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ABSTRACT A large number of wind turbine generators in the large-scale offshore wind farm system poses
a challenge to the wind farm control system due to the computational burden in the central control methods
or the complexity of the communication network in the decentralized control strategies. A hybrid control
method based on the distributed consensus control and the central model predictive control is proposed in
this study to overcome the problem. Typically, the wind turbine generators in the large-scale offshore wind
farm system are clustered into several groups. The consensus-based distributed reactive power coordination
control is proposed to each cluster and the centralized predictive voltage control is used to manage the total
reactive powers of all clusters and regulate the voltage at the point of common coupling. The gradient-descent
algorithm for the optimal design of the consensus-based cluster control is presented firstly. Based on the
convergence property of the consensus control, the equivalent model of the total reactive power response of
each cluster is identified, which is used for the design of the centralized predictive voltage control. Eigenvalue
analysis of the proposed predictive control strategy is carried out to verify the stability of the distributed and
predictive control systems. The robustness of the proposed predictive controller is evaluated in the conditions
of significant model errors due to the communication delay in each cluster. A comparison study with the
full distributed control based on consensus algorithm is presented to demonstrate the effectiveness of the
proposed control method. The feasibility of the proposed predictive controller is evaluated by the control-
hardware-in-the-loop simulation using OPAL-RT Technologies. An additional comparison study in term of
computation time with the central control method is also carried out. Real-time simulation results show the
superior performance of the proposed hybrid method compared to the full distributed consensus controller
or the central control strategies.

INDEX TERMS Distributed control, reactive power control, consensus algorithm, wind farm control,
predictive voltage control, model predictive control.

I. INTRODUCTION
The offshore wind energy has been becoming prominent
due to the restriction of the land availability for onshore
installation [1], [2]. Since the strength and uniformity of wind
over the ocean are much stronger than over land, the offshore
wind farms have the potential to produce impressive wind
power with high efficiency as compared to the traditional
wind farms. The development of large-scale offshore wind
farms has attracted more attention recently. The fast-growing
penetration of offshore wind farms poses a challenge to the
voltage stability of the power systems [3]. Voltage stability
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refers to the ability to maintain steady voltages at all buses
in a power system after being subjected to a disturbance.
When the penetration of offshore wind farms significantly
increases, large voltage drops may occur suddenly, which
has a significant impact on the balance of real and reactive
powers in power system. Large oscillation of real and reactive
powers may force the voltage to vary beyond the boundary
of stability. Thus, maintaining voltage stability in case of
large-scale offshore wind farm is challenging.The operation
of offshore wind farms is required to have the capability of
voltage support at the point of common coupling (PCC).

Wind turbine generators (WTGs) are commonly cou-
pled with the power converters to maximally capture wind
powers. Thus, each WTG could supply real and reactive
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powers independently due to the controllers of power convert-
ers. Coordinating reactive power generations among WTGs
could improve the voltage stability of the power system [4].
Various control strategies have been presented for reactive
power coordination and PCC voltage control in wind farms,
which could be categorized into two strategies: centralized
and decentralized. In the centralized control strategies, a cen-
tral controller supervises the reactive power injected to the
grid and controls the PCC voltage. The central controller
gathers all global information to decide the optimal set point
for each WTG. The centralized control strategies could be
based on the proportional-integral (PI) regulators [5]–[7] or
optimization algorithms such as integer optimization [8].

The model predictive control (MPC) of the wind farm
system has been received more attention due to its advan-
tages of robustness and easy inclusion of variable constraints.
The principle of receding the control horizon makes the
MPC techniques be suitable for real-time optimization con-
trol since only the finite-horizon control problem is solved.
The MPC-based coordinated control amongWTGs and static
Var compensator has been presented in [9]. In case the off-
shore wind farm connects to the utility grid through the high
voltage direct current (HVDC) system, an MPC coordina-
tion control between WTGs and power converters of the
HVDC system was presented in [10]. In [11], the presented
MPC strategy involved both active and reactive powers to
compensate for the voltage variations. An important factor
of the MPC strategy for the real-time control problem is
its computation time, in which the execution of the MPC
algorithm has to be fast enough to ensure that the opti-
mal control signals are completely found over a fixed time
interval. Thus, the problem of the computational burden of
the central MPC strategy in the case of a large-scale wind
farm system should be addressed. The decentralized MPC
strategy for coordinated voltage control was presented in [12],
in which the central MPCwith an unconstrained optimization
problem is solved firstly, then the local controller solves the
constraint-optimization problem. The computational burden
in the central MPC is reduced by solving the optimization
problem without any constraints [12].

The decentralized strategies have been presented to over-
come the problem of computation burden in centralized
strategies. In the decentralized approaches, the optimal solu-
tion could be found by using some partial information.
In [13], three strategies for PCC voltage regulation were
discussed and an improved distributed voltage control was
presented. The consensus-based distributed voltage controls
of the large-scale wind farm were presented in [14]. The
distributed cooperation was applied for coordination among
sub-wind farm clusters whereas a central controller was used
to manage the reactive powers of WTGs in each cluster. The
decentralized MPC strategies for the wind farm system have
been presented in [15], [16], in which the communication
network is utilized to share information among the distributed
MPC controller. Since the distributed generations (DGs) in
the microgrid (MG) system could be considered as WTGs,

the developed strategies for MG system would be able to
apply for wind farms. Distributed control strategies for accu-
rate reactive power sharing among DGs were presented in
[17]–[21]. Voltage control layer could be added in addition
to the reactive power control to restore the system voltage
[22]–[24]. However, these solutions face the problem of com-
munication burden in the large-scale system since the number
of agents significantly increases. The control algorithm in
the decentralized method could be optimally designed to
overcome the problem of complex communication network
[25], [26]. These solutions are attractive since they can
reduce the complexity of communication network whereas
the control performance is retained.

Existing centralized and decentralized strategies should be
further improved to be applicable for the large-scale off-
shore wind farm. Although the centralized MPC strategies
offer the benefits of robustness and fast control responses,
the performance of theseMPC strategies in case of large-scale
system could be significantly affected by the limitation of
computation. Decentralized strategies would be more attrac-
tive since they can improve the control reliability compared
to the centralized methods. However, the complexity of the
communication network could retrain their applications on
the large-scale system. To overcome the problems of both
centralized and decentralized control methods, this study pro-
poses a hybrid control method for the large-scale wind farm
system, which consists of the consensus-based distributed
control of each cluster and the centralized predictive voltage
control of the wind farm system. The proposed strategy has
the advantages of both centralized and decentralized meth-
ods such as high robustness and high reliability. Since the
centralized predictive voltage controller only supervises the
clustering wind turbines, the computational burden would be
significantly reduced. In addition, the consensus-based dis-
tributed control in each cluster could enhance the reliability of
the control system. Since the number ofWTGs in each cluster
could be chosen for an optimal communication network,
the complexity and convergence time of the consensus-based
distributed control could be significantly reduced. The main
contributions of this study are listed as follows,
• A gradient-descent algorithm for the optimal design
of the consensus-based distributed cluster control is
proposed, which can reduce the complexity of the
communication network.

• A hybrid control method based on distributed consen-
sus control and centralized predictive voltage control
is proposed to coordinate reactive power generations
and regulate the PCC voltage of the offshore wind farm
system.

• The control-hardware-in-the-loop simulation platform is
developed to verify the proposed hybrid control strategy
of offshore wind farm system.

The rest of this paper is organized as follows. Section II
presents the proposed cluster-based wind farm control
method. The design of the consensus-based cluster control
and the centralized predictive voltage control are described in
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this section. The real-time simulation results and eigenvalue
analysis are provided in Section III, including the evaluation
of the proposed predictive controller under the conditions of
significant model errors. Section IV summarizes the main
finding of this study.

II. CLUSTER-BASED WIND FARM CONTROL
METHODOLOGY
A typical clustering offshore wind farm system is shown
in Fig. 1, in which each cluster is composed of group WTGs
connected in series. The wind farm control strategy is divided
into three control layers such as local control layer (LC),
cluster control layer (CC), and centralized predictive PCC
voltage control layer (CMPC), as shown in Fig. 2. The cen-
tral model predictive controller is applied for the wind farm
control level. It managers the total reactive power of offshore
wind farm and generate the reactive power reference for
each cluster in wind farm. The distributed consensus control
layer is applied for the cluster control layer, which receives
the reactive power reference from the central controller and
generates the reactive power reference to each wind turbine
in such cluster. The local control layer, which only uses the
local information of WTG, is in charge of regulating output
active and reactive powers of each WTG. The reactive power
reference (Q∗i ) for the local control layer is received from
the cluster control layer that is responsible for the distributed
coordination control of each cluster. The cluster control layer
employs the consensus algorithm to achieve reactive power
coordination among WTGs in each cluster. The total reactive

FIGURE 1. Cluster-based hybrid wind farm control strategy.

FIGURE 2. Hierarchical control of offshore wind farm system with three
control layers.

power required for each cluster is provided by a central
voltage control layer, which is based on the model predictive
control (MPC) technique. The central MPC layer gathers all
information on reactive power generated by each cluster. The
control signal to each cluster (Q∗ci) is calculated by the central
MPC based on the reactive power and PCC voltage (vpcc)
information. The control sequence of the three control layers
is shown in Fig. 3, in which three layers are executed with
different sampling times. The local control layer is the fastest
control layer, which ensures the stability of the converter con-
troller whereas the central MPC layer is the slowest control
layer to regulate the PCC voltage. The coupling effect of three
control layers on the system stability is reduced by properly
designing these sampling times. Besides, the sampling time
has to be longer than the computation time of each control
layer to ensure that the control signals are completely found.

FIGURE 3. Control sequence of three layers with different sampling times.

A. CONSENSUS-BASED CLUSTER CONTROL
The configuration of the type-4 WTG is shown in Fig. 4,
which consists of a permanent magnet synchronous gener-
ator and a back-to-back (BTB) converter. The BTB con-
verter is used to regulate the output WTG powers, in which
the machine side converter (MSC) is in charge of the gen-
erator speed or torque control whereas the grid side con-
verter(GSC) is responsible for the DC-link voltage and output
reactive power regulation. Both converters are controlled by
the rotating dq-reference frame with the proportional-integral
regulators.

FIGURE 4. Local control of wind turbine generator, in which the reactive
power reference (Q∗i ) is received form the cluster control layer.
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In the proposed voltage control strategy, each WTG
receives the reactive power reference (Q∗i ) from the cluster
control layer. The communication network is utilized in the
cluster control layer to realize the neighbor-to-neighbor infor-
mation exchange, which is described by the graph-theoretic
notation in this study. Each WTGi sends its reactive output
power information (Qi) to the neighbors and receives reactive
information from the neighbors of WTGi.

The communication link among WTGs is represented by
an undirected graph G = (V ,E) with the set of nodes V =
{1, 2, . . . , n} and edges E ∈ V 2, in which n nodes repre-
sents the number of WTG controller and the set of edges E
represents the communication links among these controllers.
For example, the edge E{i, j} indicates that the note V {i} can
receive information from node V {j}. The adjacency matrix
that is associated with the graph G is A = {aij}i,j=1,··· ,n ∈
Rn×n, as given by (1).

aij =

{
1 if (i, j) ∈ E
0 if (i, j) /∈ E or i = j

(1)

The graph Laplacian matrix is represented by L =

{lij}i,j=1,··· ,n ∈ Rn×n, with

lij =


n∑

j=1,j6=i

aij for i = j

−aij for i 6= j

(2)

In case the power ratings of wind turbine generators in
each cluster are different, the reactive power generation of
each wind turbine should be proportional to its power rating.
Equation (3) shows the condition for accurate reactive power
sharing among wind turbine generators in each cluster.

nqiQi = nqjQj ∀i, j ∈ [1, n] (3)

where nqi and nqj are the constant weights that are pro-
portional to the power ratings of wind turbines i and j,
respectively. The constant weight is given by

nqi = Smax/Si (4)

where Si is the power rating of wind turbine generator i and
Smax is the maximum power rating in cluster.

The leader-following consensus algorithm with the control
law of WTGi at time instant k + 1 is proposed by (5). The
consensus objective is to ensure the accurate reactive power
sharing among wind turbine generators in each cluster.

Qi(k + 1) = nqiQi(k)+ α
∑
j∈Vi

(
nqjQj(k)− nqiQi(k)

)
+ bi

(1
n
Q∗ci(k)− nqiQi(k)

)
(5)

where Q∗ci is the command from the central MPC layer; n is
the number of the WTGs in each cluster; bi equals 1 if the
WTGi is the neighborhood of the leader and equals 0 other-
wise; α is a constant edge-weight coefficient.

FIGURE 5. Diagram of the consensus-based cluster controller.

Fig. 5 shows the diagram of the consensus-based cluster
controller, in which the WTG1 is the leader and it communi-
cates with WTG2, WTGi, and WTGn. The reactive powers,
which are received from the neighbors of WTG1, are used to
calculate the reactive power reference for the local control of
WTG1, as shown in this diagram.
The leader-following consensus algorithm is represented

in the vector form, as given by (6).

Q(k + 1) = WQ(k)+ BL
(1
n
Q∗ci(k)− Q(k)

)
(6)

where W = I − αL; I is the identity matrix with size
of n; Q(k) = [nq1Q1(k), nq2Q2(k), · · · , nqnQn(k)]>; BL =
diag(b1, b2, · · · , bn).

The command signal (Q∗ci) could be considered as a con-
stant, thus, the control law given by (6) is rewritten as in (7).

u(k + 1) = Wcu(k) (7)

where

Wc =

[
(1/n)In×n 0n×n

BL W − BL

]
u(k) = [Q∗ci(k),Q(k)]

> (8)

The proposed leader-following consensus algorithm
for constant weight matrix Wc converges if the limit
limk→∞ u(k) exists for ∀u(0) <∞, i.e,

lim
k→∞

u(k) = lim
k→∞

W k
c u(0) = u∗ (9)

where u∗ is the limit of vector u when k approaches infinity.
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Therefore, the convergence of the leader-following consen-
sus algorithm depends only on the properties of the weight
matrix Wc. Eigendecomposition of the matrix Wc is given
by (10).

Wc = U3U−1 (10)

where U is a square matrix of eigenvectors and 3 =

diag(λ1, λ2, · · · , λn) is a diagonal matrix of eigenvalues.
The power of matrixWc with eigendecomposition is given

by (11).

W k
c = U3kU−1 (11)

It can be seen that the convergence property ofW k
c depends

on the eigenvalues 3. The convergence is guaranteed if the
absolute value of the biggest eigenvalue is equal to one,
so that the limk→∞3

k exists. The convergence property of
the leader-following consensus algorithm is ensured by prop-
erly designing the weight coefficients α. The convergence
time of the consensus algorithm depends on the second largest
eigenvalue ofWc, as given by (13).

λ2 = ρ
(
Wc −

1
n
11>

)
(12)

τ =
1

log(1/λ2)
(13)

where 1 denotes the column vector with all ones; n is the
number of WTGs in each cluster; and ρ(·) is the spectral
radius.

The gradient descent (GD) algorithm is proposed in this
study to find the optimal value of weight coefficient α that
minimizes the second largest eigenvalue λ2, resulting in the
fast convergence speed, as given by Algorithm 1. The first
step of GD algorithm is to initialize the constant edge-weight
coefficient α0 and learning rate λ. Based on this initialization,
the second largest eigenvalue of matrixWc is calculated. The
partial derivative of second largest eigenvalue with respect to
the constant edge-weight coefficient is found. Consequently,
the value of constant edge-weight coefficient is updated
based on the partial derivative. These steps are repeated
until the change in the value of second largest eigenvalue is
smaller than tolerance ε, and the optimal value of constant
edge-weight is found.

To ensure the convergence condition of the consensus
control system throughout the optimizing process, the value
of the second largest eigenvalue λ2 is set to infinity if the
spectral radius of Wc is larger than one. The goal of the
optimization process is to find the optimal value of α that not
only optimizes the value of the second largest eigenvalue but
also ensures that the largest absolute value of eigenvalues of
Wc is equal or smaller than one.

B. CENTRALIZED PREDICTIVE PCC VOLTAGE CONTROL
The cluster control layer receives the command of reactive
power from the central controller then it is equally divided to
all WTGs in such cluster by the leader-following consensus
algorithm. The convergence time of each cluster is optimally

Algorithm 1 Optimizing α Based on the Gradient-Descent
Algorithm
1: i← 0, initialize α0 and γ ;
2: repeat
3: Calculate λ2 based on αi: λ2(i)← λ2|αi;
4: gαi←

(
λ2(i)− λ2(i− 1)

)
/
(
αi − αi−1

)
;

5: αi+1← αi + γ gαi;
6: i← i+ 1
7: until max |λ2(i+ 1)−min

i
(λ2(i))| < ε

8: return αi;

TABLE 1. Optimal results using Algorithm 1.

designed by the Algorithm 1. Table. 1 shows the optimal
weight constant α of leader-following consensus controls of
two clusters with the ring communication topology. Fig. 6
shows the eigenvalues two cluster controllers with 5 and
10 WTGs, respectively. It can be seen that the design of the
consensus control guarantees the convergence property since
all eigenvalues are located inside the unit circle. The dynamic
response in time-domain of two clusters is shown in Figs. 7.

FIGURE 6. Eigenvalues of consensus-based cluster control: (a) cluster
with 5 WTGs; (b) cluster with 10 WTGs.

It could be observed that the response of total reactive
power generation in each cluster is similar to the first-order
system with the time constant τci, as given by (14).

Qci =
1

sτci + 1
Q∗ci (14)

The time-domain representation of (14) is given by (15).

Qci(t) = (1− et/τci )Q∗ci(t) (15)

Since the convergence time of the consensus-based cluster
controller is known by (13), the time constant τci can be deter-
mined by the convergence time of each cluster τi. It could be
defined that the convergence time τi is equal to the time at
which the output reactive power reaches to the values of 99%
of reactive power reference, as in (16), then the time constant
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FIGURE 7. Tested offshore wind farm system: (a) and (b) show the output
reactive powers of all WTGs in two clusters; (c) and (d) show the total
reactive power output of two clusters (

∑
Qi ) and the equivalent

first-order system responses of two clusters (Qci ).

of each cluster τci is given by (17). Total output reactive
powers of two clusters and their first-order approximation
responses are shown in Figs. 7(c) and (d), which indicates
that the estimation of the first-order system is accurate for
the design of the centralized predictive PCC voltage control.

0.99× Q∗ci(t) = (1− eτi/τci )Q∗ci(t) (16)

⇒ τci = −τi/ ln(0.01) (17)

Based on the value of time constant τci, the dynamic model
of each cluster is given by (18).

Q̇ci = −
1
τci
Qci +

1
τci
Q∗ci (18)

Fig. 8 shows the simplified offshore wind farm system
connected to the equivalent source, which is used for the
analysis of the PCC voltage control. Total active and reactive
powers delivering to the utility grid are given by (19) and (20).

PW =
vgrid

R2e+X2
e

[
Re(vpcc cos δ−vgrid ) +Xevpcc sin δ

]
(19)

QW =
vgrid

R2e+X2
e

[
−Revpcc sin δ +Xe(vpcc cos δ−vgrid )

]
(20)

where PW and QW are the real and reactive powers injected
to the utility grid; Re and Xe are the resistance and

FIGURE 8. Offshore wind farm connected to the equivalent source.

inductance of transmission network; δ is the phase-angle
difference between two voltages.

Since the resistance of the transmission network is typi-
cally much smaller than the inductance, the resistance could
be neglected when calculating active and reactive powers.
In addition, because the phase-angle difference δ in such line
is small, it could be assumed that sin δ ≈ δ and cos δ ≈ 1.
Thus, the transferred powers in (19) and (20) could be rewrit-
ten as:

PW ≈
vgrid
Xe

vpccδ (21)

QW ≈
vgrid
Xe

(vpcc − vgrid ) (22)

⇒ vpcc ≈ vgrid +
QWXe
vgrid

(23)

It could be seen in (23) that the variation of PCC voltage is
mainly depended on the total injected reactive power of off-
shore wind farm and the inductance of transmission network.
The grid voltage vgrid could be assumed to be constant due to
strong grid, thus, the variation of PCC voltage can be given
by (24).

1vpcc =
Xe
vgrid

1QW (24)

The variation of PCC voltage could be further simplified
as in (25), in which the change in reactive power of offshore
wind farm is equal to total reactive power of all clusters.

1QW =
N∑
i=1

Qci

1vpcc =
Xe
vgrid

N∑
i=1

Qci (25)

where N is the number of clusters in the wind farm system;
Xe is the equivalent inductance of the utility grid; vgrid is the
grid voltage.

The objective of of central MPC is to minimize the vari-
ation of PCC voltage. The wind farm model in Fig. 9 is
developed for the design of the central MPC, which includes
the dynamic model of each cluster in (14) and the dynamic
network model in (25). The input signal of cluster model is
the reactive power reference from the central controller and
the output of cluster model is the reactive power response.
Total reactive powers of all clusters in offshore wind farm is
considered as the input of dynamic network model and the
variation of PCC voltage (1vpcc) is the output of wind farm
model. The central MPC receives the information of PCC
voltage variation from the wind farm model. The optimal
reactive power set-point for each cluster (Q∗ci) that minimizes
the variation of PCC voltage is calculated by the central
MPC.The open loop continuous-time state space model of
wind farm system is given by (26).

Q̇ = AcQ+ BcU (26a)

1v = CcQ (26b)
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FIGURE 9. Dynamic model of offshore wind farm system.

where

Ac =


−1/τc1 0 · · · 0

0 −1/τc2 · · · 0
...

...
. . .

...

0 0 · · · −1/τcN

 (27)

Bc =


1/τc1 0 · · · 0
0 1/τc2 · · · 0
...

...
. . .

...

0 0 · · · 1/τcN

 (28)

Cc =
Xe
vgrid

[
1 1 · · · 1

]
1×N

Q = [Qc1,Qc2, · · · ,QcN ]>;

U = [Q∗c1,Q
∗

c2, · · · ,Q
∗
cN ]
>
;

1v = 1vpcc; (29)

The continuous state-space model in (26) is discretized
with the sampling time of TMPC , we obtains the discrete
state-space model for the design of the central voltage con-
troller, as given by (30).

Q(k + 1) = AdQ(k)+ BdU (k) (30a)

1v(k) = CdQ(k) (30b)

The objective of the proposed controller is to find the
optimal future control actions (1Ud ) to minimize the deriva-
tion of PCC voltage (1vpcc). Since the large-scale offshore
wind farm system could consist of various types of WTGs
with different capacities, a new matrix Be defined in (31) is
introduced to maintain accurate power sharing amongWTGs
in the wind farm system.

Be = (1/Sw)
[
Sc1 Sc2 · · · ScN

]> (31)

where Sw is the capacity of offshore wind farm; Sci with
∀i ∈ [1,N ] is the capacity of each cluster.

The discrete state-space model (30) is represented by (32).

Q(k + 1) = AdQ(k)+ BdeU (k) (32a)

1v(k) = CdQ(k) (32b)

where Bde = BdBe.

Taking the difference operation of (32a), we have

1Q(k + 1) = Ad1Q(k)+ Bde1U (k) (33)

where

1Q(k + 1) = Q(k + 1)− Q(k)

1Q(k) = Q(k)− Q(k − 1)

1U (k) = U (k)− U (k − 1)

In order to consider the dynamic of PCC voltage as a
controlled variable, a new state vector in (34) is introduced.

x(k) = [1Q(k)>,1v(k)]> (34)

The variation of PCC voltage at time instant k + 1 is given
by (35).

1v(k + 1)−1v(k) = Cd
(
Q(k + 1)− Q(k)

)
= Cd1Q(k + 1)

= CdAd1Q(k)+ CdBde1U (k) (35)

The new state-space model involving the PCC voltage
variable is given by (36).

x(k + 1) = Ax(k)+ B1U (k) (36a)

1v(k) = Cx(k) (36b)

where

x(k) =
[
1Q(k)
1v(k)

]
; A =

[
Ad o>d
CdAd 1

]
; B =

[
Bde
CdBde

]
;

C =
[
od 1

]
; od =

[
0 0 · · · 0

]>
The objective function of the central controller (J ), which

is used to find the reactive power set-point to each clus-
ter (1U ) that minimizes the PCC voltage deviation (1v),
is defined as follows

J (k) = (Rs −1v)>Q(Rs −1v)+1U>R1U (37)

s.t.: Umin(k + i|k) ≤ U (k + i|k) ≤ Umax(k + i|k)

∀i ∈ [0,Nc − 1] (38)

xmin(k + i|k) ≤ x(k + i|k) ≤ xmax(k + i|k)

∀i ∈ [0,Np] (39)

where Q and R are the weight matrices on the state variables
and input variables, respectively; Nc is the control horizon;
Np is the prediction horizon;

1v =


1v(k + 1|k)
1v(k + 2|k)

...

1v(k + Np|k)

 = Fx(k|k)+81U;

F =
[
CA CA2

· · · CANp
]>
;

8 =


CB 0 · · · 0
CAB CB · · · 0
...

...
. . .

...

CANp−1B CANp−2B · · · CANp−NcB

 ;
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x(k|k) =


x(k + 1|k)
x(k + 2|k)

...

x(k + Np|k)

 ;1U =


1U (k)
1U (k + 1)

...

1U (k + Nc − 1)

 ;
Rs = 1v∗(k)

[
1 1 · · · 1

]>
1×Np
;

The objective of the central voltage control is to find
the optimal control sequences 1U that minimize the cost
function (37). The quadratic programming is used to solve
the objective function which is subjected to constraints
(38) and (39). Since the optimal control sequences are found,
only the first element of the control sequences 1U (k|k) is
applied for the cluster control layers.

The closed-loop state-spacemodel of the wind farm system
under the central controller is given by (40).

Acl = A− BKm (40)

where Km is the state feedback gain matrix that is given by
the first row of (8>8+ R)−1)8>F .

Thus, the closed-loop eigenvalues of the offshore wind
farm with centralized predictive voltage control can be eval-
uated by the characteristic equation (41).

det(λI − Acl) = 0 (41)

III. SIMULATION RESULTS
The proposed control strategy is evaluated in the offshore
wind farm system with 30 WTGs dividing into three clusters.
Table 2 shows the simulation parameters of the proposed
control method and Fig. 10 shows the detailed configuration
of the tested offshore wind farm system with total capacity
of 145 MW. The parameters of the tested wind farm system
is shown in Table 3. The feasibility of the proposed predictive
control strategy of the offshore wind farm system is verified
in the real-time simulation using OPAL-RT Technologies.
Fig. 11 shows the setup of the real-time simulation, which

TABLE 2. Control parameters.

TABLE 3. System parameters.

FIGURE 10. Tested offshore wind farm system with 30 WTGs grouped into
three clusters.

FIGURE 11. Real-time simulation platform.

consists of a real-time simulator OP5600, a host computer
that utilizes the RT-LAB to model the offshore wind farm
system and generates the executable codes for real-time sim-
ulator, a central control computer that is used to implement
the centralized predictive voltage controller (CMPC), and five
computers that implement the distributed control layer of
cluster 1. Modbus Ethernet TCP/IP is used to communicate
these devices and the communication network diagram is
also shown in Fig. 10. The OP5600 simulator sends the
information of total reactive powers of all clusters (Qci) and
the PCC voltage (vpcc) to the central controller. The optimal
control actions (uMPC ) that minimize the PCC voltage varia-
tion are calculated then they are sent to the simulator OP5600.
The consensus-based distributed cluster control layers of
cluster 2 and 3 are implemented in the OP5600 simulator.

It is assumed that the PCC voltage drops 10% at 20 s and
the wind farm controller regulates the total output reactive
power to recover the PCC voltage. The proposed control
strategy is compared with the full consensus control that only
utilizes the distributed control layer and the local control layer
to regulate the PCC voltage. Since the performance of the
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full consensus control strategy depends significantly on the
communication network topology, two connection types of
communication networks are investigated, which are the ring
and cross connections, as shown in Fig. 12.

FIGURE 12. Two topologies of communication network in the full
consensus control strategy (n = 30).

A. PCC VOLTAGE CONTROL PERFORMANCE
The output reactive powers of WTGs under the proposed
predictive control strategy is shown in Fig. 13. It can be
seen that the output reactive powers of all WTGs are pro-
portional to their capability. The power rating of WTG in
cluster 3 is the smallest, resulting in the smallest reactive
power supply compared to other clusters. By comparison,
the reactive power output of WTGs in cluster 1 is the largest.
It can be observed that the WTGs in each cluster equally

FIGURE 13. Output reactive powers and control commands from central
control under proposed strategy: (a), (c), and (d) show the output
reactive powers of WTGs in three clusters; (b), (d), and (e) show the
control commands for three clusters from the centralized predictive
voltage control.

FIGURE 14. Output reactive powers of WTGs under the consensus control
with the communication topology of ring type: (a), (c), and (d) show the
output reactive powers of WTGs in three clusters; (b), (d), and (e) show
the total reactive powers of three clusters.

share their reactive power generation. The convergence time
of output reactive powers in each cluster is about 15 s. The
control performance of the full consensus control algorithm
with ring and cross-communication topologies are shown
in Figs. 14 and 15. In the case of using the ring connection,
the output reactive power in cluster 1 reaches their limits of
10MVAr due to slow convergence time. For the cases of clus-
ters 2 and 3, the convergence time is significant (larger than
300 s) due to the large number of WTGs. The convergence
time is improved by increasing the communication link like
the cross topology, as shown in Fig. 15. The convergence time
is significantly reduced from 300 s to 40 s by applying the
cross-connection.

The total output reactive power of the offshore wind farm
system and the waveform of PCC voltage (vpcc) under grid
voltage disturbance is shown in Fig. 16. It can be observed
that the proposed control strategy shows superior perfor-
mance compared to the full distributed control schemes. The
response of PCC voltage is much quicker due to the fast
convergence time of each cluster. The consensus control with
the ring communication topology shows the slowest voltage
response since the convergence time is significant.

B. MODEL ERROR
It is anticipated that the performance of the predictive voltage
control strategy relies on the accuracy of the system model.
Thus, this section investigates the performance of the pro-
posed strategy in case the errors exist in the estimation of
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FIGURE 15. Output reactive powers of WTGs under the consensus control
with the communication topology of cross type: (a), (c), and (d) show the
output reactive powers of WTGs in three clusters; (b), (d), and (e) show
the total reactive powers of three clusters.

FIGURE 16. Comparison of three control strategies: (a) total reactive
power of offshore wind farm required to compensate for the voltage
disturbance; (b) PCC voltage responses.

cluster models, which are caused by the existence of cable
impedance, the communication delay or failure of communi-
cation links. These errors have impacts on the convergence
time (τi), which directly affect to the estimation of time con-
stant (τci). The control performance of the proposed strategy
is investigated in the conditions of significant error of time
constant τci, which is between−50% to+50%. The eigenval-
ues of the predictive voltage control of the offshore wind farm
system under the system error, which is calculated by (41),
is shown in Fig. 17. It can be seen that the wind farm control
system is stable since all eigenvalues are located inside the
unit circle. The time-domain responses of output reactive

FIGURE 17. Eigenvalues of the predictive voltage control in case error
occurs in the estimation of the cluster models.

FIGURE 18. Responses of wind farm reactive power and PCC voltage in
case of model error.

power and PCC voltage are shown in Fig. 18, which shows a
slight impact by the significant error of the model estimation.

C. LARGE-SCALE WIND FARM CONTROL
The proposed wind farm control strategy is verified in the
large-scale wind farm systems, in which the number ofWTGs
is 600 and they are divided into 60 clusters. The maxi-
mum number of WTGs in one cluster is 15 to guarantee
the fast convergence speed of the distributed cluster control.
Fig. 19 shows the responses of output reactive power and

FIGURE 19. Output reactive power of offshore wind farm and PCC voltage
response in case of large-scale wind farm system with 600 WTGs: (a) total
output reactive power; (b) PCC voltage response.
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PCC voltage. Although the offshore wind farm consists of
a significant number of WTGs, the proposed control strategy
quickly recovers PCC voltage after disturbance (about 5 s),
as shown in Fig. 19(b). The eigenvalues of the wind farm
control system under model error are shown in Fig. 20, which
indicates the stable control of the proposed strategy.

FIGURE 20. Eigenvalues of the 600-WTG wind farm system in case the
estimation error varies from −50% to +50%.

The computation time of the predictive controller is an
important factor for the design of the practical control system.
Fig. 21 shows the computation time of the predictive voltage
controller with respect to the number of variables. It could be
seen that the computation time significantly increases when
the number of variables is larger than 300. In the case thewind
farm system consisting of 600 WTGs, the computation time
of the conventional centralized predictive voltage controller
reaches 0.8 s whereas it is less than 0.1 s in the case of the
proposed wind farm controller (wind farm with 60 clusters).
It should be noted that the computation time of the predictive
controller should be smaller than the sampling time (TMPC )
to ensure a stable control system. The increase in the compu-
tation time results in the increase of sampling time, leading to
the slow response of the central control system. The proposed
hybrid control method could significantly reduce the number
of variables and the computation time.

FIGURE 21. Computation time of the model predictive controller versus
the number of variables, in which the variables could be the clusters in
the proposed predictive control or the WTGs in the conventional central
control method.

IV. CONCLUSION
The hybrid control method based on the distributed cluster
control and the centralized predictive voltage control offers
both advantages of the central and decentralized control

methods such as fast control response and high reliability. The
comparison studies on the proposed method and the full dis-
tributed wind farm control based on the consensus algorithm
showed the superior performance of the proposed controller
in terms of reactive powers and PCC voltage responses.
Accurate reactive power sharing among WTGs could be
easily maintained by involving additional constraints in the
proposedmethod. Eigenvalue analysis has shown the stability
and robustness of the proposed predictive voltage control
method in the condition of significant model errors. Based
on the computation time analysis of the proposed predictive
controller, a proper number of clusters could be chosen for
practical applicability. In addition, the control-hardware-in-
the-loop simulation verified the feasibility of the proposed
controller for the practical application. The proposed method
would be a promising solution for the large-scale offshore
wind farm control since it overcomes the problems in both
central and decentralized control methods.

It should be noted that the grid voltage vgrid can change
significantly in case of weak grid, the development of the
state-space model for the design of central MPC strategy
should consider the effect of grid voltage variation. The
proposed controller in this study is considered for the strong
grid system to show the feasibility and effectiveness of the
proposed hybrid control strategy based on distributed and
centralized controllers. The proposed controller in this study
could be further improved to apply for the weak grid system.
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