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Adaptive Droop-based Hierarchical Optimal Voltage
Control Scheme for VSC-HVDC Connected

Offshore Wind Farm
Sheng Huang, Qiuwei Wu, Senior Member, IEEE, Wu Liao, Gongping Wu, Xueping Li, and Juan Wei

Abstract—An adaptive droop-based hierarchical optimal volt-
age control (DHOVC) scheme is proposed for voltage-source
converter high-voltage-direct-current (VSC-HVDC) connected
offshore wind farms (WFs). The wind turbines (WTs) and WF
side VSC (WFVSC) are coordinated to minimize the voltage
deviations of buses inside the WF from the nominal voltage and
mitigate reactive power (Var) fluctuations of WTs. The model
predictive control (MPC) is used to improve the performance
of the DHOVC scheme during a certain predictive horizon. A
hierarchical solution method based on the alternating direction
method of multipliers (ADMM) is developed to reduce the
calculation burden of the central controller while improving the
information privacy protection. During the predictive horizon,
the WTs and WFVSC are coordinated to achieve the near global
optimal performance without global information. A WF with
32 × 5MW WTs was used in the matlab/simulink to test the
proposed DHOVC scheme.

Index Terms—alternating direction method of multipliers,
droop curve, model predictive control, voltage control, wind farm.

I. INTRODUCTION

IN recent year, renewable energy has experienced rapid and
sustainable development due to its advantage on economic

advance and environmental protection. Among the renewable
energies, offshore wind power has attracted increasing atten-
tion from academia and industry [1], [2]. For the offshore
wind farms (WFs) far from onshore, the voltage source con-
verter high-voltage direct current (VSC-HVDC) transmission
system is preferred due to its advantages on flexible operation,
economic benefits [3], [4], and its ability to maintain voltage
and frequency in the isolated offshore WF grid [5].

Although the wind blows faster and more uniformly at
sea than on land [6], the stochastic and strong fluctuation
of wind energy also creates challenges to the offshore WF
operation. In recent years, the voltage fluctuation problem
caused by the intermittent active power generated from the
wind turbines (WTs) has attracted more and more attention. To
mitigate the negative voltage effects and enhance the operation
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performance, the modern WFs are required to regulate the
voltage of the buses inside WFs within a specific range [7].

The optimal voltage/Var control deals with finding a control
law for the WF operation, which has an objective function
to ensure a certain optimality criterion can be achieved. The
optimal voltage/Var control has motivated a number of studies.
References [8] proposed an model predictive control (MPC)-
based optimal control scheme to optimize the power injection
of WTs during the normal and corrective modes, which can
effectively minimize the voltage deviations of buses within
the WF and improve the economic performance. An optimal
power flow (OPF)-based Var dispatch strategy was proposed
in [9]. The proposed strategy considers the power losses inside
the WF and uses the voltage control capability of an offshore
VSC-HVDC. To overcome the shortcomings of the centralized
optimal control on computational efficiency of the central
supervisor, communication cost, and the robustness of the
control topology, the distributed/hierarchical control methods
have been studied for the WF and microgirds optimal operation
[10]- [14]. Reference [11] established the first systematic and
pioneering distributed control framework to set up efficient and
resilient microgrid clusters, providing a creative perspective
on system operational flexibility. In [12], the active and Var
control based on consensus protocol with a two-tier control
structure was proposed. The control scheme is designed to
achieve fair active power and Var sharing among multiple
WFs. In [13], the consensus alternating direction method of
multipliers (ADMM) is adopted to regulate the collector bus
voltages of multiple WFs in a distributed manner, while the bus
voltages inside each WF are regulated in a hierarchical manner.
In [14], a distributed control scheme based on analytical target
cascading algorithm is proposed for WFs. The WF controllers
operate in parallel without the coordination of the central unit
while achieving the optimal voltage regulation.

The distributed control methods highly rely on the com-
munication technology. The communication delay and data
integrity will affect the response speed of the control system
and optimality of the solution. Besides, the above distributed
control methods are essentially offline algorithms, wherein the
optimal solution is applied until the iterations converge. The
decentralized control method fully depends on local measure-
ment without communication system and easy to implement,
has been widely used in the power system [15]- [22]. In [5], a
novel droop-based frequency regulation scheme was proposed
for offshore WFs which is connected to a HVDC system. The
WTs follow the droop curve to output Var equally without
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the requirement of the communications. In [16], a variable
droop voltage control strategy was used in the WF. The aim
is to reduce the voltage fluctuations at the point of connection
(POC) by regulating the voltage-Var droop coefficients of the
WTs based on their corresponding maximum Var capacity.

The decentralized control methods have been widely used
in the microgrids. In [17], a novel descriptor system H∞
approach was proposed for VSC-based microgrids, which
can regulate the voltage and frequency efficiently by using a
hierarchical droop-based control structure. The communication
time-delay is considered to improve the operation performance
of the system. In [18], an adaptive droop control scheme
was proposed for an isolated microgrid power system. The
power sharing among the energy storage devices is achieved
by using the dynamic droop factors. In [19], the voltage
droop slope was tuned to compensate for the mismatch in the
voltage drops across feeders by using communication links,
which is inherently immune to delays in the communication
links. An adaptive droop scheme was proposed in [20] for
dc microgrids to overcome the non-linearity of the system.
The aim is to eliminate the current sharing error of each unit
in the microgrid. In [21], a noncooperative control problem
of onboard pulsed power load in microgirds was formulated,
which can achieve the near-optimal control without knowledge
of system dynamics by using the neural network based control
algorithm. In [22], a novel decentralized output constrained
control algorithm was proposed for single-bus dc microgrids,
the control algorithm can guarantee not only convergence but
also bounded transient tracking errors.

According to the above analysis, with the increasing size
of WFs, the central controller may fail to obtain the optimal
solution in a certain control period to respond to the fast
voltage fluctuations caused by the grid disturbance and vari-
able wind speed. The communication delay in the distributed
control method affects the response speed and optimality of
the control system. Moreover, to the best of our knowledge, the
existing droop control method for the WF operation can not
obtain an optimal solution and there is no local algorithm that
is guaranteed to solve the voltage optimization problem [23],
[24]. To reduce the calculation burden of the central controller,
impacts of the communication delay and improve the response
speed to voltage fluctuations, this paper proposes an adaptive
droop-based hierarchical optimal voltage control (DHOVC)
scheme for the VSC-HVDC connected offshore WF. The
DHOVC scheme aims to reduce the voltage deviation of the
POC, medium voltage (MV) buses, and WT terminal from
their nominal voltage while smoothing the Var fluctuations
of the WTs. The proposed control scheme is operated in
a hierarchical manner by using the ADMM algorithm to
optimize voltage reference of the WF side VSC (WFVSC) and
generate the optimal droop coefficients for the WTs during a
certain predictive horizon. The voltage fluctuations caused by
the droop coefficient at each prediction step are predicted and
considered into the optimization problem by using the MPC
method.

The main contribution of this paper is the design of the
DHOVC scheme for the VSC-HVDC connected offshore WFs.
Compared to the conventional centralized optimal control, the

Var of the WTs is regulated by following the droop curves
instead of the dispatch command from the WF controller,
implying the WT can fast respond to the voltage fluctuations
without complex calculations. Compared to the distributed
control method, the control period can be extended to reduce
the impacts of the communication delay and calculation bur-
den of the WF while ensuring excellent operating performance.
With the ADMM algorithm, the calculation burden of the
central controller of the WF can be further reduced efficiently
while the information privacy of the WF is improved. During
a certain predictive horizon, each WT can fast respond to the
voltage fluctuations while achieving the near-global optimal
operation performance without global information of the WF.
Moreover, even the communication system fails, each WT can
still work well according to the previously obtained droop
coefficient if the wind condition does not change obviously,
implying the better robustness and stability.

The rest of the paper is organized as follows. Section II
gives the control architecture of the DHOVC scheme. The
droop control-based MPC model is linearized in Section III.
The optimization problem with droop control is described in
Section IV. Finally, case study are shown and discussed in
Section V, followed by the conclusions.

II. CONTROL ARCHITECTURE

A. WF Topology

A WF with a radial topology is shown in Fig. 1 [8].
The power generated by the WTs is collected by the MV
collector system. There are several MV/HV transformers and
HV transmission cables connected to the POC. The POC is
connected to the WFVSC controlled bus through the main
transformer. The WFVSC is responsible for energizing the WF.
The power of the WF is collected at the POC and delivered
to the external grid by using a VSC-HVDC system. Since a
number of MV cables with the low X/R ratio are used inside
the WF, the fluctuating active power outputs of the WTs will
result in the frequent voltage fluctuations of the buses.

Fig. 1. Topology of a WF.

B. Control Concept

The control concept of the proposed DHOVC scheme is
shown in Fig. 2. The control objective of the DHOVC scheme
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are to reduce the voltage deviation of the POC, MV buses,
and WT terminal from their nominal voltage while smoothing
the Var fluctuations of the WTs. The local controllers are
equipped to the WFVSC and each WT. All controllers are
connected through communication networks. The sensitivity
calculation block is used to calculate the voltage sensitivity
coefficients respect to the Var output of the WTs and controlled
bus voltage, which needs the measurements from the WF
and grid parameters. The MPC is adopted to formulate the
voltage optimization problem with the droop control during
each predictive horizon. The predictive horizon consists sev-
eral prediction steps. At each prediction step, the voltage
fluctuations caused by the intermittent wind power and Var
injection of WTs is predicted to improve the accuracy of
the predictive model. The optimal voltage reference of the
WFVSC and the optimal droop coefficients of the WTs are
generated and sent to local controllers during each predictive
horizon. The WTs update the Var references according to their
corresponding droop curves and local voltage measurements
to fast respond to the voltage fluctuations.

Fig. 2. Control framework.

III. WIND FARM MODEL WITH DROOP CONTROL

A. WFVSC and WT model

In a VSC-HVDC connected WF, the WFVSC is responsible
for energizing the WF and maintaining stable frequency of
the WF. The control method is described in [8] in detail. The
terminal bus of the WFVSC is defined as the slack bus of the
WF collector system. With the standard double-closed loop
control structure of the WFVSC, the inner current loop can
be approximated as a first-order lag function due to the fast
dynamic behaviour. Since the communication distance inside
the WF is relatively small compared to the large-scale power
system, the communication delay from the WF controller to
the WFVSC is small with fiber-optical communication. Thus,
in order to simplify the model of the WFVSC, a first-order
lag function is used to represent the communication delay of
the WFVSC. Then, the incremental state-space model of the
WFVSC considering the communication delay is,

∆ẋv = Av∆xv + Bv∆uv (1)

where

∆xv =
[

∆V ref∗
c ,∆Vc,∆V

int
c ,∆isd

]T
,∆ut = V ref

c

Av =


− 1

Tc
0 0 0

0 0 0 − 1
Cf

1 −1 0 0

−Kp

Ti

Kp

Ti
−Ki

Ti
− 1

Ti

Bv =


1
Tc

0
0
0


where Tc is the time constant of the communication delay,
V ref
c is the voltage reference of the WFVSC controlled AC bus,

which is generated in the central controller, V ref∗
c is the voltage

reference obtained by the WFVSC after the communication
delay, Vc is the voltage of the controlled bus, KP and Ki

are the proportional and integral gains of the PI regulator of
the outer loop, respectively, Cf is the filter capacitance of
the WFVSC, isd is the d-axis current when using the grid
voltage orientation, V int

c is the integral of the error between
voltage reference and measurement of the WFVSC controlled
bus, Ti is the time constant of the inner loop, and ∆ denotes
the incremental of variables.

In a modern WT system, the active power and Var outputs of
the WTs can be independently regulated with power electronic
converters. In the droop-based Var control, the control action
can be divided into two steps. In the first step, the WT searches
the Var reference by using a droop curve. The Var reference of
the WT is obtained according to the error between the voltage
measurement and rated voltage, which can be expressed as,

Qref
wt = min{max{α(Vwt − Vrated), Qmin}, Qmax}, (2)

where Qref
wt is the Var reference of the WT, Qmin and Qmax

are the minimum and maximum available Var of the WT,
respectively, α is the droop coefficient, Vwt is the voltage
measurement at the WT terminal bus, and Vrated is the rated
voltage. The WT provides Var support by following the droop
curve while the WT tracking the maximal available wind
power. In order to formulate the dynamic behavior and time-
delay of the Var regulation of the WT in the second step, based
on [25], we can get,

∆Qwt =
1

1 + sTQ
∆Qref

wt (3)

where Qwt is the Var output measurement of the WT, and TQ
is the time constant. Then, we can obtain,

∆Q̇wt = − 1

TQ
∆Qwt +

1

TQ
∆Qref

wt (4)

B. Wind Farm model

Based on (1) and (4), the continuous state-space model of
the WF can be written as,

∆ẋ = A∆x+ B∆u (5)

where

∆x =
[
∆Vc,∆V

int
c ,∆isd,∆Qwt,1,∆Qwt,2, . . . ,∆Qwt,|NT|

]T
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∆u =
[
∆V ref

c ,∆Qref
wt,1,∆Q

ref
wt,2, . . . ,∆Q

ref
wt,|NT|

]T
A = diag

[
AV,− 1

TQ,1
,− 1

TQ,2
, . . . ,− 1

TQ,|NT|

]
A ∈ <(3+|NT|)×(3+|NT|)

Bwf = diag
[
BV,

1
TQ,1

, 1
TQ,2

, . . . , 1
TQ,|NT|

]
B ∈ <(3+|NT|)×(1+|NT|)

where NT denotes the set of WTs inside the WF. Then, the
discrete state-space model can be derived,

∆x(k + 1) = Ad∆x(k) + Bd∆u(k) (6)

The discrete state space matrixes Ad and Bd can be
calculated with the method in [26].

C. MPC-based droop Control Optimization Problem Formu-
lation

In this subsection, the MPC-based droop control model is
formulated. To transform the optimization problem to a convex
problem, the nonlinear model with the polynomial of the droop
coefficients is linearized. The Var of the WTs inside the WF
are regulated by following the droop curve. Defined Q0

wt,i as
the initial Var measurement of the ith WT, the incremental Var
with the droop control can be described as,

∆Qref
wt,i = (Vwt,i − Vrated)αi −Q0

wt,i (7)

In each predictive horizon, the voltage reference of the
WFVSC is constant while the Var of the WTs are dy-
namically changed according to the droop curves. Define
∆u∗ = [∆V ref

c , α∗]T , α∗ = [α1, α2, · · · , α|Nt|], and ∆y =
[Vs,∆Qwt,1,∆Qwt,2, . . . ,∆Qwt,|NT|], the discrete state-space
WF model with local droop control can be rewritten as,

∆xd(k + 1) = Ad∆x(k) + Bd∆u(k),

= Ad∆x(k) + BdM(k)∆u∗ + BdE(k),

∆y(k) = C∆x(k). (8)

where

M(k) =

[
1

Mwt(k)

]
E =

[
0
F

]

C =


Cv Cwt,1 · · · Cwt,|NT|

11
. . .

1|NT|


Cv = −(

∂Vc
∂Vs

)−1
[
−1, 0, 0

]
,

Cwt,i = −(
∂Vc
∂Vs

)−1(
∂Vc
∂Qwt,i

), ∀i ∈ NT

where ∂Vc

∂Vs
and ∂Vc

∂Qwt,i
are the voltage sensitivity coefficients

matrixes of the controlled bus with respect to the slack bus
voltage and the ith WT Var injection, respectively. More

details can be found in [27]. Mwt(k) is related to (7), which
can be expressed as,

Mwt(k) =

Vwt,1(k)− Vrated
. . .

Vwt,|Nt|(k)− Vrated


(9)

In the droop control-based MPC optimization problem for-
mulation, Mwt(k) should be updated in each predictive step
with the voltage change. However, the WF controller only
has the initial voltage measurements. F is also related to (7),
which can be expressed as,

F =

 −Q
0
wt,1
...

−Q0
wt,|Nt|


For the ind prediction step, the Var output change depends

on the terminal voltage measurements of the WTs at the initial
point of the ind prediction step. The coefficients of the droop
curves are only optimized once in each predictive horizon with
the initial voltage measurements. Therefore, the voltages of the
WT at each control period should be predicted and formulated
in the MPC optimization problem. For the knd prediction step,
Mwt(k) and can be expressed as,

Mwt(k) = diag[SQ
wt∆y(k) + SP

wt∆Pwt(k) + V 0
wt − Vrated]

= diag[SQ
wtC∆x(k) + SP

wt∆Pwt(k) + V 0
wt − Vrated]

= diag{SQ
wtC[Ad∆x(k − 1) + BdM(k − 1)∆u∗

+ BdF ] + SP
wt∆Pwt(k) + V 0

wt − Vrated}
= · · · · · · (10)

where SQ
wt and SP

wt are the voltage sensitivity coefficient
matrixes with respect to the slack bus voltage and active power
and Var injection of the WTs, respectively, and ∆Pwt(k) is
the vector of the incremental active power ∆Pwt,i at the knd
prediction step, ∆Pwt,i(k) = Pwt,i(k) − P 0

wt,i. In (10), the
Mwt(k) can be deduced back to the initial state space matrix
with x(0), Bwt(0), and initial voltage measurements V 0

wt .
However, Mwt(k) consists of polynomial of u∗. It can not be
formulated as a Quadratic programming (QP) problem and is
hard to be solved by the solvers. Therefore, the MPC-based
discrete state-space WF model with local droop control should
be reformulated. Taken the 2nd prediction step as example,

∆xd(2) = Ad∆x(1) + Bd∆u(1),

= AdBdM(0)∆u∗ + AdBdF + Bd∆u(1)

∆y(2) = C∆x(2). (11)

where u(1) = [∆V ref
c , u†(1)]T , and u†(1) = [∆Qref

wt,i(1),
∆Qref

wt,2(1), · · · ,∆Qref
|Nt|(1)]T . According to (7) and (8), u†(1)

is obtained by the voltage conditions after the 1st prediction
step. Since the accurate voltage measurements are not available
during this time, the voltage conditions can only be predicted
by using the sensitivity coefficients. Thus, u†(1) can be
calculated by,
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u†(1) = Mwt(1)α∗ + F

= diag{SQ
wtC[BdM(0)∆u∗ + BdF ]

+ SP
wt∆Pwt(0) + V 0

wt − Vrated}α∗ + F (12)

In (12), diag[SQ
wtCBdM(0)∆u∗]α∗ is quadratic with respect

to α∗, which can be approximated by using Taylor series
expansion. Thus,

diag[SQ
wtCBdM(0)∆u∗]α∗ ≈ T (1)∆u∗ + H(1) (13)

where T (1) and H(1) are the matrixes related to the Tay-
lor series expansion. Defining R(1) = diag[SQ

wtC(BdF +
SP
wt∆Pwt(0)) + V 0

wt − Vrated], (12) can be rewritten as,

u†(1) = T (1)∆u∗ + R(1)α∗ + H(1) + F (14)

In (14), the Var references of the WTs u†(1) is decided by
decision variables vectors ∆u∗ and α∗. According to (11),
the decision variables at the 2nd prediction step u(1) can be
obtained as,

u(1) = [T ∗(1) + R∗(1)]∆u∗ + H∗(1) + E (15)

where

T ∗(1) =

[
T0
T (1)

]
H∗(1) =

[
0

H(1)

]

R∗(1) =

[
0 · · ·
... R(1)

]

T0 = [1, 0, 0, 0, . . . , 0], T0 ∈ <1×(1+|NT|)

Then, (11) can be expressed as,

∆xd(2) = Wd(1)u∗ + Ed(1)

= [AdBdM(0) + BdT
∗(1) + BdR

∗(1)]∆u∗

+ AdBdF + BdH
∗(1) + BdE

∆y(2) = C∆x(2). (16)

For each prediction step, the linearization of the discrete
state-space WF model with local droop control is obtained in
the same procedure, which is predicted according to the initial
measurement and voltage sensitivity coefficient matrix. Thus,
the discrete state-space WF model with local droop control
can be linearized as,

∆xd(k + 1) = Wd(k)∆u∗ + Ed(k)

∆y(k) = C∆x(k). (17)

where

Wd(k) = AdWd(k − 1) + BdT
∗(k) + BdR

∗(k)

Ed(k) = AdEd(k − 1) + BdH
∗(k) + BdE

∀k ∈ 1, 2, 3, . . . , Np

Wd(0) = BdM(0) Ed(0) = BdE

IV. OPTIMIZATION PROBLEM WITH DROOP CONTROL

A. Cost Function

When all WTs are operated in the maximum power point
tracking (MPPT) mode, the proposed DHOVC scheme coor-
dinates the WFVSC and WTs to reduce the voltage deviations
of buses caused by the variation of the active power outputs.
The first aim is to achieve an optimal voltage regulation of
the WF. The voltage reference of the WFVSC and voltage-
Var droop coefficients of the WTs are the control variables of
the optimization problem, which are optimized to reduce the
voltage deviations of buses inside the WF from their nominal
voltage. The control objective includes the POC, MV bus, and
WT terminal bus, which are coordinated by weighting factor.
Then, the control objective of the voltage regulation can be
formulated as,

Obj1 = min

Np∑
k=1

(‖ ∆VPOC(k) ‖2Wp
+

|NC|∑
i=1

‖ ∆VMV,i(k) ‖2WM

+

|Nwt|∑
i=1

‖ ∆Vwt,i(k) ‖2Ww
) (18)

∆VPOC = V 0
POC +

∂VPOC

∂y
∆y +

∂VPOC

∂Pwt
∆Pwt− Vrated

∆VMV,i = V 0
MV +

∂VMV,i

∂y
∆y +

∂VMV,i

∂Pwt
∆Pwt − Vrated

∀i ∈ NM

∆Vwt,i = V 0
wt +

∂Vwt,i

∂y
∆y +

∂Vwt,i

∂Pwt,i
∆Pwt − Vrated

∀i ∈ Nwt (19)

where NC denotes the set of the MV buses, Nwt denotes the
set of the WTs, ∂VPOC

∂y , ∂VMV,i

∂y , ∂Vwt,i

∂y , ∂VPOC

∂Pwt
, ∂VMV,i

∂Pwt
, and

∂Vwt,i

∂Pwt
are the voltage sensitivity matrixes. ∆y can be obtained

from the MPC-based droop model (16). WP, WM, and Ww are
the weighting factor of the POC, MV bus, and WT terminal
bus voltages, respectively, which are used to coordinate the
control performance of different buses. The second control
objective is to minimize the Var fluctuations of the WTs,

Obj2 = min

Np∑
k=1

|Nwt|∑
i=1

‖ Qwt,i(k)−Q0
wt,i ‖2WR

(20)

where Q0
wt,i is the initial Var measurement of the ith WT,

and Qwt,i(k) is can be obtained from ∆y in (16), and WR

is the weighting factor. Obj1 and Obj2 can be formulated as
a standard QP problem. Then the total cost function can be
obtained as,

Objtotal = Obj1 +Obj2 (21)

B. Constraint

Firstly, the controlled voltage of the WFVSC cannot violate
the minimum and maximum voltage limits,

V min
c ≤ Vc ≤ V max

c . (22)
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where V min
c and V max

c are the minimum and maximum
voltages of the controlled bus, respectively. Secondly, since
the measured voltage and the droop coefficient determine the
Var output of each WT, the constraints for the α should ensure
that the Var injections of the WTs will not violate the available
Var limits. Thus, we can get,

Qmin
i

Vi − Vrated
≤ αi ≤

Qmax
i

Vi − Vrated
, ∀i ∈ NT (23)

where Qmin
i and Qmax

i are the minimum and maximum avail-
able Var of the ith WT, which can be calculated dynamically
according to the active power outputs of the WTs.

C. Stability Analysis

According to (8), the recurrence relation that describes how
the bus voltage magnitudes evolve with time can be written
as,

Vwf(k + 1) = SQ
wt∆Qwf(k) + Svsc∆Vs(k) + Vwf(k)

= SQ
wt[diag(Vwf(k)− Vrated)α∗ − F ]

+ Svsc∆Vs(k) + Vwf(k) (24)

Eq. (24) can be further rewritten as,

Vwf(k + 1) = (I + diag(α∗)SQ
wt)Vwf(k)

+ Svsc∆Vs(k)− diag(α∗)SQ
wtVrated − SQ

wtF
(25)

where Vwf = [V1, V2, · · ·V|Nd|]
T ,Nd denotes the set of

the nodes inside the WF except the slack bus and controlled
bus, Svsc ∈ R|Nd|×1 is the voltage sensitivity matrix with
respect to the slack bus voltage. Eq. (25) is a discrete
time-invariant system, affected by droop coefficients α∗ and
WFVSC controlled voltage Vs. Svsc∆Vs is bounded due to
the constraint (22), diag(α∗)SQ

wtVrated is bounded due to the
constraints (23), and SQ

wtF is a constant matrix. In order to
ensure the stability of the system, Vwf(k) remains bounded
for all k. The eigenvalues of (I + diag(α∗)SQ

wt) must lie
within the unit circle, i.e., σi|(I + diag(α∗)SQ

wt)| ≤ 1,∀i,
where σi(I + diag(α∗)SQ

wt) denotes the ith eigenvalue of
I + diag(α∗)SQ

wt. Thus, α∗ must meet the constraints,

−min
2Reλi
|λ2i |

< α∗ < 0 (26)

where λi = Reλi + jImλi denotes the ith eigenvalue of SQ
wt

[28], [29].

D. ADMM-based Hierarchical Solution

Eq. (21) with constraints is a centralized optimization prob-
lem. With the WF size increasing, the increased calculation
burden will increases the calculation time and impacts the
control performance consequently. Therefore, a fast solution
method is needed to generate the optimal droop coefficients of
the WTs. The optimization problem is a standard QP problem
with the decision variable ∆u∗, which can be presented in a
compact QP form as,

min
x

Φ(x) =
1

2
(∆u∗)TH∆u∗ + gT ∆u∗ (27)

s.t. ∆u∗ ≤ ∆u∗ ≤ ∆u∗

where H � 0, H ∈ <n×n and g ∈ <n×1, ∆u∗, and ∆u∗

denotes the lower and upper limits of ∆u∗, and n = 1+|Nwt|.
To further improve the respond speed of the WF as much
as possible, the ADMM-based hierarchical solution method is
used to decompose the centralized optimization problem. The
augmented Lagrangian LADMM can be expressed as,

LADMM = Φ(x) + yT (x− z) +
ρ

2
‖ x− z ‖22 (28)

s.t. ∆u∗ ≤ ∆u∗ ≤ ∆u∗

where y is the dual variables vector, and ρ > 0 is the aug-
mented Lagrangian parameter. Defined x = [x1, x2, . . . , xn] as
the local variables, which are related to the droop coefficients
of the WTs and optimized in each local controller in parallel,
z = [z1, z2, . . . , zn] as the global variables, which are also
related to the droop coefficients of the WTs and optimized in
the central controller of the WF, and I as the identity matrix.
The steps of the ADMM-based solution are listed in Table. I.

TABLE I
STEPS OF ADMM-BASED SOLUTION METHOD

Step 1 Initialize:

x[1] = 0, z[1] = 0, y[1] = 0

Step 2 Update z: The WF controller minimizes augmented Lagrangian
LADMM without constraints to obtain z as,

z[k+1] = −(H + ρ[k]I)(g − ρx[k] + y[k])

Step 3 Update x: The central controller sends the zi to its correspond-
ing WT. The local variables are obtained by solving a simple
augmented Lagrangian function with local constraints,

x
[k+1]
i = arg min

xi

y
T[r]
i (xi − z

[r+1]
i ) +

ρi

2
‖ (xi − z[r+1]) ‖22

s.t. xi ≤ ∆xi ≤ ∆xi

Step 4 Update y:

y
[r+1]
i = y

[r+1]
i + ρ(x

[r+1]
i − z[r+1]

i )

Step 5 Convergence check: Define the primal residuals as h[r] =
x[r] − z[r] and the dual residuals as j[r] = (z[r] − z[r−1]),
then the iteration will stop when

‖ h[r] ‖2≤ εpri ∩ ‖ j[r] ‖2≤ εdual, where εpri and εdual are
constants for the feasibility tolerances of the primal and dual
feasibility conditions, respectively.

The ADMM algorithm is an iterative algorithm. When the
global variables and local variables converge, each WT can
obtain the optimal droop coefficient according to the converged
local variable generated in its corresponding local controller.

V. CASE STUDY

A. Test System

In this section, a WF with 32 × 5MW WTs is used to
verify the effectiveness in the control performance with the
DHOVC scheme. The WF consists of two MV bus. Each
MV bus is connected by two feeders. For each feeder, eight
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WTs are placed with 4 km distance. The WF is tested in
Matlab/simulink with the full nonlinear AC power flow envi-
ronment. The WF operation performances with the proposed
DHOVC scheme are compared to two other control schemes,
which are the PI-based control scheme and centralized optimal
voltage control (COVC) scheme [8]. The control action of the
COVC scheme is carried out every second. In the PI-based
control scheme, the control objective is to maintain the voltage
of the POC stable only. A PI controller is adopted to obtain the
total Var reference of the WTs,The Var references of the WTs
are dispatched to the WTs based on a proportional distribution
(PD) control scheme.

B. Control Performance

Fig. 3 shows the available wind power of the WF. Since the
WF is operated in the MPPT mode, the active power output
of the WF tracks the available wind power during the whole
simulation time.

Fig. 3. Available wind power of WF.

The DHOVC scheme is carried out every 2 seconds to
update the voltage reference of the WFVSC and droop co-
efficients of the WTs, Np = 2. The update rate of WTs is set
as 0.1 s based on the droop curves. The voltage performance
of the POC is shown in Fig. 4. Since the PI-based control
scheme only focus on maintaining the POC voltage stable,
which shows the advantage on POC voltage regulation among
the three control schemes. The voltage with the PI control
scheme can be maintained at 1 p.u. efficiently during the whole
simulation time. The voltage of the POC with the DHOVC
and COVC schemes are similar, which fluctuate around 1.007
p.u. from 0 s to 300 s. From 300 s to 600 s, the voltage
decrease to below 1.003 p.u.. Fig. 5 shows the voltages of
the MV bus with the three control schemes. From 0 s to
300 s, the voltages with the three control schemes are similar,
which are maintained at around 0.99 p.u.. From 300 s to 600
s, the voltage with the PI control scheme ascends to about
0.996 p.u. while those with the DHOVC and COVC schemes
decreases to around 0.985 p.u. to 0.988 p.u.. The difference of
the voltage performance between the PI control scheme and
other two schemes is caused by the differences of the control
objectives of the three control schemes. The aim of the PI
control scheme only focus on the POC voltage regulation,
which does not consider the WT terminal bus voltage. The
aims of the DHOVC and COVC schemes take the voltage of
both POC, MV, and WT terminal buses into consideration to
achieve a global optimal control of the WF.

Fig. 4. Voltage of POC.

Fig. 5. Voltage of MV bus1.

Fig. 6 shows the voltage performances of WT8 with the
three control schemes. WT8 is the last WT of the first feeder
which has the highest risk to violate the voltage threshold.
The voltage of the WT8 terminal bus with the DHOVC and
COVC schemes show the superiority compared to those with
the PI control scheme. From 0 s to 300 s, the voltages with
the DHOVC and COVC schemes are similar, which are kept
at around 1.02 p.u.. For the PI control scheme, the voltage is
kept at about 1.038 p.u. There are approximately 0.018 p.u.
differences. After 300 s, the voltage rises to about 1.06 p.u.
with the active power output increasing while the voltage with
the DHOVC and COVC schemes increasing to approximately
1.028 p.u.. There are 0.032 p.u. difference between the PI
control scheme and other two control schemes.

Fig. 6. Voltage of WT8 terminal bus.

In order to show the global optimal performance of the
DHOVC scheme, Fig. 7 shows the total voltage deviation from
the rated voltage. The overall voltage performance with the
DHOVC and COVC schemes show the superiority compared
to those with the PI control. From 0 s to 300 s, the overall
voltage with the DHOVC scheme is similar as those with the
COVC scheme. From 300 s to 480 s, the overall voltage with
the DHOVC is better than those with the COVC scheme,
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TABLE II
THE COMPARISON OF AVERAGE VOLTAGE DEVIATION WITH DIFFERENT PREDICTIVE HORIZON

30-100 s 101-200 s 201-300 s 301-400 s 401-500 s 501-600 s total Reduce percentage

PI control 0.4230 0.4544 0.4542 0.5659 0.6660 0.6967 0.5497
COVC 0.2938 0.2972 0.2983 0.3518 0.4252 0.4333s 0.3529 -35.80%
DHOVC(Np=2) 0.2926 0.3007 0.3020 0.3423 0.3937 0.4457 0.3490 -36.51%
DHOVC(Np=3) 0.2989 0.3098 0.3119 0.3624 0.4167 0.4586 0.3629 -33.98%
DHOVC(Np=4) 0.3035 0.3168 0.3232 0.3742 0.4326 0.4669 0.3730 -32.14%
DHOVC(Np=5) 0.3097 0.3197 0.3315 0.3829 0.4442 0.4737 0.3804 -30.80%

which has around 0.05 p.u. difference. From 480 s to 600
s, the overall voltage with the COVC scheme and DHOVC
scheme are similar.

Fig. 7. Overall voltage deviation of WF.

Fig. 8 shows the droop coefficient of the WT14, which is the
sixth WT of the second feeder. From 0 s to 300 s, the droop
coefficient is varied between -4.5 to -3.5. From 300 s to 600 s,
since the active power outputs of WTs increase, the available
Var of WT decreases with the rated capacity limits. The droop
coefficient of WT14 increases to around -1.5 gradually. Fig.
9 shows the Var output of WT14. The performance with the
DHOVC is similar as those with the COVC scheme, which
only has approximately 0.1 MVar difference.

Fig. 8. Droop coefficient of WT14.

The control schemes have been tested with the detailed
nonlinear DFIG model. Fig. 10(a) shows the rotor speeds
of WT8 with the DHOVC and COVC schemes. The rotor
speed with the DHOVC scheme is same as the ones with
the COVC scheme. From 0 to 300 s, the rotor speed of
WT8 varies between 0.93 p.u. and 0.95 p.u. according to the
active power reference and wind speed. From 300 s to 600
s, the rotor speed increases gradually with the active power
reference increasing. The rotor speed of WT8 changes from the
sub-synchronous speed to the super-synchronous speed. The

Fig. 9. Var output of WT14.

electromagnetic torques of WT8 with the DHOVC and COVC
schemes are shown in the Fig. 10(b). The performances with
the two control schemes are similar because the active power
references are same. Fig. 11 shows the dq-axis currents of
WT8 stator. The q-axis currents with the two control schemes
are same, which correspond to the active power output of WT8
stator. The d-axis currents correspond to the reactive power
output of WT8 stator, which decreases with the increasing q-
axis current due to the WT capacity limit.

Fig. 10. Rotor speeds and Electromagnetic torques of WT8.

Fig. 11. dq-axis currents of WT8 stator.

The overall voltage deviations of DHOVC with different
prediction horizons are also compared to the COVC and PI
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control schemes. The prediction horizon are set to 2, 3, 4,
and 5 s. The time of the prediction step is set as 1 s. The
overall voltage deviation of the WF with different prediction
horizon is shown in Fig. 12. From 0 s to 280 s, since
the wind power fluctuates under relatively stable conditions,
the performances with the different prediction horizons are
similar. After around 300 s, since the wind power increases
gradually, the shorter the predictive horizon, the better the
control performance. However, the overall voltage deviations
with different prediction horizon are also better than those with
the conventional PI control scheme.

Fig. 12. Overall voltage deviation of the WF with different time scale.

The comparison of the average voltage deviation with the
different prediction horizon during different period are listed
in Table. I. The total average voltage deviation with the
DHVOC (Np=2) is better than those with the COVC scheme.
The total average voltage deviations of the DHOVC with the
different prediction horizons have more than 30 % percentage
of reduction compared to the conventional PI control scheme.
Moreover, with the ADMM method, the central controller
only solve an simple optimization problem without constraints
while the constraints are solved in the WT local controllers,
the calculation burden can be further reduced when the WF
consists of hundreds of WTs. The exchanged information
between the central controller and WT local control is x, z,
and y instead of the actual measurements and references. The
protection of the information privacy is improved compared
to the PI-based and COVC control schemes.

In order show the robustness of the DHOVC scheme, a
communication failure is set at WT8 at 200 s. When the WT8
cannot receive the updated optimal droop coefficient, WT8
uses the previous obtained droop coefficient to generates the
Var reference. The WT8 terminal voltage with the DHOVC
scheme do not have significant voltage fluctuations when
WT8 has a communication failure. The voltage performances
with the COVC scheme become to worse when WT8 has a
communication failure. The voltage of WT8 terminal increases
to 1.025 p.u.. It is because that the WT8 cannot obtain the Var
reference from the WF central controller. The comparison of
the voltage performance with the DHOVC and COVC schemes
under a communication failure is shown in Fig.13.

Fig. 14 shows the voltage of WT8 terminal bus under the
communication failure of the central controller. At 200 s,
a communication failure occurs at the central controller of
the WF. The WT8 terminal voltage with the COVC scheme
increases to around 1.1p.u.. The WTs have the risks to be

Fig. 13. Voltage of WT8 terminal bus under communication failure of WT8.

tripped. With the DHOVC scheme, all WTs uses the previous
obtained droop coefficient to generates the Var reference while
the WFVSC using the previous obtained voltage references
to regulate the controlled bus. When the failure occurs, the
voltage with the DHOVC scheme is stable from 200 to 210 s.
From 210 to 250 s, the WT8 terminal voltage with the DHOVC
scheme increases to around 1.03 p.u.. The voltages with the
DHOVC scheme can be kept within the feasible range under
the communication failure of the central controller, which is
much better than those with the COVC scheme.

Fig. 14. Voltage of WT8 terminal bus under communication failure of central
controller.

To show the response to different line impedance, the
distances between the POC and the MV bus are set as 50
km and 100 km, respectively. Fig. 15(a) shows the voltage of
WT8 terminal with the DHOVC and COVC schemes. The
voltage deviation with the 100 km distance is larger than
those with the 50 km distance. With the distance between the
MV bus and POC extending, the voltage deviation with the
DHOVC control scheme is better than those with the COVC
scheme. Fig. 15(b) shows the total voltage deviation from the
rated voltage. The total voltage deviation with the 100km
distance fluctuates between 0.7 p.u. to 0.8 p.u.. The total
voltage deviation with the 50km distance fluctuates between
0.4 p.u. to 0.5 p.u.. Besides, the total voltage deviation of the
WF with the DHOVC scheme shows the superiority compared
to those with the COVC scheme.

The coordination of three WFs has been tested. The POCs of
the three WFs are connected to a common VSC-HVDC system
with the 30 km, 40 km, and 50km distance, respectively. The
POC and the total voltage deviation of the three WFs are
shown in the Fig. 16(a) and Fig. 16(b). In Fig. 16, the POC
voltages of the three WFs are regulated within the feasible
range with the DHOVC scheme. The total voltage deviation
of the three WFs are different due to the different distance
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Fig. 15. Voltage of WT8 terminal bus and overall voltage deviation of the
WF with 50km and 100km distance.

between the POC and VSC-HVDC system.

Fig. 16. POC and overall voltage deviation of the three WFs.

Fig. 17 shows the voltage performances of WT18, WT32
and POC under the three-phase-to-ground and single-phase-
to-ground faults, respectively. In Fig.17(a), a three-phase-to-
ground fault occurs at the MV bus1 from 13 s to 15 s. At
13s, the fault point voltage drops to 0 p.u.. The voltages of
WT18, WT32 and POC drop to around 0.66 p.u.. During the
fault period, with the proposed DHOVC scheme, the voltage
of WT32 terminal recovers to around 1 p.u. while the voltages
of WT18 terminal and POC recover to around 0.93 p.u.. At
15 s, the three-phase-to-ground fault is cleared. The voltages
increase to around 1.32 p.u.. The voltages recover to the
feasible range in 2s. The proposed DHOVC scheme realizes
the high voltage and low voltage ride through for the WF
under the three-phase-to-ground fault. In Fig.17(b), a single-
phase-to-ground fault occurs at the WT23 terminal from 13 s
to 15 s, which is located at the end of the third feeder. Similar
as Fig.17(a), the proposed DHOVC scheme realizes the high
voltage and low voltage ride through for the WF under the
single-phase-to-ground fault.

Fig. 17. Voltage of the WT18, WT32 and POC under faults.

VI. DISCUSSION

The proposed DHOVC scheme uses a hierarchical control
structure to achieve near-global optimal operation of WFs. It

is shown that the DHOVC and COVC schemes can achieve
excellent voltage/Var operation of the WF compared to the
conventional PI control scheme. The control period of the
DHOVC scheme is equal or larger than 2 s (N

p
≥ 2) while

the control period of the COVC scheme is 1 s. During a
certain period, if the WF central controller with the COVC
schemes is carried out N times, the WF central controller
with the DHOVC schemes only needs be carried out N/Np

times to achieve a similar voltage regulation performance
while the communication time-delay events reducing to N/N

p

times. With the ADMM algorithm, the scalability can be
further improved. The large-scale constrained optimization
problem is divided into an unconstrained QP problem and
multiple parallel small-scale constrained optimization prob-
lems, which are solved in parallel. The calculation burden can
be further reduced. The exchanged information between the
central controller and WT local controller is local variables
x, global variables z, and dual variables y instead of the
actual measurements and references. The protection of the
information privacy is improved. The WTs regulates Var
output according to the optimized droop coefficients. During
each control period, the response speed of the WTs to voltage
fluctuations is accelerated and immune to the communication
delay. When a communication failure occurs, each WT can
regulate Var output according to the previously obtained droop
coefficient, showing the better robustness and stability.

VII. CONCLUSION

A DHOVC scheme based on MPC and ADMM methods is
proposed in this paper for a VSC-HVDC connected offshore
WF. The DHOVC scheme can reduce the voltage deviation of
the POC, MV buses, and WT terminal from their nominal
voltage while smoothing the Var fluctuations of the WTs.
The central controller of the WF and local controllers are
coordinated to generated an optimal voltage reference for the
WFVSC and the optimal droop coefficients for the WTs during
a certain predictive horizon. After obtaining the optimal droop
coefficients, each WT can fast respond to the voltage fluctua-
tions at their corresponding terminal and regulate Var output
to achieve a near-global optimal performance during each
predictive horizon. With the DHOVC scheme, the calculation
burden of the central controller are reduced. Moreover, the
DHOVC scheme can achieve uninterrupted operation of the
WTs to improve the robustness and stability of the WF. The
DHOVC scheme shows superiority on the voltage regulation
for the VSC-HVDC connected WF.
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