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Abstract: Faults in the power system affect the reliability, safety, and stability. Power-distribution
systems are familiar with the different faults that can damage the overall performance of the entire
system, from which they need to be effectively cleared. Underground power systems are more
complex and require extra accuracy in fault detection and location for optimum fault management.
Slow processing and the unavailability of a protection zone for relay coordination are concerns in
fault detection and location, as these reduce the performance of power-protection systems. In this
regard, this article proposes an optimized solution for a fault detection and location framework for
underground cables based on a discrete wavelet transform (DWT). The proposed model supports area
detection, the identification of faulty sections, and fault location. To overcome the abovementioned
facts, we optimize the relay coordination for the overcurrent and timing relays. The proposed
protection zone has two sequential stages for the current and time at which it optimizes the current
and time settings of the connected relays through Newton–Raphson analysis (NRA). Moreover, the
traveling times for the DWT are modeled, which relate to the protection zone provided by the relay
coordination, and the faulty line that is identified as the relay protection is not overlapped. The model
was tested for 132 kV/11 kV and 16-node networks for underground cables, and the obtained results
show that the proposed model can detect and locate the cable’s faults speedily, as it detects the fault
in 0.01 s, and at the accurate location. MATLAB/Simulink (DigSILENT Toolbox) is used to establish
the underground network for fault location and detection.

Keywords: wavelet transform; fault detection; fault location; circuit breakers; Newton–Raphson analysis

1. Introduction

Faults detection in underground cables has a critical linkages in the electricity system,
which is dependent on their protection scheme [1]. The faults in underground cables cause
significant economic losses. The effective way to limit the economic damage produced
by these failures is a quick recovery and fault detection and location [2,3]. Speedy fault
recovery can overcome customer complaints, the downtime duration, revenue loss, and
crew repair costs. Some methods for locating faults in cable systems are harmful and not
user friendly. There are two methods (i.e., offline and online) for locating the faults in

Energies 2022, 15, 6468. https://doi.org/10.3390/en15176468 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15176468
https://doi.org/10.3390/en15176468
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1035-3005
https://orcid.org/0000-0001-5203-0621
https://orcid.org/0000-0003-3151-9967
https://orcid.org/0000-0001-7337-7608
https://orcid.org/0000-0002-5320-1012
https://doi.org/10.3390/en15176468
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15176468?type=check_update&version=1


Energies 2022, 15, 6468 2 of 19

underground cables, while there are two types of offline approaches: the terminal and tracer
methods [4]. The online approach calculates the unknown fault distance using recorded
fault current and voltage data [5]. The latest trends are related to the online approach. A
variety of factors influence the performance of underground cables: the response time, the
aging factor, no protection for the faulty zone, and no relay coordination [6]. The impact
of these factors on the system performance is high. For example, old cables can change
the capacitance in three-phase systems. This change can further affect the accuracy of
fault-location processes that depend on cable-manufacturing factors [7]. The latest trends
are based on digitized fault detectors for amassing the information to discover the defects in
this investigation. These devices record the voltage and current samples for postdisruption
analysis during a power-system disturbance. Many digital fault recorders are now available
at a reasonable price, which has allowed them to be employed at critical substations [8].
Similarly, the wavelet-transform (WT) method is practiced for detecting and locating the
faulty component with a high-frequency approach [9]. The required information regarding
the faulty zone is obtained by synchronized model voltage signals from both ends of the
cable lines. High-frequency signals are systematized in the WT to detect the changes
connected to the discontinuity spots on the lines.

The alternative-transients-program (ATP) approach is proposed in [10] for digitized
fault detectors, whereas the suggested technique finds the exact fault location in older
cables. It is also notable that factors such as the fault type, fault resistance, fault-inception
angle, and system configurations did not affect the performance of ATP simulations [11].
High-voltage direct current (HVDC) transmission technologies are viable alternatives to
HVAC transmission systems in overhead lines, but for environmental and safety reasons,
underground cables are preferable to overhead lines in built-up places. In fault detection,
the high capacitance of overhead lines in the high-voltage alternating current (HVAC)
operation can be challenging [12].

Moreover, the WT needs an effective communication link to gather accessibility and
data-quantity information. It is also difficult to detect and differentiate the reflecting waves,
and especially for faults near the surface. A WT methodology for fault location is presented
in [12], where reflecting waves are completely segregated across a large area of the cables.
At the same time, a communication link is provided for traveling wave information. A
fault-location approach for a large distribution network needs transient current data that
are collected at a few line terminals. The protective zone needs proper relay coordination
for accurate fault detection. It collects the measurements of the current and voltage in the
presence of circuit breakers (CBs) on all lines, as shown in Figure 1. Furthermore, power will
probably not be available to all line terminals for measuring instruments because a method
for identifying the faults on transmission lines is connected in a star configuration [13].
WT technology is being observed in the latest research for fault detection [14], and this
research work provides a novel solution for fault detection and location in underground
cables using a discrete wavelet transform (DWT).

The main contributions of this work are summarized as follows:

• A novel fault detection and location framework for underground cables based on a
DWT is developed;

• The proposed model efficiently identifies the faulty sections and fault locations where
coordination schemes optimize the overcurrent-relay and timing-relay coordination;

• The DWT approach for the objectives mentioned above is modeled to facilitate the
protective zone, analyzed by Newton–Raphson analysis (NRA), more accurately;

• The model is tested for 132 kV/11 kV and 16-node networks for underground cables,
and it obtained a remarkable improvement in accurately detecting and locating the
cable’s faults.
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Figure 1. Presence of CBs on all lines in proper relay coordination for accurate fault detection.

The paper is organized as follows. Section 2 summarizes the related work in fault-
detection location for underground cable networks. The modeling of a DWT for fault
location is accomplished in Section 3. Section 4 presents the research methodology in which
the protective-zone coordination and faulty-section detection are carried out. Section 5
describes the MATLAB setup used for the proposed model. The results, discussion, and
conclusion of the article are described in Sections 6 and 7.

2. Literature Review

Researchers have shown an interest in underground fault detection since the late 1980s.
As mentioned above, different methodologies have been developed for identifying the
faults in underground cables that have a huge impact on transmission lines. The first thing
related to a WT is a multiresolution analysis (MRA) or DWT, as it is required for detecting
the fault. An online WT algorithm evaluates the line currents with two terminal approaches,
where the MRA identifies the fault. The scale of spikes related to the wavelet coefficients is
also used for the detection of faults, as well as the process of classification [15]. A smooth
and efficient coefficient evaluation of a neutral current separates the key faults in different
phases. With a mixture of impedance design and calculation, and the continuous-wavelet-
transforms (CWT) method, Reddy’s designed model is used to identify the disturbances
and the fault’s occurrence [16].

Different schemes are used to identify specific faulty phases for protecting the power
system from the accident of transmission-line faults. The method uses WTs, neural networks
(NNs), or sometimes both for dealing with the issue. The artificial neural network (ANN)
determines a large difference between the associated and measured signals [17–19], and
the transmission lines are then used to distribute the electric power at the main destination.
Several issues are addressed using traveling waves for voltage and current signals in the
transmission-line network. Determining the frequency components with the fault signal is
one of them, and Fourier Transform is modeled to overcome this issue. Wavelet MRA, or
DWT, plays an important role in signal analysis and is considered a consistent approach for
the traveling of wave signals [20]. An underground cable fault-detection model is presented
in [21]. It uses the global system for mobile communication (GSM) as a communication
link in WT technology using a microcontroller. The method determines the fault in the
underground line from the base stations in terms of kilometers [22]. Underground cable
fault detection with the help of Raspberry Pi and Arduino to identify the fault’s location
for underground cables is presented in [23]. It works on the simple and basic concept of
relay coordination. In case of any fault (e.g., short circuit), the voltage drop depends on
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the length of the faulty cable, while the current due to the faulty cable varies. This fact
operates the current transformer (CT) for calculating the difference or variance, and the
signal conditioner deals with the change in the voltage [24]. A microcontroller is further
used to make the necessary arithmetical calculations [25,26]. The Murray loop method is
used for fault exposure, and this approach is quite straightforward for the direction and
observation of short circuits in underground cables. The two loop tests are carried out to
identify the faults in the underground cables depending on the Wheatstone-bridge law [27].
With this experiment, the fault with the underground cable is identified by the arrangement
of a Wheatstone bridge. In this model, a sound cable with the same length as a faulty cable
is connected where the sound cable decides whether it is faulty or not. A galvanometer is
also attached at the beginning of both the faulty and sound lines [28]. After the connection,
two different variable resistors are connected to the faulty and sound cables. Synchronized
testing techniques, the investigation of the wavelet, and the standard of a voyaging wave
also relate to CWT [29]. The hypothesis related to the peculiarity identification is used as
a handling device for dealing with the issue associated with the multiend-matured-cable
model. A model based on a DWT for fault detection in the DC microgrid is presented
in [15], and MRA with a DWT has been used for developing the relationship between the
WT and fault location. It also includes the support-vector machine and Gaussian process
regression for the estimation of faults. DWT-based fault detection in a very short time
for the HVDC network was tested, where the different faults were created for the various
line locations using MATLAB/Simulink [30]. A single-line transmission network has been
proposed for fault location using EMTP/ATP Draw software [31]. Artificial-intelligence-
based approaches have also been used to identify faults [17,32]. A DWT-and-ZigBee model
as a communication link was developed for underground cables for fault detection and
relay coordination. The proper arrangement of relay algorithms has also been discussed,
where different line parameters are taken into account [33]. Some classified methods are
being approached for fault detection, in which the Lissajous figure is very common. These
approaches record the three-phase voltages and the current of one terminal of the line,
while the Lissajous figure is considered for the phase measurement of each phase [34–36].
A fault-detection locator based on a DWT was analyzed, in which the ANN approach was
proposed for the estimation of the fault performances. The system model was designed for
a 13-bus and 16-line network, and the delay time and location for the fault in kilometers
were observed [37]. Different algorithms have also been proposed, such as the Stockwell
transform, alienation coefficient, Wigner distribution function, and combined-fault index.
In most cases, a DWT is used for the given algorithms [38–40]. The latest studies are
focused on the DWT for fault detection [41], and different algorithms for the protection
zone optimize the relay coordination [42]. A comparative analysis of the wavelet-transform
methods for fault location is given in Table 1, in which the critical analysis of the literature
review is performed.

Table 1. Comparative analysis of wavelet-transform methods for fault location.

Work Key Contribution Approach Limitations

[15] Fault detection. DWT There are deficiencies, including
complexity and nonflexibility.

[16] Identifies the disturbances and the
fault’s occurrence. CWT Slow processing.

[18,19,43] Fault detection. WT, neural network (NN), No protection zone for relay
coordination.

[22] Locates the fault from the base stations
in terms of kilometers.

GSM as a communication link
in WT technology The response time is slow.
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Table 1. Cont.

Work Key Contribution Approach Limitations

[23] Fault detection. Raspberry Pi and Arduino Less reliable.

[25,26] Observation of short circuits in
underground cables. Murray loop method Only for short-circuit faults.

[27] Fault detection. CWT Only for short-circuit faults.

[30] Fault detection and location. DWT No protection zone for relay
coordination.

[17,32] Fault detection and location. Artificial intelligence (AI) Only identifies the nature of the fault.

[33] Fault detection and relay coordination. DWT-and-ZigBee model Less accuracy in fault location.

[34–36] Detects phase-to-phase faults. Lissajous figure Only detects phase-to-phase faults.

[38–40] Fault detection and location. Wigner distribution function
and DWT

No protection zone for relay
coordination.

[41,42] Fault detection and optimization of the
relay coordination. DWT Not suitable in cases of fault

occurrence in remote locations.

[44,45] Fault detection and classification. Using DWT
Only detects and classifies the faults.
The fault-location approach is not
presented.

[46,47] Fault detection in power system. Using DWT No protection zone for relay
coordination

[48,49] Fault detection. Traveling-wave-based
fault-location scheme

More suitable for high-impedance
faults.

3. Modeling of Wavelet Transform for Fault Location

CWT is a process that convolves the signal with the wavelet basis function, as shown
in Figure 2, and the signal is further distinguished into different timeframes and frequency
bands [44,45]. Wf(x, y) is the expression for CWT, as follows:

Wf(x, y) = 〈f, ψx,y(t)〉 =
1
√x

∫ +∞

−∞
f(t)ψ

(
t− y

x

)
dt (1)

where f, ψx,y(t) is a CWT function, and x, y are used for the scaling and translation pa-
rameters, respectively. ψx,y(t) defines the mother wavelet, filtered into various regions,
such as high-frequency regions, with high frequency and high resolution [46]. The system
understands the DWT, and the inputs are taken into account in the timeframe and frequency
band for the high frequency and high resolution separately. The discretized function of
Equation (1) is written as the following formula:

ψx,y(t)〉 =
1
√x

x−(a/2)
0 ψ

(
t− kxoyo

xo

)
(2)

where xo, y0 are used for the scaling and translation parameters, and ψx,y(t) defines the
mother wavelet of the discretized function, similar to the expression for the CWT in
Equation (1).
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A DWT was used in [47] and is modified as follows:

Ca,b = 〈f, ψx,y(t)〉 = x−(a/2)
0

∫ +∞

−∞
f(t)ψ

(
x−a

0 t− ky0
)
dt (3)

The discrete wavelet coefficient is Ca,b. The DWT expression used in Equation (3)
did not have enough of a spectrum as the actual project required, and decomposition was
needed for expansion, as given by:

〈f, ψx,y(t)〉 = ∑
N

ca,b

(
∑
1

HP ϕa+1(t)

)
+ ∑

k
da,b

(
∑
1

LP ϕj+1,l(t)

)
(4)

where (∑1 HP ϕa+1(t))and ∑1 LP ϕj+1,l(t) are the decomposition items of the discrete wavelet
coefficient (Ca,b).

According to the two-terminal traveling-wavelet-location principle, when the fault
occurs, the transient traveling wave plays a role in the wave propagation to both sides of
the transmission line. Meanwhile, the phenomenon of refraction and reflection affect the
impedance discontinuously [48]. There are two lines (L1 and L2) in which the distance of
the fault point from F to L1 is L1F, and the distance of the fault point from F to L2 is L2F, as
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shown in Figure 3. The total length becomes L12, and the traveling-wavelet-propagation
speed is v and is formulated as: 

L1F = tL1v,
L2F = tL2v,

L12 = L1F + L2F

 (5)
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In this fault-locating algorithm, the DWT detects the transient-traveling-wavelet head,
which is further used to locate the fault point and is written as:

L12 =
L12 + v(tL1 − tL2)

2
(6)

A three-phase system was taken into account in which the electromagnetic coupling
of each phase can affect the accuracy of the fault location. There is a need for such a
transformation, in which three-phase nonindependent components are converted into
mutually independent mode components, as per Clarke-transformation matrices [49]. The
proposed model transformation is formulated as:

Vα

Vβ

Vγ

=
1
3

2 −1 −1
1 1 1
0 √3 √3

Va
Vb
Vc

 (7)

Iα

Iβ

Iγ

=
1
3

2 −1 −1
1 1 1
0 √3 √3

Ia
Ib
Ic

 (8)
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where Vα, Vβ, and Vγ are mutually independent mode components of three-phase voltages
(Va, Vb, and Vc). Similarly, Iα, Iβ, and Ic are mutually independent mode components
of three-phase currents (Ia, Ib, and Ic). As earlier discussed, there is a need for different
timeframes and frequency bands for the high frequency and high resolution. In this regard,
Ia, Ib, and Ic are separately differentiated to √3I cos∅(t) , √3I sin∅(t), and 0, respec-
tively. Similarly, Va, Vb, and Vc are separately differentiated to √3I cos∅(t) , √3I sin∅(t),
and 0, respectively.

The mathematical transformation of Equation (4) enables the frequency bands and the
MRA as modeled in this section to capture all the fault locations in underground cables. In
Figure 2a, the DWT has two discrete-level filters called high pass (HP) and low pass (LP).
This transformation needs the input signals to transform into low-frequency components,
and the output signals to transform into high-frequency components. Figure 2b shows the
frequency bands of different bandwidths of a DWT. The frequency-band ranges, shown in
Figure 3, are considered in rad/sec, and these are the responses of the scaling and wavelet
functions for the DWT.

4. Research Methodology

The faults in underground cables disturb the stability and reliability of the power
system. The modeling of a DWT is not enough to determine the location of the fault and
speed up the necessary action. In this regard, a novel method is proposed that consists
of the current relay and timing coordination as the protection coordination, and DWT
methodology for the faulty-section detection.

4.1. Protection Coordination

This section is based on the design of the relay-protection zone, in which the protection
needs to not be overlapped. The coordinated time interval (CTI) in [49] is considered, where
it is assumed to be 0.35 s. First of all, the relay setting is performed. The coordination
flowcharts of the overcurrent relay and timing are shown in Figures 4 and 5. The proposed
protection zone has two sequential stages for the current and time. The flowchart in
Figure 4, as the first stage for the overcurrent-relay coordination, is stated as follows:

1. Observe the network limits and record the required parameters. These are recorded
by voltage and current measurements;

2. Define the limits of the maximum fault current (IFmax) and minimum fault current
(IFmin), depending on the design procedure of the circuit breaker;

3. Preset the value of IPickup and the fault current of any value for each relay. This
depends on the plug setting and time setting of the relay;

4. After entering the protection mode, perform an NRA based on short-circuit faults
and load conditions. This step is essential for issuing the trip command and restore
command (after clearing the fault). It is a continuous process for each iteration at
N = N + 1;

5. Observe the setting IFmax> IFmin. If it is false, then there is no need for further
processing (perform NRA again). If it is true, then observe the IFmin range set in the
first step;

6. If the IFmin range exceeds, then look at the fault occurring; otherwise, perform an
NRA. If the fault exists, then set the relay current and time on min values;

7. Check the fault location and find the optimal mode of protection. This selects the only
faulty portion, which is a good attribute of any fault-management system;

8. Issue the trip command and restore the original setting.
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The flowchart in Figure 5, as the second stage for the timing of the relay coordination,
is stated as follows:

1. After obtaining the overcurrent-relay-coordination values of the fault current and
short-circuit currents (ISc), it starts. It only operates after a fault occurs;

2. Perform NRA as per the limits decided for the proposed model. This step starts the
loop operation for the optimal operation;

3. Calculate ISc, the operational time of the main relay (TOPM ), the operation time of
the backup relay (TOPB), and at the end, calculate the TDS (time dial setting). These
parameters are needed for the relay coordination;

4. If the TDS changes, return to the first step; otherwise, look at the main relay. If the
main relays are finished, observe the backup relay; otherwise, perform NRA;

5. See that the backup relays are finished. If YES, perform NRA. If NO, then end the
protection zone.

4.2. Protection Coordination for Faulty-Section Detection

This section defines the fault location after the operation performed by the overcurrent-
and timing-relay coordination. Fault detection is considered one of the central parts of fault
location. Usually, the distance between the first two spikes of the current is measured for
the fault location [49]. In this regard, the proposed method uses the communication system
for sending the wavelet information to the fault locators (FLs), as shown in Figure 6.
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The steps involved in the proposed models are:

• Define the fault zone and observe the distance. This is performed by the commu-
nication channel provided in the proposed DWT methodology. Before sending the
information to the FLs, the CWT process is started, which convolves the signal with
the wavelet basis function, as shown in the Figure 2a. By extracting the first arriving
time of both ends with fault resistance, the communication system sends the wavelet
information to the FLs. Filter the signals and compare them with the threshold for de-
tecting the DWT. Equation (1) defines the CWT process. Then, the system understands
the DWT, and the inputs are considered in the timeframe and frequency band for high
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frequency and high resolution separately, as shown in Figure 2b. This is defined by
Equations (2) and (3). Equation (3) does not have enough of a spectrum as the actual
project required, and decomposition was needed for expansion. This is completed
in Equation (4);

• Compute the fault distance from the fault point where the TWs are reflected. In
this step, there are two lines at CT1 and CT2 that compute the distance, as shown in
Figure 6. The traveling-wavelet-propagation speed is v, as per the two-line theory
given in Figure 3, and the expressions are solved in Equations (5) and (6);

• After computing the fault distance from the fault point at which the TWs are reflected
and the fault distance, compensate the latency effect by the communication system;

• Compute the Clarke-transformation matrices, as discussed in Equations (7) and (8), to
reduce the electromagnetic coupling effect;

• Take measurements of the two ends as a time instant at the peak of the absolute value
in the filtered signals;

• Perform the operations of the relays associated with the CTs, as defined in the protec-
tion zone in the flowchart of Figures 4 and 5, as the DWT method only is not enough
to determine the location of the fault with high speed;

• Calculate the mean value of Step 5;
• Choose the lowest amount;
• Show the faulty location.

5. Proposed Setup

In this proposed system, a sixteen-node network was designed for the underground-
cable scenario, as shown in Figure 7. A similar type of case study is reported in [49].
The MATLAB software R2017a (Natick, MA, USA) simulation environment is interfaced
with the toolbox DiGSILENT on a research workstation with an Intel Core i5-4300CU,
8 GB RAM, 64-bit operating system and 2.50 GHz Processor to find the location of the
fault in both balanced and unbalanced conditions. In the simulation process, different
loads are connected to all the nodes with the rating of the 11 kV level, as this system has
a 132 kV/11 kV approach. Table 2 shows the load values and the distribution in both
balanced and unbalanced conditions. The line parameters are given in Table 3, where R1,C1,
and L1 denote the input impedances, and Ro, Co, and Lo denote the output impedances.
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Table 2. Balanced and unbalanced load distributions of all phases.

Node Phase 1 Phase 2 Phase 3

9:11 P (kW) Q (kW) P (MW) Q (kW) P (MW) Q (kW)

50 60 65 70 65 55

Node Balanced Unbalanced Balanced

3:6 P (kW) Q (kW) P(kW) Q(kW) P(kW) Q(kW)

1 35.1 34.2 44.1 54.1 45.1 35.1
2 36.6 32.4 44.4 54.4 46.4 36.6
3 33.8 31.8 47.4 57.4 41.4 31.3
4 32.9 31.1 41.3 51.3 47.3 37.7
5 33.3 32.2 46.6 56.6 43.6 33.1
6 34.5 37.5 43.8 53.8 48.8 38.2
7 36.6 39.6 45.3 55.3 43.3 33.8
8 37.5 31.4 47.5 57.5 48.5 38.3
9 38.6 36.4 48.6 58.6 42.6 42.6

10 31.1 34.1 41.7 51.7 47.7 37.8
11 32.0 39.4 42.8 52.8 44.8 34.6
12 35.9 31.6 45.6 55.6 48.6 38.2
13 37.7 31.1 47.6 57.6 47.6 37.1
14 39.8 33.3 49.4 59.4 49.4 39.9
15 40.1 37.6 50.5 60.5 50.5 30.0
16 43.3 33.8 53.3 63.6 55.8 37.8

Table 3. Transmission-line parameters of the underground cable.

Parameter Cable

R1 0.001 Ω/km
R0 0.087 Ω/km
L1 2.13 × 10−5 H/km
L0 0.0003 H/km
C1 7.22 × 10−6 F/km
C0 10−6 F/km

6. Result Discussion

As the proposed model is based on a two-terminal DWT for locating the faults, there
is a need to detect the initial wave in which the reflection and refraction of the WT are
not essential. Figure 8a shows the waveform of Haar-wavelet decomposition, Figure 8b
shows the waveform of Sym4-wavelet decomposition, and Figure 8c shows the waveform
of Db4-wavelet decomposition at one end of the cable. In this regard, the different WT
characteristics of different wavelet functions, such as the Haar wavelet, Sym4 wavelet, and
Db4 wavelet, observed in Figure 8a–c, are distinguished as desired to find the accuracy
in the results. Similarly, Figure 8g shows the waveform of Haar-wavelet decomposition,
Figure 8h shows the waveform of Sym4-wavelet decomposition, and Figure 8i shows
the waveform of Db4-wavelet decomposition at end of the cable. It can be observed in
Figure 8g–i that all the wavelet functions are different, while the Db4 wavelet is more
suitable for locating the fault. In terms of the fault-detection results, Figure 8d shows the
waveform of a three-phase fault current (from single line to ground) recorded after interval-
1 for a low-impedance fault of 8.1 kA, and Figure 8e shows the waveform of a three-phase
fault current (from single line to ground) recorded after interval-2 for a high-impedance
fault of 8.1 kA. Figure 8f shows the waveform of the three-phase fault index, which is
detected in those phases where a fault is detected.



Energies 2022, 15, 6468 14 of 19

Energies 2022, 15, x FOR PEER REVIEW 14 of 19 
 

 

8.1 kA. Figure 8f shows the waveform of the three-phase fault index, which is detected in 
those phases where a fault is detected. 

Figure 8. (a–c) Different wavelet detections at one end of the cable; (d–f) current effects; (g–i) differ-
ent wavelet detections at the second end of the cable. 

Figure 8d–f, as described earlier, depicts the fault currents of the different indexes at 
two different intervals of high- and low-impedance faults as 4.2 kA and 8.1 kA, respec-
tively. The fault accrued in phase-a, as shown in Figure 8d,e, and phase-b and phase-c, 
were found not faulty at both intervals. The results shown in Figure 8f validate the pro-
posed system results, as there is a near-to-zero fault index for phases a and c. Moreover, 
there is a spike of a faulty index in the case of a faulty phase-a. 

Table 4 represents the different fault-location results, of which the balanced loads 
and unbalanced loads are taken into account. As earlier discussed, the simulation param-
eters are tested for different real-time conditions to estimate faults. In addition, these re-
sults also evaluated the network as an underground distribution unit, as shown in Figure 
7, where two-terminal information is carried out. Figures 9 and 10 are the three-phase 
voltages and current waveforms that ensure that the fault has been detected after 0.01 s. 
Further verification of the zone detection, section identification, and fault location is as 
follows: 
1. If faults accrue at bus-9, then R3 has to operate and R2 and R1 are the backup relay, as 

both have slower operating times than R1; 

Figure 8. (a–c) Different wavelet detections at one end of the cable; (d–f) current effects; (g–i) different
wavelet detections at the second end of the cable.

Figure 8d–f, as described earlier, depicts the fault currents of the different indexes at
two different intervals of high- and low-impedance faults as 4.2 kA and 8.1 kA, respectively.
The fault accrued in phase-a, as shown in Figure 8d,e, and phase-b and phase-c, were found
not faulty at both intervals. The results shown in Figure 8f validate the proposed system
results, as there is a near-to-zero fault index for phases a and c. Moreover, there is a spike
of a faulty index in the case of a faulty phase-a.

Table 4 represents the different fault-location results, of which the balanced loads and
unbalanced loads are taken into account. As earlier discussed, the simulation parameters
are tested for different real-time conditions to estimate faults. In addition, these results also
evaluated the network as an underground distribution unit, as shown in Figure 7, where
two-terminal information is carried out. Figures 9 and 10 are the three-phase voltages
and current waveforms that ensure that the fault has been detected after 0.01 s. Further
verification of the zone detection, section identification, and fault location is as follows:

1. If faults accrue at bus-9, then R3 has to operate and R2 and R1 are the backup relay, as
both have slower operating times than R1;

2. If faults accrue in bus-10, then R4 has to operate and R1 is the backup relay, as it has a
slower operating time than R4;
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3. If faults accrue in bus-11, then R4 has to operate and R5 and R1 are the backup relays,
as both have slower operating times than R4;

4. If faults accrue in bus-3, then R2 has to operate and R1 is the backup relay, as it has a
slower operating time than R2;

5. If faults accrue in bus-6, then R3 has to operate and R2 and R1 are the backup relays,
as they both have slower operating times than R3.

Table 4. Functional times of the overcurrent relays at different fault conditions.

Overcurrent-Relay Functional Time (s)

Fault
Location

Relay
1

Relay
2

Relay
3

Relay
4

Relay
5

Relay to
Be

Operated

9-8 0.09 0.06 0.03 — — R3
10-G 0.06 — 0.03 — R4
11-12 0.09 — 0.03 0.06 R4

3-4 0.06 0.03 — — — R2
6-G 0.09 0.06 0.03 R3
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To detect and locate the fault locations, this approach uses a DWT from both ends of
the cable. Figure 7 depicts the system configuration. The load distribution is displayed
in Table 2. The DWT is modeled to detect the fault. However, traveling signals suffer
from distortions as a result of the attenuation and dispersion as they travel towards the
two ends of the cable. As a result, the approaches deployed at both ends of the cable may
be very different. This approach has the benefit of being conducted online, without the
need for any high-voltage test sources. As mentioned, these results were obtained for a
distribution network (Figure 7) using two-terminal information. The high-impedance faults
considered for a fully loaded distribution network are also notable, and the fault recorders
(FRs) of each scenario are described in Table 5. The results show that this system detects
the fault, and that it provides a protection zone before detecting the fault. The fast fault
identification within 0.01 s, and the quick response of the overcurrent relay with the DWT
scheme, provided the fault location. This is comparatively better than [47], and the speedy
fault detection and accuracy in the fault location are the key contributions of this work.

Table 5. Results of the different fault locations in km.

Fault Type Fault Section Actual FL (km) FR

Balanced Load

L-L 9-8 8 88
L-G 10-G 4 45
L-L 11-12 6 65
L-L 3-4 7 76
L-G 6-G 7.5 83

Unbalanced Load

AB 9-8 8 48
ABCG 10-G 4 24

AG 11-12 6 30
ABG 3-4 7 38
CG 6-G 7.5 42

7. Conclusions and Future Studies

This study aimed to enhance the reliability, safety, and stability of distribution net-
works of underground cables. A beneficial method of using traveling waves for finding
faults is considered. In this method, the wave-transmission time is compared on a particular
node, and the magnitude of the distance is determined. This model also provides extra
accuracy in fault detection and location for optimum fault management. A novel fault
detection and location framework for underground cables based on a DWT were tested
on a 132 kV/11 kV distribution scheme of 16 nodes. The results show fast area detection,
the identification of faulty sections, and fault location with the coordination schemes of
the overcurrent-relay and timing-relay coordination. By optimizing the settings of the
relays, coordination through NRA completes the model. Regarding the protection zone
provided by the relay coordination, the faulty line is identified. The obtained results show
that the proposed model can detect and locate the cable’s faults within 0.01 s at an accurate
location. WT models have been used in previous work, but they require a high assessment
rate. Future work can be further rectified by adding alternative energy resources and false
tripping, and by altering the relay coordination and protection topology.
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