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In view of the fact that current wind farms are mostly multi-wind turbines and it is difficult to
accurately control a single wind turbine because of its high dimension in the optimization
solution process, the article proposes a reactive power and voltage coordinated control
strategy suitable for doubly-fed wind farms. The strategy is mainly divided into three layers.
The first is the group layer, which can obtain the reactive power compensation task of the
entire group according to the current voltage and voltage indicators of the group collection
station. The second is the field layer, in which according to the reactive power
compensation tasks issued by the group layer, the reactive power tasks are allocated
to each field area based on the tabu search algorithm or the equal margin method. The
third is the equipment layer, which allocates equal margins in the area according to the
reactive power compensation tasks assigned by the field layer. At the field layer, this article
divides 66 wind turbines into five different field areas to solve the reactive power
compensation distribution task according to the voltage sensitivity characteristics of
the wind turbines on different feeders.
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INTRODUCTION

In recent years, the installed capacity of wind power has been continuously improved, and the grid-
connected technology of wind power has continuously reached maturity. However, compared with
traditional thermal power generation, wind power generation is more unstable. It is easy to be
affected by uncertain factors such as wind speed fluctuations, resulting in errors, and the control of
reactive power and voltage has always been the focus of research (Chen et al., 2005; Chi et al., 2007;
Chen et al., 2013). Due to the characteristics of local wind resources and the reverse distribution of
power loads, wind farms (WFs) are generally built in areas far away from the load center (Yang et al.,
2014a), resulting in wind power generation with the characteristics of clustering, radiation
connection, and weak power grids (Cao et al., 2009).

At present, a key method to solve the problem of voltage stability in WFs is reactive power
compensation. In a wind farm group, there are two main devices for reactive power compensation: one
is the reactive power compensation device added to the wind farm booster station (Sun et al., 2003), and
the other is a double-fed induction generator (DFIG). The reactive power compensation equipment
mainly includes a mechanical switching capacitor bank, a static var compensator (SVC), a static var
generator (SVG), and an on-load tap changer (OLTC), etc. Among them, the response speed of
mechanical switching capacitor banks is generally slower (Tang et al., 2021) and SVG has faster
response speed and smaller footprint than SVC (Xu et al., 2015), so SVG is currently more popular in
the WFs. DFIG has become the most widely used model in megawatt wind turbines because it can
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realize active and reactive power decoupling control and has a
smaller inverter capacity (Pena et al., 1996; Zhang et al., 2020).
Most of them are in constant power factor operation mode or
constant voltage operation mode (Cui et al., 2015).

Zhang et al. (2019) proposed a voltage coordination control
strategy based on hierarchical model predictive control, which
mainly focused on the problems caused by wind power fluctuations
on voltage regulation. Sun et al. (2014) proposed a method to
reserve margins for wind turbines. Tao et al. (2018) proposed a
reactive power optimization strategy for distribution networks
based on particle swarm optimization, and the objective
function is to minimize voltage fluctuation and network loss.
Cai et al. (2018) proposed a multi-objective reactive power and
voltage control method for wind farms. While meeting the voltage
requirements of the collective bus, the voltage distribution in the
WFs is also optimized. Shao et al. (2009) proposed a control
method using a reduced-order Jacobian matrix and conducted
relevant research on the voltage support capability of different
wind farms after they are connected to local areas.

All of the aforementioned studies have provided useful insights
into the reactive power and voltage control of wind farms. However,
the wind farm group is generally in a multi-wind turbine mode, and
it is not only time-consuming but also difficult to accurately calculate
the reactive power output of each wind turbine generator (WTG).
Therefore, this article comprehensively considers the

aforementioned factors and proposes a layered and zonal-
coordinated control strategy for wind farm group reactive power
and voltage. TheWTGs in the farm group are divided into different
regions, which reduces the dimension of the algorithm calculation.
When theWF receives the reactive power compensation task, based
on the tabu search algorithm, the reactive power compensation
amount of each field area is calculated with the minimum nodal
voltage index and the maximum margin index as the objective
function. After each field area receives the reactive power
compensation task, it adopts the equal margin method to allocate
the reactive power task within the field area, which can not only
ensure that eachWTG does not exceed the limit but also ensure that
the WF has the largest reactive power reserve margin.

REACTIVE VOLTAGE COORDINATION
CONTROL STRATEGY FRAMEWORK
OF WFS
The schematic diagram of the proposed control strategy is shown
in Figure 1.

In Figure 1, oneWF is in the form of six feeders, each of which
is in the form of 11 WTGs. All feeders are connected to a
collection point with a nominal voltage of 35 KV. The
collection point is then connected to the external grid through

FIGURE 1 | Strategy mechanism for reactive power control of wind farms.
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the transformer and point of connection (POC). HV/MV means
high voltage/medium voltage.

The control center receives the reactive power information of
the WFs and the voltage information of the collection point in real
time and calculates the reactive power compensation of the current
moment according to the relevant information. If the reactive
power limit for the safe operation of the WFs has been exceeded,
the excess part will be shared with SVG. If not, then the control
center distributes the reactive power compensation amount to the
five field areas after the tabu search algorithm calculation and
finally distributes the reactive power compensation amount to each
WTG in the area after equal margin calculation.

Calculation of Reactive Power Demand
According to the voltage information of the collection point in the
adjacent measurement period and the reactive power information
of the WFs in the adjacent measurement period, the control
sensitivity of the reactive power relative to the collection point
voltage can be estimated as K (Wang et al., 2012):

K � ΔU

ΔQ
� U2 − U1

Q2 − Q1
(1)

whereU1 andQ1 are the voltage of collection point and the reactive
power ofWFs at the last measurement period, respectively; andU2

andQ2 are the voltage of collection point and the reactive power of
WFs at the current measurement period, respectively.

Then, it can be concluded that the reactive power
compensation of the WFs at the current moment is

Qref � Uref − U2

K
+ Q2 (2)

where Uref is the nominal voltage of the collection point, which is
35 kV and Qref is the reactive power compensation of the WFs at
the current moment.

Reactive Power Capacity of DFIG
Reactive Power Capacity of the Stator
The reactive power capacity of DFIG should be considered first
when the control strategy of DFIG participating in reactive power
regulation is formulated and implemented. Through the analysis
of DFIG operation characteristics, the reactive power capacity of
DFIG is mainly restricted by the active power output, unit
capacity, and current limit of the converter, etc., that is, the
reactive power capacity of DFIG is jointly determined by the
stator and grid side converter.

When the active power Ps of the stator side is constant, the
limit value of stator reactive power can be obtained by the
following formula (Wang et al., 2014):⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qsmax � − 3U2
s

Xσs +Xm
+

��������������������( 3UsXm

Xσs +Xm
Irmax)2

− P2
s

√√

Qsmin � − 3U2
s

Xσs +Xm
−

��������������������( 3UsXm

Xσs +Xm
Irmax)2

− P2
s

√√ (3)

where Us is the stator terminal voltage, Xσs is the stator leakage
reactance, Xm is the excitation reactance, and Irmax is the current
limit of the converter on the rotor side. It can be seen from the
aforementioned equation that the graph is asymmetric with (0,
3U2

s /(Xσs +Xm)) as the center and 3UsXmIrmax/(Xσs +Xm) as
the radius. Therefore, it can be known that DFIG has a stronger
ability to generate inductive reactive power than to generate
capacitive reactive power.

Reactive Power Capacity of the Grid-Side Converter
The reactive power capacity of the grid-side converter is mainly
determined by the limit capacity of the grid-side converter and
the slip rate of WTG. The limit of its reactive power is⎧⎪⎨⎪⎩ Qgmax �

������������
P2
gmax − (sPs)2

√
Qgmin � −

������������
P2
gmax − (sPs)2

√ (4)

where Pgmax is the ultimate capacity of the grid-side converter
and s is the slip of WTG.

Therefore, by comprehensively considering the reactive power
capacity of the stator and grid-side converter, the limit of the
reactive power capacity of a single DFIG can be obtained by

{Qmax � Qsmax + Qgmax

Qmin � Qsmin + Qgmin
(5)

THE REACTIVE POWER COMPENSATION
VALUE OF EACH FIELD AREA BASED ON
TABU SEARCH ALGORITHM
Partition of a Wind Farm
After receiving the task of reactive power compensation, the
control center will distribute the reactive power compensation.
However, wind farms generally adopt the mode of multi-WTGs,
so it is very time-consuming to calculate the reactive power
compensation of each WTG. Therefore, in this article,

FIGURE 2 | Sensitivity of voltage.
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according to the voltage “sensitivity” characteristic of WTGs with
different feeders, the WTGs in the wind farm are partitioned,
which not only ensures the accuracy but also greatly saves the
calculation time.

The voltage “sensitivity” characteristic refers to that on a single
feeder, when different WTGs send out the same reactive power,
the voltage of the collection point is different, as is shown in
Figure 2.

Therefore, according to the voltage “sensitivity”
characteristics, the first three WTGs on the six feeders and the
eightWTGs at the back are divided in pairs into five fields, from 1
to 5. After partition processing, the optimization dimension of
the algorithm is reduced from the original 66 dimensions
to the present 5 dimensions, which greatly saves the
calculation time.

Tabu Search Algorithm
The tabu search algorithm (TS) (Venugopal and Narendran,
1992; Logendran, 1993; Gupta et al., 1995) was first proposed
by Glover. As an extension to the local neighborhood search
algorithm, it is a global step-by-step optimization algorithm and a
simulation of the human intelligence process. The key points of
this algorithm are neighborhood structure, tabu feature, tabu
table, and contempt principle. The neighborhood structure is
used to search data in the neighborhood. The tabu feature and
tabu table are designed to avoid roundabout search. The
contempt principle is tantamount to rewarding good status, a
relaxation of tabu strategies.

Since TS with the flexible memory function and contempt
principle and in the process of search process, inferior solutions
can also be accepted, the algorithm has strong ability of mountain
climbing and can jump out when searching local optimal
solution, then turn to other area to search for the global
optimal solution, so that to increase the probability of
obtaining the best global optimal solution. The main
implementation process of TS is as follows (Lei and Yan):

1) Define the initial solution: the initial solution of TS can be
randomly generated or can use the solution which is based on
other methods. In this article, the solution obtained by the
margin method is used as the initial solution.

2) Construct the neighborhood structure of the solution: the
design of the neighborhood structure generally varies from
problem to problem. In this article, adaptive weight
coefficients are used to generate random neighborhood
solutions.

3) Generation of candidate solutions: first, determine the
number of candidate solutions, and then select the optimal
candidate solutions.

4) Tabu table and its length: based on the principle of first in, first
out, the length of the tabu table in this article is adaptive.

5) Contempt principle: a solution will ignore its tabu
characteristics and directly be selected as the current
solution when it is superior to the current optimal solution.

6) Termination condition: the termination condition of this
article is that either the number of iterations ends or the
optimal solution remains unchanged in 50 iterations.

The Reactive Power Compensation of
Each WTG
In actual WFs, the reactive power compensation device is generally
equipped, such as SVG, SVC, and OLTC. This article aims to
maximize the reactive power regulation ability of DFIG, so it
gives priority to DFIG. However, considering that the closer the
reactive power of a DFIG is to the limit value, the more unfavorable
it is to the life of the DFIG; this article reserves a 50% reactive power
limit margin for all WTGs as the safe operation limit. In this article,
TS algorithm is used to find the optimal distribution solution, and
then the equal margin method is used within each field. The
distribution method of DFIG and SVG in each field is as follows:

1) If the reactive power compensation is within the safe
operating reactive power limit of DFIG,

Qi−j−k � Qi · (Qi−j−kmax/Qi max)
Qsvg � 0.

(6)

2) Else,

Qi−j−k � Qi−j−kmax

Qsvg � Qref −∑5
i�1
Qi max

(7)

where Qi−j−k and Qi−j−kmax are the reactive power output and the
reactive power limit of number k DFIG, respectively; Qi and
Qi max are the total amount of reactive power compensation and
the total limit of reactive power compensation in the field i,
respectively; and Qsvg is the reactive power compensation task
assigned to SVG.

THE CONTROL MODEL OF WFS

Objective Function
Nodal Voltage Index
Taking the actual operating conditions of a wind farm as an
example, when the WTGs run at a constant power factor of 0.95,
the voltage distribution of WTGs on different feeders is shown in
Figure 3.

FIGURE 3 | Terminal voltage distribution of WTG.
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As can be seen from Figure 3, due to the different reactive
power output and feeder cable length of WTGs inside the wind
farm, there will be certain differences in terminal voltage. In order

to better investigate the voltage stability of each generator, the
nodal voltage index is established as follows (Zhao et al., 2018):

F1 � min⎛⎝∑N
i�1

∣∣∣∣∣Vref
i − Vi

∣∣∣∣∣⎞⎠ (8)

where N is the set of all nodes in the wind farm, Vref
i is the

reference voltage value of node i, and Vi is the real-time voltage
value of node i.

Margin Index
In order to ensure the safety of WFs in operation, the margin
index of WFs is defined as follows:

F2 � max⎛⎝∑5
i�1

Qimax − Qi

Qimax − Qimin

⎞⎠ (9)

Above all, the objective function is:

F � αF1 + α2F2 (10)

FIGURE 4 | Flow chart for reactive power and voltage control of WFs.

FIGURE 5 | Active power output.

FIGURE 6 | Voltage amplitude of the collection point.

FIGURE 7 | Nodal voltage index.
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where α1 and α2 are the weight coefficients of the nodal voltage
index and margin index, respectively.

Constraint Condition
Equality Constraint
The most basic equality constraint in wind farms is the power
flow constraint equation (Yang et al., 2014b):⎧⎪⎪⎪⎨⎪⎪⎪⎩

Pi − Vi ∑
j∈i

Vj(Gij cos θij + Bij sin θij) � 0

Qi − Vi ∑
j∈i

Vj(Gij cos θij − Bij sin θij) � 0
(11)

where Pi and Qi are the active and reactive power injected
into node i; Vi and Vj are the voltage amplitude of nodes i
and j; Gij and Bij are the real and imaginary parts
corresponding to the absorption of nodes i and j,
respectively; and θij is the voltage phase angle difference
of nodes i and j.

In addition, the total amount of reactive power output by the
DFIG should be consistent with the reactive power demand, so
the constraint of the reactive power equation is:

Qref � ∑N
I�1
QI + Qsvg (12)

where N is the number of total WTGs and Qi is the output
reactive power of WTG.

Inequality Constraints
The inequality constraints of reactive voltage control in WFs
mainly include upper and lower limits of node voltage,
upper and lower limits of reactive power output of DFIG,
and upper and lower limits of SVG output, represented as
follows:

⎧⎪⎨⎪⎩ Vmin
i ≤Vi ≤Vmax

i , i ∈ NS

Qmin
i ≤Qi ≤Qmax

i , i ∈ NQ

Qmin
svg ≤Qsvg ≤Qmax

svg

(13)

CONTROL PROCESS

The flow chart of the reactive voltage control strategy in
the wind farm which is proposed in this article is shown in
Figure 4.

The control center of WFs receives the WTG operation
mode, and grid nominal voltage forms the system operator.
Then, according to the voltage of the collection point and the
current reactive power value of WFs monitored by the control
center, the current reactive power demand of WFs is
determined. If the reactive power demand exceeds the limit,
the excess part is allocated to the SVG, and all WTGs are in full
operation. If not, according to the demarcated field area, the
reactive power compensation of each field is solved by TS
algorithm, and then the equal margin method is used to
determine the reactive power compensation of each WTG in
the WF.

FIGURE 8 | Terminal voltage of WTG.

FIGURE 9 | Margin index.

TABLE 1 | Comparison of optimized results by different control types.

Type Total reactive power/MW Maximum
nodal voltage index

Terminal voltage range
of WTG/pu

Average of the margin
index

Type 1 — 6.8128 1.0269–1.1206 —

Type 2 924.1275 1.6129 0.9958~1.0385 4.5857
Type 3 914.1001 1.5327 0.9952~1.0370 4.6345
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OPTIMIZATION RESULT ANALYSIS

System Description and Parameter Settings
This article takes the wind farm shown in Figure 1 as an example
to verify the feasibility and effectiveness of this strategy. The WFs
consist of 66 1.5-MW DFIGs, which are connected to the
collection point through six feeder cables in the WF, and 11
DFIGs are distributed on each feeder. Each DFIG is connected to
the feeder cable via its own box transformer, and the SVG device
is installed at the transformer of the collection point. The
collection point is then connected to the external grid through
the transformer and POC.

In this system, the residual reactive power reserve limit of each
DFIG is 50%, the reactive power output limit of SVG is -15
~30 MW, and the voltage index is 1.0 pu. In TS algorithm, the
weight coefficient of the nodal voltage index is 0.6 and that of the
margin index is 0.4.

Control Effect Analysis
In order to compare and analyze the influence of different control
types on the system, three control types are set up in this article
for comparative analysis to verify the effectiveness and feasibility
of the strategy.

Type 1. The wind farm does not carry out reactive power
compensation. All WTGs inside the wind farm operate at a
constant power factor of 0.95.

Type 2. The wind farm is not partitioned. After the reactive
power demand is calculated by the control center, allWTGs in the
WF are allocated with an equal margin method. The control
period is 10 min.

Type 3. The strategy described in this article is adopted. After
the control center calculates the reactive power demand, the TS
algorithm is used to solve the reactive power compensation of
each field area, and then the reactive power compensation
amount of each DFIG in the WF is calculated by the equal
margin method. The control period is 10 min.

The comparison figure of the three control methods is shown
as Figures 5–9:

As can be seen from all the aforementioned pictures and
Table 1, in the case of the sameWF active power output shown in
Figure 5 and Figure 6, the voltage amplitude of the collection
point is lower in Type 3 than other types. Furthermore, the nodal
voltage index and margin index are also optimized downward in
Type 3 which is shown in Figure 7, Figure 8, and Figure 9.

Finally, not only the average value but also the standard deviation
in the WTGs’ terminal voltage of Type 3 has better results than
that of other types. Above all, Type 3 is significantly improved
compared with type 2 and type 1, which proves the effectiveness
of the strategy proposed in this article.

CONCLUSION

In this article, one coordinative strategy based on the TS
algorithm for reactive power and voltage control of wind
farms is proposed and successfully applied to optimize the
operation of power systems with DFIGs. Compared with the
existing strategies, we conclude that: 1) the distribution of
reactive power demand after partition not only does not
reduce the control precision but also achieves greater
optimization effect, with smaller voltage fluctuation and less
power loss than the equal margin distribution. 2) After reactive
power compensation, the voltage of the collection point is
always near the standard value, which proves that reactive
power compensation plays a decisive role in voltage stability.
3) Comparing the nodal voltage index and the margin index, it
can be concluded that the TS algorithm has strong optimization
ability and can be used in the calculation of reactive power
compensation distribution in wind farms.
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