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Abstract: In this paper, a novel method is presented that can accurately estimate the
Thevenin equivalent circuit parameters of an external power system by RTUs. The
presented method is based on the simultaneous measurements of the desired points in the
boundary system, which includes the bus voltage amplitude, the current amplitude of the
boundary transmission lines, as well as active and reactive power, and is continuously
active until the Thevenin equivalent circuit model would be available online. The
practical application of the proposed method is related to online monitoring and control
of wide-area power systems as well as their development design. Also, the innovation of
the method is the accurate estimation of the Thevenin equivalent circuit model from part
of the power network where information is not available. In the proposed method, an
additional measurement and the least squares method are used to eliminate measurement
errors in order to accurately estimate the parameters of the equivalent circuit model. In
order to avoid providing the wrong equivalent circuit model due to external system
changes, a method is presented that can track the correct system changes to continuously
monitor the disturbances. The proposed method performance has been implemented and

validated by DigSILENT software.
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1 Introduction

HE ever increasing development of power grid and

industrial electronic devices has turned power
systems into extensive systems that are wide area and
complex in terms of dimensions and performance. With
the increase in power consumption, these vast systems
are forced to exchange power between each other and
further develop, which will require online or offline
analysis of the systems and will have a large
computational burden. Therefore, in the design of
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network expansion, their online monitoring and control,
the Thevenin equivalent circuit of the power network is
needed due to the connection of several systems with
many connection points.

For reasons such as the lack of parameters
measurement facilities, the only existing power system
connected to several other systems is often considered in
calculations. Equalization techniques can make
computations possible due to the system size reduction.
The accuracy of equalization in the external network
connected to the main network determines the degree of
superiority in different methods. Some cases, such as the
unavailability of error-free information in measuring
devices, ignoring a part of the network that determines
important parameters such as the voltage level, and
changes that occur from the external network side, cause
large errors in equalization calculations. According to
the mentioned cases, the accuracy of the results is
different with the practical limitations of the methods [1-
3].
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Thevenin equivalent circuit has various applications
for a part of the power system that is not available or the
focus of calculations and control is not on it. The use of
Thevenin equivalent network is quite common in the
online investigation of various types of line faults,
generator faults and transient state stability investigation
of the developed power system [4].

The equivalent circuit model can be wused in
applications that monitor the power grid online, such as
state estimation, system analysis, and determining the
location of disturbances in the power grid [5].

The presented method in [6] suggests the use of the
equivalent circuit model for a part of the power network
in order to the validation and calibration of the
production unit model, which is implemented using
synchro phasor measurements. Also, other applications
of external network modelling can be mentioned in
voltage stability analysis [7].

Studying the range of voltage stability in the power
network for operation is an important issue that, if not
correctly diagnosed, will cause errors in the calculation
of the transmission lines load factor and may eventually
cause voltage instability, blackouts and other
disturbances in the power system. The use of accurate
and fast calculations will increase the stability of the
voltage in the power system. In [8], a method based on
using the Thevenin equivalent circuit of the power
system is presented to determine the power transmission
with the condition of keeping the voltage level constant,
which uses the PMU measurement unit as well as the
load model simultaneously. The basis of the method is
based on checking the collapse point in the characteristic
curves of the reactive power on the receiver side and the
reactive power on the bus side, which has the lowest
voltage level, which leads to the determination of the
equivalent model, but the percentage of error in the
presented method is very high.

Existing methods to determine the equivalent circuit
model of the external system use readymade models that
require measurement data from the power system and
are impractical if the data is not available. In [9], the
behavior of the power system assays in the normal state
and at the moment of fault which is one of the
applications of using modeling that considers the power
system radially. In a more recent method for
approximate analysis of developed power systems, the
Thevenin equivalent circuit model is used, whose
parameters are determined through discrete Fourier
transform calculations based on local phasor
measurements (PMU) in the entire power network [10].
The Thevenin's equivalent estimation model is used to
investigate all types of power flow studies. Because the
proposed method in [11] is based on measurement
(PMU), it uses a comparative method to reduce the

effects of measurement noise so that it can use the most
complete data for use in the method. The use of full
phasor in calculations, the time-consuming algorithm
and also the inability to estimate the modeling
component are among the defects of that method.

With the advancement of power system parameters
measurement technology, data collection and sending
them for use in SCADA has made significant progress.
Model-based methods and data measurements can be
used to determine the parameters of the Thevenin
equivalent circuit. Due to the extent and complexity of
the power system, the possibility of a part of the network
being unavailable for various reasons has increased,
which has led to the division of each independent power
system. Therefore, the division of the power system is of
particular importance to obtain network parameters,
network development and control.

According to [12], the independent power system is
generally divided into three parts: a) the internal system
which is visible and its parameters can be measured (the
focus of calculations and analysis is on the internal
system), b) the boundary system which includes all the
boundary buses between two internal and external
systems. These buses are visible by SCADA and
measuring equipment can be installed in this area. c) the
external system whose buses or their parameter data are
not available for any reason, which is replaced in the
analysis of the system with the Thevenin equivalent
circuit and there are no other measurement data.
Reference [13] has introduced a computationally
intensive method to determine the equivalent circuit of
the power grid, which is used to evaluate the security
reliability of the system. One of the main problems of
this method is the use of a ready-made model, which
must always be changed and will cause standard
deviation. The need to measure in the external network
is another weakness. In [14], a methodology has been
presented to obtain system equivalent of external
systems for on-line security evaluation. Drawback of this
method is in model selection of the internal variable and
approximate system in the calculations, which leads to
the equivalent circuit of the external network with errors.

PMUs measuring equipment have recently attracted
the attention of researchers for measuring and
exchanging data in different parts of the wide power
system, and the use of these measuring devices is
increasing. In [15], a practical method for dynamic
control of the system and damping control of electro-
mechanical oscillations of complex power systems is
presented, which can be implemented by replacing the
Thevenin equivalent circuit model or reducing different
parts of the power network with real mode that can be
used from models based on measurement. One of the
fastest methods of calculating power system state
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estimation based on large number of measured data and
power network modeling is the least squares method,
which is generalized in [16].

In the applied methods presented in [17-19] for
network condition estimation and modeling for
monitoring and control of the developed power system,
PMU and RTU measurements are used as a combination
devices connected to SCADA, which is continuously is
gathering information. Methods for power system state
estimation have been introduced, which are used to
formulate the method of nonlinear measurement
functions with PMU simultaneously, which has a
fundamental application in the field of power system
analysis [20-22]. The problem of these estimation
methods is that they need to data phasor.

In another practical experiment, a method has been
accurately proposed to evaluate the voltage stability of
power systems with presence of wind power, which
could reduce the error of network voltage stability
monitoring by increasing the influence of wind power.
The basis of the work of that method is the Thevenin
equivalent circuit analysis for power systems that have a
wind power source and existing resources. Finally, it
provides the user with the correct stability criterion
according to the impedance analysis of the Thevenin
equivalent circuit with the change of wind force [23]. In
[24], a methodology based on the parameters of the
Thevenin network equivalent model have been used in
order to accurately evaluate the voltage stability of
effective buses in the power system, and the sensitivity
equations have been generalized wusing PMU
measurements. The voltage and reactance parameters of
the Thevenin network, which is finally modeled using
the comparative algorithm by spending a lot of time and
using modern devices in the condition of discontinuous
loading of the network, which compared to other
methods is more complexity and the cost is inefficient.
The presented method in [25] tracks the changes of the
system and by generalizing the equations, it was able to
reduce the cost function and obtain the final formula of
the Thevenin equivalent modeling of the power system
using an expensive measurement system with a high
error value.

A method is proposed in this paper that is based on
simultaneous and continuous measurement to find the
Thevenin equivalent of the external system and can
solve the modeling problems of the studied external
network. The presented algorithm does not need to have
external system data and will be responsible for finding
the Thevenin equivalent circuit parameters in all modes
and the accuracy of its results has increased compared to
other methods. The Thevenin equivalent circuit of the
external network is determined using the least squares
method for multiple measurements collected from the

boundary buses.  Also, a method is proposed to check
the changes of the external system from the
measurement data collected at the boundary nodes to
verify that the external system does not change during
detection. Meanwhile, the calculation volume of the
proposed method has been significantly reduced
compared to other methods, which makes it suitable for
continuous work and creating a real-time Thevenin
equivalent circuit model of the external system.

The external network cannot be reached due to the
remoteness or inaccessibility of the physical part of the
power system, or the connection with the measuring
devices of that part is disconnected due to atmospheric
or telecommunication disturbances. Therefore, in such
conditions, the proposed algorithm provides a new
accurate methodology for online modeling of the
external network with the lowest amount of error, which
increases the reliability of command and control of the
comprehensive power system in any situation. The
application cases of the presented method are: power
system development, communicating to two or more
adjacent power networks, power system islanding,
power system startup blocked out by the adjacent
system, or modeling before any switching in the subset,
checking the voltage stability. It is obvious that the
transient state is electrically much faster than the
dynamic state, which brings the time required for the
entire transient electrical state to a few hundredths of a
second to reach the permanent state. Therefore,
considering that the presented method has the ability to
set the time of receiving continuous measurements
through dispatching centers, and if it has the ability to
continuously measure and send parameters every
second, the algorithm is able to calculate and provide
Thevenin's equivalent.

The functional and economic advantage of the
presented method compared to the previous experiences
is that the method proposed in this article, unlike other
methods, does not have data collected by equipment
such as PMUs. They are very expensive communication-
measuring tools that are usually accessible at a high cost
in developing countries due to the backwardness of
technology. The basis of the proposed method in this
paper is based on the data received from the simple and
conventional tools as RTUs, which are installed in all
substations. Therefore, the implementation of this
method requires a lower cost compared to other methods
due to the use of simpler peripheral hardware and greater
accessibility.

2  The Proposed Method Description

In this section, the proposed method is presented for
accurate estimation of Thevenin equivalent circuit of the
external system. Fig. 1 shows the desired equivalent
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circuit model which can be multi-ports. Also, the
unknown parameters of the equivalent circuit are
estimated by calculating the formulas derived from the
proposed method. In this part, a plan for measuring
power network data is presented, which, together with
the principles of circuit theory, will lead to the extraction
of the formulas of the proposed method.

Boundary buses

_;/b usy ‘ﬁ'i : AN @

f / \ | Thevenin

bus, |/ |

Internal
System

equvalent

bus , circuit @

Boundary system

Fig. 1 Multi-port Thevenin equivalent of the external system

2.1 Presentation of Thevenin equivalent circuit model
The external network is replaced by a multi-port

Thevenin equivalent circuit in the proposed method,
which is introduced by Eq. (1) [26].

[Vbus—N] :[Z][ILim—N]+[E] (1)

Where Vys_n and Ipjpe—n are the boundary phase
voltage and current, respectively. Also, Z and E are
Thevenin impedances and equivalent voltage sources,
respectively.

2.2 The proposed method for measuring data

In the presented method, the measurement of the
required data is done in boundary buses as shown in Fig.
2. The data includes the amplitude of voltage and current
as well as the transmitted complex power, which is
continuously measured and sent to SCADA for
processing according to the proposed method.

Location of measuring equipment

R
Internal / Vo */ 132 \ Z11 Lz Iyg
System » Zyy 2y I3
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Algorithm of the .
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\

Fig. 2 Data measurement scheme

Eq. (2) fully shows the parts of the matrix of
unknowns presented in Fig. 2.

Vl le Z]2 Z]} I]l El
V2 = ZZ] ZZZ 223 |22 + EZ (2)
Vv zZ, Z, Z I E

31 32 33 33 3

Due to the multi-port connection of the Thevenin
equivalent circuit, simultaneous measurements of the
voltage and current amplitudes are required to accurately
estimate the unknown parameters of the equivalent
circuit. Based on the proposed method, the
measurements are performed using RTU that can
measure the amplitude of voltage and current as well as
the mixed power transmitted to the external system in
the boundary buses. Contrary to previous experiences in
the proposed method, there is no need to have the phasor
of the data, which proves the superiority of the method.

SCADA system is widely used to model, control and
monitor the power system network, and their operation
is intelligent and continuous. SCADA is a processor that
needs data sent from the measurement equipment
connected to it. One of these inputs is RTU. Remote
terminal units are used to collect the data and then
transfer it to the SCADA center. The boundary system is
of particular importance due to the presence of boundary
buses and measurement equipment. In the presented
method, it uses only the equipment data that are in the
boundary area. The boundary bus on the internal system
side is connected to at least one other bus by a line,

which is called an auxiliary bus.

2.3 Calculation of Boundary Bus Phasor Data

Bus voltage amplitude, line current amplitude, active
and reactive power transmitted between nodes are
collected by RTUs according to the presented method.
But to calculate the parameters of the Thevenin
equivalent circuit using linear equations, the phasor of
the measured parameters is needed.

Therefore, according to the middle line model, as
shown in Fig. 3 for all connection lines between the
boundary bus and the auxiliary bus, voltage equations
are given to calculate the boundary bus voltage phasor
for the selected model.

Is I 2
Source

I
VWAA—TTT :
Ag i l | Sink
bus bus
(S) T ¥/2 YizT (R)

Fig. 3 The midline line model

Considering that the direction of power transfer and
current injection is not always constant, the equations
are written in two ways, which can be detected by the
auxiliary bus in the internal system. In the first model,
the boundary bus is the source of the current and the
auxiliary bus is the sink of the current, and in the second
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model, the boundary bus is the sink of the current, which
are shown in Eq. (3) - Eq. (10). If the boundary bus is
the source of the current:

V, =V, +2Z,1, 3)
|Z = |R +(ﬁ) “4)
V, =V, +Z,1, +YL;’R) )
v, :vR(H%HleR ©)

If the boundary bus is the sink of the current:
V=V, -2Z1, (7)

Y,V
Izzls_(%) (3)
Y,V
VR :VS_ZL(IS_ > S) )
VR:VS(lJrZL;(L)—ZLIS (10)

WhereZ;, .Y, . Vs . Vg .Ig.Igand Iy are line series
impedance, parallel line admittance, source bus voltage
phasor, sink bus voltage phasor, injection current, output
current and passing current from middle line model
respectively. This basic data is available in the internal
system. To use this method, the correct current direction
must be considered to select the correct equation. The
internal system has known parameters that are measured
by measuring equipment such as RTUs or PMUs.

According to the obtained Eq. (3) - Eq. (10) and
having auxiliary bus parameters inside the internal
system, the boundary bus voltage phasor is obtained. To
coordinate the angles of all boundary buses and auxiliary
buses, a node in the internal system is considered as a
slack bus.

As shown in Fig. 4, there is an angular difference
between the bus voltage phasor (S) with the line current
phasor (S-R).

Ps

=VS
BRS

Ips
ES]ack
Qrs

Fig. 4 Phase angle reference

According to the loose bus in the internal system, if the
P and Q transmitted to the bus (S) are measured by the
RTUs, the angle Igs with respect to the bus (S) can be
calculated without any other measurements. It is worth
noting that the injection current angle of the line (R-S) is

relative to the bus (S). Eq. (11) has also been derived for
the general state [27].

Qs

RS

0. =tan (-

RS ) (11)
Where Pgg and Qgg are active and reactive power
measurable that are transferred through the line (S-R)
from bus (S) to bus (R) respectively. The values
obtained due to the use of data from measuring devices
are always associated with some error, which is shown
in Eq. (12) and Eq. (13). Therefore, it can be used to
obtain the phasor of the boundary bus voltage and the
passing current angle from the accurate boundary bus of
the additional measuring level to reduce the error in the
actual measured values caused by the noise effects of the
equipment. Each time the procedure presented using the
least squares method provides more accurate final
values, which are presented in the following sections.

_ i(0+e;)
Ve =(vz +e,)e (12)

1 7st +€qRs

jt
19 Prs +€qrs (13)

IRS = (iRS + €igs )e

Where VR, Isr » VR » isgr ,
€yg -Cigy -0 - €5, €pg and eq . are measured auxiliary
bus voltage phasor, The phasor of the current transferred
from the boundary bus with error values, the real
auxiliary bus voltage amplitude, the real current
amplitude transferred to the boundary bus, the voltage
amplitude measurement error value, the current
amplitude transferred to the boundary bus error value,
the auxiliary bus voltage angle to bus slack, the bus
voltage angle error value, the active power measurement
error value and reactive power measurement error value
which is transferred from bus (R) to bus (S) via (R-S)
line, respectively.

2.4 Calculation of the Thevenin equivalent circuit
unknown parameters

The impedance matrix [Z] and the voltage source
vector [E] are the matrices of the unknown parameters of
the equivalent circuit model according to the proposed
method. For example, the extended power system with
three boundary buses shown in Fig. 5, [Z] is a 3 by 3
matrix with 18 unknowns which includes the real and
imaginary part of 9 elements. [E] has 6 unknowns which
includes real and imaginary parts of 3 elements.

Each time, a measurement is taken from a set of
boundary buses, an independent data set is considered as
a data-point. Based on Eq. (1), each data-point
generalizes 6 equations. To find 24 unknowns, at least
24 equations with 4 data-points are required. The
number of data points required is shown in Eq. (14).
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Fig. 5 Equivalent circuit model with three boundary buses

Nrequired data point =Nuwrdarybtm +1 (14)
and N

are the data-points

required data point boundary buses

and number of boundary buses, respectively. The first
step is related to the measurement of the required data,
in which the number of measurement times should be
proportional to the number of boundary buses. Then, in
the next step, with the obtained data, the equivalent
unknowns of the external network are estimated using
the following equations.

X =P'H (15)
T

X42,2,2,2,Z, . Z,EE § (16)

HEV VW VE V2 V2 VNS V] )

L, L, 1, 0 0 000 0100
0001, IL,L OOO0O010
0000 0 0T I, I,00T1
l; 1210 0000 0100
2 42 )2
b0 0 0O LI 00 0010 (4
0000 O0OTI 11,001
i I, 1, 0 0 0 0 0 0 10
0001 151000010
(0000 0 013 151,00 1]

Where [X] is the matrix of unknowns, [H] is the
known matrix of the voltage phasor and [P] is the known
matrix of the current phasor, which is calculated by the
proposed method. Also, Vi is the voltage phasor of the
first boundary bus from the first measurement and V2 is
the voltage phasor of the first boundary bus from the
second measurement. According to the proposed
method, after measuring the data amplitude by RTUs,
the angle of the buses and the current angle of the lines
relative to the reference bus are obtained according to
Eq. (11). Also, the phasor values are completed for use
in Eq. (15) until the Thevenin equivalent circuit

parameters of the external network to be determined.
3 Implementing the proposed methodology

Implementing the proposed method requires
investigating issues such as: calculating the boundary
bus voltage phasor by measuring the voltage amplitude,
neutralizing data measurement errors, the line current
phasor in sync with bus slack, the minimum value of
acceptable changes and trace location of disturbance.
These topics are given in this section.

3.1 Calculating the boundary buses voltage phasor

The voltage phasor of the Ny, boundary bus in the
boundary system with RTU measurement can be
calculated in one step using Eq. (6) or Eq. (10) as shown
in Eq. (19). Where, V¢, is the voltage phasor of the first
boundary bus from the first measurement, V&, is the
voltage phasor of the second boundary bus from the N,
measurement and I3, is the phasor of the line current
between the first boundary bus and the auxiliary bus,
which is the data of the internal system, and IY, is the
line current phasor between the second boundary bus
and the auxiliary bus, from the N, measurement. (S) Or
(R) voltage phasor obtained depends on whether the
boundary bus is a source or a sink, and according to this
method, the matrix of line impedance coefficients
between the boundary bus and the auxiliary bus is
changed.

V100 L]
0 0 Vo Iy

Y VRNV Vi) BT
V00
00 Vi I -]

Where the coefficient matrix [L] is show in Eq. (20).
i z' oy
(1 + Linel Llnel)
2
(Z 1Linel )

Z'oY'
(1 + Line2 Line2 )
2

(=2 ) (20)

(1 + Z LineN2Y LineN )

N
L LineN -
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3.2 Neutralizing data measurement errors

Measurement errors or noise prevent the accuracy of
results in equivalent circuit modeling. For this purpose,
additional data points are used to have more equations
and neutralize the effect of noise in the measurement.
According to the proposed method to find the unknown
parameters equivalent to the external network, minimum
required data points are N + 1. Assume that

N

boundary buses

required data point AT available and Each data point

gives the N dary buses equations shown in Eq. (21) -
Eq. (23).

1 1 1 1
V) =E +Z |, +Z,1,,+Z ;15 +.. 21
1 1 1 1
V,=E,+Z,1,,+Z,1,,+Z, 1 +.. (22)

Vo =B +Z 1 +Z, 00 +Z g L+ (23)

To solve the equations obtained from the
measurements using a large number of data, the least
squares method is used to find the unknown parameters.
Eq. (24) is a method to solve the linear equations of the
system (PX=H).

X =(P"xP)"(P" xH) 24)

Where [P] and [H] are the measured data matrix and
[X] is the unknown parameter matrix.

H:[\/]l \/21 \/31 \/12 \/22 \/32 \/]3 \/23 . \/]N \/2N \/3er (25)
T
X942 2y 2 % Zp - 4y B - B[ (0

I 1, 1, 0 0 0 0 0 0100
00 0 I, 1,1, 0 0 0010
00 0 0 0 01,1, 1,001
21,1 0 0 0 0 0 0 100
00 011315 0 0 00T10[@Q7
00 00 0 011,1,001
131y 0 0 0 0 0 0100
00 0 1) IyIy 0 0 0010
1000 0 0 0 Iy 1y Iy 00 1)

3.3 Detection of non-negligible disturbances

According to the proposed method, the new data point
is actually the first change made at each boundary node
that occurred in the boundary system. Considering that
the proposed method is based on RTU data measurement
and this equipment has some error in the measurement
steps and sending to SCADA in the form of noise, any

changes should not be considered as new data points. A
criterion for investigating sudden changes based on
active and reactive power monitoring in the desired
transmission line is presented continuously, which can
be used to detect non negligible disturbances, which is
presented in the form of Eq. (28) [28].

||31—P2|+|Q1—Q2|

1 1

MC = (

)x100% (28)

Where, MC is the minimum changes of the i, line.
Pyand @ are the active and reactive powers,
respectively, that is transmitted by the line before the
measurement. Also, P, and Q, are the active and
reactive powers, respectively, that is transmitted by the
line after the measurement. Each time a measurement is
made by the equipment, if the MC is greater than the
default value determined by SCADA, it can be saved as
a new data point, otherwise the measurement noise is
detected and the measurement data is deleted. to be Due
to the centrality of the internal system, small changes in
the external system do not affect the internal system, so
the default value of MC should be chosen to detect large
changes in addition to ignoring noise.

3.4 Tracking non external

disturbances

negligible system

The basis of calculations in the proposed method is
based on measurements that the external system remains
constant during data collection and the internal system
changes. But this will not deny small changes in the
external system, it should only be ensured that there are
no big changes in the external system. Therefore, a
criterion to find the place of non-negligible disturbance
is proposed to check the accuracy of acceptable data
collection for the presented method. Eq. (29) and Eq.
(30) are derived considering the relationship between the
internal system and the external system. Type of systems
connection are shown in Fig. 6 for sample three
boundary buses.

L= S EHE) e

‘total

M.J=[B]+Z[1.]=

( [E,] j{ [E] j (30)
(z,+2,)2' , N(Z,+2,)Z",

Where Z;,and E;, are impedance and equivalent
voltage source of the internal system. Also Zg, and Eg,
are equivalent impedance and voltage source of the
external system. Using the above equations, it is possible
to calculate the boundary buses voltage and the current
between them.
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Fig. 6 The structure of connecting the internal system to the
equivalent external system

In order to accurately estimate the unknown
impedance matrix of the equivalent circuit based on the
proposed method, large changes in the external system
should not occur. For this purpose, the major
disturbances in both internal and external systems are
investigated. Also, for each unknown disturbance from
the total systems, Vj,¢ matrix and Ij;;,, matrix are
obtained using Eq. (29) and Eq. (30). After collecting the
minimum data (number of boundary crossings plus one)
according to Eq. (15)- Eq. (18), the equivalent unknown
impedances can be found. A power system with three
boundary buses is investigated. One disturbance is
considered for the internal system voltage source (AE},,)
and two disturbances for the external system voltage
sources (AEgy;), (AEgy3). After using the presented
method, the impedance matrix of the unknowns is
obtained as Eq. (31).

z z Z

Int1 Ini2 In13
Zeq = ~Zga Leam —Leos €2))
-Z Ex31 _ZEX32 A Ex33

According to the obtained impedance in equation Eq.
(31), some elements of the matrix are negative, which
indicates changes in the external system. After
registering each data point along with the previous data
points, calculations are done and before presenting the
online equivalent circuit model, the elements of the
impedance matrix should be checked in terms of the
negativity of the elements. If it has negative elements,
the last new data point is not correct due to changes in
the external system and it is removed from the list of
data points.

3.5 Flowchart of the proposed method

The implementation of the proposed method is given
in the form of a performance flowchart in Fig.7.
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Add the new data set,
Calculation of the matrix of unknowns [Z]
and [E] Using the least squares method
| Deleted new !
No data sct '|
Yes If the error Yes I a new
was in the -~ disturbance is
internal detected

system

| Ne
A

The last parameters
are the final response

Fig. 7 Flowchart of the proposed method

3.6 The proposed method algorithm

The proposed method is based on the collection of data
sets. But the data sets that have the origin of changes in
the external system should be waived from the list. The
implementation of the proposed method is described as
follows:

Stepl: Collect enough data sets.

Step2: Obtain the boundary bus voltage using Eq. (19)
and Eq. (20) and complete the line current phasor by
calculating the angle using Eq. (11).

Step3: Determine the disturbed system using Eq. (15) -
Eq. (18).

Step4: If the fault is in the internal system, go to step 6,
otherwise, continue to step 5.

StepS: Replace the oldest acceptable data set with the
new set and go to step 1.

Step6: Record the data set as the last data and wait for
the next disturbance.

Step7: Acceptable data collection should continue at
least until the number of data points is equal to
(N boundary buses +1).

Step8: Add the last acceptable set and calculate the
unknowns’ matrix [Z] and [E] from Eq. (24) - Eq. (27)
using the least squares method.

Step9: If a new disturbance is detected and new data is
recorded, use the most recent data sets
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(N boun dary buses +1) to locate the disturbance using Eq.

(15) -Eq. (18).
Step 10: If the disturbance is from the internal system,
go to step (8), otherwise, delete the desired data set.

4 Case studies

IEEE 39 bus system is chosen to simulate the proposed
method. The internal system and the external system
along with the boundary buses are shown in Fig. 8. The
system is simulated in DigSILENT and the proposed
method is implemented in MATLAB. In boundary buses
01, 05 and 14, RTU is placed to measure the bus
voltages amplitude and the line currents amplitude
injected to the external system. Measurement errors are
made by adding a random noise to the recorded
amplitudes to create a 2% total vector error value.
Therefore, this data is assumed as RTU measurement
data. First, the main IEEE 39 bus is simulated with three
measurable boundary buses. The calculation of the
actual equivalent parameters is presented in Appendix.

The performance of the proposed method is simulated
by replacing the Thevenin equivalent circuit instead of
the real external network in the IEEE 39 bus system. A
selected analysis is then performed on both the original
and alternative systems, which are described
comparatively in the next section. The performance of
the proposed method is continuous and online, so the
latest equivalent circuit model is available until the
moment of receiving the last new data set by using the
previous data sets. In the system under study, with three
boundary buses and at least four data sets are enough to
get the first equivalent model, and it is assumed that the
last model is available with the previous data sets. When
a new data point is received, it is replaced by the last
data set.

5 Compare the results

S.11IEEE 39-bus system and Thevenin equivalent
circuit model

The use of additional measurements is necessary to
neutralize the measurement error values. The accuracy
check of the proposed method for performance analysis
is performed with a number of data points and minimal
changes of the internal system. In the real case, RTUs
measure the voltage amplitude of the specified boundary
buses, the current amplitude of the lines between the
internal system and the external system, as well as the
active and reactive power transferred between them, and
send the data to the SCADA along with the error values.
To collect the required data points, the proposed method
for Simulation, the boundary bus voltage amplitude and
the line current amplitude transferred to the external
system with the recorded values with 2% error are
randomly recorded in the boundary system. For each
recorded data point, the minimum changes required to
find the equivalent circuit parameters the equivalent is
selected. Bus voltage changes in the system, production
changes and load changes can be used as power system
disturbances, which will lead to the recording of data
points. With three boundary buses in the system under
test, at least four measurement times it is necessary,
obviously, with the increase of data points, the accuracy
also increases.

Therefore, it has been measured and calculated ten
times with the presented method. Only cases of
confirmed disturbances are on the external system side.
The parameters of the equivalent impedance and bus
voltage obtained for the construction of the Thevenin
equivalent circuit using the measurement of the required
values and the calculation using the method presented in
Fig. 9 - Fig. 17, are given in a comparative way.

D
@ 25 26 128 [ 1 | T29
30 —— # . 27 ‘ 38
2 W — _24 9
-— 4+ 18 *|—| 17 M
— 1
_-I_ —— I3 16 35 _@i
| v 15 |—|vv
| R 21 22
39 H t r —a _jl v
—_—— e — E—
l 5 f— 1 T
(I — . 12 4 | 19 234
z W
8 v 13 l 16
9 War 1 10 |°
v &) l | 34 33

Fig. 8 Internal and external systems in the IEEE 39 bus system with three boundary buses.
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The accuracy assessment of the presented method in
terms of the maximum error values in the Thevenin
equivalent circuit parameter values compared to the
actual values is given in Table. 1. Comparing the
obtained results of the presented method shows high
accuracy with implementing on the network under
consideration.

5.2 Comparison of equivalent and real model analysis

The IEEE 39 bus system is replaced with three
boundary buses in two states of the real circuit of the
external system and the Tonen equivalent circuit model
obtained from the proposed method to be tested in order
to check the performance of the proposed method. The
evaluation results of the proposed method have been
done as a graphical comparison in two different modes.
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Table 1 Accurate comparison of equivalent circuit parameter.

Main  Equivalent circuit ~ Comparative

Item

circuit (most error) error percentage

R 11(Q) 1343.8 1397.58 4%

R 22(Q) 222 223 4.6%
R 33(Q) 1.52 1.58 3.94%
R 12(Q) 4.02 4.18 3.98%
R 13(Q) 2.58 2.68 3.87%
R 23(Q) 1.68 1.75 4.17%
X 11(Q) 151.37 157.42 3.99%
X 22(Q) 2.78 2.89 3.95%
X 33(Q2) 16.9 17.58 4.02%
X 12(2) 0.89 0.85 4.49%
X 13(Q) 1.69 1.62 4.14%
X 23(Q) 1.32 1.27 3.78%
EI(KV)  25.7071 25.1933 2%

E2(KV) 29.121 28.539 1.99%
E3(KV)  202.159 208.225 3%

First mode: In this mode, the three-phase short circuit
fault is simulated, measured and reported based on the
VDE standard in two lines of the internal system
connected to the real external system.

Second mode: In this mode, three-phase short-circuit
fault is simulated, measured and reported based on the
VDE standard in two lines of the internal system
connected to the equivalent Thevenin circuit with the
external system. (In this case, it is assumed that noise is
included in the measurement and the information is
completely non ideal) .

As shown in Fig. 18 — Fig. 20, the simulated fault of a
three-phase short circuit in the internal system connected
to the real circuit of the external system and its
equivalent circuit (with noise) are analysed. Each three-
phase short circuit fault has three main parameters that
are compared. The first parameter (Skgss) is the
maximum short circuit power of the three-phase line, the
second parameter (Igxss) is the maximum short-circuit
current of the three-phase line, and the third parameter
(Ip) is the short circuit current.

Using the standard 39 Buses IEEE shown in Fig. 8,
random parameters have been selected in the internal
system, which have been checked together in the
equivalent state and the real state under the following
two random events. Random network errors include:

- Increasing the loads of 03, 24, and 27 and the
production of generators 6, 7, and 8 (50%).

- Cutting line 17-18.

Line 16-19

- 38.00

N1D NS NB N7 NE NS N4 N3 N2 N1 Real
Clrcuit
Measurement and analysis time

Ip(KA) © Ikss(KA) ™ Skss(KVA)

Fig. 18 Comparison of three phase short circuit parameters of
line 16-19

Line 21-22
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Ip (KA) Ikss(KA) Skss(KVA)

Fig. 19 Comparison of three-phase short circuit parameters of
line 21-22
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Fig. 20 Comparison of three-phase short circuit parameters of
line 22-23

To compare the accuracy of the proposed method with
recently published research [11], we depicted the
corresponding errors for an internal system with lines
disconnection and the increase of loads in Tables II and
I, respectively. According obtained results, the
proposed method is good agreement with [11].
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Examples of comparing are the voltage amplitude of
several buses and the transmission power of several lines
in the internal system. As is shown in Figs. 18 —20,
transfer powers are derived from short circuit current.

The accuracy assay of the analysis results using the
proposed method has been carried out in IEEE 39-buses
system with three boundary nodes and certain minimum
changes after replacing the equivalent circuit instead of
the external system in three real states. The results
obtained from the comparison of the proposed method
and the Fourier-based model [11] in order to compare
different modes, including the average error percentage,
the maximum error value of the equivalent parameters
for the bus voltage range, the power transferred between
the lines of the internal system and the three-phase short
circuit error values in The internal system for two
different perturbations in the system is given in Table 2 -
Table 4. The allowed error average for all values
obtained from the model of the presented method is less
than 3.7%. Meanwhile, this value for all the values
obtained from the presented method in [11] is about 6%.
By increasing the number of data, the accuracy of the
results can be reached to about 98% of the real values.
Unlike the proposed method in [11], the presented
method in this paper has much faster speed and simpler
equations that do not require any PMUs measurement
data.

6 Conclusion

The presented paper is a proposed method that can
estimate the parameters of the Thevenin equivalent
circuit model of the external power system connected to
the boundary buses using RTU measurement data with
high accuracy. The contributions of the proposed method
are: 1) proposing a model for the Thevenin equivalent
circuit to estimate the external system, 2) presenting a
method to determine the parameters of the equivalent
circuit with continuous operation, 3) presenting a
method to determine the system in which the disturbance
occurred, 4) presenting a method To calculate the
boundary bus voltage phasor with the measurement data
RTUs, 5) Providing a method to eliminate measurement
errors during parameter estimation of the equivalent
circuit model of the external network with continuous
measurements. This method is investigated for the IEEE
39 bus system. The data measured by RTUs includes
data from all boundary points simultaneously. The first
step examines the performance of the method to
determine the system in which the disturbance occurred,
which can be determined by finding the negative values
of the elements of the unknown impedance matrix.
Measured data from data points that are the result of
internal system perturbation with minimal changes are
analyzed by the proposed method, which leads to the

presentation of the equivalent model of the external
system. The results prove that the presented method is
able to neutralize the measurement error in the
estimation of the unknown parameters of the equivalent
circuit model.

Appendix

It is possible to have a criterion for checking the results
of the parameters obtained from the proposed method in
estimating the parameters of the equivalent circuit model
of the external system, which is implemented by having
the characteristics of the external system [26].
Considering the assumptions:

- The direction of current injection is from the internal
system to the external system, which is done through
boundary buses.

- All voltage sources are ideal.

- Loads, constant inputs are assumed.

Vi L
Sp
Metwork |V I

@—'— Impedance —M|_HSM
Za Vi 1w Sx

Fig. 21 A voltage source with three load

The standard node Eq. (32) can be written for the
external system connected to three boundary buses.

IL YLL YLM YLN VL
_IM = YML YMM YMN x VM (32)
Iy Your Yom Y un Vi

Where [V] is the boundary bus voltages, [I] is the
power system injected current, and [Y] is the transmit
line admittance matrix, respectively. Buses can have a
generator or a load, or only a passing bus without a
generator or a load. Bus N is assumed to be a pass-
through bus, and the result of the current injected into it
is equal to zero. Therefore, using Eq. (32), we can write:

Iy =YW +Y WV Y wWVy =0 (33)
Vi :_YN_I\}(YNLVL_{—YLMVM) (34)
=1y =YV YV YV (35)
By replacing Vyfrom Eq. (34) to Eq. (35) and
rewriting the equations, Eq. (36) is obtained.
-1y, = —Y,\,INYN’NIYNL)VL +
N = Yo Yoo You Vg
From Eq. (36), we extract Vy; as follows.
Vi == Y Y N;\IIY M )71(Y w Y Y Nil\llY w ML 37)
_(YMM -Y MNY NiriY LM )71 I M

(36)
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Table 2 Specifications of the internal system with line disconnection 17-18 with maximum error.

Equivalent circuit Equivalent circuit ~Comparative error

Item clé/rlglllrilt (the most error) %%?g?g?:;z;rr;(:tézg ( the most error) (%)

The proposed method ] 1]

Bus 3 (KV) 35243 366.88 4.1% 370.76 5.2%

Bus 19 (KV) 362.33 347.84 3.99% 380.09 4.9%
Bus 21(KV) 356.19 346.93 2.59% 390.74 3.97%

Active power (22-23) (KW) 42.79 44.03 2.89% 412 3.7%
Active power (21-22) (KW)  607.21 615.10 1.29% 602.41 0.79%
Active power (2-3) (KW) 465.18 483.32 3.89% 47474 2.1%
Reactive power (22-23) 41.84 43.89 4.89% 44.96 7.43%
(KVAR) 107.35 110.89 3.29% 101.99 4.99%

Reactive power (21-22) 114.74 118.07 2.9% 117.14 2.1%

(KVAR)

Reactive power (2-3) (KVAR)

Table 3 Specifications of the internal system with the increase of loads of 03, 24, 27 and generator production of 6, 7 and 8 (50%)
with maximum error percentage values.

Equivalent circuit Equivalent circuit ~Comparative error

Item clé/rlsll:ilt (the most error) %%?gigf;::;ggézg ( the most error) (%)
The proposed method ] 1]
Bus 3 (KV) 348.86 335.95 3.7% 341.89 2%
Bus 19 (KV) 360.81 346.74 3.89% 385.7 6.9%
Bus 21(KV) 353.45 341.79 3.29% 343.9 2.7%
Active power (22-23) (KW) 61.11 59.95 1.89% 62.88 2.9%
Active power (21-22) (KW) 582.89 563.65 3.3% 576.89 1.03%
Active power (2-3) (KW) 383.45 398.79 4.01% 417.57 8.9%
Reactive power (22-23) 39.46 40.64 2.99% 40.76 3.3%
(KVAR) 136.49 138.83 1.71% 130.89 4.1%
Reactive power (21-22) 171.99 168.03 2.3% 178.73 3.92%
(KVAR)
Reactive power (2-3) (KVAR)
Table 4 Checking accuracy of the analysis results.
Equivalent circuit parameter Largest Error (%) Average Error (%) Largest Error (%)  Average Error (%)
Selected parameter from the grid The proposed method  The proposed method [11] [11]
Applied measurement error 2 2 2 2
Resistance (Q2) 4.17 3.34 6.2 4.7
Reactance (Q2) 4 2.12 7.13 4.12
Bus Voltage (V) 2.7 1.24 22 1.79
Ip (KA) 43 3.11 3.98 3.9
Ikss (KA) 4.7 2.73 4.17 3.79
Skss (KA) 421 242 3.9 2.13
Internal system bus voltage amplitude (KV) 4.1 3.24 6.9 433
Internal system power flow (KW, KVAR) 4.89 3.69 8.9 5.63

Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 01, March 2025 14



Based on the multiport Thevenin equivalent circuit Eq.
(38) that shown in Fig. 21, the impedance (Zeyternal)
and voltage source (Egyterna;) ©Of the Thevenin
equivalent circuit of the external system can be extracted
from Eq. (39) and Eq. (40).

[V 1= [Eeerna | = [Zoermar 11 (38)

Z sermal = Y _YMNYI\II\IIYLM )71 (39

Eexiernat = ~Zexteral (YL _YMNYN_l\i Y VL (40)
References

[1] M. Gavrilas, O. Ivanov, and G. Gavrilas, “REI
Equivalent Design for Electric Power Systems with
Genetic Algorithms,” WSEAS Trans. Circuits &
Systems, vol. 7, no. 10, pp. 911-921, Oct. 2008.

[2] A.S. Debs, "Estimation of External Network
Equivalents from Internal System Data," IEEE
Trans. Power App. Syst., vol. PAS-94, pp.272-279
Mar./Apr.1975.

[3] Rau, Narayan S. "Radial equivalents to map
networks to market formats-an approach using
quadratic programming." |EEE Transactions on
Power Systems 16, no. 4 (2001): 856-861.

[4] N. M. Peterson, W. F. Tinney, and d. w. Bree, jr,
“Iterative linear ac power flow solution for fast
approximate outage studies, “IEEE trans. on power
apparatus and systems, vol. pas-91, no. 5,
September 1972.

[5] Aleksandar Jovicic, Marko Jereminov, Larry
Pileggi, Gabriela Hug, "A Linear Formulation for
Power System State Estimation including RTU and
PMU Measurements," IEEE, pp. 1-4, 2019.

[6] A. A.Hajnoroozi,F.Aminifar, andH.Ayoubzadeh,
“GeneratingUnit Model Validation and Calibration
Through Synchrophasor Measurements, “IEEE
Trans.Smart Grid ,vol.6,n0.1,pp.441-449, Jan. 2015.

[7T 1. R. Pordanjani, Y. Wang, and W. Xu,
“Identification of Critical Components for Voltage
Stability Assessment Using Channel Components
Transform,” IEEE Trans. Smart Grid, vol. 4, no. 2,
pp. 1122-1132, June 2013.

[8] Pourbagher, Rohallah, Sayed Yaser Derakhshandeh,
and Mohammad Esmail Hamedani Golshan. "A
novel method for online voltage stability assessment
based on PMU measurements and Thevenin
equivalent." IET Generation, Transmission &
Distribution 16.9 (2022): 1780-1794.

[9] P. Dimo, Nodal analysis of power systems, Abacus
press,Kent, England, 1975.

[10]J. B. Ward, “Equivalent circuits for power-flow
studies,” AIEE transactions, vol. 68, pp. 373- 384,
1949.

[11]Sobhy, Abdelrahman, et al. "Online estimation of
thevenin  equivalent using discrete  fourier

transform." Electric Power Systems Research 205
(2022): 107772.

[12]X. Liu, j. Shen, A. Philip, E. Viray, M. Jiang, and D.
Leon, "External WECC model reduction in on-line
network applications for alberta power grid," IEEE
power and energy general meeting (PES),
Vancouver, pp.1-5, July 2013.

[13]]. F. Dopazo, M. H. Dwarakanath, J. J. Li, and A.
M. Sasson, "An external system equivalent model
using real-time measurements for system security
evaluation," IEEE trans. power app. syst., vol. 96,
no. 2, pp. 431-446, march 1977.

[14]1G. Contaxis and A.S. Debs, "Identification of

External Equivalents for
Steady State Security Assessment," IEEE Trans.
Power App. Syst., vol.

PAS - 97, pp. 409-414, March/April 1978.

[15]A. Chakrabortty, “Wide-Area Damping Control of
Power Systems Using Dynamic Clustering and
TCSC-Based Redesigns,” IEEE Trans Smart Grid,
vol. 3, no. 3, pp. 1503-1514, Sept. 2012.

[16]F. C. Schweppe and J. Wildes, “Power system
static-state estimation, part I: Exact model,” IEEE
Trans. on Power Apparatus and Systems, vol. PAS-
89, no. 1, pp. 120-125, Jan. 1970.

[17]R. Baltensperger, A. Loosli, H. Sauvain, M. Zima,
G. Andersson, and R. Nuqui, “An implementation
of two-stage hybrid state estimation with limited
number of PMU,” in 10th IET International
Conference on Developments in Power System
Protection, Mar. 2010.

[18]R. F. Nuqui and A. G. Phadke, “Hybrid linear state
estimation utilizing synchronized phasor
measurements,” in IEEE PowerTech, Jul. 2007.

[19]A. Simes Costa, A. Albuquerque, and D. Bez, “An
estimation fusion method for including phasor
measurements into power system real-time
modeling,” IEEE Trans. on Power Systems, vol. 28,
no. 2, pp. 1910-1920, May 2013.

[20]T. S. Bi, X. H. Qin, and Q. X. Yang, “A novel
hybrid state estimator for including synchronized
phasor measurements,” Electric Power Systems
Research, vol. 78, no. 8, pp. 1343—1352, Aug. 2008.

[21]S. Chakrabarti, E. Kyriakides, G. Ledwich, and A.
Ghosh, “Inclusion of PMU current phasor
measurements in a power system state estimator,”
IET Generation, Transmission Distribution, vol. 4,
no. 10, pp. 1104— 1115, Oct. 2010.

[22]G. Valverde, S. Chakrabarti, E. Kyriakides, and V.
Terzija, “A constrained formulation for hybrid state
estimation,” IEEE Trans. on Power Systems, vol.
26, no. 3, pp. 1102-1109, Aug. 2011.

[23]Zhou, Xia, Yishi Liu, Ping Chang, Feng Xue, and
Tengfei Zhang. "Voltage Stability Analysis of a
Power System with Wind Power Based on the
Thevenin  Equivalent  Analytical = Method."

Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 01, March 2025 15



Electronics 11, no. 11 (2022): 1758.

[24]Osipov, Denis, Alan PF Ferreira, Joe H. Chow,
Glauco N. Taranto, and Tatiana ML Assis.
"Application of Thévenin equivalent sensitivity
equations for reliable voltage stability assessment."
Electric Power Systems Research 211 (2022):
108424,

[25] Zhang, Anan, Wenting Tan, Ming Cheng, and Wei
Yang. "Thévenin equivalent parameter adaptive
robust estimation considering the erroneous
measurements of PMU." Energies 13, no. 18 (2020):
4865.

[26]W. Xu, I. R. Pordanjani, Y. Wang, and E. Vaahedi,
“A Network Decoupling Transform for Phasor Data
Based Voltage Stability Analysis
and Monitoring,”IEEE Trans.on Smart
Grid,vol.3,no0.1,pp.261 270, March 2012.

[27]Dobakhshari AS, Azizi S, Paolone M, Terzija V.
Ultra fast linear state estimation utilizing SCADA
measurements”. IEEE Transactions on Power
Systems. 34:2622-31, 2019.

[28]S. A. Arefifar and W. xxXu, “Online Tracking of
Power System Impedance Parameters and Field
Experiences,”IEEETrans.PowerDel, vol. 24, no. 4,
pp. 1781 1788, Oct. 2009.

N. Ramezani was born in Babol, Iran, in
1972. He received the B.Sc. in Electrical
Engineering from K.N.T. University of
Science and Technology, in 1996 and
M.Sc. and the Ph.D. degree degrees both in
Electrical Engineering from Iran University
of Science and Technology (IUST),
Tehran, Iran, in 1999 and 2008
respectively. He is currently an Associate Professor in the
Department of Electrical and Computer Engineering,
University of Science and Technology of Mazandaran,
Behshahr, Iran. He is also the head of the power system
protection and relay laboratory. His research interest includes
protection and transient study in power system.

Mohsen Shahnazdoost Kilvaei was born
in Guilan, Iran, in 1994. He received the
B.Sc. degree in Electrical engineering from
the Guilan University, Rasht, Iran, in 2017
and the M.Sc. degree in Electrical
engineering from Guilan University, Rasht,
. Iran, in 2020. He is currently an electrical
* engineer in Shahid Beheshti Power Plant,
Lowshan, Iran. Her research interests include modeling of
power systems, intelligentization of distributed generation
network, design of power converters and automation of power
system.

16 Iranian Journal of Electrical & Electronic Engineering, Vol. 21, No. 01, March 2025



