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A quick, reliable, and accurate fault location approach is essential in
underground power systems protection. Being the most optimistic research
topic of electrical power systems, this article presents an optimized
algorithm for fault location in multi-end underground cables using
travelling waves. Existing algorithms based on wavelet theory have fewer
reliability and accuracy issues that raise an error to the power systems in
fault location. The proposed layout presents a multiterminal underground
cables system where the entire system is segregated into several fault
identification sections where this model identifies the faulty section and the
faulty half. Voltage and current wave transient at the mid-point of each fault
locator are taken into account to eliminate the time-synchronous error.
Traveling waves models are modelled using Bewley diagrams. Detecting the
first and second traveling wave transient at both ends of each cable keeps the
system reliable. Extensive simulations are simulated using the alternative

transient program (ATP) to discriminate, identify, and locate several faults,
while the system can also validate the faults near the busbar. The model is
developed in MATLAB, and the obtained results depict the proposed
algorithm's higher accuracy in fault location.
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1. INTRODUCTION

Underground cables play a significant role in power distribution and transmission systems
nowadays. Deploying underground lines have restructured the modern power distribution and transmission
networks [1]. The power distribution system is continually unearthed to the faults for multiple reasons,
including natural disasters, artificial crises, old aged systems, and device failures [2], [3]. These factors affect
the power system's continuity and reliability. The deviation from the standard conditions is considered a
fault, and a fault must be detected accurately and then located precisely. A fault always leads current to
improperly, creating power instability and equipment damages [4]. Current and voltage measurements have
all the information to detect the faults, but different feature extraction methods and techniques are still used
for better results. Fault detection using the feature extraction method uses the Fourier, wavelet, and
S-transform [5]-[7]. These transforms use real-time-frequency parameters in different domains, and the
wavelet domain can categorize as discrete and continuous. A transformation method that is widely used is
Clarke transformation to detect and classify the faults using discrete wavelet transform (DWT) and back-
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propagation neural network (BPNN) [8]. Fault classification also has a significant role in power transmission

and distribution systems via the protection relay component. Different models and algorithms based on

various techniques are used to classify the faults accurately, i.e., the decision tree algorithm has been

implemented to identify incipient faults in the UG cable [9].

A tree-like algorithm's logic flow extracts feature in a three-phase power system for a nonlinear
statistical model. So, a fault classification analysis using a decision tree is done to quickly and accurately
identify the incipient faults occurring in underground distribution cables [10], [11]. An artificial neural
network (ANN) is used for classification, and the feedforward neural network (FNN) is deployed for
multilayer schemes, where a probabilistic neural network uses the exponential activation function.
A Chebyshev neural network (ChNN) is also considered for fault classification and detection. The least-
square Levenberg-Marquardt and recursive least-square algorithms with forgetting factors are used as
training algorithms [12]. The ChNN has detected the fault accurately and fastly, but it is appropriate for the
digital relaying operations [13]-[15]. Usually, the fault location process or method for transmission system is
categorized in two ways: impedance-focused and travelling wave-based. On the other hand, multiple methods
are used for distribution sides like a single end, double end, various ends, and wide-area ends [16], [17].
Wide-area travelling wave data acquisition method is used in complex power grids. There are smart devices
connected to the systems to locate the fault precisely. In such cases, capacitors and metal oxide varistors
create trouble in fault locating as these have nonlinear functionality [18].

Similarly, high impedance faults have been discussed in the research, where these are protected by
traditional overcurrent relay. Although many solutions have been found in the literature, artificial intelligence
(Al) and machine learning-based solutions are the latest ones. These methods are considered for complex
systems where various design parameters are part of fault detection. Better reliability and adaptability are the
main benefits of these systems [19]. In [20], an optimized fault location method using time-time (TT) and
SVM is proposed and obtained high accuracy with various variations in different fault scenarios. It also
discriminates the fault accruing time of underground cables' first or second half. The classification accuracy is
obtained by tuning the PSO parameters, and Bewley's lattice diagram is considered for locating the faults [20].

The faults accrued in the single-end underground cables are easy to detect because the path of
travelling wave propagation is more convenient to the characteristic impedance of the particular system.
Another ease is to apply the post-fault wave process because there is no interference of reflection and
refraction of waves in single-end underground cables [21]. Impedance-based or DWT methods have been
tested to overcome the abovementioned problem [22]-[24]. Three ends of the line are observed in [25],
where the fault locator is deployed to determine the fault location. These methods are reliable, but high
computation time is required for data synchronization of a massive amount. A synchronized phasor has been
tested in multi-end lines, where it is also reported that an extra amount of investment is required [26]. The
work on the DWT model for fault detection of multi-end lines was published in [27], and offline fault
detection model is introduced in [28]. However, Al-based algorithms have difficulties of complexity and
extensive memory required for training the data set and implementation of the model. The existing systems
have less reliability in fault location because of synchronous time error.

The proposed algorithm not only eliminates this error but also covers more cables of the power
system and multiple faults identification with remarkable accuracy. The main contributions of the article are
highlighted below:

— The proposed layout presents a multiterminal underground cables system where the entire system is
segregated into several fault identification sections. In this regard, the Bewley lattice diagram theory of
Wavelet Transform is presented for modelling the fault location approach in two halves of the cables.

— Modelling of fault location Approach for fault near busbar is also carried out.

— Daubechies 4 (db4) wavelet using MATLAB toolbox for the wavelet function is considered for
decomposition of Wavelet decomposition for fault location.

— Two transient waves are generated and identified at all busbars used in the proposed power system
terminals, while the first and second maxima identify and detect both transients.

— The faulty Section regarding distance in km is identified by deploying the first and second halves models
theory.

— Fault discrimination is estimated according to travelling wave theory using reflected wave polarities and
initial voltage/current polarities.

— Extensive simulations are made to test the proposed model and obtain the minimal error in fault location.

The rest of the article is organized as follows: Introduction and topic background are present in the
section 1. In section 2, the Bewley lattice diagram theory of Wavelet transform is described. Section 3
includes the proposed algorithm framework of fault location, where different models are modelled for fault
discrimination, identification, and location. Section 4 validates the proposed model, and the last section
concludes the proposed work.
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2. THEORY OF PROPOSED METHOD FOR WAVELET TRANSFORM

A fault in underground power cables causes a transient in voltage/current traveling waves while
broadband signals are used to asylum the frequency ranges. The frequency waves travel to the power cable
until the discontinuity of the power is received. A bus bar is usually considered the destination of the
reflection and refraction of the wave. The reason is the generation of additional waves propagating through
the power network. These create discontinuity to the cable in the time domain through reflection towards the
fault point. According to frequency domain analysis, DWT speed decreases the magnitude of individual
frequency signals as its speed increases [29]. The impedance mismatch of the cables reflects the energy to
disturbance, and the rest of the energy travels towards power lines. This scenario creates instant fault because
a sudden change in the impedance is contingent on the change in voltage [30]. In Figure 1, the fault locator R
can record three transient wavefronts at a time of T;, 3T, and 5T;. T, is used for travelling distances of the
wave to A and T, denotes the travelling distances of the wave to B. The total length is L, and B becomes:

B =(L-4) @

On the other hand, the fault locator S has to record three transient wavefronts at a time of T;,T; +
2T,,and T; + 4T,.
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Figure. 1 Bewley lattice diagram theory of wavelet transforms

3. METHOD
This section describes the proposed framework of the fault location approach where the followings
are the steps:

3.1. Modelling of fault location approach in two halves of the cables

The phenomenon of a fault occurring in underground cables defines that the transient wave
(voltage/current) propagates away from the faulty point. The discontinuity of wave propagation happens
when the wave passes through the fault locator and reflects back towards the fault location. This algorithm is
based on the high-frequency transient analysis to determine the faulty line and exact location, as shown in
Figure 2. where "+" and "-" define the polarities of transient sequences of the waves. Moreover, the remote
busbar considers the reflected waves as opposite polarity, and the first forward wave has the opposite
polarity, similar to the reverse fault [31].
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tiz =Ty = Toy = 2(32) @)
ty, =2 (LSTT) - T, ®)
Ler = X, + X, (4)
Xs = %(1+tllszT/tzl) ®)

Where: t,, : The first two transient waves are in the first half of the cable; t,;: Time arrival of the first two
transient waves at both ends of the cable; Ty,: Second transient wave; Ty, : First transient wave; Lgy: Total
length; X,: Length of the first half; X, : Length of the second half; v: Velocity of the traveling waves;

tip =T =Ty =2 (XTT) (6)
t = (LSTT) — T (7
Xs = %(LST B 1+tL251T/t12) ®

Where: t;, : The first two transient waves are in the first half of the cable; t,, : Time arrival of the first two
transient waves at both ends of the cable; T,,: Second transient wave; T, : First transient wave.

3.2. Modelling of fault location approach for fault near busbar

In the previous Section, the mathematical models presented are used for only the fault
discrimination of two halves. This Section has the same parameters as section 3.1, but it is modelled for fault
accrued near the busbar, and the models are:

tp =T -Tyg =2 ()i_s) 9)
=) - (%) (10)
X, =3 (Lgy - SIE22)) (12)
tip =Ty =Ty =2 (%) (12)
t=(3)- () (13
Xs = %(1+tl;slT/t12) (14)

3.3. Data collection of three-phase voltages signals

This proposed model considers voltage signals of all three waves at different cable terminals. In
previous models, CVTs have been used for capturing the fault transient, whereas limited bandwidth of less
than 1kHZ is provided [32]. Here, a specific transient voltage detector of 500 KHZ is deployed to capture the
fault waves speedily instead of CVTs [33].

3.4. Modelling of wavelet transform for fault location

As a three-phase system is considered, each phase's electromagnetic coupling can affect the
accuracy in fault location. There is a need for such transformation that three-phase non-independent
components convert into mutually independent mode components as per Clarke transformation matrices [34].
The proposed model transformation is formulated as (15).

Va 2 -1 —11[Va
Vg=§[1 1 1||% (15)
vy 0 V3 V3llv
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Va, Vg, and V,, are mutually independent mode components of three-phase voltages V,, Vy, and V.. Similarly, I,
Ig, and I are mutually independent mode components of three-phase currents I, Iy, and I.. As earlier
discussed, there is a need for different time frames and frequency bands for high frequency and high resolution.
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Figure 2. Proposed system configuration

3.5. Wavelet decomposition for fault location

Travelling wave signals are nonperiodic and have high-frequency oscillation, superimposed on the
power system in the form of harmonics. Proposed wavelet decomposition for fault location considers
Daubechies 4 (db4) wavelet using MATLAB toolbox for the wavelet function. The number 4 defines the
wavelet coefficients. It is normally considered the frequency of 40 to 80 KHZ to extract the transient in the
wavelet method, whereas the original signal is divided into further frequency bands for wavelet
transformation [35].

Suppose the system has a transient wave at the terminal of first busbar, then in (2) and (3) can
estimate the location of the fault using the time of the first two transient waves. Further, one step ahead, the
transient time at S and (4), and (5) are used to estimate the location of the fault in kilometers. If the system
has a transient wave at the terminal of second busbar S, then (6) and (7) can estimate the location of the fault
using the time of the first two transient waves. Further, one step ahead, the transient time at S and (8) are
used to estimate the location of this fault in kilometers. The faults 1-6 can be estimated as explained in the
scenarios mentioned above. Suppose the faults accrued near to busbar, then (9)-(14) are used for estimation.

4, RESULTS AND DISCUSSION

This subsection includes the main implementation of a novel fault location method for multiterminal
underground cables. The model is applied to 4 terminals of the transmission line, as shown in the Figure 2,
i.e. Point R, point S, point T, and point U. In the first step, two transient waves are generated and identified at
all four terminals of the proposed power system. The first and second maxima define both transients,
respectively, and this continues so on. The detail is following:

Maxima estimation detail coefficient [J;] that adopt the approach as [J;] > [Ji1] and [Ji] > [Jiz1]
whereas [K;] defines a set of maximum points. The local maxima can verify by [K;] > [K;_;] and [K;] >
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[Kiz1]. In the second step, the faulty section is identified by locating the fault in terms of distance. The

sequences describe as:

— Suppose the system has succeeded in detecting the transient wave the terminal of busbar R, then the
proposed fault locator discriminates it F-1 (fault-1) as the first half of the cable 1.

— Suppose the system has succeeded in detecting the transient wave the terminal of busbar U, then the
proposed fault locator discriminates it F-6 (fault-6) as the second half of the cable 3.

— Suppose the system has succeeded in detecting the transient wave the terminal of busbar S, then the
proposed fault locator discriminates it F-2 (fault-2) as the second half of the cable 3 or F-3 (fault-3) as the
first half of the cable 2.

— Suppose the system has succeeded in detecting the transient wave at the terminal of busbar T, then the
proposed fault locator discriminates it F-4 (fault-4) as the second half of the cable.2 or F-5 (fault-5) as the
first half of the cable 3.

In the third stage, fault discrimination is estimated according to traveling wave theory; reflected
wave polarities and initial voltage/current polarities are considered a solution to discriminate the fault 2,3. In
this regard, the polarity of reflected waves at the fault location has the same polarity, whether for voltage or
current. At the time of fault, the transient wave of voltage/current has the same polarity in the first few
cycles. So, following faults are discriminated as:

— It has to be discriminated whether it is F2 or F3; if the system has succeeded in detecting the transient
wave the terminal of busbar S. So, if the transient wave signal is of the same polarity at buses R and S,
then the fault is considered F3. Meanwhile, if the transient wave signal of the same polarity at buses S and
T is detected, the fault is considered F2.

— Similarly, it has to be discriminated whether it is F4 or F5; if the system has succeeded in detecting the
transient wave a the terminal of busbar T. So, if the transient wave signal is of the same polarity at buses
S and T, then the fault is considered F5. Meanwhile, if the transient wave signal of the same polarity at
buses T and U is detected, the fault is considered F4.

As earlier discussed, fault discrimination is estimated according to traveling wave theory. In this
regard, F-2 and F-3 are discriminated by the polarities of the second transient wave, as shown in Figure 3 and
Figure 4. Numbers of samples and voltages at the time of fault can also be observed. Similarly, the same
approach is adapted for the discrimination of F-4 and F-5.

In the final stages, fault location is estimated, which is described as:

— Scenario 1: F-1 (fault-1). Suppose the system has a transient wave at the terminal of busbar R, then (2)
and (3) can estimate the location of the fault using the time of the first two transient waves. Further, one
step ahead, the transient time at S and (4), and (5) are used to estimate the location of the fault (F-1) in
kilometers.

— Scenario 2: F-2 (fault-2). Suppose the system has a transient wave at the terminal of busbar S, then (6)
and (7) can estimate the location of the fault using the time of the first two transient waves. Further, one
step ahead, the transient time at S and (8) are used to estimate the location of the fault (F-2) in kilometers.

— Scenario 3: F-3 (fault-3). Suppose the system has a transient wave at the terminal of busbar S, then (2)
and (3) can estimate the location of the fault using the time of the first two transient waves. Further, one
step ahead, the transient time at T and (4), and (5) are used to estimate the location of the fault (F-3) in
kilometers.

— Scenario 4: F-4 (fault-4). Suppose the system has a transient wave at the terminal of busbar T, then
equations (6) and (7) can estimate the location of the fault using the time of the first two transient waves.
Further, one step ahead, the transient time at T and (8) are used to estimate the location of the fault (F-4)
in kilometers.

— Scenario 5: F-5 (fault-5). Suppose the system has a transient wave at the terminal of busbar T, then (2)
and (3) can estimate the location of the fault using the time of the first two transient waves. Further, one
step ahead, the transient time at U and (4) and (5) are used to estimate the location of the fault (F-5) in
kilometers.

— Scenario 6: F-6 (fault-6). Suppose the system has a transient wave at the terminal of busbar U, then (6)
and (7) can estimate the location of the fault using the time of the first two transient waves. Further, one
step ahead, the transient time at U and (8) are used to estimate the location of the fault (F-6) in kilometers.

— Scenario 7: fault near busbar. The faults 1-6 can be estimated as explained in the scenarios mentioned
earlier. Suppose the faults accrued near to busbar, then (9-14) are used for estimation.

4.1. Model validation

The proposed configuration has 11 kV, 60 HZ underground power system where three underground
cables are taken into account. Cable-1 is from busbar R to S, Cable-2 is from busbar S to U, and Cable-3 is
from busbar U to T. Each cable has an equal length of 100 km, as shown in Figure 3. Generator's
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specifications are considered as G; has 15 MVA, G, has 20 MVA, G; has 25 MVA, and G, has 30 MVA.
Extensive simulations are simulated using the Alternative transient program (ATP), validating the proposed
model at each underground cable. The results estimated in Table 1 are remarkable where the error is nominal.
The given formula calculates the error.

|Actual location of fault in km — Estimated location of fault in km|
error % = - X 100
Total Length of the entire power system

Detail-1 Coeficients (db4 at R)|

Detail-1 coefficients (dbé at R) ‘ 50
2]
- _ _ 5
1) — ~s g e s 0
=
50
250 - ; . ; ' ’ 1010 1015 1020 1025 1030
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Figure 3. Detail-1 coefficients at end terminal of ~ Figure 4. Detail-1 coefficients at end terminal of busbar
busbar R, S, T, and U for F2 (fault-2) R, S, T, and U for F3 (fault-3)

Table 1. Algorithm validation at the different fault locations

Cable | den't:ii?clgtion Location of Faults in (KM) (Actual Location) (KI\I/I; ((:Etsltc:?ngfezallj:)tzz;gon) Error %
Cable-1 is from F1 33 3.4848 0.051615
busbar Rto S F1 8.3 7.6846 0.213453

F1 15.0 16.6503 0.555111
F1 24.0 22.0709 0.635031
F2 54.9 56.4235 0.49284
F2 69.9 69.6969 0.0777
F2 85.6 86.2770 0.23199
F2 98.2 99.8834 0.54945
Cable-2 is from F3 7.5 7.8125 0.104166667
busbar Sto U F3 25.0 23.8463 0.384583333
F3 405 39.0375 0.4875
F3 46.3 47.5600 0.436666667
F4 55.5 54.7625 0.245833333
F4 68.8 70.0000 0.416666667
F4 80.0 80.2350 0.078333333
F4 97.5 99.0125 0.504166667
Cable-3 is from F5 6.0 6.2500 0.083333333
busbarUto T F5 20.0 19.0770 0.307666667
F5 324 31.2300 0.39
F5 37.0 38.0480 0.349333333
F6 44.4 43.8100 0.196666667
F6 55.0 56.0000 0.333333333
F6 64.0 64.1880 0.062666667
F6 78.0 79.2100 0.403333333

Int J Pow Elec & Dri Syst, Vol. 14, No. 2, June 2023: 1280-1289



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1287

In the end, to check more validation of the proposed system, the resistance of the fault is also
estimated and compute the error rate in percentage. The range of fault resistance is observed from 20Q to
2004, showing the increase in resistance with the distance of the fault as shown in Table 2. The model has
the property of unchanged behavior in the characteristics of the wavelet by changing the resistance. At the
distance of 50 km, between busbar S and T (Cable-2), the resistance is observed and estimated, then compute
the percentage error as shown in Table 2. Maximum error is minimal of 0.305%, which indicates the
excellent performance of the proposed system.

Table 2. Algorithm validation at the different fault resistance
Sr. No  Resistance of faults ()  Fault distance (km)  Error (%)

1 20 49.495 0.2525
2 30 49.495 0.2525
3 40 49.495 0.2525
4 80 49.406 0.297
5 100 49.406 0.297
6 120 49.406 0.297
7 140 49.39 0.305
8 160 49.39 0.305
9 200 49.39 0.305

5. CONCLUSION

This paper presents a novel fault location algorithm for multiterminal underground cables of the
electrical power system. The proposed model eliminates the synchronous time error by deploying a fault
locator at each midpoint of the cable. The Bewley lattice diagram theory of Wavelet Transform is presented
for modeling the fault location approach in two halves of the cables. The article is based on the detection of
the first and second traveling wave transient at each end of the busbar where the system not only
discriminates the faults but also identifies the fault's location in km. Alternative transient programs (ATP) to
discriminate the waves transient and Daubechies 4 (db4) wavelet using MATLAB toolbox for the wavelet
function are considered for decomposition of Wavelet decomposition for fault location. The main focus
points of this research are detection of voltage/current wave transient on the end terminal of each busbar,
discrimination of faults, and fault location with high accuracy and reliability. The model also validates the
fault near the busbar. The model validation at different fault locations and faults resistance is obtained in an
error percentage that is not greater than 0.7% in fault location and 0.4% in fault resistance. The mentioned
points prove that our underground cables’ multiterminal fault location algorithm is more robust and accurate
than other algorithms. In the future, this model can be tested for fault location of shunt and series fault
conditions.

REFERENCES

[1] Y. Del Valle, N. Hampton, J. Perkel, and C. Riley, “Underground cable systems,” Electrical Transmission Systems and Smart
Grids, pp. 195-237, 2013, doi: 10.1007/978-1-4614-5830-2_7.

[2] A. E. Labrador Rivas and T. Abrdo, “Faults in smart grid systems: Monitoring, detection and classification,” Electric Power
Systems Research, vol. 189, 2020, doi: 10.1016/j.epsr.2020.106602.

[3] B. Masood et al., “Investigation of deterministic, statistical and parametric NB-PLC channel modeling techniques for advanced
metering infrastructure,” Energies, vol. 13, no. 12, 2020, doi: 10.3390/en13123098.

[4] B. Kruizinga, “Low voltage underground power cable systems: Degradation mechanisms and the path to diagnostics,” Eindhoven
University of Technology, 2017.

[5] P. Routray, M. Mishra, and P. K. Rout, “High Impedance Fault detection in radial distribution system using S-Transform and
neural network,” 2015 IEEE Power, Communication and Information Technology Conference, PCITC 2015 - Proceedings, pp.
545-551, 2016, doi: 10.1109/PCITC.2015.7438225.

[6] A. Rehman, M. Imran-Daud, S. K. Haider, A. U. Rehman, M. Shafiq, and E. T. Eldin, “Comprehensive Review of solid state
transformers in the distribution system: from high voltage power components to the field application,” Symmetry, vol. 14, no. 10,
2022, doi: 10.3390/sym14102027.

[71 M. F. Faisal, A. Mohamed, and H. Shareef, “Prediction of incipient faults in underground power cables utilizing S-transform and
support vector regression,” International Journal on Electrical Engineering and Informatics, vol. 4, no. 2, p. 186, 2012.

[8] S. Kaitwanidvilai, C. Pothisarn, C. Jettanasen, P. Chiradeja, and A. Ngaopitakkul, “Discrete wavelet transform and back-
propagation neural networks algorithm for fault classification in underground cable,” in World Congress on Engineering 2012.
July 4-6, 2012. London, UK., 2010, vol. 2189, pp. 996—-1000.

[91 S. Mishra, S. C. Swain, and N. B. Naik, “Tree based incipient fault identification in underground cable,” 2021 5th International
Conference on Electronics, Materials Engineering and Nano-Technology, IEMENTech 2021, 2021, doi:
10.1109/IEMENTech53263.2021.9614731.

[10] J. Upendar, C. P. Gupta, and G. K. Singh, “Statistical decision-tree based fault classification scheme for protection of power
transmission lines,” International Journal of Electrical Power & Energy Systems, vol. 36, no. 1, pp. 1-12, 2012.

[11] R. M. Asif, S. R. Hassan, A. U. Rehman, A. U. Rehman, B. Masood, and Z. A. Sher, “Smart underground wireless cable fault
detection and monitoring system,” 2020 International Conference on Engineering and Emerging Technologies, ICEET 2020,
2020, doi: 10.1109/ICEET48479.2020.9048210.

A new algorithm for fault location in multi-end underground cables using ... (Rizwan Tariq)



1288 O ISSN: 2088-8694

[12] B.Y. Vyas, B. Das, and R. P. Maheshwari, “Improved fault classification in series compensated transmission line: comparative
evaluation of chebyshev neural network training algorithms,” IEEE Transactions on Neural Networks and Learning Systems, vol.
27, no. 8, pp. 1631-1642, 2016, doi: 10.1109/TNNLS.2014.2360879.

[13] Y. Sun, S. Li, and X. Wang, “Bearing fault diagnosis based on EMD and improved Chebyshev distance in SDP image,”
Measurement: Journal of the International Measurement ~ Confederation,  vol. 176, 2021, doi:
10.1016/j.measurement.2021.109100.

[14] R. M. Asif et al., “Optimal locating and sizing of DG in radial distribution system using modified shuffled frog leaping
algorithm,” IETE Journal of Research, 2022, doi: 10.1080/03772063.2022.2150690.

[15] M. Kenning, J. Deng, M. Edwards, and X. Xie, “A directed graph convolutional neural network for edge-structured signals in
link-fault detection,” Pattern Recognition Letters, vol. 153, pp. 100-106, 2022, doi: 10.1016/j.patrec.2021.12.003.

[16] 1. Niazy and J. Sadeh, “A new single ended fault location algorithm for combined transmission line considering fault clearing
transients without using line parameters,” International Journal of Electrical Power and Energy Systems, vol. 44, no. 1, pp. 816—
823, 2013, doi: 10.1016/j.ijepes.2012.08.007.

[17] F. Khan et al., “Load Sharing of Transformers for intelligent electric power management,” Journal of Applied and Emerging
Sciences, vol. 9, no. 2, p. 153, Dec. 2019, doi: 10.36785/jaes.92290.

[18] P. K. Nayak, A. K. Pradhan, and P. Bajpai, “A fault detection technique for the series-compensated line during power swing,”
IEEE Transactions on Power Delivery, vol. 28, no. 2, pp. 714-722, 2013, doi: 10.1109/TPWRD.2012.2231886.

[19] M. Mishra and R. R. Panigrahi, “Taxonomy of high impedance fault detection algorithm,” Measurement: Journal of the
International Measurement Confederation, vol. 148, 2019, doi: 10.1016/j.measurement.2019.106955.

[20] O. A. Gashteroodkhani, M. Majidi, M. Etezadi-Amoli, A. F. Nematollahi, and B. Vahidi, “A hybrid SVM-TT transform-based
method for fault location in hybrid transmission lines with underground cables,” Electric Power Systems Research, vol. 170, pp.
205-214, 2019, doi: 10.1016/j.epsr.2019.01.023.

[21] J. Ding, X. Wang, Y. Zheng, and L. Li, “Distributed traveling-wave-based fault-location algorithm embedded in multiterminal
transmission lines,” |EEE Transactions on Power Delivery, vol. 33, no. 6, pp. 3045-3054, 2018, doi:
10.1109/TPWRD.2018.2866634.

[22] T. Funabashi, H. Otoguro, Y. Mizuma, L. Dube, and A. Ametani, “Digital fault location for parallel double-circuit multi-terminal
transmission lines,” IEEE Transactions on Power Delivery, vol. 15, no. 2, pp. 531-537, 2000, doi: 10.1109/61.852980.

[23] R. Tariq et al., “An optimized solution for fault detection and location in underground cables based on traveling waves,”
Energies, vol. 15, no. 17, 2022, doi: 10.3390/en15176468.

[24] E.E.Ngu and K. Ramar, “A combined impedance and traveling wave based fault location method for multi-terminal transmission
lines,” International Journal of Electrical Power and Energy Systems, vol. 33, no. 10, pp. 1767-1775, 2011, doi:
10.1016/j.ijepes.2011.08.020.

[25] J. lzykowski, E. Rosolowski, M. M. Saha, M. Fulczyk, and P. Balcerek, “A fault-location method for application with current
differential relays of three-terminal lines,” IEEE Transactions on Power Delivery, vol. 22, no. 4, pp. 2099-2107, 2007, doi:
10.1109/TPWRD.2007.905544.

[26] Y.-H. Lin, C.-W. Liu, and C.-S. Yu, “A new fault locator for three-terminal transmission lines using two-terminal synchronized
voltage and current phasors,” IEEE Transactions on Power Delivery, vol. 17, no. 2, pp. 452-459, 2002.

[27] F.V Lopes, K. M. Dantas, K. M. Silva, and F. B. Costa, “Accurate two-terminal transmission line fault location using traveling
waves,” IEEE Transactions on Power Delivery, vol. 33, no. 2, pp. 873-880, 2017.

[28] A. Ibrahim Mansour, “Fault location strategies on power cables using offline methods include time domain reflectometry (Tdr),”
Journal of Al-Azhar University Engineering Sector, vol. 13, no. 47, pp. 482-497, 2018, doi: 10.21608/auej.2018.19055.

[29] O. Afolabi, “UKnowledge traveling wave fault location method for distribution systems with distributed generation,” 2021.

[30] V. K. Gaur, B. R. Bhalja, and A. Saber, “New ground fault location method for three-terminal transmission line using
unsynchronized current measurements,” International Journal of Electrical Power and Energy Systems, vol. 135, 2022, doi:
10.1016/j.ijepes.2021.107513.

[31] M. Gilany, D. khalil Ibrahim, and others, “Traveling-wave-based fault-location scheme for multiend-aged underground cable
system,” IEEE Transactions on power delivery, vol. 22, no. 1, pp. 82-89, 2006.

[32] M.Jing, W. Zengping, X. Yan, and M. Lei, “Single-ended transient positional protection of transmission lines using mathematical
morphology,” in 2005 International Power Engineering Conference, 2005, vol. 2005, pp. 1-603, doi:
10.1109/IPEC.2005.206978.

[33] D. Rezaei, M. Gholipour, and F. Parvaresh, “A single-ended traveling-wave-based fault location for a hybrid transmission line
using detected arrival times and TW's polarity,” Electric Power Systems Research, vol. 210, 2022, doi:
10.1016/j.epsr.2022.108058.

[34] S. Khavari, R. Dashti, H. R. Shaker, and A. Santos, “High impedance fault detection and location in combined overhead line and
underground cable distribution networks equipped with data loggers,” Energies, vol. 13, no. 9, 2020, doi: 10.3390/en13092331.

[35] D. Rezaei, M. Gholipour, and F. Parvaresh, “A novel traveling wave arrival time detection method in power system,” IET
Generation, Transmission and Distribution, vol. 16, no. 6, pp. 1151-1165, 2022, doi: 10.1049/gtd2.12357.

BIOGRAPHIES OF AUTHORS

Rizwan Tariq Bd 2 s currently engaged in PhD research at the University of
Department of Electrical Engineering Universiti Kuala Lumpur-BMI (UniKL-BMI) Selangor,
Malaysia on Fault Location in Multi-end Underground Cables Using Traveling Waves. He has
a MS Electrical Engineering degree from the Government College University (GCU) Lahore.
He deployed in different GCC countries from National Power Construction Corporation
(NPCC) side and handled different Power Projects. He can be contacted at:
rizwan.tarig@s.unikl.edu.my or engr.rizwan101@gmail.com.

Int J Pow Elec & Dri Syst, Vol. 14, No. 2, June 2023: 1280-1289


https://orcid.org/0000-0003-3292-346X
https://scholar.google.com/citations?user=jSZSCXYAAAAJ&hl=en

Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1289

Ibrahim Alhamrouni  E:J B8 © received his B.Eng. degree in Electrical Engineering from
Elmergib University, Al Khums, Libya, in 2008. The M.Sc. degree in electrical power
engineering from Universiti Tun Hussein Onn Malaysia (UTHM), Batu Pahat, Johor,
Malaysia, in 2011. In 2015, he has been awarded his Ph.D degree from Faculty of Electrical
Engineering, Universiti Teknologi Malaysia (UTM), Malaysia. Currently, he is a senior
lecturer and researcher at the British Malaysian Institute, University of Kuala Lumpur,
Malaysia. His research interest includes power system planning and operation, deregulation
and restructuring of power system, and power lines maintenance. He’s currently working on
micro-grid technologies and the application of power electronics in power system. He can be
contacted at: ibrahim.mohamed@unikl.edu.my.

Atteq Ur Rehman B 2 was born in Rawalpindi, Pakistan, in 1987. He received his
BS Degree in Electrical (Telecommunication) Engineering from COMSATS Institute of
Information Technology (CIIT), Lahore, Pakistan, in 2009 and MS degree in Electrical
Engineering with a specialization in Telecommunications from Blekinge Institute of
Technology (BTH), Karlskrona, Sweden in 2011. After completing his masters, he remained
with the University of South Asia and Superior University Lahore, Pakistan in the capacity of
a Lecturer. Since 2016, he is working as a Lecturer in Government College University (GCU),
Lahore, Pakistan. In 2022, he completed his Ph.D. degree in Information and Communication
Engineering from the College of Internet of Things (IoT) Engineering, Hohai University
(HHU), Changzhou Campus, China. His research interests include biomedical signal
processing, renewable energy resource, internet of things (loTs), social internet of things
(SloTs), and big data. He can be contacted at email: ateeq.rehman@gcu.edu.pk.

Rao Muhammad Asif © B4 B8 2 was born in Khanewal, Pakistan, in 1991. He received his
BS Degree in Electrical Engineering from The Superior College, Lahore, Pakistan, in 2013
and MS degree in Electrical Engineering with a specialization in Power from The Superior
College, Lahore, in 2015. After completing his BS Degree, he remained with the same college
in the capacity of a Lab Engineer. Since 2021, he is working as an Assistant Professor in The
Superior College, Lahore, Pakistan. He has completed his Ph.D. degree in the same institute.
His research interests include 5G applications, Smart Grid, Solid State Devices, and
Renewable Energy Resources. He can be contacted at email: asifrao137@gmail.com.

Zimran Rafique Bl 2 received his B.Sc. degree in Electrical Engineering from
University of Engineering & Technology, Lahore, Pakistan in 2002 and M.Sc. degree in
Electronic Engineering from Ghulam Ishaq Khan Institute of Engineering, Sciences &
Technology, Topi, Pakistan in 2005. He has completed his Ph.D. from Electrical and
Electronic Engineering Department, Auckland University of Technology, Auckland, New
Zealand in 2014. Currently he is working as an Assistant Professor, Department of Electrical
Engineering technology, Higher Colleges of Technology, Sharjah Campus, U.A.E. He has
more than 14 years of industrial, teaching and research experience. His research interests
include smart grid communication and control technologies, alternate energy systems, wireless
multimedia sensor networks and massive MIMO communication Systems. He can be
contacted at email: zrafique@hct.ac.ae.

A new algorithm for fault location in multi-end underground cables using ... (Rizwan Tariq)


file:///C:/Users/LENOVO/Dropbox/IJPEDS%202022/IJPEDS%202023/vol%2014%20no%202%20Jun%2023/edit/bisa%20di%20layout/indah/zrafique@hct.ac.ae
https://orcid.org/0000-0003-1035-3005
https://scholar.google.com/citations?hl=id&user=MxaEeHkAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=56382973200
https://orcid.org/0000-0001-5203-0621
https://scholar.google.com/citations?user=kIe6OccAAAAJ&hl=en
https://orcid.org/0000-0002-2916-5306
https://scholar.google.com/citations?hl=en&user=niu-XycAAAAJ
https://orcid.org/0000-0002-1260-2637
https://scholar.google.ae/citations?user=cvS3cb4AAAAJ&hl=en
https://www.webofscience.com/wos/author/record/S-3631-2018

