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ABSTRACT The coupled single-port circuit has been proposed for online voltage stability assessment based
on wide-area measurements and grid equations. This circuit can explicitly reflect the influence of grid and
load on voltage stability. However, it does not consider the impact of power generation. A novel Thévenin
equivalent (TE) circuit considering the influence of source-grid-load on voltage stability is proposed in this
paper. First, the impact of source-grid-load on the voltage of an individual load bus is divided into three
parts according to the node-voltage equation. They are then decomposed into two components, respectively
associated with the TE voltage and the TE impedance according to the TE circuit’s characteristics. Finally, an
online identification method for the parameters of the proposed TE circuit based on wide-area measurements
is developed. Compared with the coupled single-port circuit, the proposed method has the advantage of being
able to consider the influence of power generation on voltage stability and being consistent in form with
traditional TE circuit without requiring approximation. Case studies on the IEEE 118-bus system illustrate
the accuracy and effectiveness of the proposed method.

INDEX TERMS Correlation of source-grid-load, power system, parameter analysis, Thévenin equivalent,
voltage stability.

NOMENCLATURE
Indices i Index for buses.
j Index for buses.
Parameters
m Number of generator buses.
n Number of load buses.
kPj Proportion of constant power load in load

bus j.
kZj Proportion of constant impedance load in

load bus j.
Kij The i− j element of network parameter

matrix K.
ZLi Equivalent load impedance of load bus i.
ZLLij The i− j element of network parameter

matrix ZLL.

The associate editor coordinating the review of this manuscript and

approving it for publication was Alex James .

ZLGGij The i− j element of network parameter
matrix ZLGG.

ZLGLij The i− j element of network parameter
matrix ZLGL.

Y Modified system admittance matrix
after eliminating the tie buses.

Variables
ELeq Equivalent voltage of DEL.
EGeq Equivalent voltage of DEG.
ELGeq Equivalent voltage of CELG.
EThev,i TE voltage seen from load bus i.
ILi Current of load bus i.
IZLj Current generated by the constant

impedance load in load bus j.
IPLj Current generated by the constant

power load in load bus j.
IGj Current of generator bus j.
SLj Apparent power of load bus j.
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VLi Voltage of load-bus i.
VGj Voltage of generator bus j.
ZLeq Equivalent impedance of DEL.
ZGeq Equivalent impedance of DEG.
ZLGeq Equivalent impedance of CELG.
ZThev,i TE impedance seen from load bus i.
1ILi Injection current compensated at load

bus i.
IL,VL Current and voltage vectors of load buses.
VL,VG Current and voltage vectors of generator

buses.
1IL Injection current vector of load buses.
1IG Injection current vector of generator buses.
1VL Voltage variation vector of load buses.
Subscript
L, G Represent load bus and generator bus,

respectively.
‘‘i = 0’’ Load-bus i is open-circuited.
‘‘i = 1’’ Unit current is injected at load bus i.
Abbreviation
CELG Coupling effect of load buses and

generator buses.
CPF Continuation power flow.
DEG Direct effect from generator buses.
DEL Direct effect from load buses.
DVE Direct voltage effect.
DVEC Direct voltage effect component.
MBVSA Measurement-based voltage stability

assessment.
PMU Phasor measurement unit.
TE Thévenin equivalent.
VSA Voltage stability assessment.

I. INTRODUCTION
Due to technical, economic, environmental concerns, the
modern power system is operated at a high loading situation.
As a result, voltage stability is closely related to power system
security. With the increasing penetration of intermittent gen-
erations, additional reactive power compensation equipment
is gradually replacing the voltage support role of synchronous
generators [1]. Thus, the uncertainty and nonlinearity from
intermittent generations, grid, loads with distributed genera-
tions are increasing. The uncertain and nonlinear factors from
one bus will affect other buses’ voltage stability [2]. The cor-
relation of source-grid-load [3]–[5] is enhanced and will have
a greater impact on the voltage stability of power systems [6].
Therefore, the voltage stability assessment (VSA) of power
systems must consider the correlation of source-grid-load.

Traditionally, the VSA is performed with model-based
approaches, such as time-domain simulations or continuation
power flow (CPF) [7]. With the broad deployment of the
phasor measurement units (PMUs), the measurement-based
VSA (MBVSA) methods have attracted a lot of interest. One
major category of MBVSA methods uses a Thévenin equiv-
alent (TE) circuit to represent the entire power system seen
from an individual load-bus. The TE includes a voltage source

and an equivalent impedance, which can be estimated by local
measurements [8]–[10]. Once the TE circuit is estimated, the
voltage stability margin can also be evaluated according to
the impedance match concept.

Despite its elegance, the impedance match (or the TE
circuit) based MBVSA technique has some significant draw-
backs. As discussed in [11], [12], one of its problems is the
assumption that the TE parameters remain unchanged during
the consecutive measurement windows. Such a requirement
can hardly be satisfied during a voltage collapse process.
Large-scale renewable energy integration has also affected
its application under normal conditions. In addition to the
drifting and time-varying problems of the parameters, [12]
reveals that the technique also has some theoretical problems
when applied to multi-load systems. Power system loads are
nonlinear and dynamic. They cannot be simply represented as
TE parameters for impedance match analysis. Furthermore,
the technique cannot directly construct an analytical, quanti-
tative relationship between the control measures and the TE
parameters. Therefore, it is difficult to guide the optimization
of preventive control. Despite many attempts and consider-
able progress [13]–[16], an improved technique that would
entirely overcome all these problems has not been proposed.
An online TE parameter identification method based on the
wide-area measurements and the single state section has
recently been proposed [17]. LU factorization is utilized to
accelerate the calculation. Therefore, the method can quickly
identify the TE parameters for the large power system. The
technique can overcome the parameter drift problem based
on the utilization of the node-voltage equation. However,
the coupling effect from the nonlinearity and dynamics of
loads is not considered in the method, which will reduce the
accuracy and credibility of the VSA result.

A newmethod based on a coupled single-port circuit is pro-
posed to overcome these difficulties [12], [18]. This method
can overcome the parameter drift problem and indirectly
form a quantitative mapping between control measures and
the parameters, thus laying the foundation for subsequent
preventive control. In the coupled single-port circuit, all the
loads are brought outside of the equivalent system. There-
fore, the coupling effects among the loads can be dealt with
explicitly. The circuit can reveal the interactions of various
loads in a power system and how such interactions affect the
voltage stability margins of the individual load buses. Due
to its advantages, the coupled single-port circuit is widely
utilized in [19]–[22].

The coupled single-port circuit is obtained based on the
derivation of the node-voltage equation, so its theoretical cor-
rectness is guaranteed. However, the circuit contains an addi-
tional impedance representing the coupling effects among
the loads, which is different in form from the traditional
TE circuit. Therefore, it cannot be used directly for the
VSA. In order to maintain the formal consistency with the
TE circuit, based on the coupled single-port circuit, three
different approximate circuits are proposed and compared
in [12]. However, none of the three circuits correlates the
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voltage influence generated by the generator buses with the
equivalent impedance. That is, the equivalent impedance does
not contain information about the generator buses. In fact,
the power injection mode of the system, which can be deter-
mined by the generator buses’ state, will significantly impact
the TE impedance [2]. As a simple example, when two gen-
erator buses provide active power regulation for a load bus,
if the generator bus with a closer electrical distance to the
load is dominant, the TE impedance seen from the load bus is
relatively small, and vice versa. One of the three approximate
circuits seems to have achieved acceptable results [12], but
the effect of the power injection mode changes is not consid-
ered in its case studies. Unfortunately, as renewable energy
power generation gradually replaces traditional generators,
the power regulation mode or the participation factors of
the generators will change more frequently. Therefore, this
shortcoming of the coupled single-port circuit will greatly
adversely impact its practical application.

Inspired by the concept of the coupled single-port cir-
cuit, this paper presents a novel TE circuit with analytical
parameters. According to the node-voltage equation of the
system, the influence of source-grid-load on the voltage of an
individual load bus is divided into three parts. Then, they are
decomposed into two components, respectively associated
with the TE voltage and the TE impedance according to
the characteristics of the TE circuit. Based on the proposed
analytical TE circuit, a new online identification method
for the TE parameters based on wide-area measurements is
developed. Compared with the existing works, the novelties
of this paper are as follows.

(1) A novel TE circuit is presented. Compared to the
coupled single-port circuit, the proposed TE circuit has
the advantage that it maintains formal consistency with the
traditional TE circuit so that no further approximation is
required. Furthermore, quantifiable connections between the
TE parameters and the operation conditions of source-grid-
load are also more clearly defined. Therefore, the accuracy of
TE parameter identification and the VSA will be improved.
Further analysis for preventive control can also be performed
more efficiently.

(2) Based on the compensation method, a parameter iden-
tification method for the proposed TE circuit is presented.
This method can simultaneously consider the influence of the
changing characteristics of generations and loads on the TE
parameters. Therefore, it is theoretically more accurate than
the methods in [12] and [17] when the power injection mode
fluctuates.

(3) The method in this paper can consider the influence
of power generation on the TE parameters. Especially as
the penetration rate of renewable energy power generation
continues to increase, the method can be used to quanti-
tatively analyze the influence of renewable energy change
characteristics on the TE parameters.

The rest of the paper is organized as follows. In Section II,
the coupled single-port circuit is introduced, TE parame-
ters are analyzed, and a novel TE circuit considering the

correlation of source-grid-load is proposed. Based on the
compensation method, a parameter identification method for
the proposed TE circuit is presented in Section III. Section IV
discusses the related issues, including the factors affecting
TE parameters and voltage interaction between load buses.
Section V demonstrates and discusses the numerical results
of the IEEE 118-bus system. Finally, Section VI concludes
this paper.

II. PROPOSED THÉVENIN EQUIVALENT CIRCUIT
A. INTRODUCTION OF COUPLED SINGLE-PORT CIRCUIT
The buses in an interconnected grid can generally be classi-
fied into generator buses, load buses, and tie buses. Eliminat-
ing the tie buses, the node voltage equations can be expressed
as [12] [

−IL
IG

]
= [Y]

[
VL
VG

]
=

[
YLL YLG
YGL YGG

] [
VL
VG

]
(1)

According to (1), the voltage vectors of load buses can be
expressed as

VL = KVG − ZLLIL
ZLL = Y−1LL

K = −Y−1LLYLG (2)

From (2), for load-bus i, we can obtain

VLi =
∑m

j=1
KijVGj −

∑n

j=1
ZLLijILj (3)

The coupled single-port circuit corresponding to (3) is shown
in Fig. 1.

FIGURE 1. Coupled single-port system equivalent.

Compared to the traditional TE circuit, the difference is the
new term Ecouple−i which represents the impact of other loads
on bus i’s equivalent circuit. Using thismodel, a power system
can be broken down into a set of single-port circuits that have
the impact of other loads included explicitly. However, this
circuit is different in form from the traditional TE circuit.
It cannot be used directly for the VSA. Ecouple−i contains both
a portion of TE voltage and a portion of TE impedance, which
is difficult to separate quantitatively. Therefore, it has to be
approximated [12], [18], which leads to unavoidable errors.

B. ANALYSIS OF TE PARAMETERS
According to the TE circuit, the voltage of load-bus i can be
expressed as

VLi = EThev,i − ZThev,iILi (4)

Both (3) and (4) can represent the voltage of a load bus.
(3) contains more information about the system, so the cou-
pled single-port circuit can be more convenient and detailed
for further analysis than the TE circuit.
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However, (3) only contains part of the information in (1).
According to (1), the voltage vectors of generator buses can
be expressed as

VG= Y−1GGIG−Y
−1
GGYGLVL (5)

Substituting (5) into (2), the voltage vectors of load buses
can also be expressed as

VL = ZLGGIG−ZLGLIL
ZLGL = [YLL−YLGY−1GGYGL]−1

ZLGG = −ZLGLYLGY−1GG (6)

It should be noted that if the line-to-ground admittance is
ignored and there is no transformer in the system, ZLGL does
not exist. The reason is that a naturally established equation
appears under this condition. That is, the sum of all generation
currents is equal to the sum of all load currents. Therefore,
if the current is selected as the state expression, the number
of independent variables will be reduced by one, resulting in
[YLL−YLGY−1GGYGL] not full rank. Fortunately, as long as
there is a line-to-ground admittance or transformer branch,
this will not happen.

From (6), for load-bus i, we can obtain

VLi =
∑m

j=1
ZLGGijIGj −

∑n

j=1
ZLGLijILj (7)

Equations (3), (4), (7) depict the influence of the system’s
operation conditions on the voltage of load-bus i. Among
them, (3) and (7) contain more details of the system. There-
fore, they can be used to analyze the TE parameters in (4).

The four terms in (3) and (7) respectively represent differ-
ent parts of the system’s influence on VLi.
Both

∑m
j=1 KijVGj and

∑m
j=1 ZLGGijIGj reflect the influence

associated with generator buses. The currents of generator
buses are directly determined by the power injection mode
of the system. The voltage amplitudes of the generator buses
can be controlled to the reference values. However, according
to the power flow, the voltage phase angles of the generator
buses depend on the power injection mode, network, load of
power systems. Therefore,

∑m
j=1 ZLGGijIGj can represent the

direct influence from generator buses, and
∑m

j=1 KijVGj can
represent the total influence from generator buses.

Both −
∑n

j=1 ZLLijILj and −
∑n

j=1 ZLGLijILj reflect the
system’s influence associated with load currents. Com-
paring −

∑n
j=1 ZLLijILj and −

∑n
j=1 ZLGLijILj, one can see

that the coefficients are different. ZLL(Y−1LL) only con-
tains the network structure and parameters between load
buses, and ZLGL contains the network structure and line
parameters among the load and generator buses. There-
fore, −

∑n
j=1 ZLLijILj only reflects the direct influence from

load buses. −
∑n

j=1 ZLGLijILj contains the influence from
load buses and generator buses, which is directly related to
the load currents.

When the load currents change, the transmission of the reg-
ulating currents from generator buses to load buses may affect
VLi. This effect depends on the power injection mode, struc-
ture, parameters of networks, as well as load mode of power

systems, which is defined as the coupling effect of load buses
and generator buses (CELG) in this paper. CELG on load-bus
i can be reflected in

∑m
j=1 KijVGj and −

∑n
j=1 ZLLGijIGj, not

in −
∑n

j=1 ZLLijILj and
∑m

j=1 ZLGGijIGj.
Based on the above discussion of (3) and (7), this paper

divides the system’s influence on the voltage of an individual
load-bus into three parts:

1) The direct effect from load buses (DEL), which can be
represented by −

∑n
j=1 ZLLijILj in (3),

2) The direct effect from generator buses (DEG), which
mainly reflects the direct effect from the power injec-
tion mode of the generator buses, and it can be repre-
sented by

∑m
j=1 ZLGGijIGj in (7),

3) CELG, whose expression can be obtained by the sub-
traction of (3) and (7) as follow

m∑
j=1

KijVGj −
m∑
j=1

ZLGGijIGj = −
n∑
j=1

(ZLGLij − ZLLij)ILj (8)

where the left side of (8) represents the total influence from
generator buses minus the DEG, and the right side represents
the entire influence from load buses minus the DEL. Due to
the certain balance of generator currents and load currents,
both the left and right sides of (8) can represent the CELG.

Furthermore, the TE parameters can also reflect the sys-
tem’s influence on the voltage of an individual load-bus as
shown in (4). Therefore, TE parameters can also be divided
into three parts, which will be presented next.

C. DECOMPOSITION OF TE VOLTAGE AND TE IMPEDANCE
According to (4), the TE voltage’s impact on VLi does not
change with ILi. The TE impedance’s effect on VLi is shown
as the voltage drop on the TE impedance, which will change
with ILi. Based on the characteristics of the TE circuit, the
paper decomposes DEL, DEG, CELG into TE voltage and
TE impedance, respectively.

According to Thévenin’s theorem, the open-circuit voltage
is equal to the TE voltage. Based on (3) and (7), the open-
circuit voltage of load-bus i can be expressed as

VLi,i=0 =
∑m

j=1
KijVGj,i=0 −

∑n

j=1
ZLLijILj,i=0 (9)

VLi,i=0 =
∑m

j=1
ZLGGijIGj,i=0 −

∑n

j=1
ZLGLijILj,i=0 (10)

Both (9) and (10) can represent the TE voltage seen from
load bus i. According to (9), (10) and the analysis of the TE
parameters, the TE voltage can also be divided into three parts
as follows:

1) The equivalent voltage of DEL

ELeq,i = −
∑n

j=1
ZLLijILj,i=0 (11)

It represents the part of DEL that is not affected by ILi.
2) The equivalent voltage of DEG

EGeq,i =
∑m

j=1
ZLGGijIGj,i=0 (12)

It represents the part of DEG that is not affected by ILi.
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3) The equivalent voltage of CELG

ELGeq,i =
∑m

j=1
KijVGj,i=0 −

∑m

j=1
ZLGGijIGj,i=0

or = −
∑n

j=1
(ZLGLij − ZLLij)ILj,i=0 (13)

It represents the part of CELG that is not affected by ILi.
According to (9)-(13), the TE voltage seen from load bus i

can be expressed as

EThev,i = VLi,i=0 = ELeq,i + EGeq,i + ELGeq,i (14)

Substituting for VLi from (4) into (3) and (7), one has

EThev,i − ZThev,iILi =
∑m

j=1
KijVGj −

∑n

j=1
ZLLijILj

=

∑m

j=1
ZLGGijIGj −

∑n

j=1
ZLGLijILj

(15)

Substituting for EThev,i from (11)-(14) into (15), one has

ZThev,i =
1
ILi

(
∑m

j=1
Kij(VGj,i=0 − VGj)

−

∑n

j=1
ZLLij(ILj,i=0 − ILj)) (16)

ZThev,i =
1
ILi

(
∑m

j=1
ZLGGij(IGj,i=0 − IGj)

−

∑n

j=1
ZLGLij(ILj,i=0 − ILj)) (17)

According to (16), (17) and the analysis of the TE param-
eters, the TE impedance can also be divided into three parts
as follows:

1) The equivalent impedance of DEL

ZLeq,i =
1
ILi

∑n

j=1
ZLLij(ILj − ILj,i=0) (18)

It represents the part of DEL that changes with ILi.
2) The equivalent impedance of DEG

ZGeq,i =
−1
ILi

∑m

j=1
ZLGGij(IGj − IGj,i=0) (19)

It represents the part of DEG that changes with ILi.
3) The equivalent impedance of CELG

ZLGeq,i =
1
ILi

(
∑m

j=1
Kij(VGj,i=0 − VGj)

−

∑m

j=1
ZLGGij(IGj,i=0 − IGj))

or =
1
ILi

∑n

j=1
[(ZLGLij − ZLLij)(ILj − ILj,i=0)] (20)

It represents the part of CELG that changes with ILi.
According to (16)-(20), the TE impedance seen from load

bus i can be expressed as

ZThev,i = ZLeq,i + ZGeq,i + ZLGeq,i (21)

Based on the analytical expression of the TE voltage (14)
and TE impedance (21), this paper presents a novel TE circuit
with analytical parameters, as shown in Fig. 2.

Compared to the traditional TE circuit, the proposed TE
circuit form a quantitative mapping between the system’s

FIGURE 2. The proposed Thevenin equivalent circuit.

operation conditions and the TE parameters, thus laying the
foundation for subsequent analysis and preventive control.

Compared to the coupled single-port circuit, the proposed
TE circuit has the advantage that it maintains formal con-
sistency with the traditional TE circuit, so that no further
approximation is required.

III. IDENTIFICATION OF THÉVENIN EQUIVALENT
PARAMETERS
According to (11)–(13) and (18)–(20), the key to identifying
the parameters of the proposed TE circuit is to obtain the
currents of load buses and generator buses when the assessed
load bus is open-circuited.

Under the wide-area measurement condition, [17]
proposes a method that can quickly identify the TE
parameters of large power grids based on the compensa-
tion method. To avoid repetitive Gaussian elimination of
the high-dimensional linear system, lower upper factor-
ization and optimized substitution are used to accelerate
the open-circuit voltage solution process. Based on [17],
a method to identify the parameters of the proposed TE
circuit is presented. The main difference between the pro-
posed method and method [17] is that the method in this
paper identifies the parameters of the proposed TE cir-
cuit, while [17] identifies the parameters of the traditional
TE circuit. Meanwhile, the proposed method considers the
changing characteristics of load and generation, which are
not considered in [17].

Taking load bus i as an example, an injection current1ILi is
compensated at bus i, so that the injection current from system
to load bus i is zero, which is equivalent to open load bus i,
as shown in Fig. 3.

FIGURE 3. TE circuit seen from load bus i using compensation method.

The current and voltage of the bus can be obtained by
measurement. Therefore, the key for the identification is to
calculate the influence of 1ILi on the voltage and current of
each bus.
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The unit current is injected at load bus i, and the injection
current of other load buses is zero. In order to ensure the
balance of the system current, the generator buses adjust
the injection current according to the participation factor,
and the injection current vector of the load buses can be
denoted as 1I1L,i=1 = [0, · · · − 1, · · · 0]T . The injection
current vector of generator buses is denoted as 1IG,i=11 =

[F1, · · ·Fj, · · ·Fm]T , where Fj is the participation factor of
generator bus j, and

∑m
j=1 Fj = 1. By substituting the injec-

tion current vector into (1), the voltage variation vector of
load buses 1VL,i=11 caused by the injection current can be
calculated. Since the bus admittance matrix is invariant in
each bus’s parameter identification process, LU factorization
can be utilized to accelerate this calculation. For specific
details of LU factorization, please refer to [17].

Considering the load characteristics, the current of the
load bus will change with the voltage, and then the injection
current vector of load buses will become:

1IL,i=12 = −[
dIL1
dILi

, · · · ,
dILi−1
dILi

, 1, · · · ,
dILn
dILi

]T

= −[
dIL1
dVL1

·
dVL1
dILi

, · · · ,
dILi−1
dVLi−1

·
dVLi−1
dILi

,

1, · · · ,
dILn
dVLn

·
dVLn
dILi

]T (22)

where dILi−1/dILi represents the current change of load
bus i − 1 after the unit current is injected into load bus
i. dILi−1/dVLi−1 is determined by the load characteristics.
−dVLi−1/dILi can be represented by the i-1th element of
1VL,i=11

The load characteristics are determined by the load model-
ing. Due to the development of synchronized phasormeasure-
ment technologies, some load modeling methods based on
local measurement have been proposed [23], [24]. Depending
on the application scenarios, different static and dynamic
load models are used in those methods. The ZIP model can
be adopted in static voltage stability analysis as an exam-
ple [2], [24]. Then, when the voltage change of load bus j
is 1VLj,i=11 , its current change can be expressed as

1ILj,i=12 =
dILj
dVj
·1VLj,i=11 = (

dIZLj
dVj
+
dIPLj
dVj

) ·1VLj,i=11

= (
[kZjSLj]∗

V 2
Lj

−

[
kPjSLj
V 2
Lj

]∗
) ·1VLj,i=11 (23)

Substituting for dILj/dVLj from (23) into (22), the updated
injection current vector 1VL,i=12 considering power injec-
tion mode and the load characteristics can be formulated.
In order to ensure current balance, the current vector of
generator buses should be updated to 1IG,i=12 = 1IG,i=11 ·∑n

j=1 1ILj,i=12 . The update process can continue until the
accuracy requirement is reached. In the simulations of this
paper, the number of iteration k is taken as 4.
After k updates, 1IL,i=1k , 1IG,i=1k and 1VL,i=1k are the

final results. According to the equivalent circuit shown in

Fig. 3, one can get

VLi,i=0 = 1ILiZLi (24)

Based on the superposition principle and the compensa-
tion method, the open-circuit voltage of load bus i can be
expressed as

VLi,i=0 = VLi +1VLi = VLi +1ILi ·1VLi,i=1k (25)

Combining (24) and (25), one has

1ILi =
VLi

ZLi −1VLi,i=1k
(26)

When load bus i is open-circuited, the current vectors of
load buses and generator buses are

IL,i=0 = IL+1ILi ·1IL,i=1k (27)

IG,i=0 = IG+1ILi ·1IG,i=1k (28)

where, IL and IG are measurement current vectors of load
buses and generator buses, respectively.

Then, according to (11)–(14) and (18)–(21), TE voltage,
TE impedance, and their three components can be calculated.
The flowchart of the proposed method is shown in Fig. 4.

FIGURE 4. Flowchart of the method to identify the parameters of the
proposed TE circuit.

IV. DISCUSSION AND ANALYSIS OF RELEVANT ISSUES
A. THE FACTORS AFFECTING TE PARAMETERS
TE voltage and TE impedance are respectively divided into
three parts in the proposed TE circuit, as shown in Fig. 2. They
aremainly affected by three factors: voltage support structure,
power injection mode, and load characteristics.

The voltage support structure of power systems is deter-
mined by the structure and parameters of the network and
buses’ attributes (generator buses or load buses). It deter-
mines the relevant network parameter matrixes in (11)–(13)
and (18)–(20). For example, a generator bus will become a
load bus if its power capacity limit is reached.
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Power injectionmode of power system determines currents
of generator buses and their regulations, which mainly influ-
ence the equivalent voltage and impedance of DEG, as well
as the equivalent voltage and impedance of CELG according
to (12), (13), (19), (20).

Load characteristics are critical to the accuracy of voltage
stability analysis [2]. They will influence the changes in load
currents when the bus under study is open-circuited. There-
fore, they can affect the equivalent voltage and impedance
of DEL, as well as the equivalent voltage and impedance of
CELG according to (11), (13), (18), (20). For example, if the
currents of all load buses are constant, then ILj = ILj,i=0
(i 6= j), the equivalent impedances of DEL and CELG from
other load buses will be zero according to (18) and (20). That
means other loads will not affect the TE impedance of an
individual bus if the currents of load buses are all constant.

B. VOLTAGE INFLUENCE BETWEEN LOAD BUSES
DEL embodies the direct voltage effect (DVE) between load
buses. CELG reflects the voltage variations caused by the
transfer of the regulated power and current from generator
buses to load buses. Next, their specific performances are ana-
lyzed through a 5-bus system, as shown in Fig. 5. Bus 1 and
bus 5 are generator buses, bus 2, bus 3, bus 4 are load buses.
Z12 and Z23 are the impedances of line 1-2 and line 2-3,
respectively.

FIGURE 5. 5-bus system.

If the voltage of bus 2 changes 1V2, the load current at
bus 3 is required to be constant, and the transmission current
on line 2-3 is I2,3 = (V2 − V3)/Z23. Its full differential
expression is dİ2,3 = z−123

(
dV̇2 − dV̇3

)
. To keep the current

transmitted to bus 3 unchanged, which means dI2,3 = 0,
the voltage variation at bus 3 1V3 must be equal to 1V2.

If the voltage at bus 3 changes 1V3, the load current at
bus 2 is required to be constant, the variation of transmission
current on line 2-3 is 1İ2,3 = z−123

(
1V̇2 −1V̇3

)
, the vari-

ation current of line 1-2 is 1İ1,2 = −z
−1
12 1V̇2. To keep the

current of bus 2 unchanged, 1I1,2 = 1I2,3 must be satisfied,
thus 1V2 = 1V3Z12Z23/(Z12 + Z23).
The performance of DVE among the load buses of power

systems is similar to the interaction of particle positions in
a vertical suspension elastic system. When the position of
a particle (analog voltage) is shifted, all non-fixed particles
connected to that particle will be shifted despite their constant
weight (analog load power or current).

The influence of DVE between buses can be transmitted
continuously through the lines, but the voltage amplitudes of
generator buses (PV buses) are controlled as reference values.
Therefore, if all the connecting paths between two load buses
need to pass through generator buses, there will be no DVE
between them. In this paper, a connected network, whose
load buses all have DVE between each other, is called a DVE
component (DVEC) of the power system.

Different DVECs are isolated by generator buses.
By removing all generator buses from the grid and analyzing
the remaining grid connectivity through a search algorithm,
the grid can be decomposed by DVECs.

For the 5-bus system shown in Fig. 5, bus 1 divides the
system into 2 DVECs. There is no DEC between bus 4 and
bus 2, bus 4 and bus 3.

There is no DVE between load buses in different DVECs,
but this does not limit the voltage effect caused by the transfer
of the regulated power and current.

For the system of Fig. 5, if the generators of bus 1 and bus 5
are both involved in active power regulation, then when the
demand of bus 2 changes, the voltage of bus 4 will be affected
by the transmission of the regulated power from bus 5. But in
turn, the change in the demand of bus 4 does not affect the
voltage of bus 2.

In summary, DVE causes the voltage variations to diffuse
among the load buses of a DVEC fully. CELG causes the
voltage variations to spread among different DVECs.

V. CASE STUDY
A. ACCURACY VERIFICATION
The accuracy of the proposed method is tested on the IEEE
118-bus system. The system parameters can be found in [25].
The power flow result under the test system data given by
MATPOWER [26] is used as the initial state section.

Firstly, three pairs of TE parameters of bus 84 are calcu-
lated according to the proposed method, method [17], and
method [12], respectively. According to the calculated TE
parameters, 3 different two-bus equivalent systems can be
obtained.

Then, increase the load of bus 84 by 2% of the initial load,
and keep the load of other buses unchanged. Substituting the
increased load of bus 84 into the two-bus equivalent sys-
tems to perform power flow calculation, and take the voltage
amplitudes at bus 84 as the calculated values. The power
flow calculation is performed on the 118-bus system, and the
voltage amplitude of bus 84 is obtained as the baseline value.
According to the new state section of the 118-bus system,
the three pairs of TE parameters are updated according to the
proposed method, method [17], and method [12].

Then, continue to add 2% of the original load to bus 84, and
repeat the above steps 100 times. That is, the CPF calculation
is performed using the 118-bus system and the 3 two-bus
equivalent systems, respectively. The difference is that the
system parameters of the 118-bus system remain unchanged,
while the two-bus equivalent systems need to update the TE
parameters for each calculation step.
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CPF is widely used in VSA due to its simple and clear
principles. The disadvantage is the heavy computational bur-
den. The more accurate the TE parameters, the CPF curves
obtained by the simulation of the two-bus equivalent systems
should be closer to the CPF curve obtained by the 118-bus
system. The comparison results are shown in Fig. 6.

FIGURE 6. Comparison results of CPF curves at bus 84.

Fig. 6 shows that the accuracy of the TE parameters
calculated by the proposed method is higher than those of
method [17] and method [12]. Compared with the base-
line values of CPF curve, the average error of the pro-
posed method is 0.184%, and the maximum error is 0.351%.
The average errors of method [17] and method [12] are
0.861% and 1.293%, and the maximum errors are 2.838%
and 3.199%, respectively.

The simulation is computed using MATLAB running
on a computer with 16G RAM and Intel i5-9300H CPU.
The average calculation times for the proposed method,
method [17], and method [12] are 153 ms, 121 ms, and
470 ms, respectively. LU factorization in [17] is introduced
into the method. Although the proposed method has more
steps, the most time-consuming LU factorization only needs
to be performed once. In principle, the proposed method is
only slightly slower than the method in [17], and the speed of
the method [17] is its advantage.

B. EFFECTIVENESS VERIFICATION
Compared to the traditional TE circuit, the parameters of
the proposed TE circuit have three components and contain
more system information from the node-voltage equation.
Therefore, it can be used for more detailed analysis.

IEEE 118-bus system is taken as the test system. 54 gener-
ator buses divide the 118-bus system into 26 DVECs, among
which 13 DVECs only have one load bus. Fig. 7 shows the

FIGURE 7. Two DVECs of IEEE 118-bus system.

largest DVEC and a DVEC with a single load bus in the
118-bus system. Increase the power of all loads in Fig. 7 with
a constant power factor until the system reaches static volt-
age instability. The impedance modulus margin index of bus
84 first reaches 1, so bus 84 is the key bus to the voltage
stability of the system.

In order to clearly reflect the variation pattern of the TE
parameters of bus 84with increasing loads, the TE parameters
obtained by the proposed method, and their three compo-
nents, are represented by polar plots.

TE voltage and TE impedance of bus 84 as loads increase
are shown in Fig. 8. Fig. 9 shows equivalent voltages and
impedances of DEL, DEG, CELG at bus 84 as the loads
increase. The blue vector clusters represent the corresponding
equivalent voltage and impedance vectors as the loads grad-
ually increase, and the broken lines represent the direction of
change.

FIGURE 8. TE Voltage and TE impedance of bus-84 as loads increase.

Fig. 8 shows that as loads increase, the TE voltage’s
phase angle gradually decreases, the amplitude changes little,
and the amplitude of TE impedance increases significantly.
It can be seen from Fig. 9 that the equivalent voltage of
DEG has the largest amplitude, followed by the equivalent
voltage of CELG, while the equivalent voltage of DEL is
relatively small. The equivalent voltage of CELGweakens the
equivalent voltage of DEG in the vertical direction (±90◦),
and the weakening component increases with the increase of
loads. The equivalent voltage of DEL weakens the equivalent
voltage of DEG in the horizontal direction (±0◦), and the
weakening component also increases with the increase of
loads.

Among the equivalent impedances, the amplitude of DEG
is also the largest, followed by CELG, and DEL is the small-
est. If a load bus is closer to the generator buses that provide
regulated power, then when the load changes, the transmis-
sion of regulated power will have less effect on its volt-
age. This means that the TE impedance is relatively small.
Otherwise, the TE will be relatively large. Therefore, the gen-
erator buses will have a more significant impact on the TE
impedance.

In order to analyze the effect of other load buses on the
voltage of bus 84, Fig. 10 and Fig. 11 show the influence of
bus 86 and bus 96 on the TE parameters at bus 84 as loads
increase.

VOLUME 9, 2021 31283



P. Ye et al.: Novel Thévenin Equivalent Model Considering the Correlation of Source-Grid-Load in Power Systems

FIGURE 9. Equivalent voltages and impedances of DEL, DEG and CELG at
bus 84 as loads increase.

FIGURE 10. Equivalent voltage and impedance of DEL from bus 86 on
bus 84.

The equivalent voltage and impedance of DEL from bus
86 on bus 84 are shown in Fig. 10. Bus 86 and bus 84 are
located in different DVECs, and there is no DVE between the
two load buses. Therefore, bus 86 does not generate equiva-
lent voltage and impedance at bus 84. However, the regulated
power transmission of bus 86 will affect the voltage of the
load bus in DVEC-1 so that it will produce equivalent voltage
and impedance of CELG at bus 84. Compared to Fig. 10 with
Fig. 7, one can be seen that as loads increase, bus 86 will gen-
erally reduce the TE voltage and increase the TE impedance at
bus 84. Both will facilitate the maximum power transfer from
the system to bus 84 and reduce its voltage stability margin.

The equivalent voltage and impedance of DEL and CELG
from bus 96 on bus 84 are shown in Fig. 11. Bus 96 and bus
84 are located in the same DVEC, so bus 96 will generate

FIGURE 11. Equivalent voltage and impedance of DEL and CELG from bus
96 on bus 84.

equivalent voltages and impedances of DEL and CELG at
bus 84. Comparing Fig. 11 with Fig. 7, it can be seen
that, as loads increase, the equivalent voltage and impedance
generated by bus 96 generally decrease the TE voltage and
increase the TE impedance at bus 84. Therefore, the maxi-
mum power transfer to bus 84 and its voltage stability margin
will be reduced.

When a bus reaches the maximum power point, some
researchers believe that the system as a whole will also reach
the maximum power transfer point, that is, all load buses can
no longer increase the load. In fact, this conclusion is not
consistently correct.

In this example, both bus 96 and bus 86 will produce
equivalent voltage and impedance at bus 84. According to
the previous simulation conclusion, when bus 84 reaches the
maximum power point, if bus 96 or bus 86 increases the
load, it will reduce the maximum transfer power to bus 84,
so bus 96 and bus 86 cannot really increase the load. However,
bus 86 is at DVEC-2, and there is no DVE between it and
DVEC-1. At the same time, the load buses in DVEC-1 also
have no CELG with bus 86. Therefore, when bus 86 reaches
the maximum power point, the load buses in DVEC-1 can still
increase the loads, which does not affect the TE parameters
at bus 86.

C. INFLUENCE OF INTERMITTENT DISTRIBUTED
GENERATION
Compared with the existing TE circuit, the biggest advantage
of the proposed method is that it can explicitly reflect the
influence of power generation changes on TE parameters and
voltage stability. When the penetration ratio of intermittent
power generation continues to increase, the advantages of this
method will become more obvious. To analyze the influence
of intermittent distributed generation on TE parameters, two
wind farms with unit constant power factor control and rated
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FIGURE 12. The TE impedance at bus 84 and the equivalent impedance of
CEGL produced by bus 86 on bus 84 as loads increase.

capacity of 45 MW are connected to bus 86 and bus 96 of
the IEEE 118-bus system. Let their output power at the initial
point be 25 MW and 32 MW, respectively.

Increase all loads with a constant power factor until the
system reaches static voltage instability. Unlike traditional
sources, the output of wind power is highly uncertain and
cannot be controlled entirely. To analyze the influence of
wind power changes on TE parameters, let (W86, W96) be
the output variations of the two wind farms when the load
power increases by 10%, and take 3 pairs of values (0.75,
1) MW, (−0.75,−1) MW, (−2.5,−4) MW.

Fig. 12 shows the TE impedance at bus 84 and the equiva-
lent impedance of CEGL produced by bus 86 on bus 84 as the
load increase. It can be seen from Fig. 12-(a) that if the wind
power output increases with the loads, the amplitude of TE
impedance at bus 84 increases slowly, which is represented
by vector cluster I. However, when the wind power output
decreases with the increase of loads, the amplitude increases
with the increase of the wind power change rate, as shown by
vector the clusters II and III.

It can be seen from (b), (c), (d) of Fig. 12 that after bus 86 is
connected to wind power, the equivalent impedance of CEGL
produced by bus 86 on bus 84 reduces the TE impedance
amplitude at bus 84, which is beneficial to the static voltage
stability of bus 84. If the wind power increases as the load
increase, bus 86 can further help reduce the TE impedance
amplitude at bus 84, as shown in Fig. 12-(b). If the wind
power decreases as loads increase, the positive effect of bus
86 on the voltage stability of bus 84 continues to weaken,
as shown in Figure 12-(c). When the wind power decreases
faster, the positive effect of bus 86 on the voltage stability
of bus 84 also weakens more quickly. When wind power is

less than the load of bus 86, the equivalent impedance of
CELG produced by bus 86 on bus 84 will increase the TE
impedance amplitude at bus 84, which will reduce its static
voltage stability, as shown in Figure 12-(d).

Based on the above analysis, it can be concluded that dif-
ferent power variations of intermittent distributed generations
will have significantly different effects on the TE parameters.

VI. CONCLUSION
The voltage stability of power systems will change with
the operating conditions of power generation, grid and load.
Therefore, when power generation, grid, or load changes
during operation, if the identified Thévenin equivalent (TE)
parameters do not change accordingly, errors will occur in the
voltage stability assessment (VSA) based on the TE circuit.
However, the existing TE circuit cannot explicitly reflect the
influence of power generation on TE parameters. This paper
proposes a novel TE circuit considering the impact of source-
grid-load on voltage stability. The quantifiable connections
between the TE parameters and the conditions of source-grid-
load are explicitly defined. Under the wide-areameasurement
condition, the proposed TE circuit can quickly and explicitly
reflect changes in power generation, grid, and load. As the
penetration ratio of renewable energy generation continues to
increase, the frequency and magnitude of power generation
changes will continue to increase, and the advantages of the
proposed method will become more and more prominent.

The numerical results on the IEEE 118-bus system show
that the variation of intermittent power generation will have a
significant impact on the TE parameters. Therefore, the influ-
ence of power generation uncertainty on voltage stability
should be considered in the VSA based on the TE circuit.
Our future work will incorporate the uncertainty of non-
distributable renewable energy into the proposed TE analyti-
cal circuit, and identify the voltage stability problems caused
by the uncertainty based on the proposed method.
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