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ABSTRACT The tower structure and geometrical arrangement of transmission line conductors in the power
system depend on various technical, economic, and geographical factors and the age of construction of
the lines. Thus, the arrangement of lines may not be transposed or follow the standards of the electricity
industry. The untransposed conductors cause asymmetric couplings in the transmission lines, directly leading
to destructive effect on the function of distance protection and accurate determination of the fault location.
Fault location in untransposed transmission lines is presented as a novel research piece by investigating the
circuit equations of positive-negative-zero sequences and using synchronous voltage measurements taken
from the near and far terminals of the transmission line together with measuring the current of one terminal.
In this algorithm, the effect of mutual interphase impedance and admittance due to the untransposed structure
of the line is fully taken into account. Fault location equations are designed based on the complete equivalent
circuit of the untransposed transmission line using the modeling of all effective parameters. As the presented
design adopts the current measurements of one terminal, the destructive effect of the current measurement
systems is dropped. The Simulink model of the suggested design has been implemented in Digsilent Power
Factory software and the algorithm has been programmed in MATLAB software. The performance of the
proposed algorithm has been tested and evaluated for a two-terminal network in normal and critical fault
conditions, as well as for a 39-bus untransposed New England network. According to the obtained results,
the average estimation error of all scenarios is approximately equal to 0.07%. The results presented in the
simulation and sensitivity analysis section confirm the accurate and correct performance of the algorithm.

INDEX TERMS Fault location, normal shunt faults, positive, negative, and zero sequences, untransposed
transmission lines.

NOMENCLATURE
Variable Description
Zabc Impedance matrix of three phases of a, b,

and c
Zij Mutual impedance between phases i, j = a,

b, c
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Zii Self-impedance of phase i, where i = a, b, c
Z (i,j)
AB Mutual impedance between sequences i and j

and between points A and B
Z012 Impedance matrix of 012-sequence
Zi Thevenin impedance of terminal i in the

single-line diagram
Yabc Admittance matrix of three phases of a, b,

and c
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Yij Mutual admittance between phases i, j = a, b,
c

Yii Self-admittance of phase i, where i = a, b, c

Y (i,j)
AB Mutual admittance between sequences i and j

and between points A and B
Y012 Admittance matrix of 012-sequence
Yi Thevenin admittance of terminal i in the

single-line diagram
I (i)F The ith sequence current of point A
I (i)R The ith sequence current of terminal R
I (i)S The ith sequence current of terminal S
V (i)
F The ith sequence voltage of point A
V (i)
R The ith sequence voltage of terminal R
I (i)S The ith sequence current of terminal S
V (i)
F The ith sequence voltage of point A
V (i)
R The ith sequence voltage of terminal R
V (i)
S The ith sequence voltage of terminal S
V (i)
RF The ith sequence voltage of the fault point from

terminal R side
V (i)
SF The ith sequence voltage of the fault point from

terminal S side
Vk Voltage of terminal K in the single-line dia-

gram
ri Resistance of transmission line
Cabc Capacitance matrix of three phases of a, b, and

c
ω System angular frequency
GMRi Geometric mean radius of conductor i
Dij Distance between conductors i and j
Sij Distance between conductor i and image j
T Fortescue transform matrix
L(acu)F The actual distance of fault point from terminal

S
L(cal)F The calculated distance of fault point from ter-

minal S
LT Total length of the transmission line under

study

I. INTRODUCTION
A. RESEARCH MOTIVATION AND NECESSITY
Accurate estimation of fault location in long transmission
lines (TLs) and eliminating its cause are among the main
challenges of the TL’s incident team. If fault location esti-
mation using the fault location algorithms is not performed
correctly and is prone to errors, it will increase the blackout
duration and lead tomany operation consequences. Normally,
the structure and arrangement of the cross-arms of TL towers
are triangular and this makes the distance of three phase
conductors mutually equal, which is known as transposed
transmission lines. Nonetheless, if the distances between
mutual phases are not equal, this leads to different values of

impedance and inductive admittance parameters between the
phases, as well as asymmetric structure of the line, which
ultimately produces unequal mutual impedance and admit-
tance components for positive, negative, and zero-sequence
(PNZS). The production of these components strongly affects
the line distance protection algorithms that are dependent on
PNZS, and if the transposed line protection algorithms are
used for untransposed lines, then the result of fault loca-
tion will be very erroneous. To deal with this challenge,
it is advised to design fault location algorithms for untrans-
posed transmission lines. Therefore, according to the men-
tioned challenges and the fact that the basis of the logic
of comprehensive distance protection designs is based on
the PNZS line, the best option is to design a fault loca-
tion algorithm in untransposed lines based on the analysis
of PNZS phasor equations. In this modeling, since the full
effect of all the mutual components of the sequences can be
seen in the circuit model and all the equations are projected
based on these parameters, this method is very accurate and
efficient in terms of estimation accuracy. In the following,
all the articles published in the field of fault location for
untransposed transmission lines have been fully reviewed
chronologically.

B. LITERATURE REVIEW
In 1990, for the first time, a plan for fault location in untrans-
posed TLs was presented using the information about syn-
chronous current and voltage from both ends of TLs [1].
The plan calculated the fault location by solving the phasor
equation of the fault point voltage calculated from two ter-
minals to the fault point. Two years later, Girgis et al. [2]
extended the algorithm presented in [1] to three-terminal
untransposed TLs using asynchronous data. In continuation
of the studies conducted in [2], the idea of fault location in
untransposed double-circuit TLs using the methods of eigen-
value/eigenvector theory to separate the effects of mutual
coupling between parallel lines, common-differential compo-
nent network analysis, and impedance equation analysis of
the faulty network was presented in [3], [4], and [5], respec-
tively. After the publication of various articles in this field,
fault location in untransposed TLs with special topologies
has attracted the attention of scholars [6], [7]. Reference [6]
discussed an algorithm that adopts current and voltage pha-
sors for fault location in untransposed four-circuit parallel
TLs using the measured information taken from one side
of the TL for single-circuit and inter-circuit faults. In [7],
a fault location algorithm in untransposed multi-terminal TLs
was presented. In this design, by using a search method for
optimization and minimization of an objective function, the
possible location of the fault in all parts was examined and
then the exact solution was calculated. Then, in the years
2013 to 2016, the method of calculating the fault location
in untransposed TLs using impedance and admittance matrix
analysis was proposed [8], [9], [10]. In [8], a new algorithm
to locate faults in untransposed TLs was presented using
the impedance matrix analysis of TLs and the data of both
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terminals. Reference [9] presented a fault location method
through the wide-area analysis of the network impedance
matrix using synchronous current and voltage phasors and
assuming zero reactive power consumption at the fault loca-
tion. The method can be implemented in any type of trans-
posed/untransposed lines regardless of the arrangement of the
lines. In [10], the fault location method was presented for
TLs with flat or triangular towers with symmetric impedance
and admittance matrices. The algorithm was based on current
and voltage phasors for high-voltage transmission networks,
including untransposed single-circuit overhead lines with
horizontal arrangement of phase conductors. Further, in [11],
the fault location approach was presented to deal with faults
occurring in untransposed TLs based on the least square error
method to solve the phasor equations of three-phase voltages
and currents at line terminals. Then, the theory of using the
Taylor series expansion of distributed-parameters line model
to locate faults in three-terminal [12] and four-circuit [13]
TLs for different kinds of normal shunt faults, developing
faults, and cross-country faults was presented. The methods
that have been reviewed so far all depend on TL parameters
and data; therefore, to reduce this sensitivity and dependence,
researchers have presented several algorithms [16], [17], [18],
which are independent of line parameters when finding fault
regions in untransposed TLs. Reference [14] introduced an
algorithm to locate faults on untransposed TLs based on
asynchronous data obtained from both sides of the line and
without the need for line parameter information. In [15],
a method independent of line parameters data was presented
for fault location in untransposed TLs with asymmetric tower
structure, which required Synchrophasor measurements of
voltage and current of the two ends of the line for implementa-
tion. Reference [16] discussed a parameter-free fault location
algorithm for transposed TLs based on phasor theory. In [17],
the fault location algorithm for untransposed three-terminal
TLs independent of TL parameter information and using
the phasor analysis was presented. Reference [18] discussed
a non-iterative algorithm with the aim of identifying the
fault area in transposed TLs without TL parameters. Refer-
ence [19] presented the fault location algorithm in untrans-
posed double-circuit TLs based on time domain equations for
phase-to-phase and phase-to-ground inter-circuit faults. For
fault location in this proposed method, a linear combination
of time domain equations is presented as an adaptive linear
combination with window inputs. A fault location method in
transposed and untransposed TLs based on analyzing current
and voltage phasor equations of the fault point as well as
the network impedance and admittance matrix was intro-
duced in [19]. The proposed method uses the calculation
of the fault current based on the equations governing the
fault point to find the location and resistance of the fault.
In literature [20], a fault location method for transposed TLs
based on phasor equations and asynchronous data transmis-
sion from both sides of the line was presented. The method
was designed for a case where the phase shift operation has

been performed at three different distances in an untransposed
structure, and the entire line is considered as transposed, but
during the sections, its structure is as untransposed. Refer-
ence [21] proposed a fault location method for untransposed
hybrid double-circuit transmission lines with a T-off joint.
The method adopts the phasor equations governing the fault
point and non-synchronous current and voltage data of all
three terminals to find the faulty section.

According to the above literature, the research gap of this
topic is as follows:

•Using new techniques and formulations that are not in the
form of fault location designs in distance relays and require a
separate processor.

• Failure to provide a comprehensive formulated method
to analyze all 10 different types of shunt fault modes

•Dependence of some methods on the network impedance
and admittance matrix model

• Dependence of some methods on complete current and
voltage data on both sides of the line, synchronously or
asynchronously

• Dependence of some methods on optimization and
search-oriented methods without providing detailed mathe-
matical analysis

• Dependence of some proposed methods on line topology
and network structure

C. CONTRIBUTIONS
A fault location scheme is proposed in the present research as
a novel idea for untransposed TLs based on the analysis of cir-
cuit equations of positive-negative-zero sequences (PNZS).
In this method, to solve the problem, first, an accurate model
of the faulty circuit is presented by considering the mutual
impedance and admittance of the phases and the ground for
untransposed TLs in the PNZS domain. Then, the fault points
current and voltage equations have been expanded according
to the detailed modeling mentioned in the foregoing part, and
finally, the location of the fault has been calculated using
the fault boundary condition equations. Also, the suggested
approach depends on synchronous voltage phasor measure-
ments taken from both terminals of the TL and from the
current data of only one side of the line. The network under
test was modeled in Digsilent software and the proposed
algorithm was programmed in an M-file MATLAB environ-
ment. The method presented in this paper is significantly
accurate as it incorporates a precise new modeling, and the
fault location estimation error in its calculation results is
negligible.

D. PAPER ORGANIZATION
Following the foregoing introduction provided concerning
the area under discussion, Section II present the proposed
algorithm. Section III describes the software simulation and
analysis of the results. In Section IV, the sensitivity of the
algorithm to critical and special conditions is examined.
In Section V, there is a discussion and comparison between
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FIGURE 1. Three-phase circuit of untransposed three-phase TL between S
and R stations.

the results of this study and the reference literature. Next,
in Section VI, the conclusion is provided, and finally, the
appendices are presented at the end of the paper.

II. THE PROPOSED ALGORITHM
A. THE SYSTEM UNDER STUDY
This subsection presents the formulation governing the faulty
circuit in the domain of PNZS in an untransposed TL to find
the fault point or area. The topology of the desired line is
given in Fig. 1. All the line transmission towers considered
between S and R stations are in the form of flat towers
considered in Fig. 2. According to the arrangement of the
three-phase conductors between S andR stations, the arrange-
ment of the conductors is horizontal, and this has caused the
distance of all three conductors to be different from each
other.

In this topology, it is assumed that the three-phase voltages
of both stations and the three-phase current of station S during
the fault event (from fault occurrence to fault clearance by
breakers, which is usually about 3 cycles) are received by
voltage transformers. Then PMUs calculate the phasor values
and GPS synchronizes these quantities. Next, the phasor val-
ues calculated from the voltages are transferred to the domain
of PNZS by the Fortescue transform matrix. Also, in this
paper, it is assumed that before locating the fault, the stages
of detecting the occurrence of the fault and faulty phase have
been carried out and are known in advance. At this stage, the
only goal is to locate the fault occurring in the faulty phase(s).
One assumption taken in the present study is that the faulty
impedance is of resistive type and its reactance is assumed to
be zero. Also, as a hypothesis, it should be mentioned in this
section that the adopted equations can determine the location
of all normal shunt faults (ten types of faults).

B. MODELING THE UNTRANSPOSED TL
Untransposed TLs have electric and magnetic coupling
parameters between phases, so their modeling is different
from transposed lines. Their lack of accurate modeling leads
to erroneous functions of distance protection and fault loca-
tion. Therefore, in this part, the goal is to accurately model
these types of lines using the basic parameters of power
systems. Fig. 3 shows the pi model of an untransposed TL
in the abc domain.

According to Fig. 3, the impedance and admittance
matrices of the untransposed network can be defined as

FIGURE 2. Flat tower structure considered between S and R stations.

Equations (1) and (2), respectively.

Zabc =

 Zaa Zab Zac
Zba Zbb Zbc
Zca Zcb Zcc

 (1)

Yabc =

 Yaa Yab Yac
Yba Ybb Ybc
Yca Ycb Ycc

 (2)

The relationships presented in Equation (3) can be used to
obtain the components of the impedance matrix:

Zabc =



Zii=ri + 0.0953

+j 0.12134 [ln(
1

GMRi
) + 7.93402] �/mile

Zij=0.0953

+j 0.12134 [ln(
1
Dij

) + 7.93402] �/mile

i, j = a, b, c

(3)

Equation (4) can also be used to calculate the coefficients of
the admittance matrix:

Yabc = jω [Cabc] (4)

so that [Cabc] = [Pabc]−1 and elements of Pabc matrix can be
calculated from the relations presented in Equation (5):

Pabc =


Pii = 11.17689 ln(

Sii
RDi

) mile/µi

Pij = 11.17689 ln(
Sij
Dij

) mile/µi

i, j = a, b, c

(5)

After calculating the impedance and admittance matrices of
untransposed TLs in the domain of PNZS, we can convert
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FIGURE 3. The phasor model of the untransposed TL in the normal operation mode in the abc sequence domain.

FIGURE 4. The phasor model of the untransposed TL in normal operation mode in the domain of PNZS.

these two matrices from the abc-sequence domain to the
PNZS domain by using the Fortescue transform, as given in
Equation (6): 

Z012 = T Zabc T−1

Y012 = T Yabc T−1

T =
1
3

 1 1 1
1 α α2

1 α2 α


α = 1∡120o

(6)

In the case of untransposed lines, the circuits of PNZS are
independent of each other, but in untransposed lines, these
circuits have magnetic and electrical linking and coupling
with each other in the normal network state without faults.
Hence, the circuit equivalent in Fig. 3 can be depicted in
the domain of PNZS during normal conditions, as shown in
Fig. 4.

C. CALCULATING THE FAULTY POINT CURRENT AND
VOLTAGE IN THE PNZS DOMAIN
A fault is assumed to occur at point F and at a distance of
LSF , one kilometer away from terminal S. By using the KVL
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FIGURE 5. Phasor model of the faulty untransposed TL in the PNZS domain.

and KCL equations governing the circuit, the currents and
voltages of each of PNZS, the fault point can be identified.
All the currents and voltages inside all three circuits are
expressed based on those of the three terminals in PNZS. The
Ai coefficients can be found in Appendix A.
The current of each sequence of the fault point is found

based on the current and voltage of all three sequences of ter-
minals using the matrix presented in Equation (7), as shown
at the bottom of the next page.

The voltage equation of all three sequences of the fault
point is extracted based on the voltages and currents of all
three sequences from both sides of the line terminals using
Equations (8) and (9), as shown at the bottom of the next
page. These two equations are equal to each other because
they show the voltage of the fault point, but each of them is
written based on the voltage drop equations of one side of the
line.

D. SOLVING THE EQUATIONS OF BOUNDARY
CONDITIONS FOR DIFFERENT SHUNT FAULTS
The conventional form of the boundary condition equation at
the fault point for various shunt faults is as Equation (10).
According to the type of fault, all the constant coefficients of
this equation are given in Table 1.

KV_1 V
(1)
F + KV_2 V

(2)
F + KV_0 V

(0)
F

= RF (KI_1 I
(1)
F + KI_2 I

(2)
F + KI_0 I

(0)
F ) (10)

E. FAULT LOCATION AND ALGORITHM
To calculate the fault location, the boundary condition
equation can be used; nevertheless, since the currents of all
three sequences are not available on terminal R, voltage equa-
tions of the fault point given in matrix Equations (8) and (9)
are used along with boundary condition equation to identify
the fault location. The unknowns of this analysis include the
fault resistance, the distance of the fault location, and the
magnitude and angle of the currents of all three sequences
of terminal R, which can be defined as variables RF , LSF , I1,

I2, I0, α1, α2, and α0, respectively. The number of unknowns
in the fault location equation is eight. So, to calculate LSF ,
eight real independent equations or four imaginary equations
are needed. These eight equations can be obtained from four
imaginary equations.

• Equation 1: Equalization of the positive sequence volt-
age of the fault point from the two imaginary equations
presented in the matrix Equations (8) and (9). This equation
includes two real equations:

V (1)
RF = V (1)

SF (11)

• Equation 2: Equalization of negative sequence voltage
of the fault point from the two imaginary equations presented
in the matrix Equations (8) and (9). This equation includes
two real equations:

V (2)
RF = V (2)

SF (12)

•Equation 3: Equalization of zero sequence voltage of the
fault point from the two imaginary equations presented in the
matrix Equations (8) and (9). This equation includes two real
equations:

V (0)
RF = V (0)

SF (13)

• Equation 4: The boundary condition equation presented
in Equation (10), which includes two real equations.

In general, eight equations and eight unknowns are
obtained to find the faulty location. It should be noted that
impedances and admittance in Ai coefficients are functions of
LSF . In the end, a flowchart used for solving the fault location
problem in untransposed lines can be depicted in Fig. 6.
According to Fig. 6, the implementation process of the

proposed algorithm is as follows. The algorithm receives a
series of information offline in advance and the information
is always available to the algorithm as the basic settings.
The information includes the electrical parameters of the
entire line, such as resistance, inductance, internal andmutual
capacitance between phases, and the entire length of the trans-
mission line (km). Then, in the next step, after it is determined
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that a fault has occurred (it is assumed fault incident time
is known), online information is required for fault location.
The required online information includes the phasor of the
synchronous three-phase voltages of both terminals and the
three-phase current phasor of the local side for the last fault
cycle. In the next step, the algorithm starts the calculations.
The calculations apply the Fortescue transformation on the
current and voltage phasors received from the terminals and
initialize the A coefficients, which are given in the Appendix
of the paper. After these steps, it is time to create the current
and voltage equation of the fault point in the PNZS domain,
which is obtained according to Equation s. (7), (11), (12),
and (13). These equations include the parameters of A and
the initialization of the currents and voltages of the PNZS of
the terminals. After forming the current and voltage equations
of PNZS, the necessary equations can be formed based on
the tables of coefficients presented in Table 1 as well as the
type of faulty phase provided by the fault classification unit
by default to the algorithm. These equations include 3 PNZS
voltage equations presented in Equations (11), (12), and (13),
as well as the equation of the boundary condition corre-
sponding to the faulty phase, which are four real-imaginary
equations. Equalizing the real and imaginary units of the
sides of each equation results in a total of eight equations.

The unknowns of these equations include the distance of
the fault location, the fault resistance, the size and angle of the
current phasors of the PNZS of the remote bus, and finally the
distance of the fault location is obtained from the local bus.
Eventually, the obtained distance must be within the range
of the line, and the fault resistance must be a real number.
If the results are confirmed, the algorithm is terminated and
the calculated distance is correct, otherwise, the algorithm
returns to the start step.

III. SIMULATIONS AND RESULTS ANALYSIS
In this part, the goal is to test and evaluate the designed
algorithm in a software simulation system. The considered
test network includes a 200 km, 230 kV TL, and both
terminals of the TL are modeled with Thevenin sources.
The complete information on the TL under study, including
the impedance and admittance matrix of the TLs, the length
of the TL, and the data related to the Thevenin equivalent
circuit on both ends of the line, are given in Appendix B.
According to Fig. 7, the networkmodel under study including
the Thevenin sources and also the desired untransposed TL is
modeled in Digsilent software. The fault location algorithm
designed here was programmed in an M-file in the MAT-
LAB software. To evaluate the algorithm, 44 fault scenar-

 I (1)F
I (2)F
I (0)F

 =

 A55 A56 A57 A58
A61 A62 A63 A64
A67 A68 A69 A70

A59
A65
A71

A60
A66
A72

A73
A79
A85

A74
A80
A86

A75
A81
A87

A76
A82
A88

A77
A83
A89

A78
A84
A90





V (1)
R
V (2)
R
V (0)
R
I (1)R
I (1)R
I (1)R
V (1)
S
V (2)
S
V (0)
S
I (2)S
I (2)S
I (0)S


(7)

V (1)
F = V (1)

RF
V (2)
F = V (2)

RF
V (0)
F = V (0)

RF

 =

 A19 A20 A21 A22
A25 A26 A27 A28
A31 A32 A33 A34

A23
A29
A35

A24
A30
A36




V (1)
R
V (2)
R
V (0)
R
I (1)R
I (2)R
I (0)R


(8)

V (1)
F = V (1)

SF
V (2)
F = V (2)

SF
V (0)
F = V (0)

SF

 =

 A37 A38 A39 A40
A43 A44 A45 A46
A49 A50 A51 A52

A41
A47
A53

A42
A48
A54




V (1)
S
V (2)
S
V (0)
S
I (1)S
I (2)S
I (0)S


(9)
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FIGURE 6. Flowchart of the complete design for fault location in
untransposed TLs in the PNZS domain.

FIGURE 7. Modeled network under study.

ios in different locations and with different fault resistances
have been used for all types of normal shunt faults. The

FIGURE 8. The 39-bus New England untransposed power system.

FIGURE 9. Error percentage of fault location estimation for an AG fault
occurring at different places and resistance values.

FIGURE 10. Error percentage of fault location estimation for a BCG fault
occurring at different places and resistance values.

synchronous current and voltage sampled data by PMU with
a sampling frequency of 2400 Hz are related to two post-fault
cycles. These data have been sampled in phaser form and
transferred fromDigsilent software to theM-file environment
of MATLAB software. Equation (14) has been used to evalu-
ate the estimation error of fault location. All the information
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FIGURE 11. Error percentage of fault location estimation for an AB fault
occurring at different places and resistance values.

FIGURE 12. Error percentage of fault location estimation for an ABC fault
occurring at different places and resistance values.

TABLE 1. Coefficients of the boundary condition equation for different
normal shunt faults.

related to the test scenarios along with the results obtained
from the output of the algorithm are given in Table 2 in detail.
According to the evaluation results, the significant difference
in estimating the fault location is because of the 100 � fault
CA occurring at 120 km far from terminal S, whose error
value is +0.168% and this value is desirable and acceptable
according to the error value presented in the previous refer-
ences. The successfully obtained results validate the correct
and accurate performance of the suggested algorithm.

erorr% =
LacuF − LCalF

LT
× 100 (14)

TABLE 2. The results of testing different fault scenarios.

Further, to examine the various dimensions of the proposed
method, the formulation of fault location according to Fig. 8
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TABLE 3. The algorithm test results for different sensitive and critical scenarios.

has been implemented on the 39-bus New England network
with an untransposed structure. The complete information on
the network is given in [22]. In this network, it is assumed
that the fault occurred in the line between buses 22 and 23 at
different distances with different resistances. The results of
this implementation for AG, BCG, AB, and ABC faults are
shown in Figs. 9 to 12, respectively.

IV. SENSITIVITY ANALYSIS
The results of testing the proposed algorithm in critical
and sensitive conditions are given in Table 3. In this table,
10 sensitivity analysis scenarios were designed, and each
of which was accurately modeled in Digsilent software.
The results of fault location estimation and the algorithm
error are provided separately for each scenario. According
to the results presented in this table, the algorithm is the
most sensitive to scenario (1) and the least sensitive to
scenario (2).

V. DISCUSSION AND COMPARISON
Here, we compare the results of the suggested algorithm with
those of the related literature. To this end and to make an
accurate comparison, several indices can be incorporated.
The findings of the comparison are tabulated in Table 4.

Index 1:This concerns the domain analysis of the problem.
The domains of problem analysis include the impedance or
phasor (Ph), traveling waves or time (TW), and artificial
intelligence (AI).

Index 2: This indicator is related to data transfer, which
includes data transfer in the synchronous mode (SY), the
asynchronous mode (ASY), and the single-terminal mode
(ST).

Index 3: It concerns the sampling frequency rate.
Index 4: This index concerns the dependency (DE) or

independency (IND) of line parameters.
Index 5: It concerns the number of current and voltage

measurements by the PMU. Each three-phase measurement
of current (C) or voltage (V) is considered a measurement
unit.

Index 6: This index is related to the type of prob-
lem solver and can be either iterative (IT) or non-iterative
(NIT).

Index 7: This index is related to the evaluation of the
practical implementation feasibility of the algorithms, which
can be separated into three modes: hard (H), medium (M),
and easy (E).

Index 8: This index is related to the number of network
circuits (CI) under study.
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TABLE 4. The results of comparing the proposed algorithm with algorithms presented in the literature.

Index 9: This index is related to the number of network
terminals (T) under study.

Index 10:This concerns the average error of the simulation
results

VI. CONCLUSION
The paper proposed a novel fault location algorithm for
untransposed TLs using accurate modeling of the line in
the PNZS domain. The line model is presented in the pha-
sor domain and is based on accurate modeling of mutual
impedances and admittances between the circuits of all three
sequences. The formulation of fault location equations is
based on the phasor equations governing the network for all
types of normal shunt faults and no approximations have been
used. The proposed algorithm incorporates the three-phase
voltage of both terminals and the three-phase current of only
one terminal to locate the fault. The algorithm’s performance
has been tested for 44 types of faults appearing at various
areas and resistance values, and the average estimation error
for these results is equal to 0.07% Also, according to the
results provided in the sensitivity analysis section, the relia-
bility of the algorithm has been tested and evaluated in differ-
ent critical conditions, confirming its accurate performance.
Due to the low sampling frequency rate and the high accuracy
of the algorithm, it demonstrates a very suitable capability
for practical implementation in the locators available in the
industry.

APPENDICES
In this section, the appendices mentioned throughout the
paper are provided. The first appendix is related to the

coefficients given in Equations (7)-(9), and the second
appendix concerns the test network information.

APPENDIX A
INFORMATION ON Ai COEFFICIENTS

A1 = −((Y (1,1)
RF /2) + (Y (1,2)

RF /2) + (Y (1,0)
RF /2))

A2 = (Y (1,2)
RF /2)

A3 = (Y (1,0)
RF /2)

A4 = (Y (2,1)
RF /2)

A5 = −((Y (2,1)
RF /2) + (Y (2,2)

RF /2) + (Y (2,0)
RF /2))

A6 = (Y (2,0)
RF /2)

A7 = (Y (0,1)
RF /2)

A8 = (Y (0,2)
RF /2)

A9 = −((Y (0,1)
RF /2) + (Y (0,2)

RF /2) + (Y (0,0)
RF /2))

A10 = −((Y (1,1)
SF /2) + (Y (1,2)

SF /2) + (Y (1,0)
SF /2))

A11 = (Y (1,2)
SF /2)

A12 = (Y (1,0)
SF /2)

A13 = (Y (2,1)
SF /2)

A14 = −((Y (2,1)
SF /2) + (Y (2,2)

SF /2) + (Y (2,0)
SF /2))

A15 = (Y (2,0)
SF /2)

A16 = (Y (0,1)
SF /2)

A17 = −((Y (0,1)
SF /2) + (Y (0,2)

SF /2) + (Y (0,0)
SF /2))

A18 = (Y (0,2)
SF /2)
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A19 = 1 − Z (1,1)
RF A1 − Z (1,2)

RF A4 − Z (1,0)
RF A7

A20 = −Z (1,1)
RF A2 − Z (1,2)

RF A5 − Z (1,0)
RF A8

A21 = −Z (1,1)
RF A3 − Z (1,2)

RF A6 − Z (1,0)
RF A9

A22 = −Z (1,1)
RF

A23 = −Z (1,2)
RF

A24 = −Z (1,0)
RF

A25 = −Z (2,1)
RF A1 − Z (2,2)

RF A4 − Z (2,0)
RF A7

A26 = 1 − Z (2,1)
RF A2 − Z (2,2)

RF A5 − Z (2,0)
RF A8

A27 = −Z (2,1)
RF A3 − Z (2,2)

RF A6 − Z (2,0)
RF A9

A28 = −Z (2,1)
RF

A29 = −Z (2,2)
RF

A30 = −Z (2,0)
RF

A31 = −Z (0,1)
RF A1 − Z (0,2)

RF A4 − Z (0,0)
RF A7

A32 = −Z (0,1)
RF A2 − Z (0,2)

RF A5 − Z (0,0)
RF A8

A33 = 1 − Z (0,1)
RF A3 − Z (0,2)

RF A6 − Z (0,0)
RF A9

A34 = −Z (0,1)
RF

A35 = −Z (0,2)
RF

A36 = −Z (0,0)
RF

A37 = 1 − Z (1,1)
SF A10 − Z (1,2)

SF A13 − Z (1,0)
SF A16

A38 = −Z (1,1)
SF A11 − Z (1,2)

SF A14 − Z (1,0)
SF A17

A39 = −Z (1,1)
SF A12 − Z (1,2)

SF A15 − Z (1,0)
SF A18

A40 = −Z (1,1)
RF

A41 = −Z (1,2)
RF

A42 = −Z (1,0)
RF

A43 = −Z (2,1)
SF A10 − Z (2,2)

SF A13 − Z (2,0)
SF A16

A44 = −Z (2,1)
SF A11 − Z (2,2)

SF A14 − Z (2,0)
SF A17

A45 = −Z (2,1)
SF A12 − Z (2,2)

SF A15 − Z (2,0)
SF A18

A46 = −Z (2,1)
SF

A47 = −Z (2,2)
SF

A48 = −Z (2,0)
SF

A49 = −Z (0,1)
SF A10 − Z (0,2)

SF A13 − Z (0,0)
SF A16

A50 = −Z (0,1)
SF A11 − Z (1,2)

SF A14 − Z (0,0)
SF A17

A51 = −Z (0,1)
SF A12 − Z (0,2)

SF A15 − Z (0,0)
SF A18

A52 = −Z (0,1)
SF

A53 = −Z (0,2)
SF

A54 = −Z (0,0)
SF

A55 = A1 + A1A19 + A2A25 + A3A31
A56 = A2 + A1A20 + A2A26 + A3A32
A57 = A3 + A1A21 + A2A27 + A3A33
A58 = 1 + A1A22 + A2A28 + A3A34

TABLE 5. Information on Thevenin sources on both ends of the TL under
study.

A59 = A1A23 + A2A29 + A3A35
A60 = A1A24 + A2A30 + A3A36
A61 = A4 + A5A25 + A4A19 + A6A31
A62 = A5 + A5A25 + A4A20 + A6A32
A63 = A6 + A5A27 + A4A21 + A6A33
A64 = A4A28 + A4A22 + A6A34
A65 = 1 + A5A29 + A4A23 + A6A35
A66 = A5A30 + A4A24 + A6A36
A67 = A7 + A9A31 + A7A19 + A8A25
A68 = A8 + A9A32 + A7A20 + A8A26
A69 = A9 + A9A33 + A7A21 + A8A27
A70 = A9A34 + A7A22 + A8A28
A71 = A9A35 + A7A23 + A8A29
A72 = 1 + A9A36 + A7A24 + A8A30
A73 = A10 + A10A37 + A11A43 + A12A49
A74 = A11 + A10A38 + A11A44 + A12A50
A75 = A12 + A10A39 + A11A45 + A12A51
A76 = 1 + A10A40 + A11A46 + A12A52
A77 = A10A41 + A11A47 + A12A53
A78 = A10A42 + A11A48 + A12A54
A79 = A13 + A14A43 + A13A37 + A15A49
A80 = A14 + A14A44 + A13A38 + A15A50
A81 = A15 + A14A45 + A13A39 + A15A51
A82 = A14A46 + A13A40 + A15A52
A83 = 1 + A14A47 + A13A41 + A15A53
A84 = A14A48 + A13A42 + A15A54
A85 = A16 + A17A49 + A16A37 + A18A43
A86 = A17 + A17A50 + A16A38 + A18A44
A87 = A18 + A17A51 + A16A39 + A18A45
A88 = A17A52 + A16A40 + A18A46
A89 = A17A53 + A16A41 + A18A47
A90 = 1 + A14A54 + A16A42 + A18A48

APPENDIX B
The information related to the Thevenin sources on both ends
of the TL is given in Table 5 and the data of the impedance
and admittance matrices of the lines in the three-phase
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abc domain is expressed in Equations (15) and (16),
respectively.

Zabc =

[
0.1106 + j 0.7149 0.0457 + j 0.3645 0.0457 + j 0.3210
0.0457 + j 0.3645 0.1106 + j 0.7149 0.0457 + j 0.3645
0.0457 + j 0.3210 0.0457 + j 0.3645 0.1106 + j 0.7149

]�/km

(15)

Yabc =

 j2.4735 −j0.7588 −j0.4374
−j0.7588 j2.629 −j0.7588
−j0.4374 −j0.7588 j2.4735

/km

(16)
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