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Abstract

Precise fault location is needed in high-voltage transmission lines for reliable operation.
The classical TWA methods tend to deteriorate estimation accuracy because of the assumption
that the wave propagation velocity is constant, and need strictly synchronized terminal
observations. This paper presents a new hybrid time-domain fault location algorithm that
overcomes this drawback using a distributed-parameter line model combined with an arbitrary
spatially varying ground-mode velocity profile. The model follows a quadratic fit for the
frequency-dependent ground-mode velocity attenuation along the line between receivers. In
addition, an asynchronous expression based on TDOA between air/ground modes is developed to
estimate and eliminate synchronization inaccuracies between line terminals. We consider a
method of characteristics, which is modified to solve telegrapher’s equations on piecewise-
uniform segments. Extensive simulations on a 300 km testbed transmission line model verify the
effectiveness of the proposed approach. The performance results show that our solution provides
a noticeable accuracy improvement, as errors below 0.06% are obtained even for far-away faults
and in the presence of synchronization time offsets as large as 50 us, outperforming classical
constant-velocity models.

Keywords :Fault location, Distributed parameter model, Spatially variable velocity,
Asynchronous measurements, Method of characteristics.

1. Introduction

The reliability of High Voltage (HV) and Extra High Voltage (EHV) transmission
systems is of great importance in modern power grids. Transmission lines span long distances
and are exposed to harsh environmental conditions, making them more susceptible to various
types of faults. Therefore, fast and accurate fault location is essential to reduce the outage
duration, improve system reliability indices (e.g., SAIDI and SAIFI), and restore power quickly

[11[21[3][4][5][6]-
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Fault location methods are generally classified into two main categories: impedance-
based methods and traveling-wave-based methods. Impedance-based techniques use fundamental
frequency measurements of voltage and current to estimate the fault distance and are widely
implemented in numerical relays due to their simplicity [7]. However, their performance is
significantly affected by factors such as high fault resistance, variations in source impedance,
and pre-fault loading conditions [8].

On the other hand, traveling-wave-based methods utilize high-frequency transients
generated during faults. These methods rely on the Time Difference of Arrival (TDOA) of
wavefronts detected at line terminals. Due to their independence from system parameters and
high fault-location accuracy, traveling-wave techniques are particularly suitable for long
HV/EHV transmission lines [9][10]. Furthermore, advanced signal processing tools, such as
wavelet transforms, have enhanced the detection of these transient signals [11][12].

Despite their advantages, classical traveling-wave methods face practical challenges.
Most existing algorithms assume a distributed-parameter model with a constant wave
propagation velocity. For example, Gopalakrishnan et al. [2] proposed a time-domain solution
using the Method of Characteristics, which improved accuracy compared to lumped-parameter
models [5][13]. However, this approach assumes constant line parameters (L, C) along the
transmission line.

Recent studies have shown that this assumption is not valid for the ground-mode
traveling wave. Liang et al. [3] demonstrated that the ground-mode velocity varies spatially due
to frequency-dependent soil resistivity and ground return path characteristics. Neglecting this
variation can introduce significant errors, especially for faults located near the far end of long
transmission lines [14].

In addition, accurate fault location typically requires precise time synchronization
between measurement units at both terminals, usually achieved using the Global Positioning
System (GPS) signals [4]. However, synchronization failures or signal loss can degrade
performance. To address this issue, several asynchronous fault location methods have been
proposed using unsynchronized two-terminal data [15][16] or single-ended measurements
[17][18]. Nevertheless, these approaches often compromise accuracy compared to methods based
on distributed-parameter models.

Recently, data-driven approaches have also been explored for fault location. For instance,
Zhang et al. [19] proposed a hybrid deep learning model based on CNN and LSTM for feature
extraction, achieving high accuracy but requiring large training datasets. Similarly, Akdag et al.
[20] improved transient spectrum analysis to account for varying source impedance. However,
recent evaluations indicate that traveling-wave techniques still outperform data-driven

189



ARTIME JOURNAL'S UNIVERSITY OF BABYLON FOR

ENGINEERING SCIENCES (JUBES)
Lpuaigl) p gtall sdaal 2 dls 4

Vol. 34, No. 1. \ 2026 ISSN: 2616 - 9916

approaches for long transmission lines due to their robustness against system loading variations
[21].

Despite these advancements, several challenges remain unresolved. Existing methods
often neglect the frequency-dependent effects of soil resistivity and continue to assume a
constant ground-mode velocity. This simplification leads to systematic errors that have not been
adequately addressed in either classical or Al-based approaches [22][23].

Therefore, this paper proposes a hybrid time-domain fault location algorithm to overcome
these limitations. The proposed method combines a distributed-parameter model based on the
Method of Characteristics with a spatially varying ground-mode velocity profile [3]. In addition,
asynchronous TDOA formulations are incorporated to eliminate the need for strict time
synchronization between terminals [15]. This hybrid approach achieves high accuracy in fault
location without relying on GPS-based synchronization.

2. Materials and Methods
2.1. Line Modeling

The transmission line is modeled using the distributed-parameter telegrapher’s equations
in the time domain, which describe the propagation of voltage (V(x, t)) and current (I(x, t))
along the line. The overall system configuration, illustrating the distributed nature of the line
segments and the fault location relative to the terminals, is depicted in Fig. 1.After modal
decomposition, the system is decoupled into three modes: the ground-mode ((m = 0)) and
aerial-modes ((m = 1,2)). For each mode, the line is governed by:

Variable Velocity Profile vg(x)
e R R K Fault F T - o
Substation M Substation N
Ry)
cT ‘
J— T T
P T d A A »
< »
CVT

A
v

Total Line Length L

Fig. 1. Schematic diagram of the transmission line system with distributed
parameters and variable ground-mode velocity.
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Vv, (x,t) oL, (x,t)
ox = _Zmlm(x' t), T = _Yme(x; t):

where (Vi (x,t)) and (I, (%, t)) represent the modal voltage and current, (Zp, = Ry, +
jwLy,) is the series impedance per unit length, and (Y, = jwC,,) is the shunt admittance per unit
length [1][13].

By eliminating (I,,), we obtain the second-order wave equation:
0%V,
T Zy Yo Vi (x, t),
This describes the propagation of voltage with a modal propagation constant (Ym =
Om + jBm = ,/ZmYm), and the corresponding phase velocity is:

w
Bm
In the classical long-line model, the parameters (R,,), (L,,),and(C,,) are assumed

constant, leading to a constant (y,,) and velocity (v,,). The method of characteristics is applied
to solve this first-order system by introducing the traveling-wave variables:

Um

Un(x,t) =V (6, ) + Ze o I (x,8), U (6, t) = Vi (2, 1) — Ze I (%, 0),

where (ZC,m = w/Zm/Ym) iIs the modal surge impedance. In the lossless case, these
variables satisfy:
out A out oUu, oUu, 0
% =0, ——v,—=0,
ot ™ Ox ot LA
where the characteristics are straight lines given by (x — v,t = const) and (x + v,t =
const).

In our proposed segment-wise formulation, the ground-mode velocity is allowed to vary
with position. The line is divided into segments (S; = [x;, X;+1]), where within each segment, we

approximate the ground-mode velocity (vo(x)) as constant, evaluated from the quadratic model
at the segment center:

Vo(x) ® vy, XES;,
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The characteristic equations for the ground mode within each segment become:
ouy ouy Uy Uy
0+v0i—0=0, —O—UOi—O=0,
dt " 0x dt " 0x

which preserves the straight-line characteristics locally with different slopes for different
segments.

For numerical discretization, a fixed time step (At) is used. The spatial step (Ax;) in each
segment is chosen as:

Axi = UO’iAt,
ensuring the discrete characteristic grid is defined by:
X1 = X +Ax;, t,4q =t, + AL

The update formulas for (V) and (Ip) at the node ((xy41,tns1)) are derived from
trapezoidal integration of the characteristic equations, analogous to the constant-velocity case,
but with locally variable(Axi)and(voli) values[5]. This ensures that the distributed-parameter
model remains accurate despite the spatial variation of the effective ground-mode velocity

[31[14].
2.2. Velocity Modeling

Let ((xk, vo,k)zzl) denote the set of measured distances and corresponding ground-

mode velocities obtained from electromagnetic transient simulations and wavelet-based arrival-
time detection. The ground-mode velocity is modeled as a quadratic function[3]:

vo(x) = Ax?> + Bx + C,

where (A), (B), and (C) are the coefficients to be determined by fitting the data. The
fitting process minimizes the least-squares error:

N

J(A,B,C) = z[vo,k — (AxZ + Bxy, + C)]Z.

k=1

The coefficients are found by solving the normal equations:
X"X0 =Xy,

where (X) is the matrix of input data, (6 = [A, B, C]T) is the vector of coefficients, and(v)
is the vector of measured velocities. The least-squares estimate of the coefficients is given by:
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0= (XTX)_lXTv.
The quality of the fit is assessed using the coefficient of determination (R?):
2
_ leg=1[vo,k — Do (xk)]
_ 12
r=1lvox — o]

where(7,) is the mean of the measured velocities. High(R?) values reported for similar
lines support the use of a quadratic model for (vo (x)) over long HV /EHV overhead lines [3][6].

2.3. TDOA Formulation

RZ=1

)

In the online stage, the fault location (xf) is estimated using time differences of arrival
(TDOA) of the ground-mode and aerial-mode traveling waves at both terminals[9]. The
propagation paths of these waves along the characteristic lines, and their respective arrival times
at the terminals, are visualized in the lattice diagram shown in Fig. 2.

Method of Characteristics Lattice Diagram
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Fig. 2. Lattice diagram illustrating the propagation of traveling waves from
the fault point to the line terminals.
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Let (xf) represent the fault distance from the left terminal, and (1) be the total line length.

The arrival times (t,1), (t,0), (tr1), and (tg,) for the aerial-mode and ground-mode waves at
both terminals are given by:

tL1=t0+x_f, tL0:t0+fo dx )

' %1 : 0 Vo(x)
tR1=t0+At+l_xf tR0=t0+At+fl—
: R ' vao(x)'

where (t,) is the fault inception time and (At) is the constant time offset between the left
and right terminal clocks [4][15].

The measurable time differences at each terminal are defined as:
Atp =ty o —tp1, Atg = tgo — tra

Subtracting the above equations eliminates (t,) and (At), yielding the following
nonlinear equations for the fault location (x;):[16]

*f dx X
AtL == f =y _f,
0

vo(x) vy
Ldx l—x
f
o

These equations are solved using a numerical grid search over (xf) to find the location

that minimizes the mismatch between the left and right terminal. This estimated fault location is
then used as the initial conditions for the distributed-parameter time-domain solver described in
Section 2.1 [1, 2].

Algorithm 1: Proposed Hybrid Time-Domain Fault Location Scheme
Input:

e Terminal Measurements: The sampled voltage and current signals from
Terminal M (v,,(t), iy (t)) and Terminal N (vy (t), iy (t)).

e Line Parameters: The total length L, distributed impedance matrix Z, and
admittance matrix Y.
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e Velocity Model: The coefficients A, B, C for the quadratic ground-mode
velocity model vy(x) = Ax? + Bx + C.

e Sampling Interval: At.
Output:

e Estimated Fault Location: The distance from Terminal M, x,¢; (km).
Procedure:
Stage 1: Signal Pre-processing and Modal Transformation

1. Apply the Clarke transformation to the three-phase voltage and current
signals from both terminals to decouple them into mutually independent
modal components:

o Ground mode (mode-0): vy (t), ipo(t), Vo (t), ino(t)

2. Process the ground-mode voltage signals using a wavelet transform to detect
the first significant wavefront arrival time at each terminal:

o tg o- Arrival time at Terminal M.
o tgo: Arrival time at Terminal N.

3. Similarly, process the aerial-mode voltage signals to detect the corresponding
wavefront arrival times:

o tg 1. Arrival time at Terminal M.
o tg4: Arrival time at Terminal N.
Stage 2: Initial Estimation and Asynchronous Compensation

4. Compute the local time difference of arrival (TDOA) between modes at each
terminal (independent of inter-terminal synchronization):

At = tro —tra, Atp = tro —tr1

5. Solve the nonlinear velocity-dependent equations to find the initial coarse fault
location x;,;;:
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At ( L2 ) Atp = (L ) ( 12 )
L init Vo vy R init Vo vy

6. Calculate the synchronization offset At,,. by comparing the absolute arrival

times of the aerial mode (speed v, assumed constant) at both terminals, using
the calculated x;,,;;-

Atsync i (tL_1 _ tR,1) _ ( intt ( mtt))
U1
Stage 3: High-Resolution Modeling (Method of Characteristics)

7. Synchronize Data: Shift the time-series measurements of Terminal N by the
calculated offset At to align with Terminal M.

8. Discretize the line into N segments. For each segment k at distance x;:
o Update the ground mode velocity: vo(x;) = Ax? + Bx, + C.
o Set the spatial step: Ax, = vy(x;) - At.

9. Compute the voltage profiles (V,(x, t), V; (x, t)) along the line using the
modified characteristic equations and the synchronized boundary conditions.

Stage 4: Fault Location Estimation via Profile Matching

10.1dentify the fault location x4 by minimizing the mismatch between the
forward and backward voltage profiles:

Xese = argmin ) Vi (x,6) = Vi Ge, O
X

teT

11.Return x,g;.
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Fig. 3. Proposed hybrid time-domain fault location scheme.
3. Results and Discussion
3.1. Simulation Setup and Velocity Profiling

The hybrid fault location technique was tested on a 300 km EHV line
model, simulated to account for the frequency-dependent characteristics of actual
conductors. To test the robustness of this approach under practical wide area wide
area conditions a static synchronization error of 50 pus was added to the terminal
measurements to simulate GPS clock outage or communication asymmetry. The
first step of the algorithm describes Comment [H32]:
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ground mode velocity

modeling as presented in Section 2.2. As illustrated in Fig. 3, the measured
velocity data (red dots) show a non-linear decay with respect to the line length.
The quadratic model (blue dashed line) fits well (R? = 0.98), conveniently
capturing the distributed character of line parameters. This confirms the
assumption that a constant velocity, used in classical techniques, is not adequate
for long lines.

105 Ground-Mode Velocity Profile Fitting
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Fig. 4. Ground-mode traveling wave velocity profile: comparison between true physical
velocity, measured training samples, and the proposed quadratic fit model.

3.2. Fault Location Accuracy

The performance of the proposed online solver (Section 2.3) was evaluated
using a set of ten different fault realizations (near end: 30km, remote end: 270km).
Table | contains the numerical values.
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The algorithm was highly accurate for the entire length of the line. The
largest absolute difference is just over 160m(0.0573%)when the distance is at
~163.3km, much less than the industry standard accuracy of 0.2%. As observed
in the error distribution analysis of Fig. 4, the present scheme satisfies numerical
stability up to the end of line (270 km) with an error as small as 0.0073%. It is
this accuracy stemming from segment-wise integration of the distributed parameter
model reflects adaptive adjustment of the spatial step Ax; according to local
velocity profile.

Accuracy of Proposed Method Along the Line

0.25
o5 Max Allowed Error (0.2%)
=
S 0.15 1
E
LL
c
o
g 01} !
=
Ll
0.05 |
0

50 100 150 200 250
Fault Location (km)

Fig. 5. Evaluation of the error percentage of the for faults at various locations along the 300
km line. The red dashed line indicates the maximum acceptable error margin (0.2%). The
results presented in Table I are based on conventional traveling-wave fault location
techniques described in [9][16].
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Table I Comparison of Fault Location Accuracy Under Asynchronous Conditions

Actual Location (km) | Estimated Location (km) | Proposed Method Error (%) Classical
Method Error
(%)
30.00 30.0530 0.0177 6.37
56.67 56.7109 0.0148 6.55
83.33 83.4243 0.0303 7.10
110.00 110.1175 0.0392 6.85
136.67 136.7943 0.0425 8.25
163.33 163.5052 0.0573 8.55
190.00 190.1360 0.0453 8.38
216.67 216.7860 0.0398 8.79
243.33 243.4379 0.0349 9.24
270.00 270.0219 0.0073 9.80

3.3. Comparative Analysis

Fig. 5 presents a comparative analysis between the proposed hybrid method and the
classical traveling wave method. The classical approach (indicated in red) suffers from two
major sources of error:

1. Velocity Mismatch: The assumption of a constant velocity leads to a cumulative error that
increases with fault distance ( as the trend rises from from 6.37% to 9.80%).
2. Synchronization Sensitivity: The time offset causes a significant baseline error.

By comparison, the proposed method (shown in blue) effectively separates the fault
location estimation from these uncertainties very well. Using TDoA between the airborne and
surface modes at the same terminal to estimate the time offset, it compensates for the error
caused by synchronization error within the distributed-parameter model. The obtained results
indicate that the hybrid scheme is relatively insensitive to measurement delays and constitutes a
viable solution for present-day wide-area protection systems.
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Pel;%ormance Comparison Under Asynchronous Conditions

—4&— Classical Method (Sync Error)
—E— Proposed Hybrid Method

Absolute Error (%)

0 —sa—a—as—a—s—a8—a—f
0 50 100 150 200 250 300

Fault Location (km)

Fig. 6. Performance comparison: the proposed hybrid method (blue) vs. the classical
constant-velocity method (red) under asynchronous measurement conditions.

3.3. Robustness Against Measurement Noise

In the actual field measurement, the measured voltage and current signals are necessarily
affected by noise derived from instrument transformers, electromagnetic interference as well as
analog-to-digital conversion. In order to demonstrate the robustness of the hybrid algorithm
under uncertainties such as these, it was stress tested by overlaying the fault transients modeled
with AWGN.

Two levels of noise were considered: 30 dB signal to noise ratio (SNR) (which simulates
typical measurement noise) and 20 dB SNR (high-noise scenario). The fault location error was

estimated over the entire line span. Fig. 6 shows a comparison of estimated and actual
fault locations in the presence of this noise. The zoomed inset shows field almost equal even at
mid-line critical sections.
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Fig. 7. Robustness of the proposed fault location algorithm under varying noise levels (SNR
= 20dB and 30dB).

As shown in Table 11, this algorithm demonstrates strong robustness. Even in the high
noise environment (SNR = 20 dB), the maximum estimation error is less than 0.2%, and the
average error is about 0.1% (about 300 meters). This stability is due to the continuous nature of
the method of characteristics, which inherently smooths out Comment [H67]: high-frequency
random noise components.

Table Il: Fault Location Accuracy Under Noise Conditions

True Location (km) | Estimated (30dB) | Error 30dB (%) | Estimated (20dB) | Error 20dB (%)
48.48 48.48 km 0.0017% 48.21 km 0.0902%
151.52 151.55 km 0.0125% 151.07 km 0.1471%
251.52 251.59 km 0.0241% 251.08 km 0.1444%
300.00 299.83 km 0.0571% 300.22 km 0.0735%

3.4. Computational Complexity Analysis

It is recognized that the grid-search used in the online TDOA based method results in a
higher computational load relative to closed-form impedance methods. Table I1l compares the
computational efficiency.
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Table I11: Computational Complexity & Performance Trade-off

Method Avg Execution Accuracy (Remote Hardware Requirement
Time Faults)
Impedance (Classical) <5ms Low (>2%) Low (Relay)
Traveling Wave ~15ms Medium (~1%) Medium (DSP)
(Classical)
Proposed Hybrid 45 - 60 ms High (<0.1%) Standard PC/Industrial
Method PC

Although the execution time is about 60 ms, this delay is not significant for post-mortem
analysis and maintenance dispatching, where the focus is on location accuracy— which can save
hours of patrol time—rather than millisecond-level protection speed. Therefore, the balance
between minor computational expense and the obtained sub-kilometer precision is acceptable
for today's grid operations.

4. Conclusions

In this paper, a hybrid time-domain fault location method has been presented to overcome
the limitations of conventional traveling-wave techniques in long HV/EHV transmission lines.
The proposed approach integrates a distributed-parameter model based on the Method of
Characteristics with a spatially varying ground-mode velocity profile, providing a more realistic
representation of wave propagation compared to classical constant-velocity models.

The simulation results demonstrate that incorporating the variable ground-mode velocity
significantly reduces estimation error, particularly for faults located near the remote end of the
transmission line. The proposed method achieves high accuracy, with an error of less than
0.06%, even under asynchronous measurement conditions.

Furthermore, the use of TDOA between the aerial and ground modes allows the method
to compensate for synchronization errors without relying on GPS signals. This feature enhances
the robustness and practical applicability of the approach in real-world power systems where
synchronization issues may occur.

Overall, the results confirm that the proposed hybrid method provides a reliable and
accurate solution for fault location in modern transmission networks. Future work will focus on
extending the method to multi-terminal systems and validating its performance using real world
field data.

References

[1] IEEE Power System Relaying Committee, IEEE Guide for Determining Fault Location on
AC Transmission and Distribution Lines, IEEE Std. C37.114-2014, 2015.

203



ARTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR

ENGINEERING SCIENCES (JUBES)
Lpuaigl) p gtall sdaal 2 dls 4

Vol. 34, No. 1. \ 2026 ISSN: 2616 - 9916

[2] A. Gopalakrishnan, M. Kezunovic, S. M. McKenna, and D. M. Hamai, "Fault location using
the distributed parameter transmission line model,” IEEE Trans. Power Deliv., vol. 15, no. 4,
pp. 1169-1174, Oct. 2000.

[3] R. Liang, Z. Yang, N. Peng, C. Liu, and F. Zare, "Asynchronous fault location in
transmission lines considering accurate variation of the ground-mode traveling wave
velocity,” Energies, vol. 10, no. 12, p. 1957, Nov. 2017.

[4] G. Benmouyal, E. O. Schweitzer, and A. Guzman, "Synchronized phasor measurement in
protective relays for protection, control, and analysis of electric power systems," in Proc. 29th
Annu. Western Protective Relay Conf., Spokane, WA, USA, Oct. 2002.

[5] M. S. Mamis, "Discrete-time state-space modeling of distributed parameter transmission
line,” in Proc. EUROCON 2007, Warsaw, Poland, 2007, pp. 1530-1534.

[6] G. Ziegler, "Fault location in H.V. power systems," IFAC Proc., vol. 13, no. 6, pp. 121-129,
1980.

[7] S. Das, S. Santoso, and A. Gaikwad, "Impedance-based fault location in transmission
networks: Theory and application," IEEE Access, vol. 2, pp. 537-557, 2014.

[8] A. H. Al-Mohammed and M. A. Abido, "An adaptive fault location algorithm for power
system networks based on synchrophasor measurements,” Electr. Power Syst. Res., vol. 108,
pp. 153-163, 2014.

[9] A. O. Ibe and B. J. Cory, "A traveling wave-based fault locator for two-and three-terminal
networks," IEEE Power Eng. Rev., vol. PER-6, no. 1, p. 55, 1986.

[10] J. Peyman and S. P. Majid, "A traveling-wave-based protection technique using
wavelet/PCA analysis," IEEE Trans. Power Deliv., vol. 25, no. 2, pp. 588-599, Apr. 2010.

[11] S. Lin, Z. Y. He, X. P. Li, and Q. Q. Qian, "Travelling wave time-frequency characteristic-
based fault location method for transmission lines," IET Gener. Transm. Distrib., vol. 6, no. 8,
pp. 764-772, 2012.

[12] A. G. Shaik and R. R. V. Pulipaka, "A new wavelet based fault detection, classification and
location in transmission lines," Int. J. Electr. Power Energy Syst., vol. 64, pp. 35-40, 2015.

[13] J. A. R. Macias, A. G. Exposito, and A. B. Soler, "A comparison of techniques for state-
space transient analysis of transmission lines,” IEEE Trans. Power Deliv., vol. 20, no. 2, pp.
894-903, Apr. 2005.

204



ARTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR

ENGINEERING SCIENCES (JUBES)
Lpuaigl) p gtall sdaal 2 dls 4

Vol. 34, No. 1. \ 2026 ISSN: 2616 - 9916

[14] H. Jia, "An improved traveling-wave-based fault location method with compensating the
dispersion effect of traveling wave in wavelet domain,” Math. Probl. Eng., vol. 2017, Art. no.
1019591, 2017.

[15] F. V. Lopes, K. M. Silva, F. B. Costa, W. L. A. Neves, and D. Fernandes, "Real-time
traveling-wave-based fault location using two-terminal unsynchronized data,” IEEE Trans.
Power Deliv., vol. 30, no. 3, pp. 1067-1076, Jun. 2015.

[16] J. Ding, L. Li, and Y. Zheng, "Distributed traveling-wave-based fault location without time
synchronization and wave velocity error,” IET Gener. Transm. Distrib., vol. 11, no. 8, pp.
2085-2093, 2017.

[17] F. V. Lopes, "Settings-free traveling-wave-based earth fault location using unsynchronized
two-terminal data," IEEE Trans. Power Deliv., vol. 31, no. 5, pp. 2296-2298, Oct. 2016.

[18] Y. Chen, D. Liu, and B. Y. Xu, "Travelling wave single end fault location method based on
network information,"” Prz. Elektrotech., vol. 88, no. 3b, pp. 205-209, 2012.

[19] J. Zhang, Y. Liu, and X. Wang, "A Two-Terminal Fault Location Fusion Model of
Transmission Line Based on CNN-Multi-Head-LSTM with an Attention Module," Energies,
vol. 16, no. 4, p. 1827, 2023.

[20] M. Akdag, M. S. Mamis, and D. Akmaz, "Enhancing Fault Location Accuracy in
Transmission Lines Using Transient Frequency Spectrum Analysis: An Investigation into Key
Factors and Improvement Strategies," Electricity, vol. 5, no. 4, pp. 861-876, 2024.

ransmission Lines: A T. N. Hung, "Methods for Fault Location in High Voltage Power T [21]
Comparative Analysis," International Journal of Renewable Energy Development, vol. 11, no.
2022 ,1141-pp. 1134 4

[22] Y. Zhang et al., "Research on the Lightning-Struck Tower Localization and Fault
Identification Based on Residual Magnetism Detection,” IEEE Transactions on Power
Delivery, vol. 39, no. 5, pp. 1-10, 2024.

[23] A. Mahari and H. Seyedi, "Fault Location in Transmission Lines Using Independent
Component Analysis and traveling waves,” International Journal of Electrical Power &
Energy Systems, vol. 155, p. 109590, 2024.

205



RPRTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR

ENGINEERING SCIENCES (JUBES)
Lpuaigl) p gtall sdaal 2 dls 4

Vol. 34, No. 1. \ 2026 ISSN: 2616 - 9916

Aagal) Aoy Blelpa a Alyghal JA) Bghail e} Jlaal) b (ungd) Ul gisa yn
Rialjiall b cilullly Byiiall L)
Lhe sk sles
Ol Dysean el o)) daals cAuaigh B ¢ olieSl duvia aud

Email: emadbashir218@gmail.com

-

Ladal
Wle . 2505e< A<l 4858 5al Lavla Tyal 2gall dlle 28D Jas g 8 JUacY) adlsal Gal) sl 2a)
Ol dslall daladly dagall L) de jus LS dpaaydl Ao 4B 3 aal i e dpadill 5 jilsal) Clagall il ilas L
Glaanall 038 mllad Jail) Jlaall & JUacY) alige uaatl dina duajjled A8)sl) o2 &y dadll Lyl o il
A gl aniies LilKe spaiall dua)Y) Aasall dejud Gl Cile g gigal) Jadll (383 z3sad ey P& (0
s Al aaf S5l e sdle dadll Jsh e a3l le adiedl oY) Ll deje pag Aadall dueny
Cllasa on Galiill sl (migaiy il i)y Slsgll Gulaaill o (TDOA) Usaasl) (1) 3 (e aaiad dalia
cafl i duwlaie ahalie je Cibadall cVale dal Aaadll (ailiadl) daph G lsdll ardies Akl ulal
Al 8 U gale Liwas il oyl Cas ¢dn ) Ayball A3e oS 300 Joday o Jads 3 gl A2 3lSIadll 5L
5050 50 ) e il 8 i) lihas) dsag M g Bl JUaeS s %0.06 e Ji Uad L Aiane
e yull b SIS Golall o Zoans BT lelans Lea (Al

cpailadll daks dielfie p luld e 5ukie de g o jsall bdll Z3ga8 cJUaeY) adge aans AN clall)

206


mailto:emadbashir218@gmail.com

