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The absorption and output characteristics of reactive power of the doubly-fed
induction generator (DFIG) greatly influence the voltage stability of PCC (Point of
Common Coupling) where the wind farms are integrated into the bulk power grid.
This study proposes a reactive power compensation strategy for coordinated voltage
control (CVC) of PCC with large-scale wind farms to achieve the expected voltage
quality of the power grid through a minimum amount of control actions in
emergencies. To this end, the mechanism of reactive power and voltage control
inside DFIG is first analyzed. Then, the concept of reactive power reserve (RPR)
sensitivity concerning control actions is introduced and an index of voltage stability
margin is proposed to evaluate and analyze the distance between the current
operating point and the voltage collapse point by analyzing the relationship
between reactive power reserve and voltage stability margin. In the event of an
emergency, critical reactive power reserves are obtained to reduce the dimension
and complexity of the control problem. The sensitivity of reactive power reserve and
the control are formulated into a convex quadratic programming problem to
optimize the control strategies for voltage stability. The proposed technology has
been validated on the IEEE 39-bus system.
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1 Introduction

Because of the development of power electronics control techniques, high penetration of
wind farm dominated by DFIG will become a prominent characteristics of power system
motivated by the “double carbon” strategy recognized by the whole world. However, grid
integration of multiple wind farms through long transmission lines brings about great
challenges to system voltage stability due to the stochasticity and variability of wind
generations, which tends to cause the tripping of wind farms, even a widespread event or
potential system collapse. The RPR is a critical metric to maintain voltage stability, which is an
essential information source for voltage stability boundary estimation (Dong et al., 2005).
Therefore, it is important to assess the reactive power reserve of the key buses based on the local
information (Sissine, 2007). Considering the voltage control cost and the control effects, to
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control all the voltage buses is unrealistic. Hence, to find the important
buses which are sensitive to reactive power compensation is
recognized to be prominent to improve voltage stability.

According to the research published in recent years, CVC has
commonly included three steps: 1)Discovering the relationship of
voltage stability margin and RPR to determine the buses sensitive to
the reactive power (El-Araby and Yorino, 2018; Han et al., 2018); 2)
Calculating the RPR in power system (Li et al., 20132013; Jankowski
et al., 20172017); 3)Controlling voltage by coordinating the active
power production, reactive compensation devices and transformers
(Qinyu et al., 20182018; Ouyang et al., 2019), especially in the power
system inter-collected with wind farm (Leonardi and Ajjarapu, 2012;
Huang et al., 2020). Ref. (Ghosh et al., 2020).has proposed a dynamic
CVC architecture for reactive power capability enhancement of the
DFIG-based wind power generation. To improve the control effect,
ref. (Zhang et al., 2020). has proposed an optimal sensitivity to online
track the accurate RPR of wind farms. ref. (Ren et al., 2022).based on
the tabu search algorithm, the reactive power compensation amount of
each field area is calculated with theminimum nodal voltage index and
the maximum margin index as the objective function.Based on the
local voltage profile to identify the emergency, (Ma et al., 2022). has
performed a adaptive voltage control. Based on the clustered effective
reactive reserve, (Park et al., 2021). Has proposed an indicator to
identify the risk of dynamic voltage stability.Based on the second-
order trajectory sensitivity analysis, (Hu et al., 2021). Has proposed a
robust DVR assessment method to determine both the inductive and
capacitive DVR. (Oliveira and Bollen, 2022). Has proposed a dynamic
CVC strategy to enhance the reactive power capability of the DFIG
during grid faults.

The CVC strategy tends to formulate a MLP (Multi-objectives
Linear Programming) problems (Grudinin, 1998; Gabash and Li,
2012), the control effect depends on whether the optimal solution
of MLP is found. Due to the complexity, insecure convergence, and
high computational cost, how to calculate the optimal solutions, and
also improve the convergence at the same time is still a hot topic (Sun
et al., 2017).

The optimal solutions tend to include the reactive power
compensation location, the reactive power compensation amount
and the voltage improvement, and so on. In (De and Goswami,
2014), Artificial Bee Colony algorithm has been used to solve
optimum power flow (OPF) problems, which is formed by three
new RPP methods. In (Ding et al., 2016), the conic relaxation
based branch flow formulation has been employed to set up a
mixed integer convex programming model, and the second order
cone programming based column-and-constraint generation
algorithm is utilized to solve the proposed two-stage robust
reactive power optimization model. In (Mugemanyi et al., 2020),
the chaotic bat algorithm is applied to solve the optimal reactive
power dispatch problem taking into account small-scale, medium-
scale and large-scale power systems. In (Ibrahim et al., 2022), a voltage
secure multi-period optimal reactive power dispatch problem has been
formulated and OPTALG and GridOpt have been used to solve the
optimization problem.

According to the aforementioned research, few studies have
explored the relationship between control action and RPR. Hence
the precise control is difficult to perform. However, the search for the
optimal solution in reactive power optimization is still time-
consuming, which makes it difficult to apply the above methods
online. For these reasons, our research work is focused on two aspects:

1) To determine the key buses and weak areas of the system for
voltage stability, the calculation method of R sensitivity with
respect to control actions is proposed. Based on RPR sensitivity,
the point-to-point voltage support capability is analyzed to
determine the priority and weighting factor of different control
variables (e.g., active power of DFIG, equivalent susceptance of
shunt capacitor, and load shedding);

2) The convex quadratic programming problem with voltage stability
as the objective is established. A convex quadratic programming
problem is formulated with inequality constraint in this research to
obtain an optimal control amount. Furthermore, the modified
genetic algorithm (MGA) approach is proposed to solve it with less
computation complexity while achieving better convergence.

This paper is organized as follows: Section 2 introduces the
concept of voltage reactive power sensitivities with respect to
control actions and Section 3 describes how the index of voltage
stability margin is established. The control strategy of reactive power
compensation is explained in Section 4. How to determine the optimal
control amount is discussed in Section 5. Section 6 shows the results of
the proposed approach applied to the IEEE 39-bus system. Finally, the
conclusion and future work are addressed in Section 1.

2 The mechanism of reactive power
reserves of DFIG for control actions

To define the concept of reactive power reserve of the doubly-fed
induction generator, the reactive regulation characteristic of DFIG is
analyzed. The definition of traditional reactive power control inside
DFIG is introduced in (Mugemanyi et al., 2020). The typical
configuration of the DFIG system is shown in Figure 1.

In Figure 1, the rotor-side converter (RSC) is used to control the
maximum of the active power production, and the grid-side converter
(GSC) is used to control the reactive power before participating in the
voltage support. Pmec is the mechanical power of the wind turbine; Ps

and Qs are the active power and reactive power of the stator,
respectively; Pc and Qc are the active power and reactive power
output of the grid-side converter; Pgi and Q are the active power
and reactive power output of a doubly-fed induction generator. The
output of active power of the DFIG is:

FIGURE 1
Configuration of doubly-fed induction generator.
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Pgi � 1 − s( )Ps (1)

The output of reactive power of the DFIG is Q, which is
composed of the reactive power Qs on the stator side and the
reactive power Qc from the converter on the grid side (Ibrahim
et al., 2022). The operating range of the stator side reactive power
of a doubly-fed induction generator is mainly limited by the
current of the rotor side converter. For a given active power Ps
of the stator, the maximum limit of reactive power on the stator
side is:

Qsmax � − 3U2
s

2ω1Xs
+

��������������
9X2

m

4X2
s

U2
s I

2
rmax( )−√

P2
s (2)

In Eq. 2, Us is the value of the stator voltage; Xm and Xs are the
excitation reactance of the generator and equivalent reactance of the
stator, respectively, Irmax is the maximum current allowed by the
rotor; s is the slip ratio. ω1 denotes the synchronous rotational angular
velocity. The maximum reactive power limit of the converter on the
grid side is

Qcmax �
��������
S2g − S2P2

s

√
(3)

In Eq. 3, Sg is the capacity of the converter. The reactive power
capacity of the converter on the grid side is mainly limited by the
capacity of the converter. Combining the reactive power
regulation capability of the stator and the converter on the grid
side, the maximum limit of reactive power regulation of a single
DFIG is

Q max � − 3U2
s

2ω1Xs
+ Pgi

1 − s( )2
�����������������
9X2

m
4X2

s
U2

s I
2
rmax( ) − P2

gi

1−s( )2

√ +
����������
s2g −

s2P2
gi

1 − s( )2
√

(4)
The reactive power reserve refers to the reserved adjustable

margin for the DFIG, which can adjust the terminal voltage fast.
In some emergencies, such as asymmetrical short-circuit faults,
the reactive power reserve can be used to support the deteriorating
voltage stability. The capacity of reactive power reserve RPR of the
doubly-fed induction generator can be expressed as

Qr � Q max − Q (5)
During the operation process, the reactive power reserve of DFIG

is determined both by itself and the demand from the grid side. On the
DFIG side, it can be obtained from the PV and PQ curves. Because the
total capacity is a given value, the change in the active power of the
DFIG tends to cause the decreased reactive power reserve, which as a
result will influence the voltage stability. The PQ curve of the stator
side of the DFIG is shown by the dotted line in Figure 2, which is a
semi-circle with (− 3U2

s
2ω1Xs

, 0) as the center.
By considering the output of the grid-side converter, the PQ curve

of the DFIG is shown by the solid line. On the grid side, two potential
control actions have been considered: the shunt capacitor switching
and the load shedding. Reactive power reserve sensitivity with respect
to the changes in the three control actions is formulated as follows.

2.1 The reactive power reserve sensitivity with
respect to the active power output of DFIG

According to Eq. 5 and Figure 2, when the system operates at point
A, the minimum RPR requirement on the DFIG side is violated. To
bring the RPR back to a safe operational point, the active power
generation is reduced fromPgA to PgB, thereby changing the amount of
RPR from QA to QB. As a result, active power output indirectly affects
the voltage level on the DFIG side. Eq 6 describes the sensitivity of
RPRs for active power:

zQrk

zPgi
� zQmax k

zPgi
− zQk

zPgi

� − Pgi

1 − s( )2
���������������������
9X2

m

4X2
s

U2
s I

2
rmax( ) − P2

gi

1 − s( )2
√

− s2Pgi

1 − s( )2
������������
s2g −

s2P2
gi

1 − s( )2)
√ − zQli

zPgi
+ zQTi

zPgi
( ) (6)

In Eq. 6,Qli represents the reactive power load at busQTi is the injected
reactive power at bus;

2.2 The reactive power reserve sensitivity with
respect to shunt capacitor

Shunt capacitors always cause positive increments of RPRs. Once
the switching of shunt capacitors is employed, the reactive power
production of the DFIG changes from point A to point C as described
in Figure 2. Eq 7 describes the sensitivity of RPRs for shunt capacitors.
In Eq 7, Bm corresponds to the shunt capacitor bank at bus m.

zQrk

zBm
� zQmax k

zBm
− zQk

zBm
� − zQli

zBm
+ zQTn

zBm
( )

� −∑n
j�1

zQTi

zθj

zθj
zBm

+ zQTi

zVj

zVj

zBm
( ) (7)

where, θj and Vj are the bus phase angles and the magnitude at bus i,
respectively.

FIGURE 2
PQ Curve of doubly-fed Wind Turbine.
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2.3 The reactive power reserve sensitivity with
respect to load shedding

When an emergency occurs, the voltage drops sharply, load
shedding is the most direct measure employed to change the
reactive power production of the DFIG from point A to point C as
described in Figure 2. Equations 8 and 9 represent RPR sensitivities to
active and reactive load shedding, respectively:

zQrk

zPlm

� zQmax k

zPlm

− zQk

zPlm

� − zQli

zPlm

+ zQTn

zPlm

( )
� −∑n

j�1

zQTi

zθj

zθj
zPlm

+ zQTi

zVj

zVj

zPlm

( ) (8)

zQrk

zQlm

� zQmax k

zQlm

− zQk

zQlm

� − zQli

zQlm

+ zQTn

zQlm

( )
� −∑n

j�1

zQTi

zθj

zθj
zQlm

+ zQTi

zVj

zVj

zQlm

( ) (9)

In Eqs 8, 9, Plm and Qlm are the active and reactive power loads at
bus m. In Eqs 6, 9, the terms

zQTi
zθj

and
zQTi
zVj

are obtained by the partial
derivative calculation of reactive power injection at bus i:

QTi � Vi∑n
j�1
Vj(Gij sin θij − Bij cos θij) (10)

where, Gij and Bij represent the corresponding elements of the
admittance matrices; θij is the difference in phase angle between
buses i and j ; Vi and Vj are the voltage amplitude at buses i and j. As
the value of Bij is generally small and negligible, the derivative of the
reactive power load with respect to θj and Vj are given in (11) and 12:

zQTi

zθj
� 2Vi∑n

j�1
VjGij cos θij (11)

zQTi

zVj
� 2∑n

j�1
VjGij sin θij (12)

The terms zθj
zPgi

, zVj

zPgi
, zθj
zBm

, zVj

zBm
, zθj
zPlm

, zVj

zPlm
, zθj
zQlm

, zVj

zQlm
are obtained by the

power flow equation:

f x, α, u( ) � 0 (13)
In Eq. 13, x represents the vector of system state variables (θ, V); α

represents the control variable (Pgi, Bm, Plm, Qlm) mentioned in this
paper; u represents the disturbance variables in power systems, such as
short-circuit fault, non-fault lines tripping, generator tripping, and so
on. Considering that the system is operated at an initial steady state
(x(0), α(0), u(0)) , when various types of disturbances occur, the
operating state of the system is deviated from the normal state,
with an offset of Δx. The system will perform a series of
adjustments according to the amount of Δα to maintain the stable
state of the system.

f x 0( ) + Δx, α 0( ) + Δα, u 0( ) + Δu( ) � 0 (14)
Assuming that the variation of steady state is small, the Taylor series
expansion is performed in Eq. 14 and the other terms above the second
order are ignored. The resulting simplification of the Taylor series is
shown as

f x 0( ), α 0( ), u 0( )( ) + JxΔx + JαΔα + JuΔu � 0 (15)

In Eq. 15, Jx represents the derivative of the power flow equations
for the system state variables; Jα is the derivative of the power flow
equations for the control variables; Ju is the derivative of the power
flow equations with respect to the disturbance variables. By deducing
Eq. 15, the relationship between state variables and control variables is
given in Equation 18:

JxΔx + JαΔα + JuΔu � 0 (16)
Δx � J−1x JαΔα + JuΔu( ) (17)
Δx � −zx

zα
Δα − zx

zu
Δu (18)

With Eq. 18, the RPR sensitivity with respect to control actions has
been introduced. In order to construct the relationship between the
reactive power reserves and the voltage stability margin, the next step
is to analyze the index of the voltage stability criterion.

3 The index of voltage stability criterion

According to the traditional PV curve, the load of the power
system increases gradually. For each incremental load, the power flow
is recalculated to determine the bus voltage corresponding to the load.
The increment of the load is stopped when the voltage collapse point
or the nose of the PV curve is reached. The knee is a bifurcation point,
exceeding which means that the system becomes unstable. This
bifurcation point is marked as the maximum operating point. The
voltage stability margin is usually measured by the distance between
the current operating point and the maximum operating point [25,
26]. This measure provides an absolute and direct estimate of how
much margin the system still has before approaching a collapse point,
which also means that the voltage collapse is imminent when the
system has a margin of 0 MW. Previous research has shown that the
voltage stability margin (VSM) of the grid side can usually be
improved through appropriate reactive power reserve (RPR)
management [27-29]. For individual reactive power sources, it is
found that the RPR of individual sources does not exhibit a
consistent correlation with the VSM. The relationship between
RPR and VSM can be approximately linear [30], which is shown in
Figure 3.

FIGURE 3
The relationship between RPR and VSM.
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For the entire voltage control area, not all doubly-fed induction
generators have adequate reactive power capability, only a reduced
number of critical doubly-fed induction generators will be targeted to
enhance the voltage stability margin. Experimental results have shown that
the VSM of all systems is linearly related to the sum of critical RPRs as
follows:

VSM � k∑n
i�1
RPRi + b (19)

where k is the slope of the margin-reserve correlation line; b is a
constant; ∑n

i�1RPRi is the sum of critical RPR.

4 Formulation of the convex quadratic
programming problem

4.1 Objective function

The goal of adjusting and managing the control quantity is to
maintain the voltage level after disturbances through the least
control actions and the reactive compensation. The solution of
the convex quadratic control problem shown in Eq. 20 will
determine the minimal amount of control actions needed to
improve critical RPRs.

F � min (∑nPg
i�1
ω
Pg

i ΔP2
gi( ) + ∑nBm

j�1
ωBm
i ΔB2

m( ) + ∑nPlm
l�1

ωPlm
l ΔP2

lm( )
+ ∑nQlm

l�1
ωQlm
l ΔQ2

lm( ) (20)

In Eq. 20, ΔPgi, ΔBm, ΔPlm and ΔQlm represent the control actions,
whose weights are given by ω

Pg

i , ωBm
j , ωPlm

l and ωQlm
l , respectively. The

terms nPg, nBm, nPlm
and nQlm

represent the total number of critical
DFIG, the total number of shunt capacitor banks, and the total
number of load shedding, respectively.

4.2 Constraint condition

Commonly, the reactive power reserve margin of the doubly-fed
induction generators will not be reduced below the minimum value.
Eq 21 gives the reactive power reserve limitation.

RPRi0 +∑npg
i�1

dRPRi

dPgi
ΔPgi + ∑nBm

j�1

dRPRi

dBm
ΔBm + ∑nplm

l�1

dRPRi

dPlm

ΔPlm

+∑nQlm
l�1

dRPRi

dQlm

ΔQlm ≥RPRimin

(21)

where R PRi0 is the initial reactive reserve margin; R PRimin is the
minimum limit of RPR. According to Eq. 19, the full expression of
RPRi and b are displayed, which is shown as Eq. 22, where the
reactive power reserve sensitivities with respect to changes in the
output of active power, the shunt capacitor switching, and the
active and reactive load shedding are represented by dRPRi/dPgi,
dRPRi/dBm, dRPRi/dPlm and dRPRi/dQlm, respectively.

VSM0 + K∑n
i�1
(∑npg
i�1

dRPRi

dPgi
ΔPgi + ∑nBm

j�1

dRPRi

dBm
ΔBm + ∑nplm

l�1

dRPRi

dPlm

ΔPlm

+ ∑nQlm
l�1

dRPRi

dQlm

ΔQlm)≥VSM min (22)

Equation 22 ensures that the amount of VSM will be raised above
the minimum value. VSM0 is the initial voltage stability margin of the
system, VSMmin is the minimum limit of VSM.

Vimin ≤ (∑npg
i�1

dVi

dPgi
ΔPgi + ∑nBm

j�1

dVi

dBm
ΔBm + ∑nPlm

l�1

dVi

dPlm

ΔPlm

+∑nQlm
l�1

dVi

dQlm

ΔQlm + Vi0)≤Vimax

(23)

In Eq. 23, bus voltage changes around the initial value can be easily
impacted by the active power output, the capacitor compensation, and
the active and reactive power of the load. Therefore, the voltage in Eq.
23 is considered to be expressed by the sum of the initial value Vi0 and
the changed values affected by the different control actions. The
voltage of each PQ bus must be within its lower limits (Vimin) and
upper limits (Vimax) when control actions are applied. The normal
voltage range used throughout this work is given in Eq. 24. The last
four inequalities on control variables are designed to ensure that the
control actions always work within a proper range of operation.

0.9≤Vi ≤ 1.05p.u (24)
ΔPgi

min ≤ΔPgi ≤ΔPgi
max (25)

ΔBm
min ≤ΔBm ≤ΔBm

max (26)
ΔPlm

min ≤ΔPlm ≤ΔPlm
max (27)

ΔQlm
min ≤ΔQlm ≤ΔQlm

max (28)
constraints of load reactive power removal respectivelywhere

ΔPgi
max and ΔPgi

min are the upper and lower limit constraints of
active output reduction of wind turbine respectively; ΔBm

max and
ΔBm

min are the upper and lower limit constraints of the compensation
amount of the shunt capacitor respectively; ΔPlm

max and ΔPlm
min are

the upper and lower limit constraints of load active power removal
respectively; ΔQlm

max and ΔQlm
min are the upper and lower limit.

By combining Eqs 20-28, an optimization problem is formed. The
description of the method is shown in Figure 4.

It is assumed that the method converges under the condition that
all limits are satisfied. If the VSM constraint is not satisfied, the process
continues until it is converged. It needs to note that once the
contingency cases increase, the number of constraints and variables
increases. Hence, the computation of the optimization problem will
increase significantly. Therefore, a fast and reliable solving method is
important.

5 determination of the optimal control
amount based on the improved genetic
algorithm

In this paper, an improved genetic algorithm (IGA) is used to solve
the planning problem and search for the optimal control amount. The
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improved genetic algorithm includes the hybrid coding method for the
improvement of coding, binary coding method is used for discrete
control variables such as the transformer tap and the reactive power
compensation switching of shunt capacitor group, and real coding
method is used for continuous variables such as generator terminal
voltage and load active and reactive power. To improve the initial
population, an initial population with a quantity twice that of the
traditional genetic algorithm (TGA) at random is generated in IGA,
and then the fitness function value of all individuals in the population
is calculated. Through comparison, the fitness function values are
arranged in descending order, and half of the individuals with lower
fitness function values are discarded. The other half of the individuals
with higher fitness function values are taken as the initial population
for subsequent iterative calculation. The initial population number
obtained after improvement is the same as that of the TGA. However,
the average value of the fitness function value of the newly generated
population is higher, so that the convergence speed can be improved
during power flow calculation. In order to avoid the local optimal
solution and loss of population diversity caused by the premature

maturity of excellent individuals, the quadratic fitness function value
calculation method is adopted, by reducing the difference of fitness
function values among individuals. After the first fitness function
value is calculated, the average value of the fitness function value is
calculated, and then the quadratic fitness function value is calculated.
The implementation process of the improved genetic algorithm for the
above multi-objective optimization problem is as follows:

Step 1: Obtaining the basic state value of power system by Newton
Raphson power flow calculation;

Step 2: Determining the weak bus of the system and the compensation
position of the parallel capacitor; then the preselected control
variables are screened according to the RPR sensitivity.

Step 3: Starting the IGA, and coding the control variable and system
state variable by using the binary code and real code, randomly
generating double initial population;

Step 4: Calculating the fitness value of individuals in the initial
population, retaining half of the individuals with larger
fitness value, calculating the secondary fitness value, and

FIGURE 4
Flow chart for solving minimum control quantity.
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selecting the excellent species group according to the
results.

Step 5: Calculating the crossing probability and carry out the crossing
operation; calculating the mutation probability and perform
mutation operation;

Step 6: Recording the applied amount of various control variables, the
increase amount of reactive power reserve margin, voltage and
power and the increase of voltage stability margin calculated
by the new species group;

Step 7: Making a judgment based on the three termination criteria in
IGA. If any of the three criteria is met, continuing to step 8, or
going back to step 2

Step 8: Outputting the minimum value imposed by the system control
variables, reactive power reserve margin, voltage stability
margin, and other state variable values.

6 The control strategy and simulation
results

The IEEE 39-bus system depicted in Figure 5 is adopted to test
the proposed analytical approach. The algorithm is simulated by
using PSASP software and consists of ten synchronous generators,
39 buses interconnected by 46 lines, and 12 transformers. Five
DFIGs with a rated capacity of 150 MW each are integrated at five
different buses without replacing the existing conventional units

connected to them. The five bus numbers are 19, 20, 23, 25, and 29,
respectively.

In the simulation process, only the RPRs at DFIG buses are
calculated. Line 6-11 is assumed to suffer a three-phase-short-
circuited fault at 0.5 s and is tripped at 0.7s. The reactive power
distribution and voltage level in the system are changed. Voltage at
bus 12 falls to about 0.9 p.u. Because the active power reduction of
wind farm and load shedding tend to cause frequency oscillation
and economic losses, the weight of these related control variables is
set to 50%, and the weight factor values of all shunt capacitors are
set to 100%. The TGA and IGA are applied to the IEEE-39 bus
system for multi-objective optimization comparison:

1) Parameter settings of TGA: population size is 50, evolutionary
generation is 120, crossover probability Pc = 0.5, mutation
probability Pm = 0.01, and the maximum allowable number of
iterations is 120.

FIGURE 5
Structure Diagram of IEEE-39 bus system with DFIGs.

TABLE 1 Comparison with the TGA and IGA at bus 12 after reactive power control.

Results by TGA Results by IGA

VSM (p.u) 0.189 0.201

Improved VSM 8% 19%

Convergence generation 66 41
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2) Parameter setting of IGA: IGA is set according to the improved
parameters used in (1). The initial population number is 50, the
evolutionary generation is 120, the upper and lower limits of
crossover probability are 0.9 and 0.6, and the upper and lower
limits of mutation probability are 0.01 and 0.005.

The optimal solution obtained by the IGA and TGA is shunt
capacitor compensation at bus 12 with 1.32MVar.When the control is
performed, Table 1 shows the comparison of VSM improvement and
convergence generation between the TGA and IGA.

In Table 1, when the optimal solution is reached, the number of
iterations of TGA is 66, while the number of iterations of IGA is 41,
which is 25 times less than that of TGA, which indicates that IGA
has a faster convergence speed. However, the VSM obtained by IGA
is more than that by TGA. At the same time, the active power loss of
the system (shown in Figure 6) is reduced from the initial value of
123 kw to 120.2 kw at the iteration ending.

Then the loads in the load buses are increased until some bus is
first approaching the collapse point, it is shown in Figure 7 that the
RPRs of all the DFIGs are significantly reduced with Generator 3,
4 consuming almost all the RPRs and losing their voltage regulating
capability, thus forming the critical RPRs and their minimum limits.
To improve the critical RPRs, three kinds of control measures are
investigated.

6.1 Reduce the active power output of the
DFIG

According to the sensitivity data in Table 2, the reduction of the
active power output can improve the RPR itself. The improvement
is due to a significant increase in the amount of reactive power
production. Moreover, reducing active power production tends to
slightly improve the RPRs of the nearby units. In this case, the
active power outputs Pg3 and Pg4 at DFIG 3 and DFIG 4 are
regulated: the lower limits for those control variables are
assumed to be 0 MW. To observe the control effect, the active
power outputs of both DFIG are set to 0.1 MW and the variations of
the RPRs are shown in Figure 8. It can be seen that when the active
power outputs at DFIG3 and DFIG4 are reduced to 0.1 MW, the
reactive power reserve margin increases from 32.3 MVar to
51 MVar and from 30.1 Mvar to 44.1MVar, respectively. At the
same time, the reactive power reserves of other DFIGs are also
slightly increased. However, output reduction of active power leads
to economic losses and may not be the best way to enhance the
critical RPRs of DFIG.

6.2 Installation of the shunt capacitors

Shunt capacitors with low investment cost are the most
common equipment to compensate reactive power and play an
important role to achieve desirable voltage stability margin. The
values of sensitivity in Table 2 show the improvement of reactive
power reserves. The shunt capacitors are installed on the buses 4, 7,

FIGURE 6
The relationship between the total active power loss and iterations
when bus 12 is compensated.

FIGURE 7
The change of RPR after the collapse.
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8, 12, 15, and 18 and the maximum allowable shunt capacitance is
limited to 20MVar. Improvements in RPRs are presented in
Figure 9.

6.3 Load shedding

Although load shedding is not often recommended, it can be used
as the last resort to maintain the power balance and prevent voltage
collapse. In the IEEE-39 bus system, the loads at buses 4, 7, 8, 15, and
16 are shed with a constant power factor. The control effect of load
shedding is presented in Figure 10. It is shown that when the reactive
load at bus 15 is removed, the reactive power reserve margin of DFIG
3 is increased from 32.3 MVar to 47.4 MVar.

After each control variable is analyzed, all control variables will
be tested together in a linear optimization problem and a few
iterations are needed to achieve all imposed requirements. As
mentioned before, the overall system VSM is linearly related to
the sum of critical RPRs, and the value of the parameter k is
0.3112 by using the change of VSM to divide the sum of all the
changes of critical RPRs.

Because generation shedding and load shedding can lead to
frequency oscillations and economic losses, the weights associated
with those variables are set to 50%, whereas the values of the weight
factor of all shunt capacitors are still set to 1.0. To meet the
requirements of RPRs and the limitation of VSM at the same
time, two rounds of control measures have been implemented
and the control actions for each round are shown in Table 3.
According to the sensitivity priority, although 19 control variables
are considered, only 14 control variables work to improve the VSM.
Remarkably, there is a significant augment of reactive
compensation on bus 18 and load shedding on buses 4 and 15.
After iterations, when all the critical RPRs and control variables
limits are met, the total amount of VSM is increased from
50.048 MW to 59.9896MW, with an increase of 19.9% as shown
in Figure 11. In this process, the active power at the load is
gradually increased and the active power of the DFIG is
reduced, although this will slightly reduce voltage value at bus
12, it will be maintained at an appropriate stable value. The load
center is often where the demand for reactive power is large. The
implementation of reactive power compensation among the load
center can effectively reduce the transmission of long distances of
reactive power flow on the line, which has a direct and obvious
effect on reducing the line loss. According to the principle of local
balance of reactive power, buses 4, 7, 8, 12, 15, and 16 are
determined as the compensation points. As seen from Figure 12,
by applying control measures on the local key buses, not only the
voltage stability of these key vulnerable buses is significantly
improved, but also the voltage stability of the whole system is
improved to a certain extent.

Table 4 shows the comparison of improved voltage stability
between the TGA and the IGA. Because the intersection rate and
variation rate of the traditional genetic algorithm remains constant,
the convergence speed of the algorithm is slow, and the problem of
premature convergence often occurs. To solve this problem, the
modified adaptive genetic algorithm is adopted. When the
optimization process falls into the trend of the local optimal
solution, the intersection rate and variable rate are increased
and when the group tends to diverge in the solution space, theTA
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FIGURE 8
The effect of power generation reduction on RPR.

FIGURE 9
The effect of shunt capacitors on RPR.

FIGURE 10
The effect of load shedding on RPR.

TABLE 3 The minimum quantity of control variable.

ΔPg3 ΔPg4 ΔB4 ΔB7 ΔB8 ΔB12 ΔB15 ΔB18 ΔPl4 ΔQl4 ΔQl8 ΔQl15 ΔPl16 ΔQl16

Round 1 (p.u.) −0.187 −0.167 0.362 0.372 0.369 0.258 0.443 0.462 −0.057 −0.203 −0.065 −0.102 −0.026 −0.075

Round 2 (p.u.) −0.022 −0.096 0.035 0.008 0.059 0.103 0.002 0.006 −0.003 −0.008 −0.009 −0.023 −0.005 −0.019

Total (p.u.) −0.209 −0.263 0.397 0.380 0.428 0.361 0.445 0.468 −0.060 −0.211 −0.074 −0.125 −0.031 −0.094
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intersection rate and variation rate are reduced. The simulation
results show that the total CPU time for IGA to calculate the two
rounds of control measures for the IEEE-39 Bus system is
approximately 15 s while the running time of the TGA is 32 s.
The total time estimates include the PV curve, sensitivity, and
optimization calculations.

7 Conclusions

In this paper, a method based on convex quadratic programming
is proposed to coordinate different reactive power reserves for
improved voltage stability margin of the power system with DFIG
wind farms.Built upon the control mechanism of reactive power
reserve in a doubly-fed induction generator, three main control
measures, i.e., DGIG control, shunt capacitor banks, and load
shedding, are proposed and compared to improve the RPRs to
maintain system voltage stability and the results show that the
reduced power generation of DGIG can both improve its reactive
power reserve and the RPR of the other units, which makes it more
suitable to provide the reactive power reserves for voltage stability.To
fully unlock the value of the DGIG wind farms, the sensitivity method
is used to detect and remove the unnecessary control variables, which
further reduces the dimension and complexity of the convex quadratic
programming problem for voltage control. The improved genetic
algorithm is used to solve the proposed convex quadratic
programming problems. Compared with the traditional genetic

algorithm, the IGA has a shorter operation time without sacrificing
the accuracy of the results. Further research should be focused on
implementing additional control variables and applying them to larger
networks.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed to
the corresponding author.

Author contributions

QL is responsible for the whole idea and the deduction of the
method; YS is responsible for the simulation; YJ is responsible for the
algorithm verification,English writing and improvements; YX is
responsible for the modify the thoery analysis of CVC; SC is
responsible for the verification and analysis of the simulation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

FIGURE 11
VSM enhancement after the minimum control is applied.

FIGURE 12
Bus Voltage enhancement after two rounds of control.

TABLE 4 Effect of Control measures on Voltage Stability margin of fragile bus.

Bus number VSM/p.u (Initial) VSM/p.u (TGA) VSM/p.u (IGA after round 1) VSM/p.u (IGA after round 2)

BUS 4 0.147 0.162 0.161 0.170

BUS 7 0.218 0.229 0.234 0.250

BUS 8 0.210 0.218 0.225 0.244

BUS 12 0.173 0.189 0.187 0.201

BUS 15 0.202 0.223 0.232 0.250

BUS 16 0.160 0.183 0.189 0.224
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