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Abstract – A novel method is proposed to construct the voltage stability boundary of power system 
considering different Reactive Power Control Mode (RPCM) of Doubly-Fed Induction Generator 
(DFIG) Wind Power Plant (WPP). It can be used for reflecting the static stability status of grid 
operation with wind power penetration. The analytical derivation work of boundary search method can 
expound the mechanism and parameters relationship of different WPP RPCMs. In order to improve the 
load margin and find a practical method to assess the voltage security of power system, the 
approximate method of constructing voltage stability boundary and the critical points search 
algorithms under different RPCMs of DFIG WPP are explored, which can provide direct and effective 
reference data for operators. 
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1. Introduction 
 
As a part of clean energy resource, wind power is 

developing rapidly and vigorously, but the stability of wind 
power injection is the key factor restricting the develop-
ment of large-scale Wind Power Plants (WPPs) connected 
to grid [1]. To solve this problem, a new voltage stability 
boundary is constructed with considering wind power 
injection. In current years, the number of WPP made up 
with Doubly-Fed Induction Generators (DFIG) is rapidly 
increasing [2], and the Reactive Power Control Mode 
(RPCM) of WPP is studied to make the converter of wind 
turbine as continuous reactive power source for supporting 
the voltage stability of power system more effectively [3]. 

In the research field of static stability, the voltage 
stability boundary of power system can reflect the impact 
of power system operation state more directly, more 
comprehensively and more systematically. With the work 
done in [4-7], quite a few contribution from the research 
of this boundary can be summarized as follows. As the 
pioneer presenting the conception of voltage stability 
boundary, Felix Wu advocated the steady-state security 
boundary for the first time and defined it as hyper boxes in 
the power injection space to reflect the operation state of 
the transmission line power flow, the node voltage and the 
generator constraints [4]. Along with the development of 
voltage stability boundary, Ian Dobson further demonstrated 

that the steady-state voltage boundary was to be depicted 
as a curved surface consisted of bifurcation points [5]. 
Afterwards, numerous researches have developed this 
conception into power system online monitoring application 
[6, 7]. After collecting and synthesizing previous scientific 
work in this research fields, voltage stability boundary is 
applied in power injection space to analyze the steady state 
stability of power system with DFIG wind farm. 

Recently, the researches of voltage stability boundary 
with considering wind power injection are also studied 
to solve the wind energy gird-adaptive technology. The 
authors of [8] have derived a hyper-plane equation to 
estimate part of this boundary in the extended full injection 
space including wind power. However, they only analyzed 
the macroscopic Total Transfer Capability (TTC) of power 
system, and neglected to study the detailed wind power 
injection impact of WPPs, which affects characters of 
the boundary. The work of [9] has analyzed the impact 
of uncertainty of wind power on the boundary, but it has 
not elaborated the influence from the reactive power of 
WPP. The authors of [10] presented an approach to 
determining a local voltage stability boundary for power 
system with WPPs, and compared the loadabilities of 
boundary with two kinds of WPPs. However, the 
extended work for analyzing the reason of the boundary 
differences still remains to be fully elucidated. To 
investigate the mechanism of the boundary with DFIG 
WPP, the influence of reactive power of WPPs was analyzed 
in this paper by monitoring the power system stability in 
some viewed spaces. 

The RPCMs of wind turbine are explored in many 
previous researches. As the analysis results of [11] 
demonstrated, large-scale WPPs made up with DFIG can 
be used as the continuous reactive power source to support 
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the voltage stability of power system by taking advantage 
of their reactive power control capability. In [12], a 
preventive countermeasure is proposed to improve the 
voltage stability margin through the management of the 
reactive power and its reserve. Moreover, the authors of 
[13] specified two kinds of reactive power control ancillary 
services of WPP, which demand that the distributed WPPs 
do not have to always provide the service of voltage 
control but must control output power factor in order to 
maintain the system stability. The scientific results of [14] 
have also find the way to improve the voltage stability 
margin, but their research focuses on locating and sizing 
DG units to achieve their ultimate goals. Furthermore, the 
research of [15] presented a steady state operation DFIG 
math model. On the basis of [15], this DFIG math model is 
applied in this paper and different operation modes are 
simulated within this voltage stability boundary. The work 
of mathematical derivation also has been done to explain 
the different impact of RPCMs within the boundary. 

The contribution in this paper can be summarized into 
the following three main points: 

1)  The analytical derivations of voltage stability boundary 
are obtained to study the different impact of RPCMs. 

2)  Constructing the approximate voltage stability boundary 
by tangent planes algorithm in complicated systems, 
and using Continuation Power Flow (CPF) to search the 
critical points under different RPCMs on boundary. 

3)  The reactive injection power of DFIG WPP is analyzed 
to find the characteristics of different RPCMs. 

 
The remainder of this paper is organized in the following 

sections. In section II, the analytical derivations and 
computer calculation methods of constructing voltage 
stability boundary are studied, and the search methods 
under different wind farm RPCMs are denoted. Section III 
presents the reactive power analysis of power system with 
DFIG wind farms. In section IV, the case study of this 
paper is done. Section V presents the conclusion of this 
paper. 

 
 

2. Voltage Stability Boundary 
 
The reactive power operation modes of DFIG are 

voltage control mode and power factor control mode [16-
18]. 

Most WPPs usually operate at constant power factor 
mode in a conservative way, and cannot make full use of 
reactive power adjustment capability [19]. However, when 
the DFIG WPPs are connected with grid to execute voltage 
control mode, they can adjust the voltage and support the 
stability of system [20]. 

Thus, to explore the detailed effect of DFIG wind farm 
control mode, the loadability of voltage stability boundary 
under different control mode is analyzed by the following 

methods in this section. 
 

2.1 Analytical derivation in simple system 
 
To explore the different detailed effect on load margin 

between these two kinds of WPP RPCMs, voltage stability 
boundary is utilized to explain it in a simple system. 

Here the wind power injection bus was analyzed to 
describe the reactive power adjustment of WPP. Assumed 
that the wind speed is satisfied with Weibull distribution in 
WPP, the relationship between the WPP injection power PW 
and wind speed v can be stated as follows. 
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The relationship between the variables of this system 

can be established from Fig. 1. A group of simple power 
flow equations are denoted as follows. 
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After eliminating parameter σ of the power flow 

equation, the model is simplified, and this formula can 
derive (3). 
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To find the boundary of this system, this power flow 

equation has to satisfy along with the requirement below. 
 

 det 0F
V
∂⎛ ⎞ =⎜ ⎟∂⎝ ⎠

 (4) 

 
The voltage stability boundary of this system can be 

illustrated by (5). 
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Fig. 1 Simple system with wind power injection. 
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When WPP is under power factor control mode, the 
maximum loadability of this power system can be 
calculated by (6). 
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When the WPP is a constant voltage support source at 

bus 2, the load margin is deduced by (7). 
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2.2 Constructing voltage stability boundary under 

different RPCMs of DFIG WPP in practical 
power system 

 
To study the impact of RPCM on voltage stability 

boundary in large-scale wind power injection system, CPF 
method is utilized to search the boundary. By referring to 
the work of [21] and [22], a novel tangent plane 
considering DFIG WPPs is used to construct the 
approximate boundary, and the operation points under 
different WPP RPCMs are also simulated to analyze static 
security of power system.  

 
2.2.1. The CPF Math Model of Power System with DFIG 

WPP 
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  (8) 
 
The math model of DFIG can be expressed by fW. In 

order to construct the steady state math model of DFIG, Vr , 
θr , Is, sφ , Ir , rφ , s should be the steady state parameters, 
which are also the solution of the math model. To describe 
the injection power of WPP, denote the injection power of 
i-th DFIG WPP as PWi by accumulating the electrical power 
Pe of each DFIG wind turbine. 

On the basis of [15], math model of DFIG WPP is added 
to the parametric power flow equations for the first time. 
The parametric power flow equations can be written as 
follows, which has considered the constraint relationship of 
WPP RPCM. 

In (9), fC represents equations of DFIG WPP reactive 
compensation control mode. When the RPCM of DFIG 

WPP is power factor control mode, fC1 will be chosen as a 
part of CPF calculation math model. fC1 represents the 
voltage control mode equations of DFIG WPP. 
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  (9) 
 
The CPF math model can be obtained by combining (8) 

and (9) together, and the equations of this model can be 
expressed simply as follows: 
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2.2.2. Constructing the Approximate Voltage Stability 

Boundary under Different RPCMs of DFIG WPP  
 
To construct the approximate boundary, (10) must be 

linearized when the operation point is at the critical state. 
The linearized model is shown in the following: 
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The steady state variables Vi, θi, Vr, θr, Is, sφ , Ir, rφ , s 

are denoted as x in (11), JPower_System is the steady state part 
of the Jacobian matrix calculated by (10). λ, α, β, PW are 
the expanded variables of the parametric power flow model. 
The expanded parts of this Jacobian matrix are ∂f /∂λ, ∂f /∂α, 
∂f /∂β, ∂f /∂PW. 

To research the Jacobian matrix with adding DFIG 
steady state model, the part of matrix depicting the DFIG 
wind farm is shown as follow, which is denoted as 
JDFIG_Wind_Farm. 

The interrelated matrix between power system and DFIG 
wind farms can be denoted as JWind_Farm_Connection. In this 
matrix, m represents the wind farm connected node. 
Assumed that the power system has n nodes, the number of 
PQ nodes is p, and the number of PV nodes is q, which are 
satisfied with p+q+1=n. 
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When the DFIG wind farm is operating in power factor 
control mode, the interrelated matrix of WPP are denoted 
as follows. 
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The interrelated matrix of wind farm under voltage 

control mode is given in the following matrix: 
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The steady state part of Jacobian matrix JPower_System 

consists of 4 parts, which can be expressed below: 
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The left eigenvector ω, which deduced from the 

eigenvalue zero of the Jacobian matrix, should pre-
multiply (11), and then a new equation can be got. 
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Where ‘|*’ means that the operation state is at the critical 

state in power system, and ω•JPower_System|* are zero in (16). 
The expression in (16) can be simplified into (17). 
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The tangent plane equations of voltage stability 

boundary in λ-α-β-PW space, which show in (17), can be 
mapped into λ-PG-PL-PW space. 

After the critical point location ( 1 1 1 1

* * * *G L WP P Pλ ， ， ， ) and 
its normal vector (Kλ, KG, KL, KW) are obtained by using 
CPF method, the tangent plane expression of this critical 
point is illustrated below. The voltage stability boundary is 
fitted by these tangent planes together. 
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The different RPCM can lead to different critical points 

and different normal vectors. The effect from different 
WPP RPCMs on critical points and loadability λ is mainly 
caused by the different math model of CPF calculation 
equations (10) and the different construction of power 
system Jacobian matrix (15). 

To clarify the process of voltage stability boundary 
approximate calculation method clearer, the process is 
presented below. 

 
 

3. The Reactive Compensation Capacity  
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capacity of WPP is calculated under different RPCM to 
analyze the voltage stability boundary. 

When the operation of WPP use power factor control 
mode, the WPPs are viewed as PQ nodes to connect the 
grid. The reactive power constraint equations under power 
factor control mode are shown as follows. 

 
 .tanW W W refQ P ϕ=  (19) 

 
When the control mode is under constant voltage, the 

WPPs are connected with grid as PV nodes, and the 
calculate formulas of reactive power are expressed as 
follows, 

 
 .W W refQ Vε= ⋅  (20) 
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L G W

j Wj Wj Wj Wj
j N N N
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Here subscript W is used to represent the index of WPPs. 
 
 

4. Case Study  
 

4.1 Two buses system with DFIG WPP 
 
This example examined the analytical derivation of 

different RPCMs of DFIG WPP within voltage stability 
boundary. Assumed that the shape coefficient k is 2.0 and 
scale coefficient c is 10.0, the wind speed of WPP is 
satisfied with Weibull distribution and the wind power 
injection PW is fluctuating between 0-4.0p.u. . The detailed 
system parameters of Fig. 1 are given in Table 1. 

Table 1. Parameters of two bus power system with WPP 

Parameters Values or Ranges Parameters Values or Ranges
E 1.00p.u. Prated 4.00p.u. 
X 0.1p.u. vrated 13m/s 

vcut-in 4m/s vcut-out 21m/s 
φW ref  -arccos0.95-arccos0.95 Vref 0.95-1.00p.u. 

 

 
Fig. 3. Voltage stability boundary and critical points under 

different RPCM. 
 

 
(a) 

 
(b) 

Fig. 4. Probability distribution of loadability: (a) Under 
power factor control mode; (b) Under voltage 
control mode. 

 
When the WPP is operated under power factor control 

mode, the bound of φW ref is set between [-arccos0.95, 
arccos0.95], so the power factor of WPP net can be 
controlled in 0.95-1.00. When the voltage control mode of 
WPP is executed to support the wind injection stability, 
the voltage reference Vref of WPP is chosen within the 
range of [0.95p.u., 1.00p.u.], and voltage of WPP can be 
controlled by putting the reactive power regulators into 
operation, such as SVC, STATCOM, etc. 

By using analytical derivation to compute case study 
A, the boundary of voltage stability and critical points 
under different RPCMs are shown in Fig. 1. The points 
on the boundary are separated into two groups by 
implementing the different RPCMs in this V-PL-PW space. 
To analyze the data of critical points under different RPCM, 

 
Fig. 2. Algorithm flow chart of constructing the voltage 

stability boundary. 
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the probability distributions of PL.crt and QW are shown in 
Fig. 4 and Fig. 5, respectively, and the expectation values 
of PL.crt and QW are also shown in Table 2. 

According to the analysis data above, the security 
adjustment capability of these two kinds of RPCMs can be 
compared apparently. The loadability under voltage control 
mode is 9.8324p.u., as well as the expectation value of 
PL.crt under power factor control mode is only 4.9400p.u. . 
By comparing the expectation value of PL.crt , it is a clear 
vision that the loadability under voltage control mode is 
higher than that under power factor control mode. 
Moreover, to maintain the voltage within the bound, the 
reactive power regulators are putted into operation, so the 
expectation values of QW under voltage control mode is 
much more than that under the other RPCM.  

 
4.2 IEEE(New England) 39 nodes system with DFIG 

WPP 
 
This case study is based on IEEE (New England) 39 

nodes system to analyze the RPCM of large-scale WPP 
within voltage stability boundary. In this case study, it is 
assumed that the DFIG WPP is connected to bus 37. The 
WPP of this power system consists of 518 doubly-fed 
induction generators, the injection active power and 
reactive compensation capacity of WPP are 1260MW and 
720Mvar respectively. By referring to [9] and using power 
tracing method to determine the closest generators of WPP, 
bus 30 and bus 39 are used as connecting compensation 
generators to balance the fluctuation of wind turbine output. 
The parameters of DFIG WPP, which are adopted in this 

case study, can be found in [23]. 
According to the parameters above, built programs are 

used to calculate this example. By adopting CPF method, 
the voltage stability boundary is drawn out. This boundary 
is constructed in the PG32-PG33-PG36 space to monitor the 
operation and the static stability of power system. To 
explain the different influences of these two RPCMs of 
WPP, the operation loadabilities within voltage stability 
boundary are compared and the reactive power injection of 
WPP is analyzed. 

Fig. 6 shows the approximate boundary of voltage 
stability boundary accumulated by tangent planes. 
Traditional power system security analytical method is to 
search each point in parameter space of power system, 
but it cannot bring enough information of whole system 
security. For constructing the voltage stability boundary 
faster and obtaining more stability information in practical 
application, tangent plane method is implemented to build 
the boundary. 

In Fig. 7, the single tangent plane of voltage stability 
boundary is taken out from the approximate boundary 

 
(a) 

 
(b) 

Fig. 5. Probability distribution of WPP Reactive power: (a) 
Under power factor control mode; (b) Under 
voltage control mode. 

 
Table 2. Analysis results of case study A 

RPCM of WPP Expectation 
Values of PLcrt 

Expectation 
Values of QWcrt

Power Factor Control Mode 4.9400p.u. 0.3340p.u. 
Voltage Control Mode 9.8324p.u. 7.8610p.u. 

 

 
Fig. 6. Approximate voltage stability boundary in PG36-

PG32-PG33 space. 
 

 
Fig. 7. Tangent plane of approximate boundary in PG36-

PG32-PG33 space. 
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separately to show in this space, and the operation status 
moves from original point to critical point. 

To master more information of the boundary, the normal 
vector, i.e. coefficients of tangent planes, is used in the 
boundary calculation. Data from Fig. 8 and Table 3 show 
the load margins under different RPCMs within the voltage 
stability boundary. From the table above, when wind speed 
is varying, the load margin is changed slightly. For 
example, critical point z1 moves from [1111.12, 1093.12, 
1035.88] MW to [1115.68, 1097.68, 1040.59] MW, when 
wind speed varies from 0m/s to 11m/s. The other point z2 is 
similarly with slight change. However, when the reactive 
power control mode is switched from voltage control mode 
to power factor control mode, the load margin will have 
obvious change, e. g., the critical point moves from 
[1115.92, 1097.92, 1040.83] MW to [1129.68, 1111.68, 
1055.03] MW, when wind speed is 8m/s and the control 
mode is changed. Moreover, when wind speed is from 
11m/s to 21m/s, the variation range of load margin is also 
obvious, but it doesn’t move as long as the variation range 
caused by RPCM. From these analyses above, the changes 
of load margin under different RPCMs are obvious, and 
these changes are occurred in the same voltage stability 
boundary in multidimensional space. 

In Fig. 9, the voltage stability boundary is shown in 
the 3-dimensions space which consists of WPP PW37, 
compensation generator PG30 and load parameter λ. The 
compensation generator PG30 and PG39 can adjust the 
fluctuation power injected by WPP in this case. In this 
figure, the load margins are compared under different 
RPCMs of WPP, which depict that the load margin under 
voltage control mode is greater than the other by setting 
Vref =1.00p.u. . When the wind turbine is operating in the 
power factor control mode, the output of WPP reactive 
power cannot maintain the stability of this area effectively. 
On this condition, to protect the electrical equipment from 
damage, the voltage adjust ability of DFIG WPP will not 
be completely used, the connected area of WPP will be set 
as PQ node, and the power factor of WPP is within the 
reference bound. On the other hand, due to the reliable 
reactive power adjust ability of wind turbines under 
voltage control mode, the voltage in the wind injection area 
is more stable and the range of load margin is increased. 

This change of voltage stability boundary can also be 

applied to enhance the loadability of power system with 
DFIG WPP, by switching WPP RPCM from power factor 
control mode to voltage control mode, and the voltage 
stability boundary can monitor this loadability change 
directly. According to the analysis, a reference operation 
strategy is offered. Stability boundaries of a WPP under 
different RPCMs are obtained beforehand in off-line 
analysis. When online monitoring, the operation security 
state of WPP in a certain wind condition can be calculated 
and estimated. It is a common case in practice that WPP 

Table 3. Coordinate data of critical points and normal vectors (Coefficients of corresponding tangent planes) under different 
reactive power control mode 

Wind speed 
(m/s) 

Critical Point z1 under power factor 
control mode 

Normal vector (Coefficients of 
tangent plane) under power 

factor control mode  

Critical point z2 under voltage 
control mode 

Normal vector (Coefficients 
of tangent plane) under 
voltage control mode 

0-4, >21 [1111.12, 1093.12, 1035.88] (MW) [0.6150, 0.5200, 0.5928] [1128.50, 1110.50, 1053.81] (MW) [0.5962, 0.5310, 0.6021] 
5 [1112.01, 1094.01, 1036.80] (MW) [0.6137, 0.5528, 0.5917] [1128.76, 1110.76, 1054.08] (MW) [0.5955, 0.5325, 0.6015] 
7 [1114.56, 1096.56, 1039.43] (MW) [0.6102, 0.5291, 0.5897] [1129.43, 1111.43, 1054.78] (MW) [0.5937, 0.5363, 0.5999] 
8 [1115.92, 1097.92, 1040.83] (MW) [0.6084, 0.5327, 0.5883] [1129.68, 1111.68, 1055.03] (MW) [0.5923, 0.5396, 0.5983] 
11 [1115.68, 1097.68, 1040.59] (MW) [0.6072, 0.5430, 0.5801] [1127.70, 1109.70, 1052.98] (MW) [0.5907, 0.5478, 0.5925] 

13-21 [1097.23, 1079.23, 1021.55] (MW) [0.6282, 0.5484, 0.5519] [1119.52, 1101.52, 1044.55] (MW) [0.5974, 0.5451, 0.5882] 
 

 
Fig. 8. Comparison figure of voltage stability boundary 

under different RPCMs. 
 

Fig. 9. Voltage stability boundary under different RPCMs 
in λ-PW37-PG30 space. 
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operates under power factor control mode, thus when 
online monitoring and calculation proves that the WPP-
connected grid operates in a state fairly close to the 
stability boundary. With satisfying the active/reactive 
power limits of DFIG, it is feasible to switch RPCM to 
voltage control mode to promote system security. 

For elaborating the impact of RPCM of DFIG WPP, the 
reactive power of DFIG WPP is analyzed in detail. To 
describe the regulation of load margin within boundary 
clearly, the steady state parameters of DFIG and the 
reactive power of WPP are analyzed below. 

Stated in Table 4 and Table 5 are the steady state 
parameters of wind turbine and the reactive power of WPP 
under different WPP RPCM. No matter which kind of 

control mode the WPP is under, the steady state parameters, 
e.g., rotor voltage Vr, stator current Is, rotor current Ir and 
slip s change in the same way, and the effect on the 
loadability is slight.  

However, the influence from reactive power is more 
obvious. When the WPP is under constant voltage control 
mode, the voltage of the bus is invariable at 1.0000p.u., 
and the reactive power of WPP QW is adjusted from 0Mvar 
to 720Mvar to balance the voltage fluctuation. To maintain 
the stability of area voltage, the converter of wind turbine 
is adjusting the reactive power unceasingly. On the 
contrary, when power factor control mode is adopted, the 
reactive power injection is less than that under the other 
control mode, and the voltage is decreased to the limit, e.g., 

Table 4. Calculation results of steady state parameters of DFIG WPP within voltage stability boundary under voltage 
control mode 

Parameters of DFIG WPP when Vref =1.00(p.u.) Wind Speed (m/s) 
QW.crt(MW) Vs(p.u.) Vr.org-Vr.crt(p.u.) Is.org-Is.crt(p.u.) Ir.org-Ir.crt(p.u.) s(p.u.) λ(p.u.)

0-4，>21 152.51-572.74 1.0000 0.5861-0.5865 0.0033-0.0112 0.3478-0.3560 0.5760 0.6334
5 145.55-567.51 1.0000 0.4782-0.4786 0.0038-0.0112 0.3477-0.3559 0.4700 0.6336
7 125.49-545.93 1.0000 0.2626-0.2627 0.0055-0.0116 0.3473-0.3555 0.2580 0.6342
8 115.03-536.34 1.0000 0.1547-0.1548 0.0068-0.0122 0.3472-0.3554 0.1520 0.6342
11 125.64-559.80 1.0000 0.1689-0.1690 0.0125-0.0164 0.3476-0.3560 -0.1660 0.6296
12 167.69-612.38 1.0000 0.2767-0.2770 0.0150-0.0188 0.3485-0.3572 -0.2721 0.6244

13-21 250.18-716.09 1.0000 0.3847-0.3850 0.0179-0.0221 0.3502-0.3593 -0.3781 0.6151

 
Table 5. Calculation results of steady state parameters of DFIG WPP within voltage stability boundary under power factor 

control mode 
Parameters of DFIG WPP when cosφW ref=0.95 Wind Speed (m/s) 

QW (MW) Vs.org-Vs.crt(p.u.) Vr.org-Vr.crt(p.u.) Is.org-Is. crt(p.u.) Ir.org-Ir. crt(p.u.) s(p.u.) λ(p.u.)
0-4，>21 0 0.9416-0.7876 0.5517-0.4615 0.0017-0.0020 0.3249-0.2718 0.5760 0.5911

5 23.59 0.9486-0.7940 0.4536-0.3797 0.0027-0.0032 0.3275-0.2743 0.4700 0.5928
7 64.72 0.9710-0.8172 0.2549-0.2148 0.0052-0.0062 0.3360-0.2834 0.2580 0.5979
8 96.61 0.9860-0.8328 0.1525-0.1289 0.0068-0.0080 0.3417-0.2892 0.1520 0.6006
11 251.14 1.0342-0.8682 0.1747-0.1466 0.0125-0.0149 0.3608-0.3045 -0.1660 0.6008
12 326.04 1.0444-0.8667 0.2891-0.2399 0.0149-0.0180 0.3655-0.3055 -0.2721 0.5921

13-21 414.54 1.0440-0.8406 0.4016-0.3235 0.0177-0.0220 0.3669-0.2987 -0.3781 0.5672
 

 
(a)                                         (b) 

Fig. 10. Parameters of DFIG WPP under different RPCMs when wind speed is 12m/s: (a) Reactive power; (b) Stator 
voltage. 
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the voltage of this area is dropped from 0.9860p.u. to 
0.8325p.u., when wind speed is 8m/s. 

Fig. 10 shows the change trend of reactive power and 
stator voltage of DFIG wind turbine from original point to 
critical boundary. The maximum loadability λ under 
constant voltage control mode is 0.6244 when the wind 
speed is 12m/s as well as the other loadability under the 
corresponding control mode is 0.5921. From the curves, it 
can be summarized that the distinction of load margin 
under different control mode is mainly caused by the 
reactive power support of DFIG WPP. There is a rapid rise 
of WPP reactive power when the system is ahead to the 
boundary under voltage control mode. The value of QW 
under voltage control mode is from 167.69Mvar to 
612.38Mvar, on the contrary, the QW under power factor 
control mode remains constant. The increase of QW can be 
interpreted that the reactive adjustment of DFIG voltage 
control can support the area stability and expand the load 
margin.  

The voltage adjustment of wind injection area can 
increase the operation security recover capability and 
decrease the system collapse probability. When the reactive 
power of each DFIG wind turbine is adjusting the stability 
of this system, the other parameters of DFIG wind turbine 
have few contributions to keep the operation status stable. 

 
 

5. Discussion and Conclusion 
 
In this paper, the different RPCMs of DFIG WPP is 

investigated within voltage stability boundary. The analysis 
study of the simple system has expounded the difference 
between these two kinds of RPCMs in analytical derivation. 
The study of RPCM in large systems has also proposed a 
practical method to search the critical operation points 
under different RPCMs in multidimensional space. 

From the work of analyses and simulations, the results 
of case study have illustrated that the loadability under 
voltage control mode is greater than the other one, which is 
in power factor control mode. It means that the voltage 
collapse point is harder to reach under voltage control 
mode and the voltage adjust ability is more reliable.. 

Furthermore, the critical point search method of this 
paper can provide a practical way for the stability judgment 
of power system with wind power injection, and the 
constructed voltage stability boundary can be also applied 
in system stability monitoring. 
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Nomenclature 
 

A. Variables 

E Electromotive force of bus 1 in the simple
system. 

V Voltage of bus 2 in the simple system. 
v Wind speed. 
σ Voltage angle of bus 2 in the simple system. 
φW Power factor angle of WPP. 
φL Power factor angle of load. 
PW Active power of DFIG WPP. 
QW Reactive power of DFIG WPP. 
Vboundary Voltage stability boundary of power system. 
PL.max Maximum loadability.  
fW Math model of DFIG WPP. 
fP Active power flow equations. 
fQ 
fC 

Reactive power flow equations. 
Reactive power control mode equations. 

Vi Voltage of node i. 
θi Voltage angle of node i. 
Vs and Vr Stator and rotor voltages of wind turbine. 
θs and θr Stator and rotor voltage angles of wind turbine.
Is and Ir Stator and rotor currents of wind turbine. 

sφ  and 
rφ Stator and rotor current angles of wind turbine.

s Slip of wind turbine. 
αi Increasing direction of generator node i. 
βi Increasing direction of load node i. 
λ Load margin. 
ω Left eigenvector of Jacobian matrix. 
KG Generator space coefficients of tangent planes.
KL Load space coefficients of tangent planes. 
KW Wind power space coefficients of tangent

planes. 

ε 
Coefficients of reactive power under voltage
control mode. 

 

B. Constants 

Rm Magnetizing resistance of wind turbine. 
Xm Magnetizing reactance of wind turbine. 
Rs Stator resistance of wind turbine. 
Xs Stator reactance of wind turbine. 
Rr Rotor resistance of wind turbine. 
Xr Rotor reactance of wind turbine. 
PGB.Loss Gear box power losses of wind turbine. 

 
C. Subscripts 

org Condition at original point. 
crt Condition at critical point. 
ref Reference value. 
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D. Sets 

NL Sets of load buses. 
NG Sets of generators. 
NW Sets of wind power injection buses. 
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