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Abstract—This paper analyzes the control and operation of 

offshore wind farms connected with diode rectifier based HVDC 

(DR-HVDC) system. A small-signal state-space model of the 

offshore wind turbines (WTs) connected with DR-HVDC system is 

developed to design the WT Q-f droop control. The use of WT P-

V and Q-f control during individual WT active power variation is 

clearly clarified. In order to reduce the interaction between WT 

active power and reactive power, an angle feedforward control is 

proposed where an additional phase shift is directly added to the 

WT output voltage based on the WT’s active power output. The 

effectiveness of the proposed control on improving dynamic 

response and reducing active and reactive power interaction is 

verified by frequency-domain analysis and time-domain 

simulations in PSCAD/EMTDC.   

Index Terms—diode rectifier based HVDC, interaction of WT 

active and reactive power, small-signal analysis, wind turbine 

control 

I. INTRODUCTION  

or connecting large wind power plants, high voltage 

direct current (HVDC) transmission provides numerous 

advantages over AC systems, such as no reactive power in 

transmission cables, lower power losses and cost [1]-[3]. 

Recently, diode rectifier based HVDC (DR-HVDC) 

transmission has drawn attentions from industry and research 

community, particularly for connection of offshore wind farm 

[4]-[7]. Comparing with voltage source converter based HVDC 

(VSC-HVDC), the transmission loss, volume and total cost of 

the DR-HVDC can be potentially decreased by 20%, 80% and 

30%, respectively [7]. 

Control of fully rated converter wind turbine (WT) using low 

bandwidth communication was proposed in [8] for DR-HVDC 

system. Based on the analysis when the offshore wind farm is 

simplified as one aggregated WT, its active current is used to 

establish the offshore wind farm point of coupling (PCC) 

voltage magnitude while reactive current is used to establish 

wind farm PCC frequency. This control is further developed for 

the DR-HVDC system considering many parallel WTs in [9]-

[11], where each WT shares the required active and reactive 

currents to support the wind farm PCC AC voltage and 

frequency according to each WT power rating. In [12]-[17], a 

distributed P-V and Q-f droop control without the use of  
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communication was proposed to allow the stable operation of   

offshore WTs under DR-HVDC system. This control enables 

many WTs to form the offshore network together based on local 

variables and behave as distributed AC voltage sources. 

However, no detailed analysis has been conducted for the 

adoption and design of the Q-f droop control. In addition, how 

the P-V and Q-f droop controls interact and affect WT active 

power, reactive power and the phase angle change in the 

inductive impedance network has not been clarified.  

This paper focuses on the analysis of WT control and 

explores the potential problems in the existing design of WT P-

V and Q-f control. Based on the in-depth analysis, an improved 

WT control method is proposed to reduce the strong interaction 

between WT active and reactive power. The main contributions 

are summarized as: 

 A small-signal model of DR-HVDC system is developed. 

Based on the small-signal model, stability analysis is 

conducted to design the Q-f droop control. 

 The mechanism of how the WT P-V and Q-f droop control 

drives the phase angle change during WT active power 

variation is clearly clarified. 

 An angle feedforward control is proposed to reduce the 

interaction between WT active power and reactive power, 

which effectively reduces the variations of offshore AC 

voltage and reactive power during active power change. 

The effectiveness of the proposed control is verified by 

frequency-domain analysis and time-domain simulation 

results. 

The rest of this paper is organized as follows. In Section II, 

the layout of offshore wind farm connected with DR-HVDC 

system and the WT control is introduced. Small-signal model 

of the system is developed in Section III. Section IV presents 

the design and analysis of Q-f droop control. In Section V, an 

angle feedforward control is proposed to reduce the interaction 

between WT active and reactive power, and finally Section VI 

draws conclusions.  

II. STRUCTURE OF DR-HVDC SYSTEM 

Fig. 1 shows a 1000 MW offshore wind farm connected with 

DR-HVDC. The offshore diode rectifier is made up of a 12-

pulse bridge, while the onshore inverter uses modular 

multilevel converter (MMC) which controls the DC voltage of 

the DR-HVDC link. Considering both accuracy and simulation 

speed, the offshore wind farm is represented as 10 strings, each 

with 4 aggregated WTs rated at 25 MW. As the focus of this 

study is the analysis of the offshore wind farm connected with 
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Fig. 1 Structure of offshore wind farm connected with DR-HVDC. 
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Fig. 2 Distributed control of WT line-side converter in offshore wind farm connected with DR-HVDC

DR-HVDC, onshore MMC is simplified as a constant DC 

source [8]-[9]. The system parameters are shown in Table I in 

the Appendix. A. Fig. 2 shows the overall control structure of 

the WT line-side converters, considering that the WT DC 

voltage is controlled by the WT generator side converter [8]-

[17].   

III. SMALL SIGNAL MODELLING OF THE OFFSHORE WIND 

FARMS CONNECTED WITH DR-HVDC 

In order to analyse the stability of the WTs connected with 

DR-HVDC, a small-signal model, including diode rectifier, 

diode rectifier transformer inductance, DC smoothing 

reactance, HVDC cable, diode rectifier filter, WT, WT LC 

filter, WT transformer and AC cable is derived. Nonlinear 

equations that describe the system dynamics are linearized at an 

operating point based on dq rotating reference frame. Such an 

accurate and detailed small-signal model of WTs connected 

with DR-HVDC has not be presented before.  

A. Small-signal model of diode rectifier  

The offshore DC voltage of DR-HVDC link 
'
dcrV , without 

considering the dynamic of the transformer inductance, is 

expressed as  

 
0.5

' 2 26 3 6dcr dr d q dr dr dcrV T e e L I 
 

   
 

      (1) 

where ωdr is the offshore PCC frequency; ed and eq are the d- 

and q-axis components of offshore PCC voltage; Idcr is the DC 

current; Tdr and Ldr are the turn ratio and inductance of the diode 

rectifier transformer. 

Linearizing (1) yields the offshore DC voltage deviation  

'
dcr i dr j d k q l dcrV k k e k e k I                    (2) 

where 

 

 

'
0

' 2 2
0 0 0

' 2 2
0 0 0

'
0

6

6 3

6 3

6

i dcr dr dr dcr

j dcr d dr q d q

k dcr q dr d d q

l dcr dcr dr dr

k V L I

k V e T e e e

k V e T e e e

k V I L

 





 

    

 
     

 

 
     

 

    

      (3) 

Assuming the diode rectifier is lossless, its active power 

injected from AC equals to the DC power:  

  '1.5 d d q q dcr dcre i e i V I                          (4) 

where  𝑖𝑑  and  𝑖𝑞 are the d- and q-axis components of diode 

rectifier AC current  𝑖𝑑𝑟 . Linearizing (4) yields the active power 

deviation 

 0 0 0 0

' '
0 0

1.5 d d d d q q q q

dcr dcr dcr dcr

e i e i e i e i

V I V I

      

   

.             (5) 
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Substituting the offshore DC voltage deviation  ∆𝑉′𝑑𝑐𝑟  

depicted as (2) into (5), the following equation is derived:  

   

   
0 0 0 0 0

'
0 0 0 0

1.5 1.5

1.5

d d q q i dcr dr j dcr d d

k dcr q q l dcr dcr dc

e i e i k I k I i e

k I i e k I V I

       

     
.   (6)  

On the other hand, the reactive power consumption of the diode 

rectifier equals to the reactive power injected from the AC: 

   '1.5 d q q d dcr dcre i e i V I g                       (7) 

where                                        

     

     

 2 2

2 sin 2 1 cos2

arccos 1 2 3dr dr dcr d q dr

g

L I e e T

   

 

  

  
    

  

.     (8) 

Linearizing (7) yields the reactive power deviation 

  ' '
0 0 0 0 0 0

'
0 0 0 0

1.5 ( ) ( )

1.5 1.5

q d d q dcr dcr dcr dcr

dcr dcr q d d q
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 (9) 

where 
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2
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 (10) 

Substituting (2) into (9) and combining with (6), the d- and q-

axis components of diode rectifier AC current deviation are 

expressed as 

d a dr b d c q d dcr

q e dr f d g q h dcr

i k k e k e k I

i k k e k e k I





        

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                 (11) 

where 
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 (12) 

From (2) and (11), the small-signal model of diode rectifier 

HVDC station is expressed as  

'

dr
d a b c d

d
q e f g h

q

i j k ldcr
dcr

i k k k k
e

i k k k k
e

k k k kV I

               
    
          

.              (13) 

B. Small-signal model of DR transformer inductance, DR DC 

smoothing reactance and HVDC cable 

The dynamics of the DR transformer inductance were not 

considered in the small signal model presented in (13). Taking 

into account the transformer inductance dynamics, (1) is 

modified as [18]-[20] 

' 4dcr dcr dr dcrV V L dI dt                         (14) 

On the other hand, the DC smoothing reactance Lsm and HVDC 

cable (considered as a T model) as shown in Fig. 1 are 

represented as 

0

(2 2 ) 2

2 2

sm dc dcr dc dcr dcc dcr

dc dcc dcr dci

dc dci dc dci dci dcc

L L dI dt R I V V

C dV dt I I

L dI dt R I V V

   

 

  

        (15) 

Substituting (14) into (15), the dynamics of the transformer 

inductance, DC smoothing reactance and HVDC cable are 

expressed as  
'

0

(4 2 2 ) 2

2 2

dr sm dc dcr dc dcr dcc dcr

dc dcc dcr dci

dc dci dc dci dci dcc

L L L dI dt R I V V

C dV dt I I

L dI dt R I V V

    

 

  

     (16) 

Linearizing at the operating point, its small-signal model is 

expressed as  

'

2 0 1 1

0 1 2 0

1 1 0 0

dcr
dc eq eq eqdcr

dci dc dc dc dci dcr

dc dc dcc
dcc

I
R L L LI

I R L L I V

C C V
V







 
                                     

 

 (17) 

where 4 2 2eq dr sm dcL L L L   .   

The small-signal model of the DR-HVDC link considering 

the dynamics of DR transformer inductance, DC smoothing 

reactance and HVDC cable is thus depicted by (13) and (17). 

The small signal model of the DR filter, the offshore wind 

farm (including WT, WT LC filter, WT transformer and AC 

cable) and the validation of the developed small signal model 

are presented in Appendix. B. 

IV. ANALYSIS OF THE WT Q-F CONTROL  

With the onshore DC voltage Vdci controlled at rated value by 

the MMC, the DR-HVDC transmitted active power Pdr is 

mainly determined by the offshore PCC voltage magnitude E. 

When E increases, the HVDC transmitted active power Pdr 

increases and vice versa. Such interaction provides the 

scientific base for the WT P-V control design [8, 12].  

On the other hand, although Q-f droop control is used in [12-

16] for WT reactive power sharing, the justification for its use 

and the design procedure of the Q-f droop gain kq have not been 

clarified and properly understood. Besides, the impedance 

between individual WT converter and the offshore PCC is 

predominately inductive, as the AC cable resistance and 

capacitance are much less than the combined inductances of 

WT converter line reactor and WT transformer leakage 

inductance. Thus, the ith (i=1, 2…., 40) WT active power 

transmitted to the offshore PCC is mainly determined by the 

phase difference between the ith WT converter filter voltage 

phase angle 𝑖 and that of the offshore PCC 𝑒, while the WT 
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reactive power Qwti is mainly determined by the WT filter 

voltage Vfi , as depicted by (18) and (19) [21]:  

 
sin( )fi i e

wti
i

EV
P

X

 
                         (18)  

 cos( )fi i e fi

wti
i

V E V
Q

X

  
                  (19) 

where Xi is the equivalent inductance between the WT filter and 

offshore PCC. How active and reactive power interact and the 

WT phase angle changes during WT active power variation 

have not been analyzed. 

In this section, stability analysis is carried out for the design 

of the Q-f droop control parameter kq based on the developed 

small signal model. Then time domain analysis is conducted to 

reveal the operation mechanism of WT Q-f droop control and 

interaction between active and reactive power during WT active 

power change.  

A. Stability analysis of the WT Q-f droop control 

Fig. 3 shows the movements of the most-affected poles when 

kq increases from 0.001 to 18.001 rad/(sMVAr) by the step of 2 

rad/(sMVAr). As can be seen, the DR-HVDC connected 

offshore wind farm remains stable until kq increases from 

16.001 to 18.001 rad/(sMVAr).  

Fig. 4 shows the PSCAD simulation results when kq increases 

from 16.001 to 18.001 rad./(s·MVAr) at 0.3 s and returns to 

16.001 rad./(s·MVAr) at 0.4 s. As can be seen, the system is 

unstable when kq is 18.001 rad./(s·MVAr) but becomes stable 

when kq restores to 16.001 rad./(s·MVAr), which is in good 

agreement with the root locus analysis in Fig. 3. 
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Fig. 3 Root locus when kq increases from 0.001 to 18.001 rad/(sMVAr) by step 
of 2 rad/(sMVAr). 
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B. Time domain analysis of the WT Q-f droop control  

As discussed, when P-V and Q-f control is applied for each 

WT converter, how active and reactive power interact and the 

WT phase angle changes during WT active power variation 

have not been analyzed. In this subsection, time-domain 

simulation results in PSCAD/EMTDC are presented in Fig. 5, 

to clarify the operation mechanism of the adopted P-V and Q-f 

control scheme.  
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Fig. 5 Performance of the system when WT5 active power order changes: (a) 

WT1 and WT5 active power; (b) WT1, WT5 and PCC d-axis voltage; (c) WT1 
and WT5 reactive power; (d) WT1, WT5 and PCC frequency; (e) phase 

difference between WT1 and PCC (θ1-e), WT5 and PCC (θ5-e).  

During 0.2 to 0.21 s, one of the 40 WTs (WT5 in string 2 as 

shown in Fig. 1) ramps down its active power reference from 1 

to 0.2 pu. Due to the action of P-V controller, WT5 AC voltage 

vfd5 decreases from 1.04 to 0.99 pu, as shown in Fig. 5 (b). The 

drop of vfd5 leads to the decrease of the capacitive reactive 

power of WT5 Qwt5 from -0.03 to -0.31 pu at 0.21 s, as shown 

in Fig. 5 (c).  

Due to the action of Q-f droop controller, the WT5 reactive 

power decrease results in the reduction of WT5 frequency fwt5 

from 0.998 to 0.978 pu during 0.2 - 0.21 s. Meanwhile, the PCC 

frequency fdr and WT1 frequency fwt1 decrease slightly during 

this period, as shown in Fig. 5 (d). Consequently, the phase 

difference 𝜃5_𝑒 between WT5 output voltage vector and PCC 

voltage vector decreases from 0.096 rad. (5.44o) to 0.07 rad. 

(4.01o) at 0.21 s, as shown in Fig. 5 (e).  

After 0.21 s, the phase difference 𝜃5_𝑒 continues to decrease 

from 0.07 rad. (4.01o) and eventually settles at 0.03 rad. (1.72o), 

as shown in Fig. 5 (e). With the continuous decrease of phase 

angle after 0.21 s, the AC voltage vfd5 starts to increase from 

0.99 to 1.03 pu, so as to ensure the transmitted active power of 

WT5 Pwt5 maintains at 0.2 pu, as can be seen in Fig. 5 (b) and 

(a). This WT AC voltage vfd5 recovery results in the increase of 

WT reactive power Qwt5 from -0.31 to -0.032 pu and the 

increase of the WT frequency fwt5 from 0.978 to 0.997 pu, as 

shown in Fig. 5 (c) and (d).  

As seen from the simulation results in Fig. 5, it can be 

concluded that  

 Change of active power transmission from an individual 
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WT to the offshore network is mainly influenced by the 

variation of phase angle between the WT AC output and 

the PCC as in a conventional power network, while the 

transmitted DR-HVDC active power depends on the 

variation of wind farm PCC AC voltage magnitude. 

 The variation of WT phase angle is achieved through the 

combined interactions among WT P-V control, inductive 

impedance between the WT and offshore PCC, and Q-f 

control, as illustrated in Fig. 6.  

Pwtrefi Vfi

fwti i ePwti

P-V control Eqn. (19)
Q-f control

Eqn. (18)

Qwti

1/s

 
Fig. 6 WT active power change mechanism with the P-V and Q-f control. 

V. PROPOSED ANGLE FEEDFORWARD CONTROL STRATEGY OF 

WTS CONNECTED WITH DR-HVDC SYSTEM  

A. Interaction between WT active power and reactive power   

As can be seen in Fig. 5, the use of P-V and Q-f control and 

the inductive impedance between the WT converter and 

offshore PCC result in the strong interaction between the WT 

active and reactive power. During the decrease of a WT active 

power, its reactive power also decreases initially to change the 

WT output phase angle. 

In addition to the time-domain responses, the interaction 

between WT active power and reactive power is also analysed 

based on the frequency-domain results from the developed 

small-signal model. The Bode response from WT5 active power 

reference to reactive power in shown in Fig. 7, which indicates 

the degree of WT reactive power disturbance caused by WT 

active power change. 

The peak gain of -2.5 dB occurs at around 28 Hz, which is in 

accordance with the reactive power oscillation frequency 

during active power change as demonstrated in Fig. 5.  
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Fig. 7 Bode response from active power reference to reactive power. 

B. Proposed angle feedforward control 

To reduce the interaction between WT active power and 

reactive power, an angle feedforward control is proposed in this 

subsection.  

During the power change of one single WT, the variation of 

offshore PCC voltage E is much less than that of converter 

output voltage Vc (as shown in Fig. 5), and thus, E is considered 

as being constant here. Thus, WT active power and reactive 

power variation is expressed as  

0 0 0 0cos sinc co c
wtc c c

E V E
P V

X X

 
    .        (20) 

0 0 0 0 0 0sin 2 cosc c c c
wtc c c

E V V E
Q V

X X

 



        (21) 

As 0 0 0 0cos / sin /c co cE V X E X   for a typical small phase 

shift 𝜃𝑐𝑜, phase angle variation at each WT terminal has a much 

higher impact on WT active power change than the WT AC 

voltage variation. 

PLL
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Fig. 8 Proposed WT angle feedforward control scheme.  

If WT phase angle can be regulated faster during the active 

power variation, WT terminal AC voltage fluctuation can be 

effectively reduced, as depicted by (20). As a result, WT 

reactive power dynamics during the transient can be improved, 

as seen in (21). Based on these observations, an additional angle 

feedforward control as shown in Fig. 8 is proposed to reduce 

the interaction between WT active and reactive power. The 

angle feedforward control takes the WT active power as the 

input and regulates the q-axis component of the converter 

output voltage reference vcq (to directly affect the phase angle), 

which is expresses as  

cqcom pq wtv k P                                   (22) 

where kpq is the gain of the angle feedforward control. When the 

WT generated active power increases, the WT output phase 

angle will quickly increase with the proposed angle 

feedforward control, leading to reduced AC voltage and 

reactive power fluctuation. Similarly, when the WT generated 

active power decreases, the WT output phase angle will quickly 

decrease to reduce the variation of AC voltage and reactive 

power. The coupling between the active and reactive power is 

thus reduced. 

C. Comparison between the proposed control and 

conventional control 

Fig. 9 shows the gain of the transfer function from WT active 

power reference to reactive power with different gains of the 

angle feedforward control (kpq). As can be seen, the peak gain 

(at around 28 Hz) is effectively decreased from -2.5 dB with 

conventional control (i.e. kpq=0) to -15.5 dB with the proposed 

control when kpq=0.0015 kV/MW, indicating reduced 

interaction between WT active and reactive power. This 

demonstrates that WT active power change causes less 

disturbance on the reactive power with the proposed control. 

However, when kpq is further increased from 0.0015 to 0.003 
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kV/MW, the Bode plot peak gain starts to increase, indicating 

the increased interaction between WT active power and reactive 

power. Therefore, kpq is set at 0.0015 kV/MW in this paper.  

In low frequency range (f<5 Hz), the proposed angle 

feedforward control exhibits the same responses as those of 

conventional control, demonstrating that the steady state active 

and reactive power are not affected by the additional control 

loop. 
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Fig. 9 Bode response from power reference to reactive power.  

The WT responses with the proposed angle feedforward 

control are compared to those with the conventional method [12] 

in PSCAD/EMTDC time-domain simulation, as shown in Fig. 

10. In steady state (before 0.2 s), both control methods operate 

satisfactorily at the same operation point.  

From 0.2 s to 0.21 s, the active power order of WT5 in string 

2 (shown in Fig. 1) decreases from 1 to 0.2 pu. As shown in 

Figs. 10 (b) and (c), the proposed angle feedforward control 

with kpq at 0.0015 kV/MW leads to lower WT AC voltage 

variation and significant reduction of reactive power oscillation 

during the active power change when compared to the 

conventional control (i.e. kpq=0). Also, the system with 

kpq=0.0015 kV/MW exhibits better overall performance 

compared to that with kpq=0.003 kV/MW, which is in 

agreement with the frequency domain analysis in Fig. 9. 
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Fig. 10 System performance when WT5 active power order changes with the 

proposed control and conventional control (i.e. kpq increases from 0 to 0.003 

kV/MW): (a) WT5 active power; (b) WT5 AC voltage; (c) WT5 reactive power; 

(d) WT5 frequency; (e) phase difference between WT5 and PCC (θ5-e).  

From the Nyquist plot of the open loop active power control 

shown in Fig. 11, the phase margin largely remains at 75° with 

the variation of kqp from 0 to 0.0030 kV/MW. This indicates 

that, with the brought benefits as demonstrated in Fig. 10, the 

proposed angle feedforward control does not have negative 

influence on system stability.  
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Fig. 11 Stability margin of the WT active power control when the angle 
feedforward control parameter changes from 0 to 0.003 kV/MW. 

D. Validation of the angle feedforward control at different 

operation points  

The proposed control is further validated at different 

operation points and high power setpoint changes.  

In this scenario, the active power of all the WTs are initially 

at 0.2 pu and the active power order of WT5 is ramped up to 1 

pu within the period of 0.2 to 0.21 s. As can be seen in Fig. 12 

(b) and (c), with the proposed angle feedforward control, WT 

reactive power oscillation is significantly reduced during the 

active power change compared to that without the proposed 

control. Similar to Fig. 11, the system stability phase margin is 

not significantly affected with the angle feedforward control in 

this case and thus is not repeated here.  

(b
) v

(p
u

)
(e

) θ
 (

ra
d

)
(a

) P
(p

u
)

(d
) f

(p
u

)
(c

) Q
(p

u
)

Proposed control
Conventional control

 
Fig. 12 System performance with WT5 active power change from 0.2 to 1 pu: 
(a) WT5 active power; (b) WT5 AC voltage; (c) WT5 reactive power; (d) WT5 

frequency; (e) phase difference between WT5 and PCC (θ5-e).  

The robustness of the proposed angle feedforward control is 

further validated during higher power setpoint changes. 
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Initially, all the WTs generate rated active power. At 0.2 s, WT1 

quickly decreases its active power from rated power to 0.1 pu, 

whereas the other 39 WTs reduce their power from 1 pu to 0.8 

pu in the meantime. The performances of WT1 in this scenario 

are presented in Fig. 13.  
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Fig. 13 System performance during WT1 high power setpoint change (from 1 

to 0.1 pu): (a) WT1 active power; (b) WT1 AC voltage; (c) WT1 reactive 
power; (d) WT1 frequency; (e) phase difference between WT1 and PCC (θ1-e). 

 

As wind speed constantly varies across the whole wind farm, 

all the WT output active powers also vary accordingly. With the 

proposed angle feedforward control, reactive power oscillations 

for all the WTs are significantly reduced during normal active 

power variation. Thus, WT grid current oscillation is reduced 

leading to higher converter efficiency and potential longer 

lifespan. 

VI. CONCLUSION  

A small-signal state-space model of WTs connected with 

DR-HVDC systems is developed. Using the developed small-

signal model, the design of Q-f control is studied, and the 

interaction between active and reactive power with P-V and Q-

f control is investigated. Moreover, the detailed mechanism and 

process on WT active power change with the P-V and Q-f 

control is clarified. An angle feedforward control is proposed to 

reduce the coupling between WT active and reactive power. 

Frequency-domain Bode responses and time-domain 

simulations using PSCAD/EMTDC verify that the proposed 

control effectively alleviates the variations of the offshore AC 

voltage and reactive power during active power change.   

APPENDIX. A 

Table I 

Parameters of the Tested DR-HVDC System 

Components Parameters Values 

 Converter reactance 0.15 pu 

WT 

converters 
Filter capacitor 0.1 pu 

Transformer 

leakage inductance 

0.69 kV/66 kV 

0.08 pu 

AC cable Rac, Lac, Cac 0.6 Ω, 2 mH, 2×0.672 µF 

 

DR filter 

Low frequency filter 
116.98 µF; 1300 µF;  

7.8 mH; 1.70 Ω; 14.97 Ω 

High frequency filter  116.98 µF; 0.78 mH; 4.76 Ω 

12-pulse DR 

Transformer 

leakage inductance 

66 kV/261.8 kV /261.8 kV; 

0.18 pu 

Power, DC voltage 1000 MW; ±320 kV 

DC smoothing reactance 0.24 H 

DC cables [8] Rdc, Ldc, Cdc 1.25 Ω; 0.06 H; 26 µF  

 

Control 

parameters 

Current control: kip; kii; 

Voltage control: kvp; kvi 

0.0057 Ω; 0.909Ω./s; 

4.175 Ω-1; 278.34 Ω-1s-1 

PLL: klp; kli; 

P control: kpp; kpi 

448.2 rad/(sv); 7052 rad/(s2v); 

0.5 kV/MW; 1 kV/(sMW) 

f control: kf; 

Q-f droop control: kq 

0.1 (skV)/rad; 

1 rad/(sMVAr) 

Angle feedforward 

control: kpq 
0.0015 kV/MW 

APPENDIX. B 

A. Small-signal model of diode rectifier filter 

The diode rectifier filter shown in Fig. 1 is represented as 

 1 1 2 3 1 2 3 2 2 4 3 1 1

1 2

2 2 1 2 2 2 1 2 2

3 3 1 3 3

4 4 2 1 3 4 3 4 4

1 1 1 2 3 1 1 1

2 2 1 4 2 2

dr

casumd dr

dr

dr

dr

dr

dr

C dv dt R R v R R v R v R j C v

i i i i

C dv dt v R v R i j C v

C dv dt i j C v

C dv dt i v R v R j C v

L di dt v v v Ri j L i

L di dt v v j L i













     

   

   

 

   

    

  

(23) 

Linearizing at the operating point, the small-signal model in 

the dq reference is expressed as  

1 2 3 4 1 2

1 2 3 4 1 2

T

dq dq dq dq dq dq

T

drf dq dq dq dq dq dq

T

drf dr casumdq drdq

v v v v i i

A v v v v i i

B i i

      
      

 

       
 

    
 

  (24) 

where  
2 3
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 (25) 
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1 0 1 0 2 0 2 0 3 0 3 0 4 0 4 0 1 0 1 0 2 0 2 0

1

1

1

1

1 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0

T
q d q d q d q d q d q d

drf

v v v v v v v v i i i i

C

B C

C

C

      
 
 
 
 
 

 
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.(26) 

B. Small-signal model of the WT, output LC filter and 

transformer inductance  

The WT is modelled by its line-side converter as the 

generator side converter and generator have no significant 

participation on offshore network stability [22]-[23]. Pulse 

width modulation (PWM) of the line-side converter is 

considered and modelled as a first-order delay with its time 

constant at half of the PWM switching period. The WT output 

LC filter and transformer inductance, as shown in Fig. 2 is 

represented as  

w w w w c f w w

f f f f w s

s s s s f ca wt

L di dt j L i v v R i

C dv dt j C v i i

L di dt j L i v v T







    

   

   

.             (27) 

The corresponding small-signal state space form of the LC 

filter and transformer reactance in the dq reference is expressed 

as 

wdq
wdq

fdq con fdq con cdq

sdq cadq
sdq

i
i

v A v B v

i v
i
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         (28) 

where 
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.     (30) 

C. Small-signal model of AC cable  

AC cable is modelled as one R-L-C 𝜋  section due to its 

relative short length. When the 𝜋 sections of the AC cables are 

connected in series, it is equivalent to use  sections as two 

parallel capacitors from the two cables at a same point can be 

regarded as one capacitor with twice the original value, as 

shown in Fig. 2. The AC cable is represented as  

2_1

ca ca ca ca s wt ca

ca ca ca ca ca ca ca ca

C dv dt j C v i T i

L di dt j L i v v R i





   

    
 .       (31) 

Linearizing at the operating point, the small-signal model of 

AC cable in the dq reference is expressed as  
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. (32)  

D. Complete small-signal model of the offshore wind farm  

Due to the distributed control of the WT line-side converter, 

the small-signal model of each WT converter and control is 

based on its own rotating dq reference [12], as shown in Fig. 

14. When two WT converters are connected to a common point, 

it is necessary to transform the individual rotating reference to 

a common reference for stability analysis [24].  

d1

d2

q1 q2

  
Fig. 14 Diagram of small-signal reference frame transformation 

As shown in Fig. 2, the transformer of WT2 is directly 

connected with AC cable 1. The current injected into AC cable 

2 𝑖𝑠𝑢𝑚2  is the total current from both WT2 transformer 

𝑖𝑠2/𝑇𝑤𝑡   and AC cable 1 𝑖𝑐𝑎, which should be based on the same 

rotating reference. Thus, the current of AC cable1 𝑖𝑐𝑎𝑑𝑞   in d1q1 

reference frame is transformed to that based on d2q2 

reference 𝑖𝑐𝑎1_2𝑑𝑞, which is expressed as  

1_ 2

1_ 2

cos sin

cos sin

ca d cad caq

ca q caq cad

i i i

i i i

 

 

 

 
.                 (33) 

Linearizing (33) at the operating point, the expression of the 

current deviation can be obtained  

1_ 2 0 0

0 01_ 2

0 0 0 0

0 0 0 0

cos sin

sin cos

sin cos

sin cos

ca d cad

caqca q

cad caq

caq cad

i i

ii

i i

i i

 

 

 


 

    
             

  
    

   

 .         (34) 

On the other hand, as shown in (32), the input of the AC 

cable 1 small-signal model is the voltage of the connection 

point 𝑣𝑐𝑎2, which is expressed in the d2q2 reference frame. The 

voltage needs to be converted to that based on d1q1 reference 

𝑣𝑐𝑎2_1𝑑𝑞 using the reversed transformation, expressed as  

2_1 20 0

20 02_1

2 0 0 2 0 0

2 0 0 2 0 0

cos sin

sin cos

sin cos

sin cos

ca d ca d

ca qca q

ca d ca q

ca q ca d

v v

vv

v v

v v

 

 

 


 

    
             

  
    

   

 .            (35) 

Fig. 15 shows the complete small-signal model of 40 WT 

line-side converters connected with DR-HVDC. 
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Fig. 15 Diagram of small-signal state space model of 40 WT converters 

connected with DR-HVDC. 

E. Validation of the small-signal model 

In order to validate the small-signal model, the step 

performances of the small-signal model in MATLAB are 

compared with the simulation results in PSCAD/EMTDC, 

when the generated active power of WTs in the first string are 

25, 18, 15, 24 MW respectively, while the remaining 36 WT 

converters all operate at full power (25 MW).  

Fig. 16 shows the comparison of the responses between the 

time-domain PSCAD model (blue curve) and the linearized 

small-signal MATLAB model (red curve), when WT1 (as 

shown in Fig. 1) active power order decreases from its original 

operating point of 25 MW by -0.25 MW at 0.1 s and WT2 

reactive power order increases from its original operating point 

of 0 by 0.05 MVAr at 0.2 s. As can be seen, the performances 

of the small-signal model are in good agreements with the 

results from PSCAD/EMTDC simulation.  
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Fig. 16 Comparison between small-signal model (red) and PSCAD model 

(blue) during active power and reactive power change: (a) WT1 active power 
change; (b) WT1 AC voltage change; (c) WT1 reactive power change; (d) WT1 

frequency change; (e) WT2 active power change; (f)WT2 AC voltage change; 

(g) WT2 reactive power change; (h) WT2 frequency change. 
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