centers. When transmitting power from large 
wind farms over long distances HVDC offers many advantages compared with an alternative AC 
transmission scheme, including full control of power flow, less disturbance during network faults, 
lower overall capital cost and power loss. This paper proposes to use a hybrid HVDC system which 
comprises a line commutated thyristor HVDC converter and a STATCOM for transmitting power over 
the long distance from a Doubly Fed Induction Generator (DFIG) based large wind farm. The paper 
describes the main considerations regarding the system design and control coordination of the HVDC 
converter, the STATCOM and the DFIG. System performance during start-up, variation of power 
generation and AC system faults at the receiving end of the network are presented. These scenarios are 
demonstrated by simulations and they show satisfactory results. The proposed hybrid HVDC system 
could be a viable solution for connecting large windfarms using either cable or overhead line.  
 

Index Terms— Converter, Doubly Fed Induction Generator, HVDC transmission, Offshore wind 
farm, STATCOM. 

I.  INTRODUCTION 
In Denmark and the UK offshore wind farms have already been realised and it is envisaged that 

more wind farms will be built offshore due to better wind conditions and a lack of suitable onshore 
sites. In addition, feasibility studies are being performed for proposed large wind farms in remote 
areas, such as the USA and the Sahara desert, where the consumer is located many hundreds of 
kilometers from this renewable form of generation.  When transmitting this bulk power over distances 
of hundreds of kilometers, HVDC transmission offers many advantages over a conventional AC 
transmission scheme for both onshore and offshore installations.  For example, the present capacity of 
a three-core AC submarine cable is 200MW at 145kV and therefore the total number of cables 
required will be determined by the rating of the wind farm.[1] However, for an equivalent HVDC 
scheme, or one with considerably larger power capability, only one cable may be required.  For a land 
based transmission scheme a similar argument applies. For example, 12 x 282 mm2 conductors will be 
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required for a double circuit AC overhead line rated at 1850MW/circuit at 400kV.  However, only 4 x 
644 mm2 conductors will be required for a bipolar DC overhead line rated at 1850MW/circuit. at 
±500kV. HVDC clearly has environmental and capital cost advantages when one considers the 
cable/line routes and civil works associated with the installation and should be considered during the 
feasibility stage of the project.  

 
Many large wind farms will employ wind turbines based on doubly fed induction generator (DFIG) 

which offers several advantages when compared with fixed speed generators [2-3]. These advantages, 
including speed control, reduced flicker, and four-quadrant active and reactive power capabilities, are 
primarily achieved via control of rotor side VSC, which is typically rated at 25% of the generator 
rating for a giving rotor speed operating range of 0.75-1.25pu. However, even with the DFIG there are 
still problems meeting the grid connection codes if an AC connecting is used. In particular, reactive 
power requirement and ‘ride through’ of a solid AC system faults close to the wind farm may not be 
met without having significant modifications implemented to the design of the DFIG or using extra 
STATCOM or SVC [4-5].  
 

The HVDC solution offers the following benefits as a means of power transmission when 
compared with an equivalent AC connection [1]: 

 
• Power flow is fully defined and controllable 
• Sending end and receiving end frequencies are independent 
• Transmission distance using DC is not affected by cable charging currents 
• Offshore installation is isolated from mainland disturbances which provides for a ride through 

capability for the wind turbines during AC system faults at the receiving end 
• Low cable power losses 

 
VSC Transmission schemes, using Voltage Source Converters with self-commutated devices such 

as IGBTs and GTOs have been used for connecting windfarms to the grid [6]. However, for 
integrating large windfarms over 500MW this approach may not offer an economic solution due to the 
high power loss and high capital cost of multiple converters and cables. HVDC schemes using line 
commutated thyristor converters provide high reliability, require little maintenance and can be 
operated as an unmanned station. They have much lower power loss than the VSC schemes and for 
large systems lower capital cost. However, these line commutated converters need an AC voltage 
supply to commutate and cannot provide independent control of the active and reactive powers.  

 
HVDC transmission using line commutated thyristor converters with synchronous compensator was 

proposed in [1] for integrating large offshore wind farms into the network. Reference [7] proposes the 
use of a hybrid HVDC interconnector comprising a thyristor based converter and a VSC based 
STATCOM for connecting island loads to the main grid. In this paper, the hybrid HVDC scheme is 
proposed for transmitting power from a large windfarm based on DFIG over long distance to the load 
center. The steady state and dynamic reactive power capability of DFIG is used, and shown in this 
paper, with the STATCOM to support the reactive power requirement of the offshore system. 

 
The paper describes the principles of connecting large windfarms using the proposed hybrid HVDC 

system and its main control strategies regarding the system start-up, AC frequency/voltage control, 
automatic power balancing, and operation during AC faults. Simulation results are provided to show 
the performance during various operation scenarios. 

II.  PRINCIPLES OF THE PROPOSED SYSTEM 
3.1 Outline of the system 

The single-line diagram of the proposed hybrid HVDC transmission system for transmitting power 
from large wind farm using DFIG is shown in Figure 1. The system comprises a thyristor based 
HVDC transmission system, a STATCOM, and a passive filter(s). The STATCOM could also be 
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connected using a separate transformer depending on the system optimization.  
 
The DFIG is capable of providing independent reactive power control and is used to support the 

offshore system during steady-state, dynamic and transient conditions. In principle, it could also 
provide a commutation voltage to the HVDC converter providing the DFIG can start first and thus the 
STATCOM may be removed. However, this requires very close coordination between the DFIG and 
the HVDC control systems especially during the starting process. Such a study is currently on going 

by the authors.  
 

Figure 1 Schematic diagram of hybrid HVDC system connecting a large DFIG based wind farm 
 
The STATCOM provides both the necessary commutation voltage to the HVDC converter and 

reactive power compensation to the network during steady-state, dynamic and transient conditions. It 
also provides limited active power support to the network during transient conditions such as active 
power change of the wind farm output. The capacity of the STATCOM to provide reactive power 
compensation is determined by its electrical rating whilst its capacity to provide active power support 
depends mainly on the energy storage on the DC side. The studies reported in this paper consider the 
use of conventional DC capacitors only, with relatively limited energy storage. Larger energy storage 
could be provided by using batteries, flywheel, SMES, super capacitors etc.  

 
The passive filter(s) limits the harmonic voltage at wind farm AC bus and provides additional 

reactive power to the network. It is designed to absorb the harmonic currents from the HVDC 
converter and to a lesser extent, the harmonic voltage from the STATCOM. For connecting offshore 
wind farms, due to the space limitation, a relative large STATCOM may be more desirable than 
conventional passive filters as the STATCOM is  physically smaller than an equivalent set of passive 
filters. Thus only small harmonic filter(s) may be used. This may make the design of a passive filter(s) 
challenging, necessitating the provision of a high order filter. The STATCOM could also provide 
active filtering at low order harmonics, to help meet the harmonic requirement. For connecting 
onshore wind farms, where physical space may not be a constraint, passive filters may be used such 
that the STATCOM rating may be reduced. These options must be considered at the feasibility stage 
when one considers the rating of the STATCOM. 

3.2 System control 

For the local AC network at the wind farm, if the AC frequency and voltage are controlled, the 
active and reactive powers of the network are automatically balanced. Thus, the main requirements of 
the control system are to control the frequency and voltage of the network AC bus. A simplified 
control block diagram for the wind farm side HVDC converter (rectifier) and the STATCOM of the 
proposed hybrid system is shown in Fig. 2. The grid HVDC converter (inverter) is in DC voltage 
control (not shown), whilst the rectifier is in DC current control. Active power order for the DFIG may 
be set by the operator or generated according to turbines’ optimal power/speed curve if maximum 
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generation from the windfarm is requested [3]. The main control functions for the coordination of the 
HVDC converter, the STATCOM and the DFIG are described in the following paragraphs. 
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Fig. 2  Schematic diagram of the control strategy 
 

A.  Active power balance 
For conventional AC system with synchronous generators, frequency deviation is a good indication 

of active power variation. However, in this system both the STATCOM and the DFIG act as static 
converters and not as conventional synchronous machines. Therefore, frequency deviation is not 
necessarily an indication of a change of active power. 

 
In the steady state, the STATCOM only generates reactive power and therefore only a small amount 

of active power is needed to compensate its power loss. However, this is not true during transient 
conditions. For example, if the generated power is reduced, the AC voltage magnitude will tend to 
decrease and its phase angle moves from slightly leading to lagging with respect to the phase angle of 
the STATCOM output voltage. Consequently, active power will flow out of the STATCOM, and as a 
result the energy stored in the DC capacitor reduces and so does its voltage. Thus, the STATCOM DC 
capacitor energy/voltage is an immediate indicator of any change of the active power in the network 
and therefore, it is used to rapidly change the current order for the HVDC inverter to achieve 
automatic active power balancing.  

 
The power balancing equation of the system can be expressed as 

lossdd
dc

dcgen PIV
dt

dV
CVP ++⋅⋅=        (1) 

where Vd and Id are the DC voltage and current of the HVDC converter, Vdc and C are the voltage and 
capacitance of the STATCOM DC capacitor, Pgen is the active power generated by the wind farm, and 
Ploss is the power loss on the offshore system including the losses in the local AC network, the HVDC 
converter, the STATCOM etc.  The above equation can be rewritten as  

( )lossddgen
dc PIVP

Cdt
dV

−−=
22

       (2) 

 
Therefore, it can be seen that Vdc

2 can be used as a state variable and Id as the output variable. If the 
control loop has sufficient bandwidth to reject the disturbance cause by Pgen, measurement of Pgen is 
not required and this is the design adopted in this paper. However, if Pgen is measured and made 
available to the controller, the system performance could be enhanced. As it can be seen from Fig. 2, 
the inputs to the STATCOM DC Voltage Controller are the squares of the DC voltage reference Vdc_ref

2 
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and the DC voltage measurement Vdc
2 which represent the energy stored in the DC capacitor. The 

output is the DC current order for the HVDC inverter. 
 
As the STATCOM DC voltage controller controls the DC capacitor voltage by adjusting the phase 

shift θ between the STATCOM output voltage and the AC network voltage, the instantaneous AC 
frequency will change for a given change in phase shift θ. This indicates any imbalance of active 
power can also result in AC frequency change. However, this process is relatively slow as it is caused 
by the action of the STATCOM’s DC voltage controller. Nevertheless, the change is used to modify 
the converter DC current order by the AC frequency control block so the system frequency is 
controlled. This signal and the one from the STATCOM DC voltage controller are combined to 
generate the HVDC converter DC current order as can be seen from Fig. 2. The DC voltage control 
loop is designed to be much faster than the AC frequency control loop such that the interaction 
between the two loops are minimized.  

B.  Voltage control 
Any change of the reactive power in the network will cause the AC voltage to vary. The amplitude 

of the AC voltage is regulated by the output voltage amplitude of the STATCOM. This in turn 
regulates the reactive power from the STATCOM. The inputs to the AC Voltage Controller are the AC 
voltage reference Vac_ref, AC voltage measurement Vac_measu as shown in Fig 2. The DC voltage 
controller provides a reference angle for the PWM switching pattern generator as described previously 
in Section A. Once the reactive power limit of the STATCOM is reached, the DFIG reactive power 
order Q*’ is adjusted so that the STATCOM operates within its current limit. Alternatively, capacitor 
banks can be switched on/off if available. 

C.  Starting sequence 
The windfarm must be able to start from a complete shutdown. Before starting the system, the 

STATCOM DC capacitor is pre-charged using a small auxiliary power supply, e.g. an emergency 
diesel generator. The DC capacitor continues to be fed by the auxiliary power supply until the DFIG 
starts to generate power, as the STATCOM has to provide the converter system losses. When the DC 
capacitor is fully charged, the STATCOM output voltage is ramped up (giving smooth energisation of 
the transformers). The DC capacitors of the voltage source converters at all the DFIG are also charged 
by the AC and the DFIG are synchronized to the network by their controllers. The DFIG output active 
powers are then increased and the HVDC converter can be deblocked and start to transmit power to 
the grid.  

D.  Fault on main grid AC network 
When there is a fault (either 3-phase fault or single-phase fault) on the grid AC network, the 

inverter is likely to have commutation failure. Thus, the HVDC transmitted power reduces to zero. It 
is very important now to reduce the power output from the wind generators immediately and this is 
accomplished by the Station Controller shown in Fig. 2. There are two variables can be used as the 
indication of commutation failure, one is the DC voltage of the HVDC system Vdc and the other is the 
DC voltage of the STATCOM DC capacitor Vd. During a commutation failure the HVDC converter 
DC voltage reduces to zero, whilst the DC capacitor voltage of the STATCOM rises quickly because 
the active power previously transmitted by the HVDC scheme is reduced. Therefore, when the Station 
Controller detects inverter side AC fault by either using Vdc or Vd , normal active and reactive power 
reference signals sent to individual DFIG are overridden. Thus the output active powers from the 
DFIG are reduced and the system voltage is well maintained.  

III.  CASE STUDIES 
A case study using the proposed hybrid HVDC system for connecting offshore wind farm has been 

performed using EMTDC/PSCAD. The offshore system comprises a 500MW windfarm, a 500MW 
HVDC transmission system, and a  STATCOM rated at ±100Mvar. The 500MW wind farm is 
simulated as a coherent ‘139 x 3.6MW lumped’ DFIG model whose operating power factor range is 
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assumed to be from –0.95 to +0.95. The HVDC transmission system is a monopolar scheme rated at 
500MW/500kV modified from the benchmark model proposed in [8]. The inverter is connected to an 
AC source with a Short Circuit Ratio of 3. For the purpose of this study, the STATCOM is modeled as 
a 2-level VSC switched at 1350Hz. Its DC capacitor has a total energy storage of 4MJ when charged 
at its rated voltage. Only two passive harmonic filters are used with one rated at 60Mvar, tuned at 
12th/24th and the other being a 12Mvar high pass filter.  

 
Table I shows the operational sequence of the case study, where it is assumed that the STATCOM 

DC capacitor is fully charged before the sequence begins. The two filters are permanently connected 
to the AC bus.  
 

Table I Operational sequences of the case study 
Time (s) 0-0.2 0.3 0.5 0.6 1.2 

Event Ramp up AC voltage 
by STATCOM 

Enable DFIG (absorbs 
reactive power) 

Deblock HVDC 
converter 

DFIG active power 
output ramps up  

DFIG reactive 
power step 

 

   
Fig. 3 Simulation results of system starts and variation of wind generation. (a) STATCOM DC link voltage; (b) 
STATCOM AC current; (c) Offshore AC system frequency; (d) Reactive powers; (e) Active powers; (f) HVDC 
converter DC currents; (g) HVDC rectifier DC voltage; (h) Offshore AC system voltage waveform; (i) Offshore 
AC system rms voltage; (j) Rectifier and inverter alpha orders;  
 

Fig. 3 shows the simulation results for the operating sequence listed in Table I. The voltage and 
current shown are in per unit value, where 1 unit is the respective rated values. 1 unit active and 
reactive power is 500MW and 500MVar respectively. 

 
At the beginning of the simulation the STATCOM is de-blocked. It then ramps up the AC voltage 

and absorbs reactive power to offset the filter capacitors and any capacitors that may exist at the DFIG 
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output terminals as part of the DFIG local filters. When the DFIG is enabled at 0.3s and set at lagging 
power factor, the STATCOM changes its reactive power output so the network reactive power is re-
balanced. The HVDC system is deblocked at 0.5s and its DC voltage then starts to increase. Now the 
system is ready to transmit power onshore. Thus the active power outputs from the DFIG are gradually 
increased from 0.6s and  the corresponding power of the HVDC scheme can be seen in Fig. 3 (e). As 
the reactive power absorption of the HVDC converter increases, then the STATCOM output reactive 
power is gradually increased accordingly. A reactive power step is applied to the DFIG at 1.2s so it 
now operates at leading power factor. As a result, the STATCOM now operates at low current to 
minimize its power losses. These reactive power changes can be clearly seen from Fig. 3 (d). The 
inverter of the HVDC system controls the DC voltage, and hence its value stays almost constant 
throughout the operating conditions. Fig. 3 clearly shows that the proposed hybrid system gives stable 
operation and is well controlled over the whole operating range simulated. 

 
For the same simulation, during the period of 0-0.6s, the auxiliary power supply needs to provide 

energy for the system to compensate the power losses. In reality, as the turbines are gradually 
connected to the network and once a few turbines have started they can provide the required active 
power for compensating the system loss. Thus in reality only a small auxiliary power supply is needed.  

 

   
Fig. 4  Simulation of three-phase to ground fault on inverter side. (a) STATCOM DC link voltage; (b) 
STATCOM AC current; (c) Offshore AC system frequency; (d) Reactive powers; (e) Active powers; (f) HVDC 
converter DC currents; (g) HVDC rectifier DC voltage; (h) Offshore AC system voltage waveform; (i) 
Offshore/onshore AC system rms voltages; (j) Rectifier and inverter alpha orders; 
 

In order to investigate the system performance during AC fault conditions, simulations of three-
phase faults on the inverter side have been carried out. The same generation conditions are assumed as 
at the end of the previous simulation. Figs. 4 shows the simulated results. The fault occurs at 0.4s and 
is cleared at 0.55s. 



 8

 
When the fault occurs, the inverter fails commutation and power transmitted by the HVDC system 

reduces to zero. The STATCOM temporarily absorbs active power from the network and consequently 
the STATCOM DC capacitor voltage increase. At the same time, the controller detects the fault and 
the active power orders of the DFIG are reduced accordingly. During the fault period, the HVDC 
scheme circulates 0.2pu current to provide reactive power balancing for the offshore network. If 
required, the DFIG can also be controlled to provide reactive power balancing. The voltage overshoot 
on the STATCOM DC capacitor is about 24% for this study. After the fault is cleared, the inverter 
recovers from commutation failure and the DC voltage starts to increase. The recovery of the system is 
again detected by the controller and the active power limit imposed to the DFIG is then removed and 
the turbine power output can be increased. Consequently, HVDC transmitted power is gradually back 
to the pre-fault level. Fig. 4 shows that the system performance is stable and satisfactory for such a 
fault scenario and generation condition. 

 
If a fault on the offshore AC system were to collapse the AC voltage, the STATCOM and HVDC 

rectifier may need to be blocked during this fault. During this period, the DFIG will also go into a 
protective mode (either crowbar protection or trip depending on the system design of the wind 
generator). Therefore, after the fault is cleared/isolated, the system may have to go through the normal 
start sequence. In reality, it is very unlikely such system fault would happen to the offshore network 
and thus the requirement for the system may be more of a protection issue rather than of a control 
issue.  

IV.  CONCLUSIONS 
Integrating large windfarms into transmission networks using hybrid HVDC systems, which 

comprises a thyristor based HVDC scheme and a STATCOM has been presented in this paper. The 
principle of the proposed system and the control strategy has been described. System start, steady-state 
operation and dynamic performance during generation variations have been demonstrated by the 
simulation results and they have shown satisfactory responses. System performance during three-phase 
AC faults on the transmission network have been studied and the strategies for coordinating the hybrid 
HVDC system and wind turbines have been proposed and validated by simulations. For connecting 
large windfarms over long distances, the proposed hybrid system has many advantages over AC 
connections in terms of controllability, overall cost and power loss. In addition, the system combines 
the robust performance, low capital cost and low power loss of a line-commutated HVDC converter, 
with the fast dynamic performance of an equivalent VSC Transmission system.  
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