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ABSTRACT This paper presents an optimization-based fault location algorithm applicable to series-
compensated power transmission lines. The presented method determines the fault location minimizing
the errors between measured and calculated post-fault voltage and current phasors through a dynamic
differential evolutionary optimization algorithm. This fault location solution may be advantageous over
existing approaches found in the literature as it can locate any fault regardless of the series compensation’s
design, impedance, and positioning. To validate the proposed algorithm, the authors tested it against more
than a thousand and six hundred faults on a 500 [kV] series-compensated double-circuit transmission
line simulated in ATP/EMTP. The results indicate that the presented method yields accurate fault location
estimates, with errors within the 1% magnitude using post-fault steady-state and transient data. In addition,
the proposed algorithm is robust even in situations featuring high-resistance faults, errors in the line’s
parameters, in the system equivalents connected to and between the line’s terminals, and in phasor extraction,

configuring it as an accurate and reliable alternative to locate faults within series-compensated lines.

INDEX TERMS Fault location, optimization, series-compensated lines.

I. INTRODUCTION
It is usual in conventional power systems design for large
power plants to be located afar from load centers due to
planning criteria such as land and resource availability, envi-
ronmental concerns, and many others. Generated electrical
power must then be delivered to consumers through lengthy
transmission lines able to transfer power over significant
distances to consumers spread over the utility service area [1].

As energy demand historically increases, companies have
made tremendous efforts to enhance power transmission
capabilities while maintaining the necessary stability, safety,
and reliability. Thus, the transmission grid is an essential
power link, and any interruption of its performance may
develop severe outcomes. A need arises for effective methods
to protect, recognize, locate, treat, and perform maintenance
of faults and events that may occur in the grid.

Several works in the literature have been investigating
different techniques to improve the capacity, stability, and
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performance of power delivery [2]-[6]. Power transmission
is related to the transmission lines’ reactance and buses
voltages. The voltage characteristics must be kept within
acceptable safety margins, and therefore they may reach
limited ranges. Thus, power transmission enhancement
techniques explore influencing lines’ apparent reactance.

A widely applied and studied method is inserting a capac-
itor bank in series with the transmission line [1], [7]. The
capacitive reactance connected in series with the line results
in an apparent reduction of the inductive reactance, which
increases stability margins and power transfer capacity given
the assumption of constant voltage magnitudes and angles.
Additionally, capacitive series compensation (SC) provides
benefits such as improved voltage profiles, enhanced angular
stability, and oscillations damping.

Design of SC includes, additionally to the capacitor
bank, protective components necessary for safe operation.
In general, a bypass switch is used to aid the connection of
the compensation to the transmission line, while a spark gap
and a metal-oxide varistor (MOV) act as protection against
voltage fluctuations [6].
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However, while series compensation allows improved
power transmission through longer distances and extended
capacity, it also challenges fault location algorithms. The
protective elements of the series compensation introduce
undesirable non-linear behavior to the system. The MOV acts
as first protection during events by allowing fault current to
instantaneously flow through a low impedance path, resulting
in a non-linear behavior as the capacitor bank and MOV
conduct current alternatively in each cycle [8].

A. CONTRIBUTION OF THIS WORK

The precise fault location in series-compensated trans-
mission systems is a concern that demands efforts in
the development of new methodologies. In general, fault
location algorithms may be essentially classified into: phasor-
based algorithms [7]-[20], instantaneous time-domain algo-
rithms [21]-[23], and traveling wave (TW) algorithms
[24]-[27].

Several phasor-based methods have been developed over
the past years to locate faults in series-compensated trans-
mission lines. Generally, these algorithms employ more than
one subroutine that search for faults in each path between the
terminals and the series compensator. In [13], for instance,
there are two subroutines responsible for estimating the fault
distance simultaneously, with one of them yielding the correct
estimate. The subroutines use the voltage and current phasors
obtained from both transmission line’s terminals. Although
the authors mention that the voltage and current signals may
be unsynchronized, synchronization is needed for the proper
determination of the fault distance. Another disadvantage is
that this algorithm is applied only in cases in which the series
compensation is not bypassed during faults, which therefore
limits this method’s applicability.

The authors of [14] propose an iterative methodology to
locate the fault. This algorithm needs prior knowledge of the
fault type and the pre-fault data to perform synchronization.
Similarly to [13], this method also relies on two fault
location subroutines. Another similar technique is presented
in [16]. However, it is only applicable in cases where
the compensation has been bypassed. Furthermore, for the
convergence of the phasor estimation technique, there must
be enough time between the instants in which the MOV is
bypassed and the protection device actuation. Nevertheless,
there are cases in which the protection operates before
bypassing the SC.

The method proposed in [8] is only applicable to faults
involving ground. Besides, it assumes that the compensators
involved in the faulted phases have equal impedance, which
may lead to errors when the phases are unbalanced. In the
method proposed by [7], in turn, an investigative subroutine
is first performed at one side of the compensated line. If a
solution is found, the method stops the search. Otherwise,
the search continues at the other side. The authors provided
no details concerning the phasors estimation. The method
proposed by [18] also uses two subroutines and the phasors
obtained from the measurements of the two transmission
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line terminals to locate the fault. However, it requires prior
knowledge of the series compensation impedance during the
fault and is not applicable for balanced faults.

Differently, the phasor-based method proposed by [19]
implements just one subroutine to locate the fault. It applies
to a system with three-terminal single-circuit lines. This
method divides the system into four sections to locate the
fault. Furthermore, for each of these sections, it performs
the calculation of all fault types and estimates the correct
result based on the system’s boundary conditions. A phasor-
based method using only current signals from the terminal
which contains the compensation is proposed by [20]. The
fault location is done in two steps, being the first one
responsible for the estimation of the current phasor and the
initial fault location and the second one responsible for,
through statistical calculations, improving the fault location
estimation. However, it is only applicable for phase-to-
ground faults.

The authors of [28] presents a method to locate faults on
medium voltage distribution feeders, which supply power
to residential and commercial consumers. Therefore, despite
employing the nodal admittance matrix similarly to this work,
it is a solution to distribution networks that deal with the
challenges of this type of system. Additionally, differently
from this work, this algorithm uses a probabilistic analysis
to identify the faulted network’s section, once distribution
feeders generally present several ramifications and variable
load profiles, outcoming in different possible fault points.

In [29], the authors present an algorithm that locates
faults in double-circuit compensated lines that employs a
six-sequence component transformation to locate any faults
accurately. However, the method considers that the SC
impedance is known and that it is the same in all faulted
phases, which may not always be true due to the compen-
sation’s non-linear behavior. The method proposed by [30],
on the other hand, locates faults on series compensated
transmission lines minimizing the error between the voltages
calculated in the fault point from each transmission line
terminal. The main disadvantage of this method relies on the
necessity of knowing the MOV’s non-linear characteristic,
and it cannot be employed in Thyristor Controlled Series
Compensation (TCSC) compensated lines.

Time-domain algorithms uses directly the measured volt-
age and current samples to locate faults. These methods
are usually limited by the instrument transformers (ITs)
characteristics, which may not be able to precisely follow
rapid changes and are noise-sensitive [20]. A time domain
method using synchronized line terminal voltage and current
signals is presented in [23]. However, it demands sampling
rates of at least 40 [kHz] and may be affected by noisy
measurements.

TW-based algorithms monitor the voltage and current
signals moving through the conductors to locate faults. They
usually present high precision results. However, they are also
very sensitive to noises in the monitored signals and require
expensive equipment with high sampling rates. The method
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proposed by [25], for instance, uses a wavelet transformation
to filter local voltage and current signals captured near the
series compensator. The first TW is used to differentiate in
which side of the compensation the fault occurs, while the
polarity of the second is used to calculate the fault location.
The authors of [27], in turn present a TW-based fault locator
that uses the first two wave arrival times in each line terminal
to accurately locate the fault point. However, it demands
a sampling frequency within the [MHz] magnitude and
therefore may not be suitable for most commercial device.

Therefore, the main concerns surrounding the fault loca-
tion in compensated-lines state-of-the-art are the necessity
of voltage and current data to include a post-fault period
in which the SC was removed by the protection, previous
knowledge of MOV and SC characteristics (impedance and
operation points), non-applicability to all fault types, and
limitations related to the compensator’s positioning.

Hence, the contribution of this work is the proposal of a
fault location algorithm that addresses all the listed concerns.
This method uses current and voltage data acquired from both
the line’s terminals, and is based on an optimization algorithm
that uses Dynamic Differential Optimizer (DDEOPT) to
determine the fault location, the fault resistance, and the SC
impedances. Additionally, it can locate faults regardless of
the series compensation model and positioning. Furthermore,
the proposed method does not need to wait for the capacitors
bypassing to extract the current and voltage phasors. To the
best of the authors’ knowledge, there is no similar method
that addresses altogether the described concerns.

The authors evaluated the proposed algorithm through
its application on more than a thousand six hundred faults
simulations in an actual 500 [kV] transmission line in
ATP/EMTP. The results indicate that the method can locate
any faults accurately, even in critical conditions concerning
errors in the phasors extraction and the line’s and equivalents’
parameters.

B. MANUSCRIPT STRUCTURE

The remaining sections of this paper are organized as follows:
sec. II presents the modeling and functions concerning SC
of transmission lines. Sec. III, in turn, describes in detail
the proposed algorithm’s methodology. Sec. IV presents
the obtained results and analyses, alongside the simulated
compensated line. Also, sec. IV regards the method’s
performance in cases with errors in phasor extraction, line
parameters, and on the equivalents connected to and between
the line’s terminals. Sec. V, finally, concludes this article.

Il. TRANSMISSION LINES SERIES COMPENSATION

The literature displays various kinds of SC designs, from
which two main groups stand out: Fixed Series Compensation
(FSC) and TCSC. A basic FSC setup includes a series
capacitor bank in parallel with protection elements such
as over-voltage protection and bypass breaker. An FSC
capacitor is not variable, and its rating relates to normal
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operating conditions (over-sizing may not be economically
attractive).

The primary over-voltage protection is a MOV, a highly
non-linear element. It serves as a bypass for the capacitor
bank during fault occurrence, as it conducts freely whenever
the voltage across its terminals is higher than a specific
threshold. The remaining breaker in this design is normally
open and used to switch the capacitors in or out of operation.

The TCSC employs a similar design but with anti-parallel
thyristors controlling an air-core reactor, shunting the series
capacitor. The ability to control the thyristors’ commutation
gives the operational advantage to manage the compensation
level, ranging from inductive to capacitive values through the
thyristors firing angle. With the development and facilitated
power electronics usage, TCSC has become more prominent.
The TCSC presents some advantages over the FSC, such as
their very fast response time and ability to choose thyristor
commutation instants, minimizing transients, and allowing a
rapid and continuous control of the compensation. Besides,
they present a longer life-cycle due to the reduced number of
mechanical switches, inter-area oscillation damping, voltage
support, and short-circuit restriction [6].

As the modeling of these elements may vary, different
planning and operational challenges arise. Every model-
ing process introduces more design parameters and, thus,
uncertainties that may induce errors and increase processes
complexity. Thus, the scientific community has been studying
their main challenges and impacts, such as stabilization and
transient stability controls, planning studies, protection and
fault location issues, and sub-synchronous resonance [6],
[31], [32]. An example is the MOV. This non-linear protective
element is efficient for the SC protection, as it enables an
instantaneous bypass of the capacitors during emergencies.
However, it challenges the fault location algorithms, as its
impedance is unknown during the fault. Therefore, it has been
understood that the ability to design efficient fault location
algorithms independent from the MOV model is crucial for
the transmission system’s planning and operation.

lll. METHODOLOGY

The literature review shows that there are several concerns
about the fault location in series-compensated transmission
lines, such as voltage and current data availability require-
ments, previous knowledge of MOV and compensation
characteristics and limitations to fault types applicability, and
series compensation positioning.

Thus, it is evident the necessity of a fault location
method that addresses the observed concerns efficiently and
precisely. In this way, in this research, the authors propose
an algorithm to locate faults within series-compensated lines.
The proposed method uses voltage and current data acquired
from both transmission line terminals. It is capable of locating
faults of any type, regardless of the series compensation
model or its position in the transmission line. Additionally,
the algorithm does not need to wait for the protection scheme
to bypass the series compensation device to initiate the
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FIGURE 1. Flowchart of the proposed fault location method.

fault location process. The following subsections detail the
method’s steps, depicted in Fig. 1.

A. DATA PROCESSING

Initially, the voltage and current signals are acquired from
the local and remote transmission line terminals. The
data processing of the acquired signals includes filtering,
synchronization, and phasor extraction steps.

Data filtering should be performed before any subsequent
steps of the method. In this way, problems originated by
aliasing or spurious noise are mitigated, avoiding fault
location errors. The filtered signals synchronization is
important to prevent angular errors during phasor estimation.
The voltage and current phasors are then extracted from the
processed signals for further application in the fault location
process.

1) DATA FILTERING AND SYNCHRONIZATION

A digital low-pass Butterworth filter is used for filtering of
the signals. The filter design consists of defining frequency
and attenuation values for the pass band and for the reject
band. Voltage and current signals used in this paper have
sampling frequency of 3840 [Hz] or 64 samples per 60 [Hz]
cycle. Therefore, the authors selected the values of 90 [Hz]
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and 3 [dB] for the cutoff frequency and maximum attenuation
of the pass band, respectively. For the cutoff frequency
and minimum attenuation of the rejection band, in turn,
the authors chose the values of 1920 [Hz] and 40 [dB]
respectively. The Nyquist frequency used in this research is
1920 [Hz], which is half of the proposed algorithm’s sampling
rate.

After filtering, the voltage and current signals from
both transmission line terminals must be synchronized. The
signals have the same time stamps (provided by the Global
Positioning System (GPS)). However, they may have been
sampled at different instants. The problem with the lack of
synchronization is that a phase error may arise between the
phasors obtained from the terminal signals. Thus, the signals
are synchronized through an interpolation process.

Another way to synchronize voltage and current phasors
between transmission line terminals is to multiply the phasors
of one of the terminals by ¢/’ . The phase 6 may be determined
by calculating the pre-fault phasors from one terminal using
data from the opposite terminal, as proposed by [19]. In more
complex grids, an alternative way to determine 6 is through a
minimization process.

In this research, the authors chose interpolation to achieve
the signals synchronization as the pre- and post- fault phasors
already have the same time stamps, assigned by the GPS.
Still, in the cases whether one or both line terminals have
GPS issues, the synchronization method can be adapted to
the mentioned minimization-based approach.

2) DATA WINDOW SELECTION AND PHASORS EXTRACTION
Before extracting voltage and current phasors, it is necessary
to set the pre- and post-fault data windows, defined by
the fault instant, which is known. In case the power or
energy absorbed by the MOV reaches its maximum values,
during the occurrence of a fault, the series compensation
protection device actuates, leading to discontinuity in the
signals that may introduce errors in the phasor calculations.
Thus, the appropriate selection of the data should consider the
longest window delimited by the switching of any SC phases.
To perform this task, the authors considers to be known the
fault instant and the switching time of the protection in each
phase.

Fig. 2 illustrates the three-phase currents of a double phase
(b-c) fault alongside the SC protection bypass switching
signals and candidate data windows. The currents in phases
b and c have distinct amplitudes and are not 180° shifted,
which leads to different switching instants. As Window
1 is the largest, the algorithm will choose it. Additionally,
as the current amplitudes differ, the impedance at each
phase of the SC also changes once the MOV operation is
directly proportional to the current magnitude through it. It is
noteworthy that if the protection scheme bypasses one of the
SC phases in the selected window, the considered impedance
is zero.

The phasors extraction algorithm uses both transmission
line terminals’ synchronized voltage and current selected
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FIGURE 2. Selection of data window for phasor extraction. Instrument
current transformer has 3000:1 relation.

data. These signals may contain dc and sub-synchronous
components beyond the fundamental and higher-order mul-
tiples. Thus, the algorithm must recognize and filter out all
components besides the fundamental.

The sub-synchronous components arise from the series
compensation capacitance and transmission line inductance
interaction. Typically, these components, in addition to the
dc exponentially decaying one, appear during faults in series
compensated transmission lines. To work with such signals,
the authors of [33] have developed an adequate phasor
extraction methodology based on the Prony filter together
with an Fast Fourier Transform (FFT). Such a signal may
be described by (1). In this equation, the terms represent,
respectively, the fundamental, the higher-order components,
and the transient components (dc and sub-synchronous).

L
s (1) = aj cos (@1t +01) + Y _ dp cos (@t + O)

m=1

P —t
+> bre cos (@it +6) (1)
k=1

where aj, a, and by are the amplitudes, w;, w, and
wy are the angular frequencies, and 01, 6, and 6 are
the phase angles of the fundamental, the higher-order and
the transient components. In addition, t; is the decaying
constant of the transient component, m is the order of the
harmonic component, and k is the order of the transient
component.

The approach described in [33] is to recognize and filter
out the transient components. To determine its properties, i.e.
to find out by, wg, 6x and 1 values, the Prony filter is applied
to the moving averaged signal [34]. Thus, it is possible to
subtract the transient contribution from the original signal.
Afterwards, a FFT filter extracts the signal’s fundamental
term and calculates the phasors.
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B. SYSTEM ELEMENTS MODELING

The proposed fault locator uses the grid’s nodal equations to
locate faults. Hence, the algorithm’s precision is linked with
the proper modeling of all components. As the components
modeling may be somewhat complex, the authors employed
the oriented graph theory to perform this task [35].

The theory of oriented graphs allows the physical structure
of the electrical grid to be represented in an organized
manner, thus avoiding errors in the modeling. The graph
theory divides the electrical grid modeling into two parts: one
represented by a matrix containing the primitive admittances
of the component that compose the electrical grid and the
other represented by a matrix, called the incidence matrix,
holding the way how these admittances are connected,
that is, the topology of the electrical network. Thus,
items III-B1 to III-B3 present the modeling of transmission
lines, equivalents, SC, shunt reactors, and faults. Item III-D,
then, details the grid modeling through the theory of oriented
graphs.

1) TRANSMISSION LINE

The transmission line section can be modeled by an
mw-equivalent circuit, as depicted by Fig. 3. From this circuit
one can find the relationships between the voltages and
currents at sending (S) and receiving (R) ends [36], as in (2).

Vs| _ [Ax) Bx)||Vr ?)
Is | |Cx) Dx]||Ir
where Vg, Vg, Ig, and IR are the line terminal voltages and

currents in and x is the line’s section length.
According to [36], the elements of (2) are described as:

A(x) =y "M [cosh(yx)], My (3)

B(x) =y~ "M [y;sinh(yx)], My )

Cx) =xM [M} Mfly 5
VX D

D(x) = M [cosh(yjx)|, M~ (6)

where z and y are the per-unit-length series impedance and
shunt admittance matrices, M the eigenvectors of yz, y; is the
square root of the eigenvalues of the j eigenvector of yz, and
notation [-]p indicates a diagonal matrix.

Thus, the admittances of the w-equivalent model may be
calculated as shown from (7) to (9), where I represents the
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FIGURE 4. Synchronous generator represented in positive (1) and zero (0)
sequence components.

identity matrix. These admittances are the transmission line’s
primitive admittance matrices.

Ys = [D(x) — ] B(x)™! @)
Ysg = B(x)™! ®
Yr = B [A®) - 1] )

2) GRID EQUIVALENT

Fig. 4 depicts the circuit of the grid equivalents, represented
as a current source in parallel with an admittance. Based on
this circuit, the mathematical modeling of the grid equivalent,
in phase components, is given as in (10).

I, Van 0
Iy = =Yg |Ven | +T|Y1Ea (10)
IC Vcn O

where Vau, Vin, Ven, Ia, Ip, and I, are the phase volt-
ages and currents at the equivalent’s terminal, T is the
symmetrical components transformation matrix, ¥y and
Y; are the zero and positive sequence admittances, and
E, is the positive sequence internal equivalent voltage.
The equivalent’s primitive admittance matrix is given
as in (11). In addition, equivalents between the line’s
terminals (transfer equivalent) are modeled as just an
admittance.

Yo 0 0
Yo=T|0 v 0T (11)
0 0 Y]

3) SERIES COMPENSATION

The SC is modeled as a single three-phase impedance [37].
The primitive admittance matrix, as indicated in (12), is con-
structed by taking the inverse of each phase’s impedance.

1/Z, 0 0
Yc=| 0 1/Z, 0O (12)
0 0 1/Z,

It is noteworthy that the SC modeling is independent from
the compensator’s design. The values of Z,, Zj, and Z,. may be
different, depending on the MOV operation point and on the
bypass of the specific phases. In this case, the impedances
goes to zero. As a computational limit, the authors adopted
the minimum impedance magnitude value as 10~ to avoid
rank-deficient matrices.
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Igy

FIGURE 5. Substitution of the pre-fault line for the post-fault sections
with the new fault node F in generic electric grid.

4) SHUNT REACTOR
The primitive admittance matrix of the shunt reactor is similar
to the series compensator’s one, as in (13).

1/7, 0 0
Yr=| O 1/Z; 0 (13)
0 0 1/Z,

5) FAULT MODEL

The primitive admittance matrix of a generic fault is detailed
in (14). This modeling allows the construction of different
fault types by setting the necessary admittance values as null.
The fault types are phase-to-ground, phase-phase-to-ground,
phase-to-phase, and three-phase.

Y, — Y2 /Y, —Y,Y/Y; -y, K/ff,
Ye=| —VY/Y:  YVo—Y}/Y: =YY Y | (14)
—Y.Y, /Y, ~Y.Y,Y,  Y.—Y2)Y,

where, ¥, = l?a + 1_/;, +Y.+7,.

C. PRE-FAULT PROCEDURE

Fig. 5 depicts a generic electric grid with series and shunt
compensations at both line ends, in the pre-fault condition.
The proposed method uses the oriented graphs theory to
build the nodal equations of electric grids. With the voltage
and current phasors at the line ends, and assuming known
the admittances of equivalents Yg; and Ygg4, it is possible
to determine the equivalent’s currents Ig; and Ig4, which
maintain their values for the post-fault condition and are used
by the algorithm in the post-fault modeling.

D. POST-FAULT PROCEDURE
The chosen line for the fault location is divided into two
m-sections, with lengths d and ¢ — d, respectively. Between
the sections, the algorithm creates a new fictional node F,
as also shown in Fig. 5. The admittances of the new r-section
models are given through (7)-(9) with the initially considered
lengths. This generalization allows the fault modeling at
this node, according to (14), adapted to the occurred fault
type.

The method creates the post-fault incidence and primitive
admittance matrices through (15) and (16). This allows the
assembly of the bus admittance matrix as in (17), used by the
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algorithm to solve the nodal equations denoted by (18), which
yields the calculated post-fault nodal voltages V}” and V{” at
the transmission line ends. With currents Igq and Igg, together
the known admittances Yg1 and Ygy, the post-fault calculated
currents I;c) and I at the line’s ends are given by (19)
and (20). For double-circuit lines, the proposed algorithm
applied the same methodology, but considers the parallel
circuit’s admittances and the mutual admittances between
circuits, as in (3) to (6).

It is noteworthy that in compensated lines in which the
compensation is placed along the line, the proposed algorithm
searches for the fault in both line sections comprised between
the terminals and the compensator and compares the obtained
results to determine the faulted section.

=
(—
=

Yi1 I 0
Yci2 I -1 0 0 0

Q=vYs| 0 0 I o0 -I| (15

=
| ...
]
L)
=

Ycau 0

Yl 0 0 0 I 0 |
Yy 0
0
Y
Ypr — 22
Yr3
: . " 0
L0 0 Yg4|
(16)
Ybus = QTYprQ (17)
v© I
V%c) 0
(2c) 0
V(c) E4
?C) 0
A\ 0
I(c) =1Ig1 — YEIV(C) (19)
1<°> Igs — YEgVy (20)

E. FAULT LOCATION PROCEDURE

To locate the fault, the method solves the minimization
problem stated in (21). The algorithm seeks to minimize the
objective function given by the errors between the calculated
and measured post-fault voltage and current phasors quanti-
ties. The proposed method requires as inputs: the fault type,
the faulted line’s length £, and the post-fault measured and
calculated terminal voltage and current phasors, denoted with
the operators .™ and ., respectively.

Minimize & (d, rph, rg. Zca» Zcbs ZCc) »
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1070 <d/t <1

1070 < rpp, rg < 1

107 < M{Zcu, Zeps Zce) < 1
1070 < S{zca, Zops Zee} <1

subject to 21

The goal of the method is to find fault distance d from
the local end of the transmission line, as well as the
fault resistances (rp; between phase and neutral, and rg
between neutral and ground), and the phase impedances of
the series compensators zZcg, Zcp, and zce. All the objective
search parameters are calculated by the presented solution
as fractions of their corresponding maximum threshold
values: fault distance: £, fault resistances: 1000 [$2], and SC
impedances: the rated capacitive reactance.

In the beginning, the objective parameters are guessed
within their threshold values. Then, the method divides the
measured and calculated terminal voltage and current phasors

by their respective largest absolute values, resulting in v(m),

V(lc), vf‘m) vy, 1(1'") i) 15:") and iy

Then, the method minimizes the error ¢, given by (22),
where M. and J. represent, respectively, the real and
imaginary parts of the phasors and v, i represents their
phase p = {a, b, c} quantities. The minimal error yields the
optimized values for the search parameters, among which is
the best approximation for the fault distance d.

& (d, Tphs Tgs 2Cas ZCh> ZCC)

=i > Y (i)

n={1,4} p={a,b,c}

WYX ()

n={1,4} p={a,b,c}

e Y Y (i)

n={1,4} p={a,b,c}

=Y Y (m-i) (22)

n={1,4} p={a,b,c}

0

F. OPTIMIZATION FUNCTION

The proposed algorithm uses the DDEOPT, based on
differential evolution [38], [39], to minimize the objective
function (22). As the genetic algorithm, the DDEOPT algo-
rithm is a population-based method, where through crossover,
mutation, and selection processes, more evolved populations
are created in each generation. However, this algorithm
differs from the traditional genetic algorithm by applying an
approach that uses the difference between individuals and
presents higher robustness and efficiency [39].

According to [38], algorithm DDEOPT, compared to
Pattern Search and Simulated Annealing algorithms, proved
superior in minimizing non-linear and non-differentiable
functions. Still, in [40], the Genetic Algorithms proved to be
even equal or inferior to the Simulated Annealing algorithms.
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Furthermore, according to [38], algorithm DDEOPT is
robust, practical to use, and quick to converge.

At each iteration, the algorithm determines the calculated
terminal voltage and current phasors through (15) - (20) using
a set of search parameters, which were guessed in the first
iteration. Together with the measured phasors, the method
evaluates the error through (22). If any stopping conditions
are met, the algorithm ends the optimization process and
returns the optimized value of the fault distance. Otherwise,
the optimizer considers a new set of values for the search
parameters and the process repeats. The stopping conditions
are: maximum iterations as 1000 minimum; absolute value of
error variation between consecutive iterations as 107,

IV. RESULTS

This section presents the results of testing the proposed
algorithm against faults simulated in a 500 [kV] series
compensated line. The authors varied the fault type,
resistance, distance, and inception instant, generating over
1600 different scenarios. The method was tested in all
cases with the voltage and current signals arising from
the simulations, considering both post-fault steady-state and
transient measurements. Furthermore, the authors evaluated
the algorithm’s performance in situations containing errors
on the estimated line’s parameters, grid equivalent, and
estimated phasors.

A. MODELED SYSTEM DESCRIPTION

Fig. 6 depicts the 500 [kV] and 60 [Hz] series compensated
double-circuit transmission line modeled in ATP/EMTP by
the authors for the fault simulations. This line has £ = 256
[km] length and features both SCs and shunt reactors (SRs)
at its terminals. This line’s local end (L) is located in Brazil’s
Center-West region, while the remote end (R) is in the North.

In addition to the SCs and SRs, Fig. 6 also generically
illustrates the I'Ts housed in the respective substations: current
transformers (CTs) with 3000:1 ratio, capacitive voltage
transformers (CVTs) with 500 [kV] to 115 [V] decrease ratio,
circuit breakers (CBs), and intelligent electronic devices
(IEDs) that embed the presented fault location solution.

The equivalent at L has Zop, = (0.6672 + j14.07) [2], Z1L,
= (0.9518 + j18.50) [€2], and 575/40° [kV] voltage. The
equivalent at R, in turn, has Zor = (17.43 + j79.71) [2], Z1r
=(2.9256 + j21.82) [2], and 556.5/-13° [kV] voltage. The
transfer equivalent between the line’s terminals, finally, has
its impedance values equal to Zor = (340.7 + j749.7) [2]
and Z;t = (6.438 + j36.40) [2].

The SRs at both terminals and in both circuits have a
rated reactive power of 59 [MVAr]. The authors modeled the
SCs according to actual the device operating on this line,
illustrated in Fig. 7. All faults were simulated in circuit 1.

B. SIMULATIONS SETUP

The authors used the generic fault model displayed by
Fig. 8 in the simulations. The fault scenarios included, for
each fault type, the following value combinations for the

VOLUME 10, 2022

(2) £ = 256 [km]
d {—d
L R
i T Chre, 2 o

ITéu—Dé 7CHC‘1}D—HQW
& v I [ - Fault - }&. I M /
’ Communication Link .

(b) . .

Steel 3/8” EHS OPGW

Qf} 15.00 [m] é% 7
|

40.75 [m]
31.50 [m]

Rail 954
ACSR

59.00 [m]

FIGURE 6. Modeled and simulated double-circuit 500 [kV] transmission
line with fault location and protection apparatus (a) and towers
layout (b).
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FIGURE 7. Modeled line’s SC and MOVs characteristics.

phase (Rph) and ground (Rg) fault resistances respectively:
1 (0.1;0.1), 2 (5;0.1), 3 (10;0.1), 4 (0.1;50), 5 (5;50),
6 (10;50), 7 (0.1;150), 8 (5;150), 9 (10;150), 10 (0.1;500),
11 (5;500), and 12 (10;500) [€2].

The faults were applied at d = 0.02, 0.10, 0.30, 0.50,
0.70, 0.90, and 0.98 [pu] of the line’s length from terminal
L, at inception instants 0.2791 and 0.2833 [s], which
respectively led to the minor and major dc components in the
signals. Four post-fault cycles were simulated for each fault.

Items IV-C and IV-D present, respectively, the results
of the methodology’s precision and sensitivity to errors in
the estimated phasors, transmission line parameters, and
terminals’ equivalents. All analysis were performed by taking
fault scenarios from the aforementioned configurations.

The authors conducted the precision analyses for fault
distance variations, considering all resistance combinations
for each fault distance and type, and determining the mean
and standard deviation. Besides, the authors also performed
the analyses for fault resistance variations where, for each
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FIGURE 8. Model to simulate phase A to ground (AG) faults (a), phase B
to phase C (BC) faults (b), phase B to phase C to ground (BCG) faults (c),
and phase A to phase B to phase C to ground (ABCG) faults (d).
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FIGURE 9. Fault distance mean errors for distance variations, with
phasors extracted from steady-state.

fault resistance combination and type, all fault distances were
considered in the mean and standard deviation calculations.

The sensitivity analysis about errors in the phasors was
performed by adding to them a random error phasor of
magnitude with 0.5% mean and 0.25% standard deviation,
referred to the phasor magnitude, with phase ranging
randomly from —180° to +-180° [41]. The authors conducted
the sensitivity analysis about errors in the transmission
line’s parameters and errors in the terminal’s equivalents by
applying, in both studies, errors with normal distribution
having zero mean and standard deviation of +5%. In the three
sensitivity analyses, the authors considered all faults types,
at 50% from the L terminal, and fault resistance combination
5 (5:50).

C. PRECISION ANALYSIS

1) FAULT DISTANCE VARIATION

Fig. 9 presents, for each fault type, the fault distance

mean errors considering various fault locations, with phasors

extracted from steady-state data. The largest error was

0.065% =+ 0.145%, for an AG fault at 50% from L.
Additionally, the authors computed results for cases

where the phasors were extracted from the transient period.

Considering the fault inception at 0.2791 [s], the most

significant mean error was 0.199% =+ 0.155% for an ABCG
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FIGURE 10. Fault distance mean errors for fault resistance variations,
with phasors extracted from steady-state.

TABLE 1. Statistic summary of fault distance errors (%) using phasors
extracted from steady-state measurements.

Fault Mean Standard 257 . 75th
e .. Median .
type error deviation percentile percentile
AG 0.0183 0.0875 -0.0205 0.0060  0.0505
BCG -0.0063 0.0256 -0.0165 -0.0020  0.0065
BC -0.0024 0.0234 -0.0125 -0.0010 0.0110
ABCG -0.0044 0.0344 -0.0255 -0.0045 0.0130

fault at 10% from the L. For faults with start at 0.2833 [s], the
largest mean error was 0.451% =+ 0.138% for an AG fault at
50% from L.

2) FAULT RESISTANCE VARIATION

Fig. 10 presents, for each fault type, the fault distance mean
errors considering various fault resistances, with voltage
and current phasors extracted from steady-state. The most
significant mean error was 0.054% =+ 0.184% for an AG fault
with fault resistance combination 10 (0.1;500). Additionally,
the authors computed results of cases in which the phasors
were extracted from transient measurements. The most
significant mean error was 0.237% = 0.300% for an AG fault
with resistance combination 3 (10;0.1) and fault instant at
0.2791 [s]. For the faults with start instants of 0.2833 [s], the
most significant mean error was 0.377% +0.421% for an AG
fault with fault resistance combination 12 (10;500).

3) FURTHER DISCUSSION ON PRECISION ANALYSIS
In addition to the results obtained in items IV-C1 and IV-C2,
Tab. 1, Tab. 2, and Tab. 3 present the fault location errors
statistic summaries considering phasors extracted respec-
tively from steady-state (considering both fault inception
instants), transient fault measurements from faults with start
instant of 0.2791 [s], which led to the minor dc decaying
component, and with start instant 0.2833 [s], which led to the
major dc decaying component.

In absolute terms, the largest error obtained was 0.451%,
occurred for an AG fault at 50% from L terminal with fault
resistance combination 10 (0.1;500). For phasors extracted
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TABLE 2. Statistic summary of fault distance errors (%) using phasors
extracted from transient measurements (fault inception instant of 0.2791

[sD)-

Fault Mean Standard  25t© . 75th

. ., Median .
type error deviation percentile percentile
AG 0.0281 0.4078 -0.2090 0.0615  0.2695
BCG 0.0781 0.2004 -0.0490  0.0620  0.1625
BC 0.0661 0.1693 -0.0410  0.0310  0.1285
ABCG 0.0873 0.1615 0.0010  0.0705  0.1780

TABLE 3. Statistic summary of fault distance errors (%) using phasors
extracted from transient measurements (fault inception instant of 0.2833

[sD)-

Fault Mean Standard 25" . 5th
. . .. Median .
type error deviation percentile percentile
AG 0.1309 0.3566 -0.0995 0.0525  0.3730
BCG 0.1317 0.2266 0.0175  0.0685  0.2450
BC 0.1380 0.2248 0.0115  0.0725 0.2180
ABCG 0.1046 0.1394 0.0235 0.0645 0.1520
= 05D A\ /1
£ op)l— 1b
E-05 e
0.26 028 o.izo( ) 032 031
=05 5<“_ o d
§ OF\— %b LA
E-051 )/ 1
0.26 028 030 032 031
Time [s]

(b)

FIGURE 11. Currents in terminal L (a) and R (b) for the AG fault that
yielded the most significant location error with phasors extracted from
the transient period (1.019%).

from the transient period, with fault instant at 0.2791 [s], the
most significant error was 1.002% for an AG fault at 70%
from L terminal with fault resistance combination 7 (0.1;150).
Finally, for phasors extracted from the transient period, but
with fault instant at 0.2833 [s], the most significant error was
1.019% for an AG fault at 70% from L terminal with fault
resistance combination 9 (10;150). Fig. 11 depicts, in this
way, the line terminals’ of this fault.

Another point worth mentioning is the characteristic of the
most significant errors. They occurred for AG faults with high
resistance values between 50% and 70% of the transmission
line’s length. Despite that, the presented method’s maximum
fault location errors were 0.451% (for phasors extracted
from steady-state measurements) and 1.019% (for phasors

VOLUME 10, 2022

TABLE 4. Maximum errors obtained by other algorithms found in the
recent literature. Maximum errors of the proposed method were 0.451%
(phasors extracted from steady-state data) and 1.019% (phasors
extracted from transient data).

Reference Maximum error (%) Observations

Method is only applicable

[8] 1.45 to locate ground faults
Method requires sampling
(271 0.37 frequency of at least 500 [kHz]
[29] 1.86 Method requlres’ the series
series compensator’s impedance
[30] 0.95 Method requires the

MOV’s non-linear characteristic

extracted during transient measurements), indicating the
method’s accuracy and efficiency.

The authors compared these maximum errors with the
maximum errors obtained by other algorithms proposed in
recent works found in the literature, as illustrated in Tab. 4.
One can notice that the proposed solution’s maximum errors
are similar to the other approaches’ maximum errors. Still,
these approaches present the drawbacks mentioned earlier,
in Sec. I-A.

D. SENSITIVITY ANALYSIS

The authors performed the sensitivity analysis by testing the
method’s robustness against errors in voltage and current
phasors, in the line’s parameters, and on the equivalents at
and between the line terminals.

1) VOLTAGE AND CURRENT PHASORS ERRORS
Fig. 12 presents the results for the sensitivity analysis
regarding errors in the phasors. The authors performed a
statistical analysis and constructed a histogram, normalized
in probability density, for each fault type, altogether with a
probability density curve, and a results box diagram.
Observing Fig. 12 and Tab. 5, one can note that the
largest mean error occurred for ABCG faults, while the
lowest for BCG faults. For ABCG faults, the mean error was
—0.2254% =+ 0.7076%, with the 25" percentile at —0.7438%
and the 75™ percentile at 0.3885%. Thus, an ABCG fault
distance estimation with errors in the phasors has a 50% of
probability to lie between these errors. Besides, the inferior
and superior errors were equal to —1.5622% and 1.1149%.
For BCG faults, the mean error was —0.0068% £+0.2014%,
with the 25 percentile at —0.1519% and the 75" percentile
at 0.1347%. Therefore, a BCG fault distance estimation with
errors in the phasors has a 50% probability of lying between
such errors. In addition, the inferior and superior errors were
respectively equal to —0.3570% and 0.3315%.

2) ERRORS IN THE LINE's PARAMETERS

Fig. 13 presents the results obtained for the sensitivity
analysis of errors in the transmission line’s parameters. Thus,
as in IV-D1, a statistical analysis was performed.
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TABLE 5. Fault distance errors in (%) considering deviations on phasors,
parameters, and equivalents. Faults at 50% (128 [km]) from L terminal,
resistance combination 5 (5;50), and phasors extracted from steady-state.

Errors Fault Mean Standard 25" Medi 75th
on type error deviation percentile edian percentile
AG -0.1043 0.5994  -0.5193 -0.1363  0.2438

§ BCG -0.0068 02014  -0.1519 0.0073  0.1347
é BC -0.0268 0.2281 -0.1488  -0.0321  0.1508
ABCG -0.2254 0.7076 ~ -0.7438 -0.1524  0.3885

- AG -0.6423 2.0866  -1.6435 -0.5771 0.7942
% BCG -0.0377 2.1834  -1.7197 03227  1.1457
g BC -0.8854 2.1056  -2.6003 -1.1202  0.4358
& ABCG 02926 2.6384  -2.0547 -0.6935 2.4866
2 AG  -0.0490 0.1993 -0.1938  -0.0382  0.0818
% BCG -0.0314 0.0316 -0.0576 -0.0326 -0.0084
E BC -0.0232 0.0400  -0.0502 -0.0285 0.0009
5 ABCG -0.4259 0.2555 -0.6581  -0.4595 -0.2051

Hence, observing Fig. 13 and Tab. 5, one can note that the
most significant mean error occurred for BC faults, while the
lowest errors occurred for BCG faults. The mean error was
—0.8854% = 2.1056% for BC faults, with the 25" percentile
at —2.6003% and the 75" percentile at 0.4358%. In this way,
a BC fault distance estimation with line parameter errors has
a 50% probability of lying between these errors. Also, the
inferior and superior errors were —4.6281% and 3.4725%.

The mean error was —0.0377% +£2.1834% for BCG faults,
with the 25" percentile at —1.7197% and the 75 percentile
at 1.1457%. Hence, a BCG fault distance estimation with
errors in the line’s parameters has a 50% of lying between
these errors. In addition, the inferior and superior errors were
respectively equal to —4.0961% and 4.3183%.

3) ERRORS IN EQUIVALENTS AT AND BETWEEN TERMINALS
Fig. 14 presents the results obtained in the sensitivity analysis
regarding errors in the equivalents connected to the transmis-
sion line’s terminals and between them (transfer equivalent).
As previously, a statistical analysis was performed.

Observing Fig. 14 and Tab. 5, one can note that the largest
mean error occurred for ABCG faults and the lowest mean
error occurred for BC faults. For ABCG faults, the mean
error was —0.4259% =+ 0.2555%, with the 25" percentile
at -0.6581% and the 75" percentile at -0.2051%. In this
way, an ABCG fault distance estimation with errors in
the equivalents has a 50% chance of lying between these
errors. The inferior and superior errors were -0.8839% and
-0.0064%.

For BC faults, in turn, the mean error was —0.0232% =+
0.0400%, with the 25" percentile at -0.0502% and the 75"
percentile at 0.0009%. Therefore, a BC fault distance esti-
mation with errors in the equivalents has a 50% probability
of lying between such errors. Furthermore, the inferior and
superior errors were -0.1046% and 0.0720%.
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FIGURE 12. Fault location errors with deviations on voltage and current
phasors for all fault types. Faults at 50% (128 [km]) from L terminal,
resistance combination 5 (5;50), and phasors extracted from steady-state.

4) FURTHER DISCUSSION ON SENSITIVITY ANALYSIS

The analyses presented in IV-D1 to IV-D3 show the proposed
algorithm’s robustness to locate faults accurately, even in
cases with deviation on phasors, parameters, and equivalents.

The authors deliberately applied errors to all voltage
and current phasors, leading to more significant fault
distance estimation errors than applying errors to a single
phasor quantity. The most significant error occurred for an
AG fault (1.5185%), which was treated by the statistical
analysis as an outlier. However, the mean errors stayed
between -0.0068% (BC faults) and -0.2254% (ABCG faults),
indicating the method’s robustness against errors in phasor
estimation.

The errors followed the level of displacement applied to the
parameters, which were £5%, considering deviations in the
line’s parameters. This behavior occurs due to the apparent
lengthening or shortening of the line. However, in actual lines,
the positive sequence parameters have greater precision as

VOLUME 10, 2022



S. G. Di Santo et al.: Optimization-Based Fault Location Algorithm for Series-Compensated Power Transmission Lines

IEEE Access

0.3 i

0.1} 1

Probability density
o
(e}

L
-5 -4 -3 -2-1 0 1 2 3 4
BCG
T

0.2 |- !
0.1 i

Probability density

-5 -4-3-2-10 1 2 3 4 5

0.3

0L ! 1 1 1 1 il
-5 -4 -3 -2-1 0 1 2 3 4

ABCG

Probability density
o
[\o}

Probability density

-5 -4-3-2-10 1 2 3 4 5
Error (%)

FIGURE 13. Fault distance errors considering deviations on transmission
line parameters for all fault types. Faults at 50% (128 [km]) from L
terminal, resistance combination 5 (5;50), and phasors extracted from
steady-state.

they are independent of the soil resistivity, whose value may
vary along the line. Thus, the estimation of the zero-sequence
parameters generally is more error-prone. The deviations
in the equivalents were more significant for ABCG faults,
reaching -0.8839%, considerably distant from the deviation
range adopted (+5%). Therefore, according to the results,
the method is robust and efficient even under deviations in
phasors, parameters, and equivalents, turning out to be a
valuable tool for O&M utilities’ operators.

E. OPTIMIZATION ANALYSIS

The authors applied different optimization solvers using
MATLAB® to the proposed methodology in order to evaluate
the impacts on the fault location procedure. Four optimization
methods were chosen for this analysis, being: Dynamic
Differential Optimizer (DDEOPT), Pattern Search (PS),
Simulated Annealing (SA) and Genetic Algorithm (GA).
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FIGURE 14. Fault distance errors considering deviations on equivalents
for all fault types. Faults at 50% (128 [km]) from L terminal, resistance
combination 5 (5;50), and phasors extracted from steady-state.

The DDEOPT and the GA solvers were configured with a
population size of 50 and 800 maximum generations, being
the stopping criteria 10~ for both of them. A 0.8 crossover
probability and stepsize was used in DDEOPT. The selection
function for the GA was stochastic uniform with constraint
dependent mutations. PS configurations were a complete poll
analysis using method MADS Positive Basis 2N with a mesh
tolerance of 2711, As for the SA, the temperature update
used the exponential function with a 3000 maximum function
evaluations and a 10~ tolerance.

Tab. 6 shows the fault location errors resulting from each
optimization algorithm, indicating mean errors, maximum
absolute errors, and the standard deviations for each fault
type. The investigation used the same fault as applied to the
previously mentioned sensitivity analysis. It can be seen from
Tab. 6 indicates that the DDEOPT solver yields fault location
estimates with the lowest errors, corroborating the analysis of
optimization solvers, as indicated in Section III-F.
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TABLE 6. Fault distance errors in (%) considering different optimization
solvers. Faults at 50% (128 [km]) from L terminal, resistance combination
5 (5;50), and phasors extracted from transient measurements (fault
inception of 0.2791 [s]).

Fault Error Differential Pattern Simulated Genetic
type metric evolution search annealing algorithm
Mean -0.393 -9.947 -6.962 -14.855
AG  Std. dev. 0.034 14.61 14.65 17.880
Max 0.440 38.59 31.90 45.273
Mean 0.007 0.087 -2.938 -1.354
BCG Std. dev. 0.004 1.706 9.242 2.811
Max 0.015 3.302 15.88 7.973
Mean 0.009 0.935 0.110 -2.792
BC  Std. dev. 0.004 1.889 8.782 2.286
Max 0.020 3414 17.30 5.368
Mean -0.527 0.654 -3.164 3.361
ABCG Std. dev. 0.279 14.02 6.776 11.689
Max 0.836 40.38 17.36 26.773

V. CONCLUSION

Within the context of power transmission over large
distances, the use of series compensation in the lines
is beneficial, as it increases the power flow capacity
and improves the power system’s stability. However, the
non-linear behavior of series compensators adversely affects
fault location algorithms on compensated lines. Therefore,
this paper presented an algorithm for locating faults in
series-compensated lines to remedy deficiencies found in the
literature review.

From the resolution of a minimization problem, which
considers the measured and calculated post-fault phasors
and for which the DDEOPT solver proved superior over
other optimization solvers, the proposed algorithm can locate
faults with precision and robustness, even in critical cases
with errors in the parameters of the considered line and the
phasors extraction. As an important achieved objective, the
proposed method was able to locate the fault even in critical
cases faced by existing methods. The objectives reached
by the method were: no need for measurements obtained
after the SC bypass and knowledge regarding the MOV’s
operation point and impedance. In addition, the algorithm is
applicable for every fault type and it is not affected by the
SC positioning.

The results emphasize that the method succeeded in
meeting all the established objectives. It can satisfactorily
locate any type of fault, regardless of the fault’s distance and
resistance. As a worst case scenario in the precision analysis,
the fault location error using transient data was around 1%.
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