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Abstract

This paper proposes a bi-level decentralized active and reactive power control (DARPC) for the large-scale wind farm
cluster (WFC) composed of several wind farms. The WFC tracks the active power reference from the transmission
system operator (TSO) while controlling the bus voltage of the point of connection (POC), and maintaining the wind
turbine (WT) terminal voltages stable in each wind farm. In the upper level, a distributed active and reactive power
control scheme based on the consensus protocol is designed for the WFC, which can achieve fair active and reactive
power sharing among multiple wind farms, and generates active and reactive power references for each wind farm.
In the lower level, a centralized control scheme based on Model Predictive Control (MPC) is proposed, which can
effectively regulates active and reactive power outputs of all WTs within the wind farm. The proposed centralized
control scheme can maintain WTs terminal voltage close to the rated voltage while tracking the power reference from
the upper level control. The DARPC can effectively reduce the computation burden of the WFC controller by distributing
the computation and monitoring tasks to several wind farm controllers. Moreover, the communication cost is reduced.
A WFC with 8 wind farms and totally 128 WTs was used to validate the proposed DARPC scheme.

c©

Keywords: consensus protocol , decentralized active and reactive power control, MPC, sensitivity calculation, wind
farm cluster

1. Introduction

Renewable energy, especially wind energy, is developing rapidly over the world because of the pres-
sure of reducing carbon emission and dependence on fossil fuels. The European Wind Energy Association
(EWEA) estimates that the installed capacity of wind power could expand to 320 GW by 2030 [1]. In Den-
mark, the target is to achieve 50% electricity from wind by 2020 and become 100% fossil fuel free by 2050
[2].
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As wind power penetration increases, the large-scale wind farm cluster (WFC) is required to have the
same level of performance as conventional generation plants [3]. Due to the intermittency of wind power,
the increasing wind power penetration has introduced various challenges to the power system operation [4].
Such challenges include power reference tracking, voltage regulation, ancillary services for power systems,
etc. [5].

Usually, the short circuit ratio at the point of connection (POC) is small because large-scale wind farms
are mainly located in areas far from load centers [6], and the grid at the POC is weak. The voltage fluctu-
ation caused by the wind power variation is quite large. Voltage support at the POC has been specified in
several grid codes around the world. The WFC controller receives the power dispatch command and specific
technical requirement from the transmission system operator (TSO), such as the POC voltage requirement
and reactive power dispatch command [7].

For active power control of the large-scale wind farms, the main control objective is power tracking,
and the control strategy can be classified into proportional distribution (PD) control [8], [9], proportional-
integral (PI) control [10] and optimal active power control [11], [12]. Among these, the PD strategy is widely
adopted in modern wind farms due to its simple implementation, and considers the available power and Var
capability of wind turbines (WTs) [13], [14]. The voltage and reactive power control of wind farms, as one
of the major topics of wind power integration, have motivated a great number of studies. In the conventional
control strategy, wind farms provide a certain level reactive power support at POC [15], [16], or regulate
the power factor at the POC [17], [18], using the slope-based function or the proportional integral (PI)
controller to obtain the reactive power reference [19]. For the optimization-based control strategies of wind
farm, reference [20] proposed a coordinated voltage control scheme based on a PI controller to generate
reactive power references for the wind farm clusters. The voltage reference for the pilot bus is determined
by an optimization algorithm to minimize active power losses in the wind farm grid. In [21], a hierarchical
automatic voltage control system to support wind power integration was designed to optimize the voltage
and reactive power distribution inside the wind farm. Reference [22] proposed an autonomous wind farm
voltage controller based on model predictive control(MPC), which aims to maintain all the bus voltages
in wind farm within their feasible range and maximize the fast dynamic Var reserve, and consider various
reactive power regulation devices, such as static Var compensators (SVC), static Var generators (SVG),
on load tap changing (OLTC) Transformer, etc. References [23], [24] proposed a enhanced voltage control
strategy based on MPC for offshore wind farms. This strategy aims to optimize and maintain voltages within
the feasible range and reduce system power losses.

According to the previous studies, most of the control strategies are centralized control, which receives
operation information from all WTs and sends the power reference to them. For the large-scale WFC
with several wind farms, and each wind farm consists of hundreds of WTs, the computation burden of the
central controller is quite heavy. In addition, the cost of communication networks is high, and the control
performance largely depends on the central controller, implying low robustness.

Therefore, a bi-level decentralized active and reactive power control (DARPC) scheme for the large-
scale WFC which integrates the centralized control and distributed control is proposed in this paper. The
upper level control is designed in a distributed manner based on the consensus protocol, which aims to track
active power dispatch command from the TSO, and regulate reactive power of each wind farm to control
the POC voltage in a feasible range. Besides, the discrete variables, such as OLTC tap position, are also
considered. At this level, the wind farm controllers only exchange information with its neighbors, removing
the requirement of a central supervisor controller. As such, each controller can control the active and reactive
power without global information of the WFC. The lower level adopts a centralized control, which is based
on MPC. Each wind farm controller receives the active and reactive power references from the upper-level,
and controls active and reactive power of WTs in the wind farm, not only tracking the power reference, but
also controlling all WT terminal voltages within the feasible range.

The main contribution of this paper is the bi-level DARPC strategy which is suitable for the large-scale
WFC. The active and reactive power control is optimally coordinated to track the dispatch command, and
keep the POC voltage in a feasible range. The computation and monitoring tasks of the WFC controller
are distributed to several wind farm controllers, and then the control problem can be solved in parallel.
In the upper-level control, the consensus protocol method is used to obtain the active and reactive power
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references for each wind farm in a more efficient and fast way. Compared with the centralized control,
since each wind farm only exchanges information with its neighbors, the communication cost is reduced.
Moreover, the WFC controller has good plug and-play capability, providing the convenience to extend it. In
the lower-level control, since the MPC algorithm can take into account the dynamic response of the system
, and optimize the multi-input multi-output problem, the impacts of active and reactive power of WTs on
voltage variations are also taken into consideration to improve the voltage control performance. With the
MPC, the wind farm can accurately track the power dispatch command, and minimize the voltage deviation
for each WT terminal.

The paper is organized as follows. Section 2 gives an overview of the proposed bi-level control scheme.
The upper level distributed control based on the consensus protocol is presented in Section 3. The lower
level centralized control based on the MPC is described in Section 4. Simulation results are presented and
discussed in Section 5, followed by conclusions.

2. Bi-level control architecture

2.1. Configuration of a WFC

Fig. 1 shows the typical configuration of a WFC, which is connected to the external 380 kV AC grid
through a 20 km 380 kV transmission cable with the nominal power rating of 800 MW. The OLTC is at the
HV/MV transformer of the main substation of the WFC. The WFC consists of eight wind farms, each with
16×6.25 MW WTs. Eight WTs are connected by a 33 kV feeder and placed with a distance of 4 km. There
are eight collector substations, which are connected to the POC bus through 155 kV transmission cables.

Fig. 1. configuration of WFC.

2.2. Concept of the bi-level DARPC

The structure of the proposed bi-level DARPC scheme is shown in Fig. 2. In the WFC, each wind farm
is equipped with a wind farm controller consisting of two levels, i.e., the upper-level control and lower-level
control.

The upper-level control is designed in a distributed manner based on the consensus protocol. The wind
farm controllers within the WFC with direct access to the power reference and POC voltage reference from
the TSO are defined as leaders, and others are defined as followers. Moreover, the leader controllers receive
the information including tap position, action of OLTC, and POC voltage measurement. The upper-level
control aims to achieve fair active and reactive power sharing among multiple wind farms according to their
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available power. In this scheme, wind farm controllers only exchange information with their neighboring
controllers. In the lower-level control, a centralized active and reactive power control scheme is used based
on the MPC, in which each wind farm controller optimally coordinates all WTs inside the wind farm to track
the active and reactive power reference from the upper level control, and minimizes the voltage deviation of
each WT terminal.

The communication network topology is shown in Fig. 3, which is designed in a redundant way, and
meets the “N − 1” principle, i.e., the communication network graph will still be a connected graph despite a
communication link failure between any two controllers.

Fig. 2. Control structure.

Fig. 3. communication network.

3. Consensus-based distributed active power and reactive power dispatch for WFC

3.1. Graph theory
Consider a digraph D = (V, ξ), where V = (1, 2, ...,N) denotes the set of distributed nodes. ξ⊆V×V

denotes the directed paths, and an adjacency matrix A = [ai j] with nonnegative adjacency elements ai j. If
there exists a directed path from node i to node j, (i, j) ∈ ξ, it is defined as node i is adjacent to node j. All
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paths in digraph D are connected nodes bidirectionally, which is defined as strongly connected. Without
loss of any generality, the adjacency matrixA(D) can be expressed as,

[A(D)]i j =

{
1, if (i, j)∈ξ
0, otherwise. (1)

3.2. Distributed active power control of WFC

For distributed active control, wind farm controllers of the WFC only exchange information with their
immediate neighbors to reduce the communication requirement , implying none of wind farms directly
knows the total available power of the cluster. Therefore, the upper-level controller must synchronize the
total available power.

The available power of a wind farm, denoted as Pavi
WF,i, is the sum of maximum available power of all

WTs inside the wind farm. It can be obtained through the operation information gathered from each WT,
which is expressed by,

Pavi
WF,i =

|N
(i)
T |∑

j=1

Pavi
WT, j, ∀i ∈ NF (2)

where NF and N (i)
T denote the wind farm set and WT set of the wind farm i, respectively, and Pavi

WT, j is the
maximum available power of WT- j. In a control period, the wind speed vm can be measured by each WT.
The maximum power coefficient Cmax

P and optimal tip speed ratio λopt are known to each WT controller. The
available wind power of each WT can be expressed as,

Pavi
WT =

1
2
ρACmax

P (λopt, β)v3
m (3)

where ρ is the air density, A is the WT swept area, and β is the pitch angle. Then the total available active
power of the WFC Ptotal,avi

WFC can be calculated by,

Ptotal,avi
WFC =

|NF |∑
i=1

Pavi
WF,i (4)

Since wind farm controllers only exchange information with their immediate neighbors, none of wind farms
directly knows the total available power of the WFC. Based on the consensus protocol, the average active
power of each wind farm can be obtained as follows,

˙̂Ptotal,avr
WF,i = µP

|NF |∑
j=1

ai j

[
P̂total,avr

WF, j (t) − P̂total,avr
WF,i (t)

]
(5)

where P̂total,avr
WF,i is the estimated average active power of ith wind farm, µP is a constant gain, and ai j is entries

form the adjacency matrixA(D). Denotes the total available wind power as Ptotal,avi
WFC . The average available

power of the cluster estimated at each wind farm will converge to Ptotal,avi
WFC /|NF| in finite time. The proof of

convergence can be found in [25]. Then, the total available power of the WFC P̂total,avi
WFC can be estimated by

each wind farm controller as,
P̂total,avi

WFC = |NF| · P̂
total,avr
WF,i , ∀i ∈ NF. (6)

The estimation of the total available power of the WFC is executed every several seconds. The con-
vergence time shall be much shorter than the execution period. Define the active power utilization ratio of
a wind farm as ϕi , Pref

WF,i/P
avi
WF,i, ∀i ∈ NF, the aim of the distributed active power control is to achieve

consensus utilization ratio sharing among multiple wind farms, such that,

ϕP
1 = ϕP

2 = · · · = ϕP
|NF |

= ϕ∗P (7)
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where ϕP
i is the utilization ratio of the ith wind power, and ϕ∗P is the desired optimal utilization ratio. Define

the leaders and followers sets asL andF , respectively. For the leaders, who directly receive power reference
of the cluster from the TSO, their active power control law is designed as,

ϕP
i (t) =

 Pref
WFC

P̂total,avi
WFC

, if Pref
WFC ≤ P̂total,avi

WFC ,

1, if Pref
WFC > P̂total,avi

WFC ,
∀i ∈ L. (8)

where Pref
WFC is the active power reference of the WFC. For the followers, they track the utilization ratio set

by the leaders using the averaging consensus protocol, which is,

ϕ̇P
i (t) = εP

|NF |∑
j=1

ai j[ϕP
j (t) − ϕ

P
i (t)], ∀i ∈ F (9)

where εP is a constant gain, which affects the convergence. Once the optimal utilization ratio is obtained,
the power reference Pref

WF,i for each wind farm can be given by,

Pref
WF,i = ϕP

i · P
avi
WF,i, ∀i ∈ NF. (10)

where Pref
WF,i is the power reference of ith wind farm.

3.3. Distributed reactive power control of WFC

3.3.1. Equivalent model of WFC
In a large-scale WFC, each wind farm is connected to the POC bus. Since the active power output

of each wind farm is decoupled, each wind farm can be represented by a current source and equivalent
impedance. Based on the analytical approach in [26], the equivalent representation of a large-scale WFC
system is derived , which is shown in Fig. 4.

Fig. 4. The equivalent configuration of WFC.

Based on Fig. 4, the equivalent impedance of each wind farm can be expressed as,

ZWF,i =
2
∑|N i

T |/2
m=1 m2Zm

|NT|
2 (11)

where Zm is the cable impedance between the two adjacent WTs, m denotes the number of cables inside the
wind farm.
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Define the vectors V(k) = [V1(k),V2(k), . . . ,VNd (k)]T, θ(k) = [θ1(k), θ2(k), . . . , θNd (k)]T as voltage and
angle of equivalent current source at period k, respectively. Nd denotes the node set of the WFC. Vectors
P(k) = [P1(k), P2(k), . . . , PNF (k)]T and Q(k) = [Q1(k),Q2(k), . . . ,QNF (k)]T are active and reactive power
output, respectively. Then the increment model of the WFC can be expressed as ,[

∆P(k)
∆Q(k)

]
=

[
H N
K L

] [
∆θ(k)
∆V(k)

]
(12)

where H = [ ∂P
∂θ

],N = [ ∂P
∂V ],K = [ ∂Q

∂θ
],L = [ ∂Q

∂V ]. Then we obtain,

∆θ(k) = −H−1N∆V(k) + H−1∆P(k) (13)

∆V(k) = (L − KH−1N)−1(∆Q(k) − KH−1∆P(k)) = S ∆Q(k) + C∆P(k) (14)

where C = −((L − KH−1N)−1)KH−1. The entries of matrixes S ,C are related to the sensitivity coefficients
[ ∂θ
∂P ], [ ∂V

∂P ], [ ∂θ
∂Q ], and [ ∂V

∂Q ]. The calculation of sensitivity coefficients is presented in detail in Subsection
4.2. In this paper, it is assumed the WFC has a fixed electrical network configuration, and the sensitivity
coefficients can be calculated offline. Moreover, since the reactive power calculation is after the active
power calculation, C can be seen as a constant. In the upper level, each wind farm provides reactive power
to maintain the POC bus voltage at the rated value while tracking the active power dispatch command. The
variation of the POC voltage ∆VPOC can be expressed as,

∆VPOC(k) = S POC∆Q(k) + CPOC∆P(k) (15)

where S POC, CPOC are the matrixes which describe the relationship between the POC bus voltage and output
reactive and active power from each wind farm. The entries of S POC, CPOC are obtained from matrixes
S ,C, which are defined by the sensitivity coefficients [ ∂θPOC

∂P ], [ ∂VPOC
∂P ], [ ∂θPOC

∂Q ], and [ ∂VPOC
∂Q ]. When active and

reactive power output is known, the voltage and angle of the equivalent current source can be obtained by
power flow calculation.

3.3.2. Reactive power reference calculation with OLTC
For the reactive power control, the leader controller has access to the upper level control, which provides

voltage information from the POC bus and OLTC. As such, the leader controller can calculate the required
total reactive power of the WFC to realize the desired control objective. An integral controller can be used
by the leader controller to update the reactive power reference as follows,

∆QWFC = α(V ref
POC − VPOC) (16)

where V ref
POC is the POC voltage reference, ∆QWFC is the WFC incremental reactive power reference, and

α > 0 is a coefficient. In this paper, it updates every 5 seconds. When a disturbance occurs at the grid side
or the WFC side, the OLTC will change the tap position to maintain the POC voltage in a feasible range. So
the integral controller should consider the OLTC action when updating the reactive power reference. The
OLTC working principle is illustrated in Fig.5.

The details of the OLTC working principle can be found in [22], [27]. VBD is the deadband to avoid
unnecessary switching around the reference voltage. At time t = ttri, the POC voltage variation exceeds the
deadband, and a timer is triggered, the tap ntap will increase ntap +1 or ntap−1 after time delay Tdelay. In order
to obtain the reactive power reference accurately, for each control step, the leader controller should check if
there is a potential tap action within the control period. From (15), the leader controller should update the
reactive power reference as follows,

∆QWFC =

{
α(V ref

POC − VPOC ± ∆Vtap), if tn < tact < tn+1;
α(V ref

POC − VPOC), otherwise. (17)

where ∆Vtap is the voltage change per tap. Since the coefficient α affects the variation of reactive power
reference of the WFC in every control period, it must be chosen to ensure the stability of the closed-loop
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Fig. 5. Working principle of OLTC.

system. When the leader controller obtains the reactive power reference, the reactive power reference is
shared by wind farms. In order to achieve fair reactive power sharing among multiple wind farms, the
reactive power utilization ratio should be fair. Thus, we can get,

∆Q(k) = E∆QWFC(k) = Eα(V ref
POC − VPOC ± ∆Vtap) (18)

where E = [β1, β2, . . . , βNF ]T. βi is the ratio of the available reactive power of ith wind farm over the WFC
reactive power. It can be obtained by,

βi =

√
S 2

WF,i − P2
WF,L

Σ
NF
i=1

√
S 2

WF,i − P2
WF,L

(19)

where S WF,i is the rated capacity of ith wind farm. Since VPOC(k) and ∆Vtap are known in every control
period, ∆Vtap can be expressed by,

∆Vtap = δVPOC(k) (20)

where δ is a coefficient. The discrete time relation that describes how the POC voltage magnitudes evolve
with time can be expressed as,

VPOC(k + 1) = VPOC(k) + S POC∆Q(k) + CPOC∆P(k) (21)

Then, by substituting (17) into (20), we get can get,

VPOC(k + 1) = [1 − (1 ± δ)αS POCE)]VPOC(k) + αS POCEV ref
POC(k) + CPOC∆P(k) (22)

In this paper, V ref
POC(k) is constant, which is set as 1 p.u., and CPOC∆P(k) is bounded in every control period,

which are related to the capacity of each wind farm. Since the system is a linear time-invariant system driven
by bounded inputs V ref

POC(k) and CPOC(k)∆P(k). VPOC(k) should be bounded for all k to ensure the stability
of this system. In order to ensure that the system is asymptotically stable, α must be bounded by,

|[1 − (1 ± δ)αS POCE)]| < 1 (23)

3.3.3. Reactive power control based on consensus protocol
In this subsection, a distributed reactive power dispatch scheme is designed to regulate reactive power

among multiple wind farms inside the WFC. The estimation of the total available reactive power of the
WFC is executed after the active power calculation. Once each wind farm gets the active power reference,
the available reactive power of the wind farm, denoted as Qavi

WF,i, can be expressed as [20],

Qavi
WF,i =

√
S 2

WF,i − P2
WF,i (24)
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Then the total available reactive power of the WFC can be calculated by,

Qtotal,avi
WFC =

|NF |∑
i=1

Qavi
WF,i (25)

A distributed estimator based on the distributed averaging consensus is designed to synchronize the total
available reactive power as follows,

˙̂Qtotal,avr
WF,i = µQ

|NF |∑
j=1

ai j

[
Q̂total,avr

WF, j (t) − Q̂total,avr
WF,i (t)

]
(26)

where Q̂total,avr
WF,i is estimated the average reactive power of ith wind farm, and µQ is a constant gain. The total

available reactive power of the WFC can be estimated by each wind farm controller as,

Q̂total,avi
WFC = |NF| · Q̂

total,avr
WF,i , ∀i ∈ NF. (27)

The aim of the upper level for reactive power control is to ensure that each of the wind farm is treated
fairly according to their available reactive power, which means that every wind farm should operate with a
common reactive power utilization ratio. It can be expressed by,

ϕQ
1 = ϕQ

2 = · · · = ϕQ
|NF |

= ϕ∗Q (28)

where ϕQ is the utilization ratio of reactive power, and ϕ∗Q is the desired optimal utilization ratio. For the
leaders, their reactive power control law is designed as,

ϕi(t) =

 Qref
WFC

Q̂total,avi
WFC

, if |Qref
WFC| ≤ |Q̂

total,avi
WFC |,

1, if |Qref
WFC| > |Q̂

total,avi
WFC |,

∀i ∈ L. (29)

where Qref
WFC is the reactive reference for the WFC. For the followers, they track the utilization ratio set by

the leaders using the averaging consensus protocol, which is,

ϕ̇Q
i (t) = εQ

|NF |∑
j=1

ai j[ϕ
Q
j (t) − ϕQ

i (t)], ∀i ∈ F (30)

where εQ is a constant gain, which affects the convergence. Once the optimal utilization ratio is obtained,
the power reference Qref

WF,i for each wind farm can be given by,

Qref
WF,i = ϕQ

i · Q
avi
WF,i, ∀i ∈ NF. (31)

4. Centralized MPC-based avtive and reactive power control of wind farm

In the lower-level control, the wind farm controller regulates the active and reactive power outputs of all
WTs inside the wind farm to track the power reference from the upper level control, and maintain all WT
terminal voltages in a feasible range. Since modern WTs are equipped with power electronic converters, the
response is quite fast.

4.1. Modeling of wind farm

Suppose the active and reactive power references and measurements of the WT are Pref
wt , Qref

wt , P0
wt, and

Q0
wt. Considering the time delay of the communication system and dynamic response of the WT control

system, if all the WTs are controlled with active and reactive power control mode, the following turbine
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transfer function can be obtained, in which the dynamic behavior of the power control loops of WTs could
be described by a first-order lag function,

∆Ṗwt =
1

1 + sT P
wt

∆Pref
wt (32)

∆Q̇wt =
1

1 + sT Q
wt

∆Qref
wt (33)

where T P
wt and T P

wt are time constant. Accordingly, the continuous state space model of a wind farm with Nw
WTs can be formulated as,

∆ẋ = A∆x + B∆u (34)

where
∆x =

[
∆Pwt,1, . . . ,∆Pwt,NT ,∆Qwt,1, . . . ,∆Qwt,NT

]
∆u =

[
∆Pref

wt,1, . . . ,∆Pref
wt,NT

,∆Qref
wt,1, . . . ,∆Qref

wt,NT

]
A =

[
AP

wt 0
0 AQ

wt

]
B =

[
BP

wt 0
0 BQ

wt

]
AP

wt = diag
[
−1/T P

wt,1,−1/T P
wt,2, . . . ,−1/T Q

wt,NT

]
,

BP
wt = diag

[
1/T P

wt,1, 1/T
P
wt,2, . . . , 1/T

Q
wt,NT

]
,

AQ
wt = diag

[
−1/T Q

wt,1,−1/T Q
wt,2, . . . ,−1/T Q

wt,NT

]
,

BQ
wt = diag

[
1/T Q

wt,1, 1/T
Q
wt,2, . . . , 1/T

Q
wt,NT

]
,

Then, the discrete state-space model with sampling time ∆Tp can be derived from the continuous model,
which is,

∆x(k + 1) = Ad∆x(k) + Bd∆u(k), (35)

where

Ad = eA∆Tp , Bd =

∫ ∆Tp

0
eAtBdt

4.2. Sensitivity coefficient calculation
Sensitivity coefficients are used to estimate the changes of objective variables in a dynamic process of

the wind farm control system. In order to improve the computation efficiency, an analytical computation
method for calculating the sensitivity coefficients was developed in [24], [29]. Since the capacity of each
wind farm is much less than the total capacity of WFC, we assume the POC bus is the slack bus in the
lower-level control. S andN denote the sets of the slack bus and the buses with PQ injections, respectively.
The link between bus voltages and power injections is,

S i = V i

∑
j∈S∪N

Ybus,i jV j (36)

WhereV i, and S i are the conjugates of V i, S i, and Ybus,i j is the admittance matrix. The ∂S i/∂Pl, and ∂S i/∂Ql

satisfy the following equations:

∂S i

∂Pl
=

(P − jQ)
∂Pl

=
∂V i

∂Pl

∑
j∈S∪N

Ybus,i jV j (37)

+ V i

∑
j∈N

Ybus,i j
∂V j

∂Pl
=

{
1, for i = l
0, for i , l
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∂S i

∂Ql
=

(P − jQ)
∂Ql

=
∂V i

∂Ql

∑
j∈S∪N

Ybus,i jV j (38)

+ V i

∑
j∈N

Ybus,i j
∂V j

∂Ql
=

{
− j1, for i = l
0, for i , l

According to the theorem in [24] and [29], (35) and (36) have a unique solution for radial networks. The
voltage magnitude and phase angle sensitivity can be computed by,

∂Vi

∂Pl
=

1
∂Vi

Re(V i
∂V i

∂Pl
),
∂θi

∂Pl
=

1
∂V2

i

Im(V i
∂V i

∂Pl
) (39)

∂Vi

∂Ql
=

1
∂Vi

Re(V i
∂V i

∂Ql
),
∂θi

∂Ql
=

1
∂V2

i

Im(V i
∂V i

∂Ql
) (40)

For a bus i ∈ N , the partial derivatives with respect to voltage magnitude Vk of a slack bus k ∈ S are derived
by,

−V iYbus,ike jθk = W ik

∑
S∪N

Ybus,i jV j + V i

∑
j∈N

Ybus,i jW jk (41)

where

W ik =
∂V i

∂Vk
= (

1
Vi

∂Vi

∂Vk
+ j

∂θi

∂Vk
)

According to the theorem in [24] and [29], it also has a unique solution. By solving it, the sensitivity
coefficient with respect to the slack bus voltage magnitude is calculated by,

∂Vi

∂Vk
= ViRe(

W ik

V i
),
∂θi

∂Vk
= Im(

W ik

V i
) (42)

4.3. MPC formulation for active and reactive power control of wind farm
The MPC is a widely used optimal control method. The control input is obtained by solving a discrete-

time optimal control problem over a given horizon. An optimal control input sequence is generated and only
the first control in the sequence is applied [30]. In this section, there are Nc control periods in a prediction
horizon, the control period Tc is set in seconds, and each Tc is divide into Np prediction periods. The control
actions are only changed at the beginning of the control period and maintained within the control period.

4.3.1. Objective function
The objective function is expressed as:

min
|NT |∑
i=1

Np∑
k=1

‖ ∆Vwt(k) ‖2QV
+ ‖ ∆PD

wt(k) ‖2QD
(43)

where QV is the weighting factors for minimizing the deviation of WT terminal voltage, and QD is a weight-
ing factor for minimizing the deviation of power reference to its proportional value.

The first objective is for voltage regulation. The terminal voltages of WTs are limited in a feasible range.
The predictive value of ∆Vwt can be calculated by,

∆Vwt(k) = V0
wt +

∂Vwt

∂Pwt
∆P(k) +

∂Vwt

∂Qwt
∆Q(k) − V rated

wt (44)

The second objective is minimizing the deviation of power reference to its fair power sharing. The predictive
value of ∆PD

wt can be calculated by,

∆PD
wt(k) = P0

wt + ∆Pwt(k) − P∗i (45)

where P∗i is the fair power sharing reference for the ith WT according to its available power.
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4.4. Constraints

For a wind farm, the active and reactive power output should track the references from the upper level
control,

|N
(i)
T |∑

j=1

Pref
wt, j = Pref

WF,i, ∀i ∈ NF (46)

|N
(i)
T |∑

j=1

Qref
wt, j = Qref

WF,i, ∀i ∈ NF (47)

For a WT, the available active and reactive power limits are as follows,

0 ≤ Pref
wt, j ≤ Pavi

wt, j ,∀ j ∈ N (i)
T (48)

−Qavi
wt, j ≤ Qref

wt, j ≤ Qavi
wt, j ,∀ j ∈ N (i)

T (49)

It is better to set voltage limits in every prediction steps to make sure the WT terminal voltages do not exceed
thresholds , which is as follows,

Vmin
wt ≤ Vwt, j ≤ Vmax

wt ,∀ j ∈ N (i)
T (50)

where Vmax
wt and Vmin

wt are the maximal and minimal thresholds of WT terminal voltages. The MPC problem
can be reformulated as a standard Quadratic Programming (QP) problem and can be efficiently solved by
commercial solvers. In this paper, the MATLAB quadprog function was used to solve the QP problem.

5. Case Study

5.1. Test system

The WFC in Fig. 1 is used to demonstrate the performance of the proposed bi-level DARPC scheme.
In order to improve the simulation efficiency, only one of the eight wind farms is modelled with detailed
WT models (Wind Farm 1). The remaining 7 wind farms are equivalent to one WT. The system parameters
are shown in Table. 1. The wind field model considering turbulences and wake effects was generated from
SimWindFarm, a toolbox for dynamic wind farm model, simulation and control. The wind field model is
used to get available wind power for each wind farm.

In the test system, Wind Farm 1 and Wind Farm 2 are defined as the leaders. For the upper-level control,
the average available active and reactive power are calculated and updated every 5 s. For the lower-level
control, the control period Tc, prediction horizon Tp and sampling period of prediction ∆Tp are set as 1
s, 5 s, and 0.1 s, respectively. In order to examine the performance of the proposed control method, the
simulation results are compared with the ones based on the conventional centralized proportion distribution
(PD) scheme and the centralized active and reactive power control (CARPC). The CARPC is described in
Appendix.

5.2. Control performance under normal operation

The performance of the proposed control scheme under normal operation is tested in this subsection.
The total simulation time is set as 600 s. Fig. 6 shows the total available wind power, the active power
dispatch command from the TSO. The total available wind power fluctuates between 550 to 650 MW during
t = 0 − 250 s. During t = 250 − 380 s, the available wind power gradually rises. After t = 380 s, the total
available wind power gradually decreases. The dispatch command is set as 400 MW during t = 0 − 250
s and then increases within the ramp limit during t = 250 − 360 s. After t = 360 s, it is set as 700 MW.
At around 400 s, the available wind power is less than the dispatch command, based on distributed control
method in this paper, the WFC operates in the maximum power point tracking mode (MPPT). The reactive
power reference generated by the leader controller is shown in Fig. 7. It is updated every 5 seconds. The
WFC absorbs reactive power from t = 0 − 250 s, and gradually decreases after 250 s. In the whole control
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Table 1. ELECTRICAL SYSTEM PARAMETERS

33kV Cable R33kV=0.078 Ω/km, L33kV=0.3915 mH/km, C33kV=0.13 µF/km

155kV Cable R155kV=0.0328 Ω/km, L155kV=0.47 mH/km, C155kV=0.11 µF/km

380kV Cable R380kV=0.018 Ω/km, L380kV=0.47 mH/km, C155kV=0.13 µF/km

0.9kV/33kV Transformer S 0.9/33kV=6.25 MVA, R0.9/33kV=0.008 p.u., L0.9/33kV=0.06 p.u.

33kV/155kV Transformer S 33/155kV=100 MVA, R33/155kV=0.002 p.u., L33/155kV=0.006 p.u.

OLTC S OLTC=800 MVA, ROLTC=0.005 p.u., LOLTC=0.06 p.u.

WFC rated capacity S WFC=800 MVA

Wind farm rated capacity S WF=100 MVA

WT rated capacity S WT=6.25 MVA

Constant gain µP 0.3

Constant gain εP 0.5

Constant gain µQ 0.3

Constant gain εQ 0.5

Time constant T Q
wt 1 s

Time constant T P
wt 1 s

Weight QV 0.25

Weight Qd 0.0125

Fig. 6. The total available wind power and the dispatch command.

Fig. 7. Reactive power reference.

period, the WFC absorbs reactive power to control POC voltage fluctuation caused by the increasing wind
power of the WFC.
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The average available wind power and reactive power estimated by each wind farm from 200 s to 300 s
are shown in Fig. 8 and 10 , respectively. The estimated average available wind power varies with the real-
time available wind power of each wind farm. The estimated average available reactive power varies with
the available wind power. When the average available wind power increases, the average available reactive
power decreases. The estimated average available active and reactive power estimated by each wind farm can
converge to the actual value, implying good convergence. The utilization ratio of wind power and reactive
power from 200 s to 300 s is shown in Figs. 9 and 11, respectively. It can be seen that all wind farms have
consistent utilization ratio, indicating that the proposed upper-level controller can effectively regulate the
active and reactive power outputs of wind farms to maintain fair power sharing. For the utilization ratio, the
leader controller firstly reaches newly updated desired utilization ratio and then followers starts to track the
desired utilization ratio. All calculation can be done in 1.5 s at every control period, which is fast enough
for the real-time lower-level wind farm control since it is generally designed in seconds.

Fig. 8. Estimated average available wind power of WFC.

Fig. 9. Utilization of each wind farm.

Fig. 10. Estimated average available reactive power of WFC.



/ Electrical Power and Energy Systems 00 (2018) 1–20 15

Fig. 11. Reactive power utilization of each wind farm..

The comparison of the DARPC, the centralized PD control scheme performance, and the CARPC
method is shown in Figs. 12-14. The POC voltage is shown in Fig. 12. It can be seen that the distributed
control scheme has similar control performance as the centralized PD control scheme and they can both
effectively control the POC voltage at around 1 p.u. The performance with the CARPC is different from the
DARPC from 250 − 600 s. It is because that, in the CARPC method, the objective of the WFC controller is
keeping all bus voltage within feasible range (see Appendix). In the DARPC methods, the objective of the
upper-level control is controlling the POC voltage only. The WFC output active and reactive power is shown
in Figs. 13-14. For the PD control and DARPC, they can both effectively regulate the active power output
of the WFC to track the power reference set by the TSO , and track the reactive power reference generated
by leaders. For the CARPC, the reactive power output is different from the DARPC. The active and reactive
output of wind farm 4 are shown in Figs 15-16. The active power output is similar with the three kinds
of control methods. The reactive power output with the CARPC method is different from the PD control
and DARPC. However, compared with the centralized control, the distributed control scheme eliminates the
central supervisor controller and largely reduces the communication cost, implying better cost benefits and
robustness. Moreover, since each wind farm only exchanges information with its neighbors, the WFC has
good plug-and-play capability, providing the convenience to extend the WFC.

Fig. 12. Poc voltage.

The performance of the lower-level DARPC is shown in Figs. 17-19, which coordinates active and reac-
tive power of all WTs inside a wind farm. Similarly, the centralized PD control and CARPC are simulated
to compare with the DARPC. WT 5 is selected as the representative WT to illustrate the results. It can be
seen that, the voltage deviation with the DARPC is much smaller than that with the PD control scheme,
especially during t = 400−600 s, all WTs operate in the maximum power tracking mode. The voltage devi-
ation with the CARPC is slightly smaller than with the DARPC. The output reactive power with DARPC is
quit different from the PD method and slightly different from the CARPC. The output active power with the
DARPC is similar as with the PD method and the CARPC. Comparably, the performance of the DARPC is
better.
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Fig. 13. WFC output active power.

Fig. 14. WFC output reactive power.

Fig. 15. WF 4 output active power.

Fig. 16. WF 4 output reactive power.

5.3. Operation With a grid disturbance
In this section, a disturbance of the external grid is considered. At the beginning, the WFC operate in

a normal condition. At 62 s ,the external grid voltage drops to 0.9 p.u, and it is cleared at t =122 s. The
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Fig. 17. WT 5 terminal voltage.

Fig. 18. WT 5 output reactive power.

Fig. 19. WT 5 output active power.

simulation time is 180 s. The simulation results are illustrated in Figs. 20-23.
The POC voltage is shown in Fig. 22. At 62 s, the external grid disturbance results in a sudden decrease

of VPOC . The leader controller updates reactive power reference at 65 s[see Fig. 21], the WFC provides
reactive power to recover the POC voltage. At the same time, the OLTC begin to change tap [see Fig. 20],
after 2.5 s, the action is done. From Fig. 20, it can be seen, the OLTC change 2 taps during the disturbance
period. It can be seen, at around 66 s, the voltage has the first step increase due to the WFC reactive power
support to recover voltage. At around 68 s, the voltage has the second step increase due to the OLTC action.
Since the leader controllers consider the OLTC action, the incremental reactive power at 71 s is much smaller
than incremental reactive power at 66 s. At 73 s, the POC voltage recovers to 1 p.u.. The transformer HV
side voltage is shown in Fig. 23. The WFC can provide reactive power to support grid when there is a
disturbance in the grid. At 122 s, the external grid voltage recovers, the WFC switches back to the normal
operation. Figs. 20 − 23 show that the distributed control can not only regulate the POC voltages to be in
feasible range during the grid voltage disturbance, but also provide reactive power support to the external
grid.



18 / Electrical Power and Energy Systems 00 (2018) 1–20

Fig. 20. OLTC tap position.

Fig. 21. Reactive reference for WFC.

Fig. 22. POC voltage.

Fig. 23. OLTC HV side voltage.
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6. Conclusion

In this paper, a bi-level decentralized active and reactive power control scheme is proposed for the
large-scale WFC. In the upper-level control, the consensus protocol method is used to estimate the available
active and reactive power of the WFC, and get the utilization ratios for each wind farm controller. The wind
farm controller only communicates with neighboring wind farm controllers. The leader control generate
the reactive power reference while considering the OLTC action. In the lower level control, the WTs in
the wind farm are controlled in a centralized manner based on the MPC. Case studies show the WFC can
control the POC voltage in a feasible range while accurately tracking the active power dispatch command,
and also minimizing the voltage deviation of WTs inside the wind farm. Moreover, during the grid voltage
disturbance , the distributed control can not only regulate the POC voltage to be in the feasible range, but
also provide reactive power support to the external grid. The proposed bi-level DARPC is suitable for real-
time control of large-scale WFCs. It does not require a central WFC controller, simplifies communication
networks of large-scale WFCs, and effectively minimize voltage deviation of the POC and WT terminals.

APPENDIX

CARPC Method
In the centralized control method, the incremental voltage of the ith bus voltage can be expressed as,

∆Vi =
∂V
∂Q

∆Q +
∂V
∂P

∆P (51)

Denote Nw as the set of WTs inside the WFC, ND as the set of PQ nodes inside the WFC, the incremental
voltages of the WFC can be expressed as a matrix form:



∆V1
∆V2
∆V3
...

∆V|ND |


=



∂V1
∂Q1

· · ·
∂V1

∂Q|Nw |

∂V1
∂P1

· · ·
∂V1
∂P|Nw |

∂V2
∂Q1

· · ·
∂V2

∂Q|Nw |

∂V2
∂P2

· · ·
∂V1
∂P|Nw |

∂V3
∂Q1

· · ·
∂V3

∂Q|Nw |

∂V3
∂P1

· · ·
∂V3
∂P|Nw |

...
...

...
...

...
...

∂V|ND |

∂Q1
· · ·

∂V|ND |

∂Q|Nw |

∂V|ND |

∂P1
· · ·

∂V|ND |

∂P|Nw |





∆Q1
...

∆Q|Nw |

∆P1
...

∆P|Nw |


Normally, the dispatch algorithm for the WFC is based on a proportional distribution of the available active
power. The power reference of the ith WT inside the WFC is calculated by,

PPD
wt,i = αpdPref

WFC, αpd =
Pavi

wt,i

Pavi
WFC

(52)

The objective function is expressed as,

min
NP∑
k=1

‖ ∆VPOC + V0
POC − Vrated

POC ‖
2
QC

+

NP∑
k=1

|ND |∑
i=1,i,POC

‖ ∆Vi + V0
i − Vrated

i ‖2QV
(53)

NP∑
k=1

|Nw |∑
i=1

‖ ∆Pwt,i + P0
wt,i − PPD

wt,i ‖
2
QP

For the WFC, the active power output should track the dispatch command,
|Nw |∑
i=1

Pref
wt,i = Pref

WFC, ∀i ∈ Nw (54)

For a WT, the available active and reactive power limits are as follows,

0 ≤ Pref
wt,i ≤ Pavi

wt,i ,∀i ∈ Nw (55)

−Qavi
wt,i ≤ Qref

wt,i ≤ Qavi
wt,i ,∀i ∈ Nw (56)
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