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Abstract: The traditional black-box Thevenin equivalent method cannot analyze the influence mech-
anism of wind power integration on Thevenin equivalent parameters. With the increase in wind
power penetration, it will be difficult to accurately assess the voltage stability of power systems
with wind power. Therefore, a Thevenin equivalent analytical method is proposed to analyze the
voltage stability of a power system with wind power. This method adopts the equivalent model of
wind power integration based on the current source model. It establishes the Thevenin equivalent
analytical model for power systems with wind power by dividing the node types. Then, the analytical
expressions of the Thevenin equivalent parameters are derived based on two equivalent modes to
characterize the mechanism of wind power integration on the Thevenin equivalent parameters.
In addition, the calculation flow chart of the voltage stability criterion is formulated based on the
analytical value of the Thevenin equivalent impedance under different load growth ratios and wind
power penetrations. Finally, a case study is conducted on the improved IEEE 39 node system with
wind power. The results demonstrate the feasibility and effectiveness of the proposed Thevenin
equivalent analytical method, which can more accurately judge the voltage stability of the power
system with wind power.

Keywords: wind power system; voltage stability; Thevenin equivalent analytical method; load
multiplier; wind power penetration

1. Introduction

Because of the large scale and the complicated operation mode of power systems,
comprehensive and refined simulation modeling is not suitable for the online rapid and
accurate evaluation of system voltage stability [1]. With the development and application
of wide-area measurement technologies such as phasor measurement units (PMU), multi-
source power data are effectively collected. In view of the influence of new energy grid
connections on the voltage stability of power systems, the analysis of the voltage stability
of new energy power systems has become one of the current research hotspots [2–4]. Refer-
ence [2] compares and analyzes the voltage stability characteristics of wind farms under
different control strategies and provides a theoretical summary guidance. Reference [3]
analyzed the active power dynamic characteristics of a grid under voltage control under
large-scale wind power penetration and systematically introduced the influence of grid
stability characteristics on the grid. Reference [4] proposed a control strategy to improve
voltage stability based on TCSC–STATCOM. A large number of studies have shown that
voltage stability characteristics directly reflect the operation safety of large power grids.
In order to quickly and accurately evaluate the voltage stability of new power systems,
the Thevenin equivalent method is widely used. This method essentially simplifies the
nonlinear power system to the Thevenin equivalent circuit of the critical node. It then
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analyzes the modulus relationship between the Thevenin equivalent impedance of the
equivalent node and the load impedance according to the principle of maximum power
transmission to judge the voltage stability of the system [5–7]. Reference [5] used the
Thevenin equivalent method to calculate the parameters of the VRB equivalent model to
establish the ESS control model. References [6,7] all used Thevenin’s equivalent method
to study, observe the system active power change and realize the voltage stability control.
Among them, when the voltage stability is studied based on the Thevenin equivalent
method, the change of the impedance mode is closely related to the load characteristics of
the equivalent node and the operation mode of the system power supply. Therefore, it is
particularly important to study the classification of grid nodes and analyze the impact of
new energy units on equivalent nodes. However, the classification of grid nodes and the
qualitative analysis of new energy nodes in the above literature are weak.

The output characteristics of intermittent new energy sources such as wind power
generations and photovoltaic generations are very different from traditional units. The
increase in their grid-connected capacities will continuously change the operation mode of
the system power supply. It will have a particular nonlinear and uncertain influence on the
calculation of the Thevenin equivalent impedance and other parameters [8,9]. Therefore,
when studying the voltage stability of power systems with wind power based on Thevenin
equivalent theory, it is necessary to further establish the Thevenin equivalent parameter
identification and evaluation method that takes into account the characteristics of wind
power and to study the mechanism of wind power connection on Thevenin equivalent
parameters, thereby increasing the accuracy of system voltage stability assessments.

At present, according to the different solving principles, the identification methods of
the Thevenin equivalent parameters of the power systems with wind power can be divided
into the following two categories:

(1) The first identification method is based on the results of power flow calculations.
Firstly, the PMU is used to obtain the node voltage and the current data of single
or multiple time sections after the system power flow calculation. Then, the two-
point method, total differential, deviation correction and other methods are used
to process the data. However, the processing methods have their limitations. For
example, the two-point method has problems such as parameter drift and insensitivity
to parameter disturbances in the equivalent system. The identification accuracy of
the total differential is affected by the initial value of the calculation. The online
application of the deviation correction is limited by the PMU sampling time [10–12].
In addition, for power systems with wind power, the first type of identification
method has a common blemish. It directly includes intermittent wind power and
nonlinear loads in the equivalent network in the form of a black box, which will lead
to a decrease in the accuracy of the identification and evaluation of the Thevenin
equivalent parameters. Additionally, it is also unable to characterize the influence
mechanism and action mechanism of wind power, load and other factors on the
Thevenin equivalent parameters [13]. Furthermore, this will affect the accuracy
of the evaluation of the voltage stability of the equivalent node and will cause the
incapability to give subsequent control strategies to the problem of the voltage stability
of the equivalent node based on the pattern of variations of the Thevenin equivalent
parameters affected by wind and load.

(2) The second identification method is based on the analysis of the system network.
Firstly, based on the node voltage equation, by dividing the network node types,
the analytical equivalent circuit of the Thevenin equivalent model is derived. The
mechanism of the generator nodes and load nodes on the Thevenin equivalent pa-
rameter is analyzed. Then, the two approximate analytical equivalent methods of
the Thevenin equivalent parameters are studied [13–15]. Considering the coupling
effect of the equivalent node branch, the coupling effect term is equivalent to the
Thevenin equivalent model impedance or potential. This kind of method can probe
and characterize the influence mechanism of the generator nodes and load nodes
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on the voltage stability of an equivalent node. However, in the power system with
wind power, to analyze the influence mechanism of the wind power connection on
the voltage stability of the equivalent nodes, it is necessary to further consider the
influence of the wind power nodes on the Thevenin equivalent parameters and to
characterize their role. The voltage stability of the power system containing wind
power can be judged more accurately.

Based on the above statements, starting from the basic Thevenin equivalent model,
this paper fully considers the influence of new energy units in the new power system on
the parameters of the equivalent nodes, and analyzes the shortcomings of the existing
Thevenin equivalent models for power systems with wind power. Then, based on the
system network analytical identification method, a Thevenin equivalent analytical method
for a power system with wind power is proposed. The equivalent value of the wind turbine
is the injection current source, the current increment is introduced into the equivalent
node model after the grid connection and the Thevenin equivalent model of the power
system including wind power is established by using the admittance matrix. Finally, a
simulation study is conducted on the IEEE 39-bus system with wind power, which verifies
the feasibility and effectiveness of the proposed method.

2. Basic Principles of Thevenin Equivalence in Power System
2.1. The Basic Model of Thevenin Equivalent

Reference [13] pointed out that any complex power system can be represented using
a load bus and a Thevenin equivalent seen from the load bus. Although the equivalent
part may consist of a number of generators, transformers, transmission lines and loads, it
can be described by only two parameters of Eth and Zth, namely, the Thevenin equivalent
voltage and impedance. The Thevenin equivalent process of the power system is shown in
Figure 1. At any time, looking into the system from a certain load node k, the rest of the
power system can be equivalent to a voltage source series impedance to supply power to
the load node k [16]. The Thevenin equivalent system is a simple single-input single-output
two-node system, which effectively simplifies the complex power system.

Figure 1. The schematic diagram of Thevenin equivalent for the power system.

In Figure 1,
.
Eth,k and Zth,k are the Thevenin equivalent potential and Thevenin equiva-

lent impedance of load node k.
.

UL,k and
.
IL,k are the voltage phasor and current phasor of

load node k, respectively. Then, the basic model of the Thevenin equivalent is:

.
UL,k =

.
Eth,k − Zth,k ×

.
IL,k (1)
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The Thevenin equivalent parameters
.
Eth,k and Zth,k will vary along with the change of

the power supply operation mode and network structure of the rest parts of the power system.

2.2. Voltage Stability Criterion Based on Impedance Modulus Ratio

The calculation scheme of the voltage stability criterion based on the impedance
modulus ratio is simple, and the physical concept is evident [5]. In this paper, this criterion
is utilized to analyze and evaluate the voltage stability of the medium load node k in
Figure 1. The calculation method is:

Lk = 1−
∣∣Zth,k

∣∣∣∣ZL,k
∣∣ (2)

where ZL,k is the load impedance of the equivalent node k. When 0 < Lk < 1, the equivalent
node voltage is stable. The closer Lk is to 0, the worse the voltage stability of the equivalent
node. When Lk < 0, the voltage of the equivalent node is unstable.

The load impedance can be calculated from the voltage and current phasors of the
equivalent nodes, namely:

ZL,k =

.
UL,k
.
IL,k

(3)

The key to the criterion of voltage stability based on the impedance modulus ratio is
the identification and calculation of the Thevenin equivalent impedance parameters.

2.3. Insufficiency of the Existing Thevenin Equivalent Model of Wind Power System

With a high proportion of renewable energy sources such as wind power and pho-
tovoltaics being connected to the power system, the power supply operation mode and
network structure will also undergo tremendous changes. Taking new energy wind power
as an example, when the penetration rate of the wind power is high, it will be directly
classified into the rest parts of the power system if the wind power is treated as a black box,
as shown in Figure 1. Then, the first type of identification method is used to calculate the
Thevenin equivalent parameters of the equivalent node. On the one hand, due to the inter-
mittent and fluctuating nature of wind power generation, the time-varying nonlinearity
of the power system in practical applications makes it difficult to identify the Thevenin
equivalent parameters accurately [13]. On the other hand, the mechanism of the wind
power connection on Thevenin’s equivalent parameters cannot be analyzed and charac-
terized, and it is difficult to analyze the mechanism of influence on Thevenin’s equivalent
parameters when the wind power is connected in different proportions. This will affect the
accurate assessment of the voltage stability of the power system with wind power.

Reference [17] proposes that for power systems with wind power, the wind power in
the system can be equivalent to a voltage source in the form of series impedance, and in par-
allel at the equivalent load node k at the same time, as shown in Figure 2. In the equivalent
system, the Thevenin equivalent parameters

.
EWth and ZWth of wind power are equivalent

according to the Thevenin equivalent parameters
.
EGth and ZGth of the synchronous gener-

ators of traditional power plants. This model can quantitatively analyze the relationship
between the proportion of wind power integration and the static voltage stability margin
of the system from the perspective of the enormous power grid. However, conventional
synchronous generators are used to replace wind turbines, ignoring the difference between
the operating characteristics of wind turbines and traditional synchronous generators. The
accuracy of the obtained Thevenin equivalent parameters is low, which will reduce the
accuracy of the voltage stability assessment of the power system with wind power.
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Figure 2. The Thevenin equivalent model of wind power integration based on the traditional
synchronous unit model.

3. Thevenin Equivalent Analysis Method for the Power System with Wind Power

Aiming at the shortcomings of the existing Thevenin equivalent models for power
systems with wind power, this chapter first analyzes the applicable wind power grid-
connected models, takes the wind power grid-connected equivalent as the injection current
source, and analyzes the wind power injection current mechanism. Then, according to the
node types of the wind power grid-connected system, a Thevenin equivalent analytical
model of the power systems with wind power is established. The analytical expressions
of the Thevenin equivalent parameters are derived according to two equivalent methods,
and the mechanism and influencing factors of the wind power connection on the Thevenin
equivalent parameters are theoretically studied. Finally, the corresponding voltage stability
criterion is calculated using the analytical value of the Thevenin equivalent impedance,
and the voltage stability of the system under different load growth multiples and different
wind power penetration rates is evaluated. Figure 3 is a schematic diagram of the Thevenin
equivalent analysis method for wind power systems in this chapter.

Figure 3. The schematic diagram of Thevenin equivalent analysis method for power system with
wind power.

3.1. Equivalent Model of Wind Power Grid Connection

The voltage stability of a power system mainly depends on the voltage stability of key
load nodes in the system [16]. To study the voltage stability of a power system with wind
power, it is necessary to further consider the influence of wind power integration on the
voltage stability of the load nodes.

Considering the update and improvement of the wind turbine control mode and the
equipment configuration of the automatic voltage control system, wind power will have
specific active and voltage control capabilities [18,19]. The study of the system load node
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voltage after wind power is connected to the grid needs to calculate the current flowing
through the load node itself, so as to use Ohm’s law to obtain the coupling effect of the
wind power node to the load node. A centralized wind power node can be equivalent to an
injected current source. Then, the injected current of the wind power node can be converted
into the injected current increment of the load node through the impedance matrix, so as to
study the voltage stability of the load node after the wind power is connected, as shown
in Figure 4.

Figure 4. The equivalent model of wind power integration based on the injection current
source model.

In Figure 4, Zik and Zkj are the impedances between nodes i, k and nodes k, j, respec-
tively. When wind power is connected to the grid in the form of the current source İW at
node k, the increments of the injected current ∆

.
Ii and ∆

.
I j are generated at node i and node

j, respectively. Among them:

∆
.
Ii =

Zik
Zik + Zkj

.
IW (4)

∆
.
I j =

Zkj

Zik + Zkj

.
IW (5)

3.2. An Analytical Model of Thevenin Equivalence for the Power System with Wind Power

According to the current increment obtained by the wind power model, an analytical
model is established using Thevenin’s Equivalence Theorem. The node types of wind
power systems can be divided into four categories: generator node, wind power node,
connection node and load node. Assuming that the direction of the current flowing into
the generator node is the positive direction, and considering that the injected current of the
connection node is zero, the node voltage equation I = YU is expanded according to the
node type to obtain: 

IG
IW
0
−IL

 =


YGG YGW YGT YGL
YWG YWW YWT YWL
YTG YTW YTT YTL
YLG YLW YLT YLL




UG
UW
UT
UL

 (6)

Among them, I and U represent the current and voltage vectors of all nodes, respec-
tively, Y represents the node admittance matrix, and the subscripts G, W, T and L are used
to represent the generator nodes, wind power nodes, connection nodes and load nodes,
respectively, so I, U and Y are divided into blocks.

The system of the equations in Equation (6) is expanded and eliminated according to
the equation form of Equation (1), and the voltage vectors UW and UT of the wind power
node and the connecting node are eliminated to obtain:

UL = Eopen − ZLLILW (7)
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Among them:
Eopen = ZLL

(
YcY−1

f Ye − Yb)UG (8)

ZLL= (Ya − YcY−1
f Yd)

−1 (9)

ILW = IL + ∆IL (10)

∆IL = YcY−1
f IW (11)

Ya = YLL − YLWY−1
TWYTL, Yb = YLG − YLWY−1

TWYTG
Yc = YLT − YLWY−1

TWYTT , Yd = YWL − YWWY−1
TWYTL

Ye = YWG − YWWY−1
TWYTG, Y f = YWT − YWWY−1

TWYTT

(12)

In the formula, Eopen represents the open-circuit voltage vector oriented to the load
nodes, ZLL is the impedance matrix trained to load nodes, ∆IL is the injected current
increment converted from the wind turbine node injected current IW to the load node
through the matrix YcY f

−1, ILW is the node current vector after the load node is calculated
with ∆IL, and Ya ~ Y f has no special meaning and is only a simplified expression.

Substituting the load node k as the equivalent node into Equation (7), the Thevenin
equivalent analytical model of the power system with wind power can be obtained as:

.
UL,k =

.
Eopen,k − ZLL,kk

.
ILW,k −

.
Ecoupled,k (13)

Among them:
.
Ecoupled,k =

n

∑
l=1,l 6=k

ZLL,kl
.
ILW,l (14)

Figure 5 is the circuit diagram of the Thevenin equivalent analytical model of the
power system with wind power, which mainly includes three items:

(1) The open-circuit voltage
.
Eopen,k of the load node k is the voltage phasor of the load

node k when all the branches where all the load nodes are open. It can be seen from
Equation (8) that this item reflects the influence of the voltage of each generator
node on the equivalent potential, which can be partially corresponding to

.
Eth,k in the

Thevenin equivalent basic model.
(2) The self-impedance ZLL,kk of the load node k can be seen by Equation (9), which

considers the network topology information of the wind power node access and can
be partially corresponding to Zth,k in the Thevenin equivalent basic model.

(3) The coupling effect voltage drop
.
Ecoupled,k of the load node k, which takes into account

the cumulative coupling effect caused by voltage drop on the corresponding mutual
impedance caused by the injected current of the other load nodes and the injected
current increment of the wind power nodes. According to the research, it is shown that
part of the equivalent potential should be equal to the Thevenin equivalent potential
.
Eth,k and the other amount should be equal to the Thevenin equivalent impedance
Zth,k, but the proportion of each part of the equivalent is not precise.

Figure 5. The circuit diagram of Thevenin equivalent analytical model for the power system with
wind power.
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3.3. Analytical Expression of Thevenin Equivalent Parameters of Power System with Wind Power

According to Reference [13], in this paper, the coupling effect term
.
Ecoupled,k is ad-

dressed as follows: (1) all of them are equivalent to the electric potential, and (2) all of them
are equivalent to the impedance. The analytical expression of the Thevenin equivalent
parameters of the power system with wind power were derived in two equivalent ways.

(1) Equivalent mode 1

The coupling effect term
.
Ecoupled,k is equivalent to the electric potential, and the

Thevenin equivalent circuit diagram of the power systems with wind power in equivalent
mode one is shown in Figure 6.

Figure 6. The Thevenin equivalent circuit diagram of the power system with wind power in equiva-
lent mode 1.

Then, the Thevenin equivalent analytical model of the power system with wind power
under equivalent mode 1 is:

.
UL,k =

.
Eeq,1,k − Zeq,1,k

.
ILW,k (15)

Among them:
.
Eeq,1,k =

.
Eopen,k −

.
Ecoupled,k (16)

Zeq,1,k = ZLL,kk (17)

In Equation (15),
.
Eeq,l,k and Zeq,l,k represent the analytical values of the Thevenin equiv-

alent potential and Thevenin equivalent impedance of the load node k under equivalent
mode 1. Among them,

.
Eeq,l,k will be affected by the coupling effect and Zeq,l,k in the equa-

tion is only related to the physical structure and parameters of the power system network
topology. If the structure and associated parameters of the system network topology remain
unchanged after the wind power integration, Zeq,l,k will remain unchanged.

(2) Equivalent mode 2

At this time, the coupling effect term
.
Ecoupled,k is equivalent to impedance, and the

Thevenin equivalent circuit diagram of the power system with wind power in equivalent
mode two is shown in Figure 7.

Figure 7. The Thevenin equivalent circuit diagram of the power system with wind power in equiva-
lent mode 2.
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Then, the Thevenin equivalent analytical model of the power system with wind power
under equivalent mode two is:

.
UL,k =

.
Eeq,2,k − Zeq,2,k

.
ILW,k (18)

Among them:
.
Eeq,2,k =

.
Eopen,k (19)

Zeq,2,k = ZLL,kk + Zcoupled,k (20)

Zcoupled,k =

.
Ecoupled,k

.
ILW,k

=
n

∑
l=1,l 6=k

ZLL,kl

.
ILW,l
.
ILW,k

(21)

In Equation (18),
.
Eeq,2,k and Zeq,2,k represent the analytical values of the Thevenin

equivalent potential and Thevenin equivalent impedance of the load node k under equiva-
lent mode 2. The

.
Eeq,2,k is not only related to the structure of the system network topology

and related parameters, but it is also related to the voltage of the generator node in the sys-
tem. Zeq,2,k is affected by the coupling effect impedance Zcoupled,k, and Zcoupled,k is affected
by the injected current of the other load nodes considering the effect of wind power.

3.4. Voltage Stability Criterion Based on the Analytical Value of the Thevenin
Equivalent Impedance

According to Section 3.3, two analytical expressions Zeq,l,k and Zeq,2,k of the Thevenin
equivalent impedance parameters of the wind power system can be obtained, namely,
Equations (17) and (20). Substituting Zeq,l,k and Zeq,2,k representing the Thevenin equivalent
impedance Zth,k into Equation (2), two voltage stability criteria based on the analytical
value of the Thevenin equivalent impedance can be obtained. Among them, the voltage
stability criterion Leq,l,k of the equivalent node k under equivalent mode one is:

Leq,1,k = 1−

∣∣∣Zeq,1,k

∣∣∣∣∣ZL,k
∣∣ (22)

Zeq,l,k mainly changes along with the change of the load impedance modulus of equivalent
nodes.

The voltage stability criterion Leq,2,k of the equivalent node k under equivalent mode
2 is:

Leq,2,k = 1−

∣∣∣Zeq,2,k

∣∣∣∣∣ZL,k
∣∣ (23)

In order to prove the feasibility and effectiveness of the analytical method in this
section, this paper sets different load growth multiples and wind power penetrations to
change the power supply operation mode and network architecture of the power system,
and calculates the analytical values of the Thevenin equivalent impedance under the two
equivalent modes, analyzes the dynamic change law and calculates the corresponding
voltage stability criterion. Figure 8 shows the calculation flow charts of the two voltage
stability criteria based on the analytical value of the Thevenin equivalent impedance.

Step 1: set the load growth multiple and wind power penetration of the power system
with wind power;

Step 2: the node admittance matrix of the system is calculated and divided into blocks
according to the node type. Meanwhile, after the power flow calculation, the voltage and
current phasors of each node of the system are measured by the PMU;

Step 3: use the relevant data obtained in Step 2 to calculate the parameters Eopen, ZLL
and ILW of the Thevenin equivalent analytical model of the power system with wind power
and the load impedance ZL,k of the equivalent node k;
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Figure 8. The flow chart of voltage stability criterion based on the analytical value of Thevenin
equivalent impedance.

Step 4: according to Equations (17) and (20), calculate the analytical values of the
Thevenin equivalent impedance Zeq,l,k and Zeq,2,k of the equivalent node k under two equiv-
alent modes;

Step 5: according to Equations (22) and (23), two voltage stability criteria Leq,l,k and
Leq,2,k based on the Thevenin equivalent impedance analytic value are calculated to evaluate
the voltage stability of the equivalent node at this time.

In Step 1, the load growth multiple changes as the active power and reactive power
of all the load nodes in the system increase proportionally, and the power factor remains
unchanged. At the same time, the active power output of the generator with equal power
is increased. The active power increment of each generator node (except the balance node)
is distributed according to the active power ratio of its initial access, and the balance node
bears the deviation of the network loss [20].

In this paper, wind power penetration is defined as the ratio of the total installed wind
power capacity in the power system to the sum of the active power of the load [21]. In
Step 1, the change mode of the wind power penetration is to increase the active power of
all the wind power nodes in the system proportionally according to the initial active power
ratio of the connected wind power, and replace the active power output of the generator
with equal power. Each replaced node (except the balanced node) is associated according
to the active power ratio of its initial access, and the error of the network is offset by the
balance node.
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4. Case Study
4.1. Simulation Settings

This paper simulates and verifies the feasibility and effectiveness of the proposed ana-
lytical method in an improved IEEE 39-bus system with wind power. The system structure
is shown in Figure 9. The original IEEE 39-bus system had ten generator nodes, twelve
connection nodes, seventeen load nodes, and forty-six branches. The parameter settings
of the nodes and branches are referred to in [22]. After the improvement, six fresh wind
power nodes and six branches were added, and the new wind power node information is
shown in Table 1.

Figure 9. The schematic diagram of the improved IEEE 39 node system with wind power.

Table 1. The node information of newly added wind power.

Wind Power Node Number Branch Number Initial Ratio of Active Power to
Wind Power

40 40–10 3
41 41–19 5
42 42–22 3
43 43–23 2.5
44 44–25 2.5
45 45–29 4

The above simulation system was built using MATLAB PSAT software package (ver-
sion 2.1.10; Federico Milano, Italy), in which the wind turbine model was a double-fed
induction type, and the load was a constant power model. The critical load node 23 was
set as an equivalent node. According to the flowchart shown in Figure 8, two analytical
value modes of the Thevenin equivalent impedance under different load growth multiples
and different wind power penetration |Zeq,1,23|, |Zeq,2,23| were calculated, respectively,
to study the law of its dynamic change and its relationship with the Black-box Thevenin
equivalent impedance mode |Zth,23|.
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4.2. The Dynamic Changes of the Analytical Values of the Equivalent Impedance of Thevenin

Under the premise that the system voltage was stable, the load growth multiple
gradually increased from 1.00 to 1.24, and the step size was set to 0.02. The wind power
penetration gradually increased from 1% to 50%, and the step size was set to 1%. Then,
the three-dimensional diagrams of the dynamic change of the two Thevenin equivalent
impedance analytical models of the equivalent node 23 with the load growth multiple and
the wind power permeability are shown in Figure 10a,b. Figure 10c is a three-dimensional
diagram of the dynamic change of the black-box Thevenin equivalent impedance mode
calculated by the two-point method; that is, a small disturbance with a sudden increase or
decrease in load power was given to the equivalent node 23. The modulus of the black-box
Thevenin equivalent impedance can be obtained by using data of the voltage and current
of the node before and after the small power disturbance [10].

Figure 10. The three-dimensional graph of analytical values and accurate value of Thevenin equiva-
lent impedance at the equivalent node 23. (a) dynamic changes of |Zeq,1,23|; (b) dynamic changes of
|Zeq,2,23|; (c) dynamic changes of |Zth,23|.
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Figure 10a shows that the modulus |Zeq,1,23| of the Thevenin equivalent impedance
analytical value of the equivalent mode 1 will always remain unchanged, regardless of
the load increase multiple and the wind power penetration rate. Zeq,1,23 is the diagonal
value of the impedance matrix facing the load node, and the calculation method of the
impedance matrix is shown in formula Equation (8). Since the relevant block admittance
matrix does not change when the load growth factor and the wind power penetration rate
change, |Zeq,1,23| also does not change. Figure 10b shows that |Zeq,2,23| of equivalent
mode 2 will decrease with the increase in the load growth multiple, and will first increase
and then decrease with the increase in the wind power penetration rate. According to
formula Equation (21), when the load growth factor is larger, the self-impedance term
plays a leading role in the coupling effect term, that is, the load node 23 is greatly affected
by its own injection current and is affected by the coupling effect injection current of
the other smaller load nodes, so |Zeq,2,23| becomes smaller. When only the wind power
permeability changes, according to the formula in Equation (21), the self-impedance does
not change. With the increase in the wind power permeability, the ratio plays a leading role.
Therefore, the size of |Zeq,2,23| is determined according to the ratio of the node current
of the other load nodes to the node current of the equivalent load node. According to
the simulation results, |Zeq,2,23| first increases and then decreases. It can be seen that the
ratio of the node current of the other load nodes to the node current of the equivalent load
node considering the wind power grid-connected current increment first increases and
then decreases. Therefore, the simulation calculation results of the above two Thevenin
equivalent impedance analytical values are consistent with the theoretical deduction, which
shows the feasibility of the proposed analytical method.

Comparing (a) and (c), (b) and (c) in Figure 10, it can be seen that |Zth,23| is always
between |Zeq,1,23| and |Zeq,2,23|. |Zeq,1,23| is the lower bound, and |Zeq,2,23| is the upper
bound. |Zeq,1,23| plays a dominant role in the Thevenin equivalent impedance. Although
the two analytical values of the equivalent impedance of Thevenin do not accurately
identify and evaluate the accurate value of the Thevenin equivalent impedance, their
upper and lower bounds can be determined, and the impact of wind power access on
the Thevenin equivalent impedance can also be theoretically characterized, which has a
certain physical significance. When calculating the voltage stability criterion by using the
two analytical values of the Thevenin equivalent impedance, not only can the interval
range of the Thevenin equivalent impedance mode be determined, but also the influence
of the wind power injection current on the voltage stability of the equivalent node can
be taken into account. The proposed Thevenin equivalent method can judge the voltage
stability of the equivalent node more quickly and accurately and can provide guidance for
the judgment of the voltage stability of the new power system.

4.3. Comparison of Voltage Stability Criterion and Actual Voltage Phasor

When the voltage is stable, the voltage amplitude and voltage phase angle are within
a certain range. Therefore, the actual voltage amplitude and phase angle can be compared
with the simulation results of the equivalent method based on specific scenarios to verify
the feasibility of the Thevenin equivalent method proposed in this paper. Additionally,
when the voltage stability criterion is less than 0, the power system is in an unstable state.
Therefore, according to the results, when the voltage stability index calculated by different
Thevenin equivalent methods is less than 0, the feasibility of the different methods can
be compared and verified. Scenarios 1 and 2 are set up in this section to illustrate that
the proposed voltage stability criterion based on the analytical value of the Thevenin
equivalent impedance can be more accurate and effective than the black-box Thevenin
equivalent model when the load growth factor and the wind power penetration rate change,
respectively, to judge the static voltage stability of the equivalent node. Scenario 3 is also
set up in this section to illustrate that the proposed criterion can judge the transient voltage
stability of the equivalent node more accurately and in a timely manner.

(1) Scenario 1: load growth multiple changes
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When the wind power penetration is 10%, 30% and 50%, the load growth multiple is
gradually increased until L23 < 0, and the voltage stability criteria of the equivalent node 23
are L23, Leq,1,23 and Leq,2,23. The curves of the actual voltage phasor

.
U23 of node 23 changing

with the load growth multiple are shown in Figure 11.

Figure 11. The variation curves of voltage stability criterion and actual voltage phasor of the equiva-
lent node 23 when load growth ratio changes. (a) System wind power penetration is 10%; (b) System
wind power penetration is 30%; (c) System wind power penetration is 50%.

From Figure 11a–c, it can be seen that the greater the load growth multiple is, the lower
the voltage stability of the equivalent is. When the wind power penetration rate of the
power system increases from 10% to 50%, the corresponding load growth factor decreases
from 2.26 to 1.32 when L23 < 0; that is, when the set wind power penetration rate is larger, the
maximum load that the system can withstand when L23 < 0 is smaller than the load growth
factor. Take Figure 11c as an example, when the load growth factor is 1.32, L23 < 0. At this
time, it should be determined that the static voltage of the equivalent node 23 is unstable
when the black-box Thevenin equivalent method is used for calculation. However, at this
time, the voltage phasor

.
U23 of node 23 measured by PMU is 0.9561 ∠ 0.0353, which is still
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within a reasonable range, that is, the voltage amplitude U23 meets 0.8 p.u. ≤ U23 ≤ 1.2 p.u.
and the voltage phase angle θ23 meets -π ≤ θ23 ≤ π. Therefore, for the power system
containing wind power, affected by the access of wind power, if the black-box Thevenin
equivalent impedance |Zth,23| is used to calculate and judge the voltage stability of the
equivalent node, it will be inconsistent with the actual result. However, when the load
growth factor is 1.32, the voltage stability criteria Leq,1,23 and Leq,2,23 calculated by |Zeq,1,23|
and |Zeq,2,23| are 0.9669 and 0.8912, respectively, which are greater than 0. It can still be
judged that the voltage of node 23 is stable, which is consistent with the actual voltage
phasor judgment result at this time. It shows that the two proposed analytical values of the
equivalent impedance of Thevenin are effective, which can not only reflect the influence
mechanism of the wind power access but can also judge the voltage stability of equivalent
nodes more accurately.

(2) Scenario 2: wind power penetration changes

When the load growth multiples are 1.0, 1.2 and 1.4, the wind power penetration is
gradually increased until L23 < 0, L23, Leq,1,23 and Leq,2,23 and the actual voltage phasor

.
U23

curves with the wind power penetration are shown in Figure 12.

Figure 12. The variation curves of voltage stability criterion and actual voltage phasor of the equiva-
lent node 23 when wind power penetration changes. (a) The system load growth factor is 1.0; (b) the
system load growth factor is 1.2; (c) the system load growth factor is 1.4.
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It can be seen from Figure 12a–c that, if a certain load growth factor is set, the greater
the wind power penetration rate, the static voltage stability of the equivalent node 23
will continue to decrease. When the power system load growth factor increases from 1.0
to 1.4, the corresponding wind power penetration rate decreases from 66% to 46% when
L23 < 0. Therefore, the larger the set load increase multiple, the smaller the wind power
penetration rate that the system can withstand when L23 < 0; that is, the larger the set load
increase multiple, the smaller the maximum wind power penetration rate that the system
can withstand when L23 < 0. Taking Figure 12c as an example, when the wind power
permeability is 46%, L23 < 0, and the voltage instability of the equivalent node 23 should be
determined, but at this time, the voltage phasor

.
U23 measured by PMU is 0.9482 ∠ 0.0261,

which is also within a reasonable range. Therefore, if the black-box Thevenin equivalent
impedance |Zth,23| is still used to calculate and judge the voltage stability of the equivalent
nodes, it will not be consistent with the actual results and will not apply to the power
system with wind power. However, when the wind power permeability is 46%, the voltage
stability criteria Leq,1,23 and Leq,2,23 calculated by |Zeq,1,23| and |Zeq,2,23| are 0.9648 and
0.9193, respectively, which are both greater than 0. It can be judged that the voltage of
equivalent node 23 is stable, which is consistent with the actual voltage phasor judgment
result. In this case, it also shows the effectiveness of the analytical values of the equivalent
impedance of Thevenin obtained by the proposed analytical method, which can more
accurately judge the voltage stability of the equivalent node.

(3) Scenario 3: three-phase short circuit fault

In order to verify the effectiveness of the two Thevenin equivalent methods proposed
in this paper under fault conditions, PSAT was used to simulate and set three-phase short-
circuit fault conditions, and the Thevenin equivalent calculation results and time domain
simulation results were compared and analyzed. When the system load growth multiple is
1.0 and the wind power penetration is 30%, a three-phase short-circuit fault occurs at node
36 at 5 s, and the actual voltage PSAT time-domain simulation curve of the equivalent node
23 is shown in Figure 13.

Figure 13. The actual voltage time-domain simulation curve of the equivalent node 23.

The PSAT time domain simulation shows that the transient voltage of the equivalent
node 23 is unstable at t = 6.1127 s. The Thevenin equivalent analytical impedance value is
used to calculate the time-varying voltage stability criterion curve of node 23, as shown
in Figure 14. Among them, the calculation time of the Thevenin equivalent analytical
impedance value is about 0.02472 s, so there is a calculation delay of about 0.02472 s for
calculating the voltage stability criterion for each sampling.
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Figure 14. The voltage stability criterion curve based on the Thevenin equivalent analytical
impedance value of the equivalent node 23.

It can be seen from Figure 14 that when t = 6.0514 s, the voltage stability criteria
Leq,1,23 and Leq,2,23 are less than zero, which can be judged that the transient voltage of
equivalent node 23 is unstable. Compared with the PSAT time-domain simulation in
Figure 13, it is assumed that the transient voltage of the equivalent node is varying when
t = 6.1127 s. The proposed voltage stability criterion based on the Thevenin equivalent
analytical impedance can also evaluate the transient voltage stability of the equivalent
nodes in time and accurately.

In summary, according to the simulation analysis under different working conditions,
it is verified that the two Thevenin equivalent methods proposed in this paper are also
applicable to three-phase short-circuit faults, and the method proposed in this paper is
applicable to more comprehensive scenarios.

5. Conclusions

In this paper, the voltage stability of a power system with wind power was analyzed
based on the Thevenin equivalent analytical method. The method considers the current
source characteristics of wind power and can analytically express the Thevenin equivalent
parameters of the power system with wind power. The voltage stability criterion based on
the impedance modulus ratio is calculated by using the analytical value of the Thevenin
equivalent impedance. The conclusions are as follows:

(1) Through the analytical study of the Thevenin equivalent of power systems with
wind power, the mechanism of the effect of wind power on the Thevenin equivalent
parameters was analyzed. On the one hand, the integration of wind power will
change the network physical structure, parameters of the system and the calculation
method of the load-oriented impedance matrix, thus affecting the Thevenin equivalent
impedance parameters. On the other hand, the injected current of wind power will be
converted into the injected current increment of the load node, which will influence
the electric potential parameters of the Thevenin equivalent.

(2) Under different load growth multiples and wind power penetrations, the voltage
stability criterion calculated by using the analytical values of two kinds of Thevenin
equivalent impedances not only takes into account the influence of wind power access
but is also more consistent with the actual voltage phasor results than the voltage
stability criterion calculated by using the black-box Thevenin equivalent impedance.
In addition, the proposed analytical method can also improve the accuracy and
timeliness of the transient voltage stability judgment of equivalent nodes.

However, the analytical calculation of the Thevenin equivalent parameters is not accu-
rate enough in this paper, and the main difficulty lies in the processing of the coupling effect
term. Subsequently, the mathematical parameter fitting method or the matrix decoupling
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method of the channel component transformation can be combined to obtain accurate
analytical results of the Thevenin equivalent parameters. In this way, an accurate voltage
stability margin index suitable for a high proportion of new energy power systems can
be formulated to study the evaluation method of the maximum penetration rate of new
energy in the power grid under the constraint of voltage stability.
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Nomenclature

PMU Phasor Measurement Unit
TCSC–STATCOM Thyristor Controlled Series Compensation–Static Synchronous

Compensation
VRB Vanadium Redox flow Battery
ESS Energy Storage System
Zik the impedances between nodes i, k
Zkj the impedances between nodes k, j
İW the current source of wind power connected to the grid
∆

.
Ii the increment of injected current of the node i

Eth the Thevenin equivalent voltage
Zth the Thevenin equivalent impedance
.
Eth,k the Thevenin equivalent potential of load node k
Zth,k the Thevenin equivalent impedance of load node k
.

UL,k the voltage phasor of load node k
.
IL,k the current phasor of load node k
ZL,k the load impedance of the equivalent node k
Lk the voltage stability criterion of the equivalent node k
.
EWth the Thevenin equivalent potential of wind power
ZWth the Thevenin equivalent impedance of wind power
.
EGth the Thevenin equivalent potential of synchronous generators of

traditional power plants
ZGth the Thevenin equivalent impedance of synchronous generators of

traditional power plants
I the current vectors of all nodes
U the voltage vectors of all nodes
Y the node admittance matrix
G the subscript symbol for generator nodes
W the subscript symbol for wind power nodes
T the subscript symbol for connection nodes
L the subscript symbol for load nodes
UW the voltage vector of wind power nodes
UT the voltage vector of connecting nodes
.
Eopen,k the open-circuit voltage vector oriented to load nodes
ZLL the impedance matrix trained to load nodes
∆IL the injected current increment
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ZLL,kk the self-impedance of load node k
.
Ecoupled,k the coupling effect voltage drop of load node k
.
Eeq,l,k the analytical values of the Thevenin equivalent potential of

load node k under equivalent mode 1
Zeq,l,k the analytical values of the Thevenin equivalent impedance of

load node k under equivalent mode 1
.
Eeq,2,k the analytical values of the Thevenin equivalent potential of

load node k under equivalent mode 2
Zeq,2,k The analytical values of the Thevenin equivalent impedance of

load node k under equivalent mode 2
Zcoupled,k the coupling effect impedance
Leq,2,k the voltage stability criterion of equivalent node k under equivalent

mode 2
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