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Abstract—Coordinated control strategies to provide system 

inertia support for main grid from offshore wind farm that is 

integrated through HVDC transmission is the subject matter of 

this paper. The strategy that seeks to provide inertia support to 

the main grid through simultaneous utilization of HVDC capaci-

tors energy, and wind turbines (WTs) inertia without installing 

the remote communication of two HVDC terminals is introduced 

in details. Consequently, a novel strategy is proposed to improve 

system inertia through sequentially exerting DC capacitors ener-

gy and then WTs inertia via a cascading control scheme. Both 

strategies can effectively provide inertia support, while the second 

one minimizes the control impacts on harvesting wind energy 

with the aid of communication between onshore and offshore AC 

grids. Case studies of a wind farm connecting with a HVDC sys-

tem considering sudden load variations have been successfully 

conducted to compare and demonstrate the effectiveness of the 

control strategies in DIgSILENT/ PowerFactory.  

Index Terms— offshore wind farm, VSC-HVDC, frequency 

regulation, cascading control, inertia support 

I.  INTRODUCTION 

 NTENSIVE focuses have been recently drawn on renewa-

ble energy development to combat climate change. With the 

target of 20% total power from renewable by 2020 set by Eu-

ropean Union [1], projects like “Super Grid” in Europe and 

other similar ones are envisaged and proposed. The impact on 

AC system dynamic stability is increasingly significant and 

profound when the penetration of renewable energy in power 

system becomes sufficiently high.  

Unlike the conventional power plants, most renewable gen-

erators are interfaced with the grid through power electronic 

converters. The main function of these converters is to realize 

the maximum power point tracking (MPPT) [2] for harvesting 

solar or wind energy and control the power transmission to the 

grid side with, however, zero or little inertia. This means that, 

given the same disturbance, the rate of change of system fre-

quency (ROCOF) during first few seconds will grow signifi-

cantly along with further deployment of the renewable energy 

in the future. 
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A.  Related works 

The prominent advantage of power electronics interfaced 

wind or solar system is that they can regulate the active or re-

active power transmitted to the power grid independently and 

rapidly. This property can be exploited to render system inertia 

support recently. [3] firstly proposes WT virtual inertia control 

method, which imitates the inertia of synchronous generator 

(SG) to improve system dynamic behavior. The authors further 

develop the detailed analysis of droop-control DFIG units in 

microgrids [4]. Recently, [5] proposes a novel method by shift-

ing the turbine operating points from MPPT curve to provide 

turbine virtual inertia. 

Nowadays, more and more large scale, far offshore wind 

farms are getting integrated into system through HVDC trans-

mission due to the limitation of traditional AC transmission [6, 

7]. Wind farm integration by conventional line commutated 

converter (LCC) HVDC system and full-bridge diode rectifier 

based HVDC is studied in [8] and [9], respectively. However, 

little voltage or reactive support can be provided to the main 

grid by wind farm due to the uncontrollability of such HVDC 

systems. Nevertheless, HVDC based on voltage source con-

verter (VSC) utilizing full-controllable components such as 

IGBT or GTO can enable AC voltage support to the connected 

AC system by wind farm. 

With respect to the inertia support for power grid from off-

shore wind farm integration through VSC transmission, [10] 

proposes a control strategy utilizing the energy stored by 

HVDC capacitors to provide system inertia support for on-

shore AC grid. However, the provided support is very limited, 

since large deviation of HVDC voltage is not permitted, which 

limits the stored energy by HVDC capacitors. [11] and [12] 

propose to utilize HVDC capacitor energy and WTs inertia 

simultaneously to provide system inertia support to the AC 

main grid. [13] and [14] proposes a coordinated control of DC 

capacitor energy and WTs inertia for system inertia support. 

Another coordinated control of HVDC capacitor and wind 

farm seeking to provide frequency regulation service for both 

under-frequency and over-frequency events are fully designed 

in [15]. Actually, all those studies concern on establishing arti-

ficial coupling methods between offshore and onshore net-

works using the VSC-HVDC link. This coordinated coupling 

strategy has one significant merit of no utilization of remote 

communication between two terminals of HVDC to provide 

system inertia support during onshore AC grid frequency ex-

cursion. Moreover, it is widely utilized in the improving fault 

ride through capability for wind farms connected through 

HVDC transmission [16, 17] and frequency support for wind 

farms connected through Multi-terminal DC network [18]. 

Coordinated Control Strategies for Offshore Wind Farm  
Integration via VSC-HVDC for System Frequency Support 

Yujun Li, Student Member, IEEE, Zhao Xu, Senior Member, IEEE, Jacob Østergaard, Senior Member, IEEE，
David J. Hill, life Fellow, IEEE 

I 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at  http://dx.doi.org/10.1109/TEC.2017.2663664

Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

mailto:dhill@eee.hku.hk


Y. Li et al.: Coordinated Control Strategies for Offshore Wind Farm Integration via VSC-HVDC for System Frequency Support 2 

Transmission 

cable
T1 T2

Wind

Aggregated DFIG

WFVSC GSVSC

Onshore AC Grid

Offshore AC Grid

1 1L L
P jQ2 2L L

P jQ

L1L2

SG1

VSC-HVDC Transmission

WF
P

WT
P

gP

 
Fig. 1.  System outline of a point-to-point HVDC system for wind farm connection 

 

B.  Main contribution 

One drawback of the coordinated coupling strategy in [11-15] 

is that it requires wind farm constantly deviating from the 

MPPT status whenever frequency disturbances occur, which 

may not be a cost-effective strategy for commercial wind 

farms. Considering inertia support from the offshore wind 

farm integrated via VSC-HVDC transmission, this paper fur-

ther investigates the control strategies in [13] and [14] in order 

to fully utilize the system’s potentials to regulate system fre-

quency. Specifically, a cascading control strategy is proposed 

to minimize the control impacts on wind energy harvesting 

while providing system frequency support by firstly exerting 

HVDC capacitor and then WT inertia with the aid of commu-

nication between the onshore and offshore grids. An expres-

sion of synthetic inertia is calculated, which is used to quantify 

the contribution of offshore wind farm connected HVDC sys-

tem to the total inertia of the onshore main grid. In order to 

illustrate and validate the proposed cascading control, two dif-

ferent virtual inertia control strategies for improving system 

inertia level involving simultaneous control in [13] and the 

proposed cascading control respectively are fully developed 

and compared. Case studies considering various disturbance 

scenarios have demonstrated that the cascading control can not 

only effectively coordinate wind farms and HVDC to work 

together for system inertia support but also minimize the con-

trol impacts on wind farm energy harvesting. Furthermore, the 

potential impact of time delay involved in remote communica-

tion of two HVDC converters on the performance of the pro-

posed cascading control is studied as well. 

II.  SYSTEM TOPOLOGY AND CONVECTIONAL CONTROL 

SCHEME 

A.  System configuration 

In order to illustrate the proposed control strategy, a typical 

point-to-point HVDC system connecting with a wind farm 

(WF) is studied in this paper without loss of generalities. Fig.1 

shows the system outline, where one WF is connected to AC 

main grid via two HVDC converters including the wind farm 

VSC (WFVSC) and grid side VSC (GSVSC).  

In this paper, the offshore WF is simulated using an aggre-

gated model [7-9] with the single rating of 300 MW. The 

DFIG model and the control strategy can be referred to [19] 

and [20]. The power ratings of the GSVSC and WFVSC are 

set as 300MW in case studies later on. The onshore AC grid 

contains two local loads (L1 & L2) and one 300MW synchro-

nous generator (SG1) built by a seventh-order model [22] that 

represents the power grid. Notably, the same power rating set 

for the power system and WF aims to better illustrate the per-

formance of two control strategies. L1 consists of a fixed load 

PL1+jQL1 as 400MW+40Mvar, and the other switchable load  
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Fig. 2.  DFIG power control scheme        

 

PL2+jQL2 as 40MW+10Mvar. More parameters of the case sys-

tem are shown in Appendix Tables A1~A2. 

B.  DFIG active power control 

The active power generated by the aggregated DFIG is con-

trolled through the Maximum Power Point Tracking (MPPT) 

algorithm and the pitch angle control as shown in Fig.2. The 

MPPT algorithm is implemented to calculate and set the opti-

mal active power reference according to the current rotor speed 

in per unit form (D). In the following, control signals are in 

per unit form. Subsequently, the rotor speed dynamics is gov-

erned by the rotor motion equation in (1), 

*
2 D

D D wind WT

d
H P P

dt

                        (1) 

where, HD is the inertia constant of DFIG, Pwind and PWT
* are 

the captured power from the WT and the reference active pow-

er from the MPPT, respectively. Due to the fast response of 

power electronic devices, active power from WT can be re-

garded as same as its power reference, that is PWT= PWT
*. Pitch 

angle control is activated to constrain the rotor speed within its 

limit by increasing the pitch angle once over-speed of WT ro-

tor is detected.  

The mathematical expression of Pwind is as follows [24]: 

2 3 ( , )
2

wind w pP R v C
                            (2) 

t D

w w

R k R

v v

    
                              (3) 

where is the air density, R is the rotor blade radius, vw is the 

wind speed, Cp is the power coefficient, is the tip speed ratio, 

k is the gear ratio of gearbox, t is the wind turbine rotational 
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Fig. 3.  Wind turbine operation characteristic 
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Fig. 4.  Control scheme of WFVSC  

 

speed and  is the pitch angle. Normally, the pitch angle is 
controlled to zero when Pwind is below the rated power. Thus, 

Cp is the function of only and reaches the maximum Cpmax at 

certain At this point, it obtains the optimal D
 for a given 

vwfrom (3), as shown in point A in Fig. 3. Any operation rotor 

speed deviation from optimal D results in the reduction of the 
captured wind power, as shown in point B and C in Fig. 3. 

C.  Wind Farm VSC (WFVSC) 

For the case system, the DFIG rotor speed is effectively de-

coupled from the system speed due to the separation by the 

electronic converters of DFIGs and HVDC. Therefore, there is 

little change of active power production of wind farm in re-

sponse to any system frequency variations. Thus, offshore AC 

grid frequency can be controlled at a constant value fWF 
* in Fig. 

4. Wind farm AC voltage is controlled by the outer voltage 

control loop and inner current control loop of WFVSC, which 

can guarantee the fast tracking of the reference voltage and 

current. Consequently, the WFVSC can be regulated as an 

ideal voltage source as shown in Fig.4.   

D.  Grid Side VSC (GSVSC) 

As shown in Fig.5, a classical controller is implemented for 

the GSVSC to ensure power transmission from WFVSC to the 

grid. The entire control scheme adopts the grid voltage refer-

ence frame where the d-axis is chosen collinear to the grid 

voltage [23,25]. The phase-lock loop (PLL) is utilized to cal-

culate the rotating angle PLL for the dq transformation. The 

VSC controller is made up of two cascaded control loops. The 

outer power loop controls the DC voltage VDC and the reactive 

power Q, which are associated with the d-axis current id and 

the q-axis current iq, respectively. The reference voltage VDC
* 

in conventional control is set as a constant that guarantees the 
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Fig. 5.  Conventional Control scheme of GSVSC 

 

 power balancing between the onshore and offshore AC grids. 

Normally, the reactive power output is set as zero to make sure 

the unity power factor of the offshore AC grid. vd and vq, 

which are obtained from the inner current control loop, are 

used to generate the desired AC voltage. Limitations on id and 

iq are required to prevent the over-current of the converters.  

III.  STRATEGY I: SIMULTANEOUS CONTROL 

In order to obtain the inertial response from the HVDC-

connected wind farms, the first strategy seeks to utilize HVDC 

link capacitors energy and WT inertia simultaneously, which is 

implemented based on exerting inertia support from HVDC 

link capacitors and the support of the wind farm simultaneous-

ly. Further, a communication-free coupling scheme between 

onshore and offshore AC grids for transmitting main grid fre-

quency signal to offshore wind farm is properly designed.  

A.  Inertia support from HVDC link capacitors 

The voltage of HVDC link capacitors reflects the power 

balance of the power injected into WFVSC PWF and the power 

transmitted to the onshore AC grid, Pg if ignoring the power 

losses in HVDC transmission cables. The dynamics of the 

HVDC voltage VDC in per unit form can be written as follows: 

      DC
DC WF g

dV
C V P P

dt
                                (4) 

2

DC DCn

B

C V
C

S


                                     (5) 

where SB is the base value of the system. CDC, C are the total 

capacitance and the equivalent capacitance in p.u., respective-

ly. VDCn is the nominal value of the HVDC link voltage. In the 

following deduction, all the variables are in the per unit form.  

It is well understood that any imbalance between the load 

and generation in the power system will lead to the alternation 

of the system frequency. A synchronous generator (SG) intrin-

sically uses its mechanical inertia to smooth the frequency 

deviation. The process can be written as follows: 

2
d f

H f P
dt

                                    (6) 

where H is SG inertia constant, and f is the system frequency. 

P is the deviation between the mechanical and the electrical 

power of the SG. It is noted that the value of H determines the 

ROCOF. Given the same time frame, the higher H is, the  

smaller frequency variation will result. 
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In order to emulate the inertia constant in (6), PWF and Pg in 

(4) can be roughly regarded as the mechanical and electrical 

power inputs to a SG, respectively. The DC voltage, to some 

extent, is analogous to the system frequency, thus 

2DC
DC DC

dV d f
C V H f

dt dt
                           (7) 

where HDC is the equivalent virtual inertia constant provided 

by the HVDC. Integrating two sides of (7) over time, 

       
0 0

2
DC

DC

V f
DC

DC DC
V f

dV d f
C V H f

dt dt
                        (8) 

    
2 2

2 2
0

0

( )
( )

2
DC DC

DC

C V V
H f f

 
                     (9) 

where VDC0 and f0 are the nominal values of the HVDC voltage 

and the system frequency, respectively. Normally, they are set 

as 1 p.u. In practice, the HVDC voltage will vary within a 

small range around the nominal. In this paper, we set the 

HVDC voltage constraints as ±0.1 p.u. The exact value de-

pends on the insulation requirement and PWM pattern. There-

fore, (9) can be linearized around its equilibrium point,  

0 2
DC DC DC

C V V H f                          (10) 

Based on (8), the control process can be derived as follows: 

              

*

0DC DC DC
V K f V  

                           
(11) 

where KDC is the control parameter and can be designed 

properly with respect to some technical requirements e.g. 

PWM frequency and current rating of VSC etc. The control 

process above actually forms a HVDC voltage droop control 

scheme as illustrated in Fig.6. From (10) and (11), the relation-

ship between HDC and KDC can be written as follows: 

   
0

2
DC DC

DC

K C V
H

 


                              
(12) 

B.  Communication-free coupling scheme  

The wind farm needs to perceive the variation of the on-

shore AC grid frequency before it can provide corresponding 

inertia support. This can be achieved by transmitting the meas-

ured frequency signal through dedicated communication chan-

nel, which may not be an ideal choice from the cost and relia-

bility perspectives. Alternatively, the coupling of the onshore 

main grid and offshore wind farm without remote communica-

tion can be established through using HVDC link voltage. Ig-

noring the power loss along HVDC cables, the HVDC voltage 

at the WFVSC and the GSVSC are regarded the same. When 

there is main grid frequency deviation, it can be firstly con-

verted into the variation of the HVDC voltage through HVDC 

voltage droop control discussed in the preceding section, and 

subsequently the offshore AC grid frequency can follow such 

change through a proper droop design according to,  

WF A DCf K V                                    (13) 

where fWF  is the deviation of the frequency of the offshore 
AC grids, and KA is the control parameter, which stands for the 

proportion of the offshore AC grid frequency deviation fWF  to 

the DC voltage deviation VDC at the WFVSC. Combined (11) 
and (13), the coupling of onshore and offshore AC grid fre-
quency is established in (14),  

WF A DCf K K f                                      (14) 

C.  Wind farm inertia support 

In order to implement the wind farm virtual inertia, the 

wind farm output power PWF should alter in response to the 

system frequency as a conventional SG does. Similar to (6), 

the dynamic equation of wind farm can be described as (15): 

02 WF WF WF

d f
H f P P

dt
                               (15) 

where PWF0 is the initial active power of wind farm, which is 

analogous to the mechanical power of a SG. PWF is mimicking 

the electrical power of the SG. HWF is the virtual inertia pro-

vided by wind farm. 

A typical and direct way to make the DFIG based WT re-

sponsive to the offshore AC grid frequency (coupling to on-

shore AC grid frequency as (14) illustrates) is by adding the 

power deviation PWT that is proportional to the variation of 

offshore AC grid frequency fWF to the original power refer-

ence of WT, Pref. The proportional coefficient is denoted as KB 

in the following analysis. Therefore, the WT inertia control 

adopted in this paper is actually a droop control. Combining 

(11) and (12), yielding,  
*

WT ref WT ref B WF

ref B A DC

P P P P K f

P K K V

     

  
            (16) 

In order to realize (16), one possible way is to utilize the re-

served energy by pitching [15] to compensate the power gap 

between output active power of WT and the input wind energy. 

However, WT should deviate from MPPT operating statuses 

and the response speed is rather slow due to the mechanical 
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regulation of pitch angle. Instead, WT inertia [3,4] adopted in 

this paper can absorb or release the imbalanced power PWT  

for short durations, which provides faster response and is more 

energy efficient compared with the control strategy in [15].  

The active power of the WT can be controlled to a new val-

ue by its rotor side converter quickly. If the power losses in the 

wind power collecting network are neglected, the active power 

from the aggregated DFIG equals to the power output of the 

wind farm. Therefore, PWF=PWT=PWT
*, and PWF0=Pref. Com-

bining (15) and (16),  

2 WF WT ref A B DC

d f
H P P K K K f

dt
    

            
 (17) 

Integrating two sides,  

0

2 2

t

A B DCt A B DC avg

WF

K K K f dt K K K f t
H

f f

  
   

 


       (18)

 

where favg is the average frequency deviation from t0 to t. In 

order to obtain a positive HWF, KWF should be negative.   

 In terms of the overall system that the offshore wind farm is 

integrated through HVDC transmission, the HVDC capacitors 

and the WT inertia together provide the system inertia support, 

then the overall virtual inertia constant Hs provided through the 

simultaneous control is written as follow, 

s DC WFH H H                                 
(19) 

Fig.6. shows the control scheme of the control strategy I. 

Taking the main grid frequency drop as an example to address 

the whole process, the GSVSC firstly lowers its DC voltage 

reference in response to the decreasing system frequency; cor-

respondingly the HVDC capacitor releases its energy for the 

system inertia support. Meanwhile, the lowered HVDC voltage 

will lead to a lowered offshore AC grid frequency. Conse-

quently, the WT will increase its active power output followed 

by the decreasing offshore AC grid frequency. Through a se-

ries action of the above controllers, the main grid frequency 

variation and ROCOF can be reduced, and the overall system 

stability can be enhanced. 

IV.  STRATEGY II: PROPOSED CASCADING CONTROL 

In the strategy I, wind farm and HVDC link capacitors sim-
ultaneously provide inertia support for the main grids once 
disturbances occur. Even though this strategy can fully utilize 
the system self-inertia to increase the system stability without 
remote communication between two HVDC converter stations, 
it may require wind farm constantly deviating from the optimal 
reference points whenever frequency disturbances occur. 
However, using WT inertia to smooth the system frequency 
will inevitably lead to the rotor speed deviations from the op-
timal reference, which is determined by the MPPT algorithm. 
Put it differently, the strategy I may enable offshore wind farm 
constantly deviating from its maximum power capture status in 
response to frequency disturbances, which may not be a cost-
effective strategy for a commercial wind farm. 

To avoid the aforementioned problem, a cascading control 
strategy that can orderly activate the inertia supports from 
HVDC capacitors and then WT inertia automatically is pro-
posed. The core of this strategy is that, the energy stored in 
HVDC capacitors is always firstly utilized for system inertia 

support, while WT inertia is exerted only if the main grid fre-
quency deviation still exists.  In the proposed cascading con-
trol, the stored energy in HVDC link is maximally utilized to 
make sure less wind power is wasted due to the deviations 
from the maximum power operating points involved into wind 
farm inertia control while making the optimal use of available 
resources for system support. In the following, the detailed 
design of control strategies of GSVSC, WFVSC and wind 
farm is presented for the cascading control scheme. 

A.  Cascading control with HVDC capacitors activated only 

Under the cascading control, GSVSC still implements 
HVDC voltage droop control, which enables the coupling be-
tween HVDC voltage and main grid frequency. Notably, the 
HVDC voltage variation must be in normal operation range. 
As for WFVSC, the offshore AC grid frequency does not alter 
when HVDC voltage under its normal range. Therefore, when 
the system frequency deviation is within a small range, HVDC 
capacitors will contribute alone for system inertia support, and 
wind farm inertia control will not be activated, minimizing the 
impacts to WT MPPT control. Compared to the simultaneous 
control strategy, the proposed cascading control strategy can 
ensure better harvest of wind energy while supporting system 
frequency effectively, which is of great significance in system 
daily operation where small frequency disturbances prevail. 

B.  Cascading control with both HVDC capacitors and WT 

inertial activated   

When HVDC voltage reaches its limitation in events of 
large system frequency disturbances, HVDC capacitors use up 
their stored energy. Consequently, WT inertia becomes the last 
resort for system inertia support. In order to activate wind farm 
inertia support illustrated in Section III.C, onshore AC grid 
frequency should be transmitted to the offshore AC grid 
through the communication channel. This is because the artifi-
cial coupling between onshore and offshore AC grid described 
in Section III.B does not exist when HVDC voltage beyond 
normal range. A proper designed dead band for offshore AC 
grid frequency is essential to orderly cascade HVDC voltage 
droop control and wind farm inertia support control. In addi-
tion, frequent utilization of WT inertia is avoided through the 
designed dead band described as follows: 

'

0( ) 0.9 1.1

0 0.9 1.1

A DC DC DC
WF

DC

K K f f f when V or V
f

when V

      
 

 (20) 

where, f’ is the cut-off frequency, whose value equals to the 
onshore AC grid frequency when HVDC voltage beyond its 
limitation, yielding: 

   
' 0.1/ 1.1

0.1/ 0.9

DC DC

DC DC

K when V
f

K when V

  
 

                    (21) 

Different from the simultaneous control, WT inertia is not 
activated when HVDC voltage within normal range, and will 
only be exerted to provide system inertia support once HVDC 
voltage reaching its limitation according to (20) and (21). Sim 
ilar  to Equation (18), the wind farm virtual inertia is written as  
follows:

 
0 _

2 2

t

B WF
t B WF avg

WF

K f dt K f t
H

f f

  
   

 


                 

(22) 
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Fig. 7.  Control scheme of the cascading control 
 

Fig.7 shows the overall control scheme of the cascading 
control, then overall virtual inertia constant Hs is given below: 

0.9 1.1

0.9 1.1

WF

s

D

DC DC
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when V or V

when

H
H

VH



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




            (23) 

C.  Selection of control parameters 

In order to fairly compare two control strategies, the control 
parameters of KDC and KB with cascading control should be 
tuned properly. KDC of Strategy II is determined based on two 
following facts: 

1. KDC of Strategy II KDCII should be larger than KDC in 
Strategy I KDCI 

Compared (23) with (19), in order to fully utilize the inertia 
support capability of HVDC capacitors, KDC in Strategy II 
KDCII should be larger than KDC in Strategy I KDCI. If two KDC 
in both control schemes are tuned the same, Strategy II may be  
more energy-saving than Strategy I but cannot provide as 
much inertia support as Strategy I, which may not take ad-
vantage of the Strategy II. 

2. KDC in Strategy II KDCII should be less than the maxi-
mum KDCmax 

WT inertia will be frequently utilized if KDC is set too high, 
and this will sacrifice the advantage of harvesting as much 
wind energy as possible by the cascading control. Consequent-
ly, the selection of KDC can be based on the specific grid code 
with respect to the minimum grid frequency deviation for WT 
inertia control beginning to be activated during system disturb-
ances set by the system operator (the minimum cut-off fre-
quency f’

min in (21)). Therefore, the KDCmax=0.1/ f’

 
min. 

Therefore, the range of KDCII is as follows, 

maxDCI DCII DC
K K K                           (24) 

The selection criterion of KB of Strategy II is achieving the 
similar frequency nadir or summit as with Strategy I under the 
same system disturbances. In the above parameter selection 
method, the energy saved by two control schemes can be fairly 
compared while providing similar frequency support via two 
strategies. Certainly, there are some alternative ways to set the 
parameters, but this is outside scope of this paper. 

 

V.  SIMULATION STUDIES  

Simulation studies are performed using DISILENT/-

PowerFactory for the test system shown in Fig.1. The system 

and control parameters can be referred to the Appendices. 

A.  Sudden load increase with same control parameters 

Fig.8 shows the sudden load increase event on the onshore 
AC grid, where the dump load PL2+jQL2 is switched on at t=5s. 
Three different situations namely without any additional con-
trol, with the control strategies I and II are compared in Fig.8. 
Control parameters of HVDC voltage droop control and wind 
farm inertia control KDC=1.5 and KB =-1.5 are set the same in 
two control strategies in this case. As shown in Fig.8 (a), it is 
clearly seen that both control strategies take effect in fast iner-
tia support from wind farm integration via HVDC transmission 
system. With the simultaneous control, it provides more inertia 
support and the frequency nadir is higher than that with the 
cascading control. This is because with the cascading control, 
inertia support is solely from HVDC capacitor if the HVDC 
voltage is within its limitation. However, with the simultane-
ous control, the inertia support is not only from the HVDC 
capacitor but also from the wind farm. Correspondingly, 
ROCOF value with simultaneous control is slightly lower than 
that with cascading control as shown in Fig.8 (b). Therefore, 
given the same control parameters, the simultaneous control 
may provide more inertia support than the cascading one when 
the HVDC voltage is within limitations. Fig.8 (c) shows the 
mechanical power of SG begins to increase to compensate the 
load gap. It is obvious that without any control, the mechanical 
power from SG increases faster than with the Strategy I and II. 
With the simultaneous control, it increases more softly than 
with cascading control. Correspondingly, more active power is 
transmitted to the onshore AC grid from GSVSC than that with 
the cascading control, as shown in Fig.8 (e). HVDC voltage of 
both control strategies are within HVDC voltage limitation due 
to a relatively small KDC selected, as shown in Fig.8 (d). In the 
simultaneous control, the offshore AC grid frequency is cou-
pled with HVDC voltage and the offshore AC grid frequency 
drops down as shown in Fig.8 (f). In contrast, since HVDC 
voltage is still within limitations, the cascading control does 
not activate wind farm inertia support and the offshore grid 
frequency does not change at all. Fig.8 (g) shows that the ac-
tive power from wind farm increases after the system disturb-
ances by the simultaneous control. Correspondingly, it leads to 
the DFIG rotor speed decreasing to compensate the power gap 
between its mechanical power and electrical power. Due to the 
rotor speed deviation from its MPPT speed, the captured wind 
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 Fig.8 Simulation results for sudden load increase of onshore AC Grid using the same control parameter under HVDC voltage limitation 

 

power is lower from the maximum power point as shown in 
Fig.8 (h). However, with the cascading control, wind power 
harvest and rotor speed are not affected in Fig.8 (g) to (i) since 
wind farm inertia is not activated for system inertia support 
during the event. Fig.8 (h) also shows the difference of wind 
power harvest by the two control strategies is roughly calculat-
ed as 0.0081 (shadow area marked in S), which indicates the 
loss of captured wind energy during system disturbances. 

However, the shadow area marked in E (E≈-0.0042) as shown 

in Fig.8 (g) indicates the energy reduction of wind farm during 
dynamics. The negative value means amount of surplus energy 
is injected into onshore AC grid. Due to the wind farm inertia 
control actually as a droop control; there exists a steady error 
in output power of wind farm and captured wind power as 
shown in Fig.8 (g) and (h). As a result, it is not unreasonable 
of negative E since amount of DFIG kinetic energy is released 
after recovery from the system disturbances, as shown in Fig.8 
(i). Thus, the cascading control can be more energy efficient 
while providing similar control functions. 

B.  Sudden load increase with different control parameters 

Fig.9 shows the same sudden load increase event on the 
main grid. Different control parameters are adopted. HVDC 
voltage droop control parameter KDC is set as 1.5 and 3 for the 
strategies I and II respectively. The selection of KDC in Strate-
gy II is based on the minimum cut-off frequency f’

min. In this 
paper, f’

min is selected as 0.02 p.u. Correspondingly, KDCmax=5. 
In order to better illustrate the difference between two control 
schemes, a larger KDC for strategy II (KDCII=3) is selected. In 
order to achieve similar frequency nadirs, KB of the two strate-

gies are set as -1.5 and -10, respectively. Fig.9 (a) and (b) 
show that, with the simultaneous control, the ROCOF in the 
inception of the event is slightly larger than that of the cascad-
ing control. This is not unreasonable since strategy II adopts a 
larger HVDC voltage droop control parameter, and therefore 
GSVSC provides more inertia support. Correspondingly, the 
mechanical power received by SG under system disturbance is 
less with the cascading control in the inception of the event as 
shown in Fig.9 (c). As shown in Fig.9 (d), due to the larger 
KDC, the cascading control actually enables HVDC voltage to 
reach its limitations faster, and once this occur, the cascading 
control will activate the wind farm inertia support. Because of 
different control strategies, offshore AC grid frequency exhib-
its different profiles under the three situations in Fig.9 (f). 
Fig.9 (g) shows clearly the power output from wind farm in-
creases along with the decrease of offshore AC grid frequency 
for the two control strategies. The increased output power is 
achieved by WT rotor speed reduction to release its kinetic 
energy as shown in Fig.9 (i). It is noted in Fig.9 (h) that the 
cascading control causes less loss of wind energy production 
compared to the simultaneous control during the disturbance. 
The actual wind energy losses are 0.0081 per unit (marked as 
S1) and 0.0025 (marked as S2) for the simultaneous control 
and the cascading control respectively, which validates the 
advantage of the latter. In addition, the simultaneous control 
appears to cause a significant and constant deviation from the 
optimal rotor speed in Fig. 9 (j), which is obviously less ener-

gy efficient. However, due to the rotor speed deviation from 

the optimal speed after disturbances, amount of rotor kinetic 

energy is released to the onshore AC grid, which results in the  
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Fig.9 Simulation results for sudden load increase of onshore AC Grid with different control parameter 

 

energy reduction of wind farm -0.0042 per unit (marked as E1) 
different from the loss of captured wind energy 0.0081 per unit 
(marked as S1) with simultaneous control. However, in the 
cascading control, energy reduction of wind farm (marked as 
E2) is nearly the same as loss of captured wind energy S2.  

C.  Sudden load decrease with different control parameters 

Fig.10 shows a sudden load decrease event on the onshore 
AC grid, where the dump load is suddenly switched out at 
t=5s. It is clearly seen that, with two virtual inertia control 
schemes, frequency peaks during the disturbance are lower 
than the case without any additional control. In order to com-
pare the impact on energy harvesting, the control parameters of 
the two control strategies are chosen the same as in Case B. 
Because of larger voltage droop control parameter KDC, the 
cascading control enables a quicker rise of HVDC voltage to-
wards the limitation as shown in Fig.10 (d). It should be noted 
that HVDC capacitors have limited capacities and therefore 
limited ability for inertia support once HVDC voltage reaches 
the limitation. This explains the much unsmoothed profile of 
GSVSC output power by the cascading control observed in Fig 
10 (e).  

Since the cascading control only activates wind farm inertia 

support when HVDC voltage reaches its limitation, the dura-

tion when offshore AC grid frequency deviates from its nomi-

nal operation point during the disturbance is much shorter than 

that with the simultaneous control as seen in Fig.10 (f). This 

also results in a faster recovery of wind farm power output 

after the disturbance by the cascading control as shown in Fig. 

10 (g). It is clearly seen from Fig.10 (i) and (h), the cascading 

control also results in smaller deviations from the optimal rotor 

speed, i.e. the maximum power tracking point in this case 

study. Consequently, the cascading control observes a less loss 

of wind energy harvest (S2≈0.0011) than that with the simul-

taneous control (S1≈0.0067). Therefore, in the Cases B and C, 

it can be concluded that to achieve the same frequency devia-

tion during the disturbance, the cascading control strategy can 

actually harvest more wind power than the simultaneous one. 

However, different from sudden load increase event in the 

Case A and B, the constant rotor speed deviation after disturb-

ances is slightly higher than the optimal rotor speed deter-

mined by the MPPT algorithm as shown in Fig.10 (i) with 

Strategy I. As a result, amount of wind energy converts to 

DFIG rotor kinetic energy, leading to the energy reduction of 

wind farm with simultaneous control (E1≈0.0192) higher than 

S1. In contrast, the loss of captured wind energy S2 is nearly 

the same as E2 with cascading control since DFIG rotor speed 

returns to the optimal value determined by MPPT algorithm 

after disturbances.  

D.  Big sudden load decrease with different control parame-

ters 

Fig.11 shows a big sudden load decrease event on the on-
shore AC grid, where the dump load is doubled to 
80MW+20MVAR and suddenly switched out at t=5s. Voltage 
droop control parameter KDC of two control schemes are 
adopted the same as Case B. In order to achieve the similar 
frequency peaks during system disturbances, KB of two strate-
gies are set as -1.5 and -4 respectively. HVDC voltage reaches 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at  http://dx.doi.org/10.1109/TEC.2017.2663664

Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



Y. Li et al.: Coordinated Control Strategies for Offshore Wind Farm Integration via VSC-HVDC for System Frequency Support 9 

0 10 20 30 40 50 60 70 80 90 100 110 120
0.78

0.80

0.82

0.84

0.86

0.88

0 10 20 30 40 50 60 70 80 90 100 110 120
0.8625

0.8626

0.8627

0.8628

0.8629

0.8630

0.8631

0 10 20 30 40 50 60 70 80 90 100 110 120

1.000

1.005

1.010

1.015

1.020

1.025

0 10 20 30 40 50 60 70 80 90 100 110 120

1.00

1.01

1.02

1.03

1.04

1.05

0 10 20 30 40 50 60 70 80 90 100 110 120

1.148

1.150

1.152

1.154

1.156

1.158

1.160

0 5 10 15 20 25 30 35 40

-0.005

0.000

0.005

0.010

0.015

0.020

0 10 20 30 40 50 60 70 80 90 100 110 120

0.83

0.84

0.85

0.86

0.87

0 10 20 30 40 50 60 70 80 90 100 110 120

1.00

1.02

1.04

1.06

1.08

1.10

0 10 20 30 40 50 60 70 80 90 100 110 120

0.55

0.60

0.65

0.70

0.75

 Without any control

 With simultanous control

 With cascasding control

 

 

G
S

V
S

C
 a

c
ti

v
e

 p
o

w
e

r 
(p

.u
.)

(e)

S1

time(s)

 Without any control

 With simultanous control

 With cascasding control

 

 

C
a

p
tu

re
d

 w
in

d
 p

o
w

e
r 

(p
.u

.)

(h)

S2

time(s) time(s)

 Without any control

 With simultanous control

 With cascasding control

 

 

O
ff

s
h

o
re

 A
C

 

g
ri

d
 f

re
q

u
e

n
c

y
 (

p
.u

.)

(f)

time(s)

 Without any control

 With simultanous control

 With cascasding control

 

O
n

s
h

o
re

 A
C

 

g
ri

d
 f

re
q

u
e

n
c

y
 (

p
.u

.)

(a)

S1=0.0067

S2=0.0011

time(s)

 Without any control

 With simultanous control

 With cascasding control

 

 

D
F

IG
 r

o
to

r 
s

p
e

e
d

 (
p

.u
.)

(i)

time(s)time(s)

(b)

 Without any control

 With simultanous control

 With cascasding control

 
R

a
te

 o
f 

c
h

a
n

g
e

 o
f 

o
n

s
h

o
re

 A
C

 g
ri

d
 f

re
q

u
e

n
c

y
 (

p
.u

.)

E1

E2  Without any control

 With simultanous control

 With cascasding control  

A
c

ti
v

e
 p

o
w

e
r

 f
ro

m
 w

in
d

 f
a

rm
 (

p
.u

.)

(g)

E1=0.0192

E2=0.0010

time(s)

time(s)

time(s)

 Without any control

 With simultanous control

 With cascasding control

 

 

H
V

D
C

 v
o

lt
a

g
e

 (
p

.u
.)

(d)

 Without any control

 With simultanous control

 With cascasding control

 

S
G

 m
e

c
h

a
n

ic
a

l 
p

o
w

e
r 

(p
.u

.)

(c)

 Fig.10 Simulation results for sudden load decrease in onshore AC Grid considering different control parameter 
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 Fig.11 Simulation results for big sudden load decrease of onshore AC Grid 1 with different control parameter 
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its limitation in both control strategies, as shown in Fig.11 (d). 
Fig.11 (g) and (i) show that under big system disturbance, the 
extra power provided by wind farm is nearly the same under 
both control strategies, indicating similar inertia support from 
wind farm is provided by the two control strategies. This is not 
unreasonable because the overall system can only obtain iner-
tia support from wind farm when HVDC voltage beyond its 
limitation during big system disturbances. Although the devia-
tions from WT MPPT under both control strategies are nearly 
the same, the system recovers faster with the cascading control 
than the simultaneous one, resulting in the loss of captured 
wind energy with cascading control (S2≈0.0138) less than with 
simultaneous control (S1≈0.0238), as shown in Fig.11 (h). 
Therefore, it again proves that the cascading control can real-
ize wind energy harvesting as well as stabilizing system fre-
quency. Similar to the Case C, due to the constant DFIG rotor 
speed deviation from the optimal value determined by MPPT 
algorithm after system disturbances, the energy reduction of 
wind farm with simultaneous control (E1≈0.0521) is slightly 
higher than the loss of captured wind energy marked as S1. 

E.  Random load variation  

Fig.12 describes the impacts of random variations of the 
dump load, of which the mean value is 60 MW and the stand-
ard deviation is 15 MW as shown in Fig.12 (a). In order to 
compare two control strategies, the control parameters includ-
ing e.g. KB adopted in this case are set the same as Case B. 
Fig.12 (b) shows that, both control strategies can successfully 
mitigate frequency variations to a similar extent compared to 
the case without any additional control. However, the cascad-
ing control enables a wider variations of HVDC voltage com-
pared to that with the simultaneous control, since KDC with the 
cascading control adopts a larger KDC =3,  while the simulta-
neous control adopts a smaller KDC =1.5. It is intended that 
HVDC capacitors are prioritized to provide inertia support by 
the cascading control, while the simultaneous control equally 
activates supports from both HVDC capacitors and wind farm. 
Therefore, less WT kinetic energy is utilized by the cascading 
control than that with the simultaneous control. It is noted 
form Fig.12 (e) that, compared to the case without any control, 
the losses of wind captured energy are 0.001 and 0.008 for the 
cascading control and the simultaneous control respectively. In 
conclusion, more wind energy can be saved when utilizing the 
cascading control than the simultaneous control under the ran-
dom load variation scenario. It is clearly from Fig. 12 (f) that 
DFIG rotor speed constantly deviates from its optimal value 
with simultaneous control once frequency excursion occurs, 
which again proves Strategy I is not an energy saving strategy. 
Furthermore, due to the rotor speed at t=200s slightly lower 
than the optimal speed determined by the MPPT algorithm, 
amount of DFIG kinetic energy is exerted to the onshore AC 
grid, which results in the reduction of wind farm with Strategy 

I a negative value (E1≈-0.0152). However, for a longer simu-

lation time span, Strategy II can be more energy efficient than 
Strategy I while providing similar system frequency support. 

F.  Influence of communication time delay to the cascading 

control  

Fig.13 describes the same sudden load increase event as 
Case B, where the influence of the time delay is induced by the 

communication between two converters of HVDC transmis-
sion in the cascading control. The time delay value is largely 
influenced by the distance of HVDC connection, sampling 
time of measurement units, and the response time of HVDC 
controller, etc. in the real applications, the communication 
time delay may be lower than 1 second and the worst scenario 
is considered in this paper.Fig.13 (a) shows that the frequency 
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Fig.12 Simulation results for random load variation 
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Fig.13 Influence of communication time delay on cascading control 

 

profile of the main grid deteriorates when considering the 

time delay. The HVDC voltage presents similar profiles for the 

cases with or without time delay as shown in Fig.13 (b), since 

the time delay does not impact the control of GSVSC at all. It 

is clearly seen that the wind farm inertia control delays taking 

effect due to the communication time needed from the onshore  

grid to the offshore one. In terms of the energy captured by 
WT, there is no obvious difference when considering time de-
lay as shown in Fig.13 (d).In sum; the time delay induced by 
the communication between two converters appears to have 
limited impacts on the overall performance of the proposed 
cascading control and the stability of the HVDC system. 

G.  Influence of HVDC capacitor values on the performance 

of proposed coordinated control 

The selection of high HVDC capacitance [10] in this paper is 

based on the better illustration of the performance differences 

of two control strategies even though high capacitance may 

have an impaired influence on control and fault protection of 

HVDC system. Actually, for the overall system that the  
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Fig. 14 Comparison of different HVDC capacitors for sudden load increase 

with cascading control  
 

offshore wind farm is integrated through HVDC transmission, 

the inertia provided by HVDC capacitance is very limited and 

comparably small, while WT inertia will be the main contribu-

tion to the frequency support for the connected AC system. In 

the following, the impact of HVDC capacitors value on the 

performance of the proposed cascading control is studied. 

Fig.14 shows the comparison of different HVDC capacitors 

values for the same sudden load increase with cascading con-

trol strategy as Case B. As shown in Fig.14 (a), the frequency 

nadirs of onshore AC grid with different HVDC capacitance 

approximately are the same. This is not unreasonable since the 

inertia support from WT possesses a large portion of overall 

system inertia support even though the inertia support from 
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HVDC capacitors decreases dramatically with the decrease of 

HVDC capacitance. System with small HVDC capacitance 

release energy faster and HVDC voltage reaches its limitation 

faster than that with high HVDC capacitance, as shown in Fig. 

14 (b). This phenomenon is more obvious as shown in Fig. 14 

(c), and the active power released by HVDC capacitor is 

smaller with small HVDC capacitance. With larger capacitors, 

a transient active power oscillation will appear in the inception 

of the event as shown in Fig. 14 (c). Fig. 14 (d) and (e) point 

out that, WT exerts more active power for system inertia sup-

port with small HVDC capacitance and accordingly, has a 

more loss of wind energy harvest than that with high HVDC 

capacitance. It is concluded that with cascading control, the 

HVDC capacitors value has little effect on the overall system 

inertia support. 

VI.  CONCLUSIONS 

This paper focuses on coordinated control strategies for off-

shore wind farms integrated to main grids via HVDC transmis-

sion aiming at providing fast system inertia support. Our pre-

viously proposed simultaneous control is a communication-

free (without the need of any communication links established 

between onshore and offshore grids) scheme to utilize the 

HVDC capacitor energy and WT inertia simultaneously for 

onshore AC grid support. In contrast, the newly proposed cas-

cading control in this paper can orderly exert HVDC capacitor 

energy and then WT inertia with the aid of communication 

between the onshore and offshore grids. Detailed design and 

case study of the two control strategies have been conducted. It 

is shown from the test system that given the same disturbance 

event, both strategies can demonstrate similar performance in 

stabilizing system frequency if the control parameters are set 

properly in advance. In addition, the cascading control distin-

guishes itself by enabling better wind energy harvest during 

disturbances. Further, the impact of time delay induced by 

implementing communication between two converters of 

HVDC might have limited impacts on the control performance 

and overall system stability by the cascading control. It is be-

lieved that the two novel strategies can largely facilitate 

HVDC based wind farms development in the future. 

APPENDIX 
TABLE A1 PARAMETERS OF THE HVDC LINK  

Symbol Item Value 

SB Rated VSC power 300MVA 
UVSC Rated VSC AC rms Voltage 110kV 
VDCn Nominal DC voltage 200kV 
CDC DC capacitor  7500 F 
LT Inductance of transformer  0.15p.u. 
RT 

Rl 

Hl 

Resistance of transformer 
Resistance of cables 
Inductance of cables 

0.005p.u. 

0.025/km 
0.2mH/km 

fWF0 WFVSC1,2 initial set point 1 p.u. (50Hz) 
KA WFVSC frequency droop control 0.4 

 
TABLE A2  PARAMETERS OF THE SG  

Symbol Item Value 

Sg Rated MVA 300MVA 
Ug Terminal Voltage 13.8kV 
Hg Inertia Time constant 4s 
xd, xd’,xd’’ d-axis synchronous reactance  2.642, 0.377, 0.21 
xq, xq’’,xl q-axis synchronous reactance  2.346, 0.18, 0.18 

Td’,Td’’,Tq’’ SG Time constant 0.635, 0.015, 0.015 

RP Turbine permanent droop 0.04 
Tr Governor time constant 8.408s 
Tservo Servo-motor time constant 0.5s 

Kgain 

Te 

Exciter regulator gain 
Exciter time constant 

400 
0.01s 

 
The parameters of studied DFIG WT are as follows: 
Wind tubine: cut in wind speed: 4m/s; lower limit of the wind 
speed: 7m/s; rated wind speed:14m/s; inertia constant: 
Ht=3.5s; damping coefficient: Dsh=0.01p.u.; shaft stiffness 
coefficient: Ksh=0.5p.u.; time constant of the pitch serve: 

Ts. 
Single-DFIG: rated power: 2MW; rated voltage: 690V; rated 
rotor speed: 1.23p.u.; inertia constant: Hg=1.55s; friction coef-
ficient: B=0.01p.u.; stator resistance: Rs=0.00706 p.u.; rotor 
resistance: Rr=0.0005 p.u.; stator leakage inductance: 
Lls=0.171 p.u.; rotor leakage inductance: L1r=0.156 p.u.; mutu-
al inductance: Lm=3.5 p.u. 
Converters: resistance of grid side inductor: RL=0.003 p.u.; 

inductance of grid side inductor: L=0.3 p.u.; DC-link capaci-

tor: Cdc_dfig=0.06F. 
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