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For high-voltage (symmetric and non-symmetric) transmission networks,
detecting simultaneous faults utilizing a single-end-based scheme is complex.
In this regard, this paper suggests novel schemes for detecting simultaneous
faults. The proposed schemes comprise two different stages: fault detection and
identification and fault classification. The first proposed scheme needs
communication links among both ends (sending and receiving) to detect and
identify the fault. This communication link between both ends is used to send and
receive three-phase current magnitudes for sending and receiving ends in the
proposed fault detection (PFD) unit at both ends. The second proposed scheme
starts with proposed fault classification (PFC) units at both ends. The proposed
classification technique applies the Clarke transform on local current signals to
classify the open conductor and simultaneous faults. The sign of all current Clarke
components is the primary key for distinguishing between all types of
simultaneous low-impedance and high-impedance faults. The fault detection
time of the proposed schemes reaches 20 ms. The alternative transient program
(ATP) package simulates a 500 kV-150-mile transmission line. The simulation
studies are carried out to assess the suggested fault detection and identification
and fault classification scheme performance under various OCFs and
simultaneous earth faults in un-transposed and transposed TLs. The behavior
of the proposed schemes is tested and validated by considering different fault
scenarios with varying locations of fault, inception angles, fault resistance, and
noise. A comparative study of the proposed schemes and other techniques is

Abbreviations: ATP/EMTP, alternative transient program/electromagnetic transient program; ATP,
alternative transient program; TLs, transmission lines; OC, open conductor; OCFs, open conductor
faults; OCRE/EFSE, OCFs at the receiving end followed by earth fault in the sending end; OCSE/EFRE, OC
at the sending end followed by earth fault in the receiving end; LIFs, low-impedance faults; HIFs, high-
impedance faults; DFT, discrete Fourier transform; PFD, proposed fault detection; PFC, proposed fault
classification; DWT, discrete wavelet transform.
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presented. Furthermore, the proposed schemes are extended to another

transmission

line, such as the 400 kV-144km

line. The obtained results

demonstrated the effectiveness and reliability of the proposed scheme in

correctly detecting simultaneous faults,

impedance faults.
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Clarke transform, simultaneous faults, open conductor, down conductor, earth faults,
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1 Introduction
1.1 Background and motivation

The most challenging task in protecting transmission lines is
detecting faults the power system faces at a reliable performance
level. Transmission line faults based on nature in terms of resistance
are divided into low-impedance faults (LIFs) and high-impedance
faults (HIFs). The main distinction between them is that the
increased impedance is within the path of the fault current,
limiting the arc current. LIFs comprise single line-to-ground
faults, phase-to-phase faults, etc. HIFs result from unwanted
contact with power conductors that are poorly connected to
surfaces, making it difficult to detect these faults using traditional
protection relays (Ghaderi et al., 2017). Like the open conductor
(OC), a pathway toward the ground is not always included in HIFs.
The open conductor faults (OCFs), like the series HIFs, cause the
circuit breaker to not open due to the direct opening bridle. This is
followed by the descent of the conductor to the ground (Jeerings and
Linders, 1991). In addition, the OC in the transmission lines (TLs) is
a challenging problem in power system operation. As a result, the
system’s stability suffers as the power transmitted over the line is
lowered and healthy phases may be subjected to overloading.
Furthermore, if the system is non-earthed, the voltage in the
healthy phases may increase (Velez, 2014). Electric shocks and
fire hazards generated by open conductor faults (OCFs) are also
significant concerns regarding community safety, property failure,
and losses. So, first and foremost, fast detection of OCFs is essential
to transmission utilities (Abdel-Aziz et al., 2017). Because OCFs do
not considerably increase current or voltage drop, distance
protective relays, considered the TLs principal protection
mechanism, cannot detect them. As a result, the distance relay
does not trip, and the fault will continue to occur in the open
connector until the connector falls to the ground and is detected by
another protection relay. In some cases, an earth fault relay can
identify this fault-based high value of current when the conductor
falls on a surface with meager resistance; however, since it is
considered a standby protective for TLs, it will suffer from a
delay time.

1.2 Literature overview

According to the literature, there are two proposals for
identifying OCFs
sequence was the suggested technique for identifying open and

in transmission systems. The negative

down conductor faults, where the negative sequence to the
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positive sequence current portion is introduced (ALSTOM,
2017). Different artificial intelligence schemes, such as neural
networks (Koley et al., 2014) and In (Shukla et al., 2017), utilized
the wavelet and naive Bayes classifier to detect the OCF in six-
phase TLs. Most previous schemes, such as thresholds in
ALSTOM (2017), do not fully define the OCF problem and
offer
Furthermore, the robustness of the artificial neural network

specific ~ practical  implementation  challenges.
protection scheme proposed by Gilany et al. (2010) has several
practical constraints to be fabricated, as the reliability of these
systems is highly determined by the nature of the design and the
level of changes made to it, such as higher increased loads. In
Elmitwally and Ghanem (2021), detecting the fault, selecting the
faulty phase, and identifying the fault point depended on
measuring the three-phase current at the protective relay in
superimposed components of compensated TLs. In Khoshbouy
et al. (2022), the ratio for the phase voltage at the sending end to
the sum of the ratio for the phase current for two ends in TLs,
called pilot superimposed impedance, was used to detect interior
and exterior faults competed to a predetermined value, which was
estimated based on Thevenin impedance.

Furthermore, many algorithms have been introduced in the
literature over the past 20years to detect OCFs in electric
distribution utilities. For instance, voltage unbalance over the
feeder was measured to identify the OCFs using sensors (Vieira
2019);
communication between

et al, however, these need sophisticated

these addition, the
proportion of the SC current was inspected in Jayamaha et al.

sensors
devices. In

(2017); this requires the installation of current sensors over the
line to protect it and deal with numerous challenges that may be
difficult to overcome. Other proposed approaches, such as that
introduced in Silva et al. (2018), relied on installing a device that
measures the second or third harmonics of the current and follows
the changes that may occur due to faults. Other schemes of detecting
OCFs relied on the data measured from phase-measuring units
2012).
management between these units and the control center. The

(Zanjani et al, However, this necessitated precise
detection strategy presented in Adewole et al. (2020) to identify
an open phase was based on the current imbalance prevalent during
the occurrence of OCFs; however, it was only suitable for earthed
distribution utilities. Additionally, the current arc value changes
rapidly over time during HIFs, which presents another challenge for
schemes that rely on measuring the variance in frequency
components (FCs) of the current due to arcing. The concept
behind this is extracting the transient change in the fault (Shukla
et al, 2017). In addition, many research works have been published
to identify the fault in TLs based on wavelet transform applications,
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such as discrete wavelet transform, wavelet packet transform, and
single-wave entropy schemes. Numerous works used the discrete
wavelet transform scheme because time-frequency localization can
assess the transients during HIFs (Saravanababu et al, 2013).
However, the schemes that rely on high-frequency components,
as described in Ashok et al. (2019), result in weak discrimination
between LIFs and HIFs. Conversely, algorithms such as those used in
Rathore and Shaik (2015) relied on low-frequency components that
failed to distinguish HIFs. It should be mentioned that incorporating
between low and high frequencies was discussed using
predetermined values in Shaik and Pulipaka (2015). However, the
fault was not detected when switching a large load case because the
value of the low-frequency component primarily relies on the value
of the load current. Furthermore, research works (Usama et al,
2014) based on wavelet analysis focused on detecting earth faults,
not OCFs. Accordingly, the difficulty in detecting and locating OCFs
remarkably affects the state of OCFs on both sides of TL systems. In
Asuhaimi Mohd Zin et al. (2015), fault detection and classification
utilized discrete wavelet transform and back-propagation neural
networks based on Clarke’s parallel-transmission transformation.
The fault detection and classification of fault types that are triggered
in three-phase TLs using the artificial neural network is described in
Assadi et al. (2023). The proposed scheme can detect and classify
several faults, including line-to-ground, line-to-line, double-line-to-
ground, triple-line, and triple-line-to-ground faults. In Mahanty and
Gupta (2007), the methodology for fault analysis uses current
samples with the help of fuzzy logic. In this technique, only one
end of the three-phase current samples was considered to achieve
fault classification. The neural network was utilized for training,
and a fuzzy view point was applied to gain an insight into the
system and to reduce the complexity of the system (Dash et al,,
2000). Jayabharata Reddy and Mohanta (2007) presents a real-
time wavelet-Fuzzy combined scheme for digital relaying. The
algorithm for fault classification utilizes wavelet multi-resolution
analysis to overcome the complications combined with
conventional voltage and current-based measurements due to
the effect of fault inception angle, fault impedance, and fault
distance. No scheme has proven its superiority and effectiveness
in all fault scenarios. Thus, new effective solutions are therefore

needed.

1.3 Contributions and novelty

This work discusses a detection scheme that relies on the
Clarke transform conversion for the current signals in TLs, such
as the OCF on both sides and the OCF on a single side, followed
by an earthed fault on another side through LIFs and HIFs. The
sign of all current Clarke components is the primary key for
distinguishing between all types of simultaneous LIFs and HIFs.
The alternative transient program (ATP) package simulates a
500 kV-150-mile transmission line. The behavior of the
proposed schemes is tested and validated considering different
fault scenarios with different fault locations, inception angles,
fault resistance, and noise.

Furthermore, the proposed schemes are extended to another
transmission line, such as the 400 kV-144 km line. The obtained
results demonstrated the effectiveness and reliability of the proposed
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scheme in detecting simultaneous faults, LIFs, and HIFs correctly in
20 mS.

The novelty in the proposed scheme and the essential features
that verify the accomplishment achievement of its purpose
effectively compared to the preceding approaches are as follows:

Functionality: It can correctly discriminate between OCFs
(series faults), two types of broken conductors together
with earth faults (shunt fault) occurring after a short period
(simultaneous earth faults), HIFs, and LIFs. These faults are
correctly detected at both ends compared to other existing
schemes that see these faults at a single end.

o Cost: It does not require the installation of new current
transformers because it relies on the measurements at both
ends and does not use the high sampling frequency compared
to other existing schemes.

Flexibility and independency: It utilizes powerful threshold
values at both ends and relies on a detailed description study in
this manuscript. Consequently, the proposed threshold values
are appropriate for all fault scenarios and do not need adaptive
values under variations of network configuration
(independent of the system topology) or variations in load
current.
o Speed: It has advantages in terms of speed and visibility in its
application compared with other existing schemes because it
corrects discrimination using communication links between

both ends already installed.

1.4 Organization

The rest of the manuscript is organized as follows: Section 2
clarifies the fundamental problem investigated in this work. The
proposed fault detection strategy is introduced in Section 3. In
Section 4, the behavior assessment for the proposed scheme is
conducted using ATP to examine the ability to identify the fault.
In Section 5, a comparison is made between the proposed
scheme and other schemes presented in the literature. Finally,
Section 6 is dedicated to the conclusion drawn and future work
directions. A schematic overview of the proposed scheme’s
assessment steps and the work’s organization is given in
Figure 1.

2 Problem description

Figure 2 shows both types of OCFs (series faults) and broken
conductors together with earth faults (shunt faults) occurring after a
short period (simultaneous earth faults). Figure 2A illustrates an OC
from two sides. The OCF can occur if the bridle wire is open and
banned at two sides, as seen in Figure 2B. An OC (broken
conductor) happens on one end, followed by a down conductor
appearing on the opposite end (simultaneous faults). As a result of
opening the same conductor, the down conductor takes time to
touch the soil, depending on the height of the conductor above the
ground and the acceleration due to gravity. The surface/soil
resistance value significantly affects the fault current’s value. The
OC in the receiving end side at 0.08 s is followed by a shunt fault

frontiersin.org
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presented in the literature.
FIGURE 1

Schematic overview of the proposed scheme'’s assessment steps and work organization.
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Presentation of an open conductor and simultaneous faults for phase A: (A) open circuit fault; (B) exhibition of OCF; (C) OC at the receiving end
followed by a shunt fault at the sending end (denoted OCRE/EFSE); (D) OC at the sending end followed by a shunt fault at the receiving end (denoted

OCSE/EFRE).

across LIFs and HIFs at the sending end side, as illustrated in
Figure 2C. The OC at the sending end side, after 0.08 s, is followed by
a shunt fault across LIFs and HIFs at the receiving end side, as
illustrated in Figure 2D. Consequently, HIFs can be termed as shunt
faults disregarding the OC case (Banner and Don Russell, 1997).
HIFs usually occur beside the OC near the receiving end and touch a

Frontiers in Energy Research

surface of the ground or by other elements at the sending end side of
the transmission system.

HIFs are affected by several factors, including the material of the
ground surface, moisture of the surface, levels of voltage, and
weather circumstances. One factor that significantly impacts the
characteristics of HIFs is surface humidity, where surfaces with high
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end (OCRE/EFSE) at both ends.

humidity lead to increased fault current magnitude (Kavaskar and
Kant, 2019). In addition, HIFs occurring through different materials
could lead to other voltage—current characteristics. Materials that
touch down-conductors from the tower may include tree branches,
lawns, gravel, deep gravel, thin gravel, asphalt, concrete, sand,
crushed stone, board blocks, and cement. Recently, the down
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05

conductor problem in distribution networks has been solved, as
explored by Esmail et al. (2022). This motivated the authors to
investigate solving the same problem in transmission line
systems.

This work investigates the problem of detecting simultaneous
series and shunt earth faults in conventional protection relays in the

frontiersin.org
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DFT-based amplitudes for three-phase current and unbalanced ratios considering OC at the sending end followed by earth fault at the receiving end

(OCSE/EFRE) at both ends.

TL by applying different simulation cases in power systems. All
simulated cases were taken at 130 miles from the sending end, which
emphasized the actual performance of the protection relay, which is
not seen in these types of faults owing to the small fault current
value. At the same location, various faults were implemented, with
OCFs and an OC at the receiving end side, followed by an earth fault
on the sending end side, and an OC at the sending end side, followed
by an earth fault on the receiving end side.

The traditional protection performance under these simulated
faults was examined, as shown in Figure 3, by computing the discrete
Fourier transform (DFT)-based amplitude for three-phase currents
and imbalance ratios (I,/I;, Iy/I;), considering OCFs at both ends.
Conventional protection cannot detect the broken conductor fault
by investigating the results. The value for the current amplitude of
phase A and L/I;, Iy/I; ratios at the sending end provide a
maloperation for the device. Furthermore, the current amplitude
of phase A gives (10-15) % of its values at normal operation.

In addition, the behavior of the traditional protective relay
under these simulated faults was examined, as shown in
Figure 4, by computing the DFT-based amplitude for three-
phase currents and ratios (I,/I;, Iy/I;) at both ends. The value of
the current amplitude of phase A gives (140-160) % from its
value at normal operation at the sending end, which is
considered a shunt fault, but the value of the same phase A
gives (10-15) % from its values at normal operation at the
receiving end, which is considered a series fault. Moreover,
the values of both ratios (I,/I;, Iy/I,) at both ends resulted in
a malfunction for both protection devices. Figure 5 shows the
DFT-based amplitudes for three-phase currents and unbalanced
ratios under an OC at the protective relay aspect, followed by
earth fault in the reverse protection relay aspect at both ends.
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The recorded amplitude for phase A at the sending end gives
(10-15) % of its values at normal operation, demonstrating that
its devices cannot detect this fault condition. However, at the
receiving end, the recorded amplitude for the same phase gives
(140-160) % of its value at normal operation, which is
considered a shunt fault. Furthermore, the unbalanced ratios
at both ends cannot provide any detection for this type of fault
condition. These results highlighted the incapability of
traditional protection strategies in detecting these types of
faults.

3 Suggested fault detection, fault

identification, and classification
schemes

3.1 Fault detection, identification, and
classification

The proposed schemes comprise different stages: fault detection,
identification, and classification, as declared in Figure 6. As
illustrated in Figure 6, the introduced scheme relies on the
existing phasor measurement unit at the high-voltage side. Each
phasor the
Phasors are considered the primary tool for

measurement monitors three-phase  currents’
magnitudes.
analyzing the power system in its steady state or transient
situations, so phasor estimation is quite essential for protection
applications. Estimating the voltage and current phasor is performed
concerning one frequency, which is usually the fundamental power
frequency. A phasor measurement unit, or synchrophasor, is a

device that measures a power system’s synchronized current
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phasor. Synchronization among phasor measurement units is
achieved by same-time sampling of voltage and current
waveforms using a famous synchronizing signal. The ability to

calculate synchronized phasors makes the phasor measurement
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tion schemes.

unit one of the most important measuring devices in the future
of power system monitoring and control. Precise synchronization of
sampling clocks throughout the power system became possible with
the advent of the global positioning system (GPS) satellite system.
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Flow chart of the proposed fault classification scheme in PFC units at both ends.

Although the precision of synchronization was not very good in the
early years of the system, at present, it is possible to achieve
synchronization accuracies of 1 ps or better.

The applicability and feasibility of the proposed schemes are
clear. Nevertheless, the proposed scheme needs communication
links between both ends (sending and receiving end) to detect,
identify, and classify the fault. This communication link between
both ends is used to send and receive three-phase currents’
magnitudes for sending and receiving ends in the proposed
fault detection (PFD) unit at both ends. The presented scheme
is embedded in the PFD unit on both ends to detect and identify
these faults when one or two conditions are verified. In the
sending end PFD unit, the first condition is proving if the
obtained sending end current for phase a at fault is equal to or
less than (10-15) % of the sending end current for phase A at
normal operation. The second condition is verifying if the
obtained receiving end current for phase A at fault is equal to
or more than (140-160) % of the receiving end current for phase
A at normal operation. Furthermore, in the receiving end PFD
unit, the first condition is verifying if the obtained receiving end
current for phase A at fault is equal to or less than (10-15) % of
the receiving end current for phase A at normal operation. The
second condition is verifying if the obtained sending end current
for phase A at fault is equal to or more than (140-160) % of the
sending end current for phase A at normal operation. The
security attribute for the presented algorithm is achieved
under unbalanced load conditions. Thus, the obtained sending
end or receiving end current for phase A at fault is more than

Frontiers in Energy Research

(140-160) % of the sending end or receiving end for phase A at
normal operation. According to the proposed detection scheme,
this is the second condition monitoring if the first condition is
verified.

Consequently, the proposed scheme is not affected by unbalanced
load conditions. On the other hand, the presented algorithm is
susceptible to consideration because the computed current signal
significantly increases to specific high ratios according to the fault
type. The threshold values ((10-15) % and (140-160) %) are selected
based on the detail analysis under all possible fault conditions in Section
2. The expected threshold values under these faults are as follows:

3.1.1 Series fault

Under series faults, the obtained sending end current for phase a at
fault is equal to (10-15) % of the sending end current for phase a at
normal operation in the sending end PFD unit, and the obtained
receiving end current for phase a at fault is less than (10-15) % of the
receiving end current for phase a at normal operation in the receiving
end PFD unit, which means that only the first condition is verified, and
then sending a message of series fault being identified to the sending end
PFC unit. Accordingly, the process of the fault classification PFC unit
starts after receiving a message that the series fault is identified from the
sending end PFD unit.

3.1.2 Series—shunt fault

Under the series-shunt fault, in the receiving end PFD unit,
similarly, the first condition is verified. The second condition is
checked (if the obtained sending end current for phase a at
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FIGURE 10
Clarke comments on the sending end currents at OCSE/EFRE.
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FIGURE 11
Clarke comments on the sending end currents at an OCRE/EFSE.

fault is equal to or more than (140-160) % of the sending end  series—shunt fault is identified to the sending end PFC unit,
current for phase a at normal operation) and verified. If two  and the flow of fault classification starts after receiving this
conditions are verified, the PFD unit sending a message of  message in its unit.
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Clarke comments on sending end currents at the HIF.

3.1.3 Shunt-series fault

Under shunt-series fault, the first condition is verified in
the sending end PFD unit. The second condition is detected
(if the obtained receiving end current for phase a at fault is
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equal to or more than (140-160) % of the receiving end
current for phase a at normal operation) and verified. If two
conditions are verified, and then receiving a message of
shunt-series fault is identified from the receiving end PFD
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TABLE 1 Results of OCF fault detection, identification, and fault classification using the proposed schemes for the considered transposed and un-transposed lines
with and without noise effect.

System Noise Fault R¢ ¢ o (A) Classification Response  Security
transposed effect (Q)  (degree) time (mS)
Location

OCFs 13.8 - 0 ~1257.4 | 40983  1292.4 OCF 20 Secured

N OCFs 27.6 - 30 ~1231.8 | 53.407 & 13029 OCF 20 Secured

! OCFs 13.8 - 0 ~1257.5 | 41233 12925 OCF 20 Secured

! OCFs 27.6 - 30 ~1231.7 | 53.149 @ 13029 OCF 20 Secured

OCFs 13.8 - 0 ~1269.1 | 24785  1303.8 OCF 20 Secured

N OCFs 27.6 - 30 ~1248.4 | 34519  1317.6 OCF 20 Secured

: OCFs 13.8 - 0 ~1269.3 | 25.048 = 1304.0 OCF 20 Secured

! OCFs 27.6 - 30 ~1248.4 | 34307  1317.8 OCF 20 Secured

Note: Y: yes; N: no.

TABLE 2 Results of OCF fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transp
lines with and without noise effect.

System Noise Fault M, < My, and  Hg > Hyp,, or R, > >1, or Event Fault Security

transposed effect type My < My, and  Hp, > Hy, or R, > 1, 0or classification detection
M < My, H. > Hy, R.> 1 time (mS)

49.74< My, and
OCFs 2770.9< My, and 2717.5> Hy, 1.0376 > 1 OCF 21.46 Secured
2670.5< My,

100.64< My, and
OCFs 2783.7< My,, and 2678.6> Hy, 1.0493 > 1 OCF 21.63 Secured
2652.9< My,

62.536< My, and
OCFs 2805.7< My,, and 15211> Hy, 1.0382 > 1 OCF 21.46 Secured
2702.4< My,

116.48< My, and
OCFs 2822.4< My, and 13295> Hy, 1.0532 > 1 OCF 21.63 Secured
2680< My,

48.965< My, and
OCFs 2775.9< My, and 2722.7> Hy, 1.0228 > 1 OCF 21.46 Secured
2714.1< My,

97.888< My, and
OCFs 2789.9< My, and 2690.9> Hy, 1.0296 > 1 OCF 21.63 Secured
2709.6< My,

61.843< My, and
OCFs 2805.2< My, and 15523> Hy, 1.0172 > 1 OCF 21.46 Secured
2757.9< My,

114.42< My, and
OCFs 2813.7< My, and 13754> Hy, 1.0301 > 1 OCF 21.63 Secured
2731.5< My,

unit, the flow of fault classification starts in the receiving end  Figure 6. The fault classification procedure further takes place after
PFC unit. calculating the Clarke components and checking the sign of each

According to the previous subsection, fault detection, component using the chart seen in Figure 7. Then, all PFC units in
identification, and fault classification are performed in both PFD  both sending and receiving ends send the message of fault
units at both ends. Furthermore, the first step of fault classificationis  classification to the sending and receiving end protection relay,
checked in both PFC units using PFC units on both ends, as seenin  respectively.
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TABLE 3 Results of OCRE/EFSE fault detection, identification, and fault classification using proposed schemes for the considered transposed and un-transposed
lines with and without noise effect.

System Noise Fault Fault R¢ Iy Io Classification Response Security
transposed effect type locations () (degree) (A) time (mS)

414 5 60 34734 | —669.13 37337 OCRE/EFSE 20 Secured

. OCRE/ 55.2 5 90 27223 | -709.78 33545 OCRE/EFSE 20 Secured

EFSE 69.0 10 120 2177.6 | 72591 31149 OCRE/EFSE 20 Secured

82.8 10 150 1827.1 | —764.66 29427 OCRE/EFSE 20 Secured

Y

414 5 60 34740  —669.44 @ 37341 OCRE/EFSE 20 Secured

. OCRE/ 55.2 5 90 27215 | -709.93 33542 OCRE/EFSE 20 Secured

EFSE 69.0 10 120 21772 -72585 31147  OCRE/EESE 20 Secured

82.8 10 150 18268  —764.36  2942.1 OCRE/EFSE 20 Secured

414 5 60 34745 | -66345 37133 OCRE/EFSE 20 Secured

. OCRE/ 55.2 5 90 27366 | 70934 33463 OCRE/EFSE 20 Secured

EFSE 69.0 10 120 21828 | -721.06  3093.4 OCRE/EFSE 20 Secured

82.8 10 150 18195  -759.25 29156 OCRE/EFSE 20 Secured

N

414 5 60 34752 | -663.01 3713.6 OCRE/EFSE 20 Secured

. OCRE/ 55.2 5 90 27372 | 70927 = 33465 OCRE/EFSE 20 Secured

EFSE 69.0 10 120 21824 72138 30934 | OCRE/EESE 20 Secured

82.8 10 150 1819.6 75899 29157 OCRE/EFSE 20 Secured

3.2 Formulation of the suggested fault
classification scheme and decision-making
stage

In the PFC units, the formula of the suggested fault
classification is examined under some critical insights into un-
transposed and transposed TLs. In this regard, the impedance
matrix is symmetrical in the un-transposed case (symmetrical
space between the conductors). In a symmetrical space between
the conductors, the self or diagonal terms are generally unequal,
and neither is the mutual or off-diagonal term in the impedance
matrix. The current flowing in any one conductor will induce
voltage drops in the other two conductors, which may be unequal
even if the currents are balanced. Asymmetric voltage drops
caused by the mutual impedances are unequal. This issue can
be solved by making the TLs a perfectly transposed line in which
the three sections have equal lengths. The perfect transposition
results in the same total voltage drop for each phase conductor
and equal average series self-impedance of each phase conductor.
This effect applies to the average series phase mutual impedance
and the average shunt phase mutual susceptance. Consequently,
the phase impedance for a perfectly transposed single circuit is
symmetric. Applying an entire transpose scheme suffers from
expensive costs and inconvenience. Accordingly, the line may be
transposed at one or two locations along the line route. This
configuration provides a symmetrical impedance matrix.

In the proposed fault classification procedure, the output of the
Clarke matrix is reflected in signals of the phase currents to detect
various OCFs in un-transposed and transposed TLs precisely. The
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time-domain transformation is used with Clarke components,
denoted as o, B, and 0, which are extracted as follows:

I, 2/3 173 -1/3 1L,
Igl=] 0 1/v3 -1/V3 || I, | (1)
I 1/3 173 1/3 Ic

The Clarke components are represented by Eq. 1, considering phase
a as a reference, and two other Clarke components concerning phases b
and c. In general, the same zero “0” component exists for any reference,
whereas phases a, b, and ¢ have three “f” components. These
components are called aerial modes 1, 2, and 3 when OCFs or
simultaneous earth faults occur. First, when conductor a opens, as
shown in Figure 2B, one can note the following for Clarke’s components:

2 1 1
1, zgla_glb_glc: (2)
1
Iy= —— (I, — L), 3
[ \/g(b ) (3)
1
Iy :g(Ia+Ih+Ic)- (4)

Second, when the simultaneous earth fault at phase a happens,
as shown in Figure 2C or Figure 2D, one can find that Clarke’s
matrix components change as follows:

2 1 1

I, = qu - glb - gIC’ (5)
1
Ig=— (I, -1,), 6
[ \/§(*' ) (6)
1
I, = 5 (Ia +1, + Ic) (7)
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TABLE 4 Results of OCRE/EFSE fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.

System Noise Fault type Mg < My, and My, < Hg > Hgp, or Hp > R, > >1, or Event classification Fault detection Security
transposed effect My, and M, < My, Hyp, or He > Hyy, R, > 1,0rR.> 1 time (mS)

10322> My, and 2044.8< My,, and 3683.9> My, 8200.8 > Hy, 5.0477 > 1 Failed - Unsecured
8773.6 > My, and 1968.8 < My, and 3705.7 > My, 6663.4> Hy, 4.4564 > 1 Failed - Unsecured

N OCRE/EFSE
7511.5 > My, and 2020.3 < My, and 3798.1 > My, 5510.7 > Hy, 3718 >1 Failed - Unsecured
6751.7 > My, and 1934.5 < My, and 3807.4 > My, 4811.3 > Hy, 3.4902 > 1 Failed - Unsecured

Y

10414 > My, and 2078.4 < My, and 37373 > My, 47334 > Hy, 5010 > 1 Failed B Unsecured
8848.1 > My, and 1989.8 < My, and 3738.5 > My, 36679 > Hy, 4446 > 1 Failed - Unsecured

Y OCRE/EFSE
7545.7> My, and 2050< M, and 3829.2> My, 29736> Hy, 3.6808 > 1 Failed - Unsecured
6798.6 < My, and 1966.6 < My, and 3841.2 > My, 21584 > Hy, 3457 > 1 Failed - Unsecured
10318> My,, and 2019.5 < M, and 3619.9< My, 8197.3> Hy, 5.1091 > 1 Failed - Unsecured
8793.6 > My,, and 1970.2 < My, and 3667.6 < My, 6687.7 > Hy, 44632 > 1 Failed - Unsecured

N OCRE/EFSE
7488.2> My, and 1996.2< My, and 3756.5> My, 5518.4> Hy, 37513 > 1 Failed - Unsecured
6703.6 > My,, and 1906.9 < M,,, and 3764.3 > My, 4790.4 > Hy, 1.351 > 1 Failed - Unsecured

N

10384 > My, and 2042.9 < My, and 3647.3 < My, 2717.5> Hy, 5.082 > 1 Failed - Unsecured
8859 > My, and 1990.5 < My, and 3711.3 > My, 35706 > Hy, 4.450 >1 Failed - Unsecured

Y OCRE/EFSE
7552.6> My, and 2020.4< M,,, and 3785.3> M, 30206> Hyy 37381 > 1 Failed - Unsecured
6761 > M), and 1928.4 < M, and 3799.1 < My, 20733 > Hy, 3506 > 1 Failed - Unsecured
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TABLE 5 Results of OCSE/EFRE fault detection, identification, and fault classification using the proposed schemes for the considered transposed and un-transposed
lines with and without noise effect.

System Noise Fault Fault R¢ ¢ Iy (A) Ig Io Classification Response Security
transposed effect type locations () (degree) (A) (A) time (mS)
9.6 5 180 ~1180.3 | 92037 14214 OCSE/EFRE 20 Secured
. OCSE/ 110.4 5 30 ~1139.3 | 88587 = 1416 OCSE/EFRE 20 Secured
EFRE 124.2 50 120 -1047 | 46572 13656 OCSE/EFRE 20 Secured
130 50 90 ~1036.5 | 394.14 13724 OCSE/EFRE 20 Secured
Y

96.6 5 180 ~11804 = 920.06 14213 OCSE/EFRE 20 Secured
OCSE/ 110.4 5 30 ~1139.3 | 885.68 14162 OCSE/EFRE 20 Secured

Y EFRE
124.2 50 120 -1046.7 = 4658 13653 OCSE/EFRE 20 Secured
130 50 90 ~1036.6 | 394.05 13723 OCSE/EFRE 20 Secured
96.6 5 180 ~1213.5 | 89586 14529 OCSE/EFRE 20 Secured
OCSE/ 110.4 5 30 ~1172.8 | 87035 14478 OCSE/EFRE 20 Secured

N EFRE
124.2 50 120 ~1069.4 = 44287 13852 OCSE/EFRE 20 Secured
130 50 90 -1055.7 | 37293 13887 OCSE/EFRE 20 Secured

N

96.6 5 180 ~1213.6 89566 14528 OCSE/EFRE 20 Secured
OCSE/ 110.4 5 30 ~1173 | 870.61 14483 OCSE/EFRE 20 Secured

Y EFRE
124.2 50 120 -1069.3 | 44259 13853 OCSE/EFRE 20 Secured
130 50 90 -1055.9 | 372.87 13887 OCSE/EFRE 20 Secured

Evaluating the three components of the Clarke matrix shows  model in the ATPDraw field using the line/cable module (Prikler
that aerial modes 1 and 2 best identify OCFs and simultaneous earth ~ and Hoidalen, 2009). The JMARTI representation is a frequency-
faults. The values of aerial modes 1 and 2 are 0 under healthy fitted model in a specific frequency range. The JMARTI model is
conditions. If OCFs occur, analysis of Clarke’s matrix components  utilized to apply the simulated line and therefore take waveforms for
reveals that the value of aerial mode 1 is negative and the value of  the fault case in evaluating the proposed schemes. The results taken
aerial mode 2 is positive, as shown in Figure 7. in this study are the same as the results taken on the same system in

The same components are examined when LIFs are involved in ~ Elkalashy, 2014; Elkalashy et al., 2016. For simultaneous series and
the investigation. Aerial mode 1 is found to have a positive sign,  shunt earth fault detection and classification using the Clarke
while aerial mode 2 has a negative sign. This means that OCFs and  transform for TLs under different fault scenarios, the line
LIFs are entirely different when compared to each other. Moreover, ~ parameters have been extracted, and results show that the self-
the sign of aerial modes 1 and 2 is positive, and their values arelow if ~ impedance of this line, for a length of 138 miles, is 0.1431 + j1.2999
HIFs occur. In addition, if an OCRE/EFSE fault occurs, it will be €, while that of the mutually linked one is 0.1052 + j 0.6249 Q,
found that the sign of aerial mode 1 changes from negative to  according to the retrieved line parameters. Using a mutually linked
positive, and the sign of aerial mode 2 changes from positive to ~ RL circuit, Thevenin’s equivalent impedance at buses S and R is
negative. Furthermore, the sign of aerial mode 1 is negative, and its ~ expressed as R, = 1.0185 Q, L; = 50.929 mH and zero sequences are
value increases, while the sign of aerial mode 2 is positive, and its R, = 2.037 Q, L, = 101.85 mH at bus S and R; = 1.0185 Q, L; =
value increases when an OCSE/EFRE fault occurs. 42.85 mH, Ry, = 1.735 Q, Ly = 101.85 mH at bus R. The TL

configuration is illustrated in Figure 8B, where the DC resistance
is 0.05215 Q/mile, the outer diameter of the conductor is 1.602 inch,

4 Studied system and pe rformance and the inner radius of the tube is 0.2178 inch. The sky wires are
evaluation of the Suggested fault solid; their dc resistance is 2.61 Q/mile, and the outer diameter is
detection, identification, and fault 0.386 inch. The resistivity of the soil is equal to 100 Q.

classification schemes The JMARTI model is fundamentally depicted by the rational

approximation of the characteristic impedance (Zc) and by the

Figure 8A shows the single-line diagram of the 500 kV, 138-mile ~ elements of the propagation matrix (H). The JMARTI model’s
TL simulated in the ATP/EMTP program. The ATPDraw softwareis  fitting technique is based on the theory of asymptotic
an interface to implement the system (Prikler and Hpidalen, 2009).  approximations —of magnitude functions. This rational
This TL model is a benchmark in ATPDraw software, and it is  approximation technique starts with only real poles and zeros
represented using the three-phase JMARTT frequency dependence  and, therefore, real state variables. A small error in simulation
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TABLE 6 Results of OCSE/EFRE fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.

System Fault type Mg < My, and My, < My, and M, < Hg > Hyoor Hp > Ry > >1,0r R, > 1,  Event classification  Fault detection ~ Security
transposed Mip, Hn, or He > Hyp, orR.>1 time (mS)
341.51< My, and 3973> My, and 1718.9< My, 3630.4> Hy, 23114 > 1 Failed - Unsecured
391.58< My, and 3904.7> My, and 1734.4< M, 3502> Hy, 22513 > 1 Failed - Unsecured
OCSE/EFRE
450.76< My, and 3246.5< My, and 2106.1< My, 2791.2> Hy, 1.5415 > 1 OCF 24.37 Secured
474.91< My,, and 3160.5< My, and 2195.1< M, 2682.1> Hy, 1.4398 > 1 OCFE 21.06 Secured
Y
354.32< My, and 4027.6> My, and 1742.2< My, 17978> Hy, 23118 > 1 Failed - Unsecured
404.03< My, and 3943.4> My, and 1766.6< My, 19598> H,, 22321 > 1 Failed - Unsecured
OCSE/EFRE
462.51< My, and 3281.4< My, and 2124< My, 16917> Hy, 1.5449 > 1 OCF 24.37 Secured
492.99< M, and 3184.8< My, and 2225.4< My, 14794> Hy, 14311 > 1 OCF 21.06 Secured
338.98< My,, and 4010.6> My,, and 1817.1< My, 3669> Hy, 22072 > 1 Failed - Unsecured
389.8< My, and 3955.1> M,,, and 1829< M, 3553.8> Hy, 2.1625 > 1 Failed - Unsecured
OCSE/EFRE
447< My, and 3262.6< My, and 2177.2< My, 2810.7> Hy, 1.4986 > 1 OCF 24.37 Secured
471.57< My, and 3171.6< My, and 2257.2< My, 2696.5> Hy, 14051 > 1 OCF 21.06 Secured
N
351.04< My, and 4054> My, and 1847< My, 19989> H,, 2.195 > 1 Failed - Unsecured
404.75< My, and 3999.2> My, and 1850.6< My, 20356> Hy, 2.161 > 1 Failed - Unsecured
OCSE/EFRE
458.19< M, and 3302.5< My, and 2201.1< M, 17334> Hy, 1.5004 > 1 OCF 24.37 Secured
490.86 < My, and 3197.8 <My, and 2275.1 < My, 14976 > Hy, 1.405 > 1 OCF 21.06 Secured
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TABLE 7 LIF and HIF fault detection, identification, and fault classification results using the proposed schemes for the considered transposed and un-transposed
lines with and without noise effect.

System Noise Fault R¢ ¢ lo (A) I (A) lo Classification Response Security
transposed effect (Q)  (degree) (A) time (mS)
Type Location

LIF 69 10 120 19956 -55112 31619 LIF 20 Secured

N HIF 110.4 100000 150 071441 | 0.010888 & 2163.1 HIF 20 Secured

! LIF 69 10 120 19947 -5541 | 3161.8 LIF 20 Secured

! HIF 110.4 100000 150 045203 034165 & 2163.1 HIF 20 Secured

LIF 69 10 120 19874  -68214 31587 LIF 20 Secured

N HIF 110.4 100000 150 17.184 1358 | 2170.1 HIF 20 Secured

N LIF 69 10 120 19877  -68.119 31586 LIF 20 Secured

! HIF 110.4 100000 150 17.364 13347 | 21703 HIF 20 Secured

TABLE 8 LIF and HIF fault detection, identification, and fault classification results using the DWT-based algorithm for the considered transposed and un-
transposed lines with and without noise effect.

System Noise Fault M, < My, and Hg > Hyp, OF Rs > >1, or Event Fault Security

transposed effect type M, < My, and Hp > Hyp, oOr Ry, > 1, or classification detection
M. < My, He > Hy R.> 1 time (mS)

LIF 7294.1> My, - LIF 23.08 Secured LIF

¥ HIF - 0.99999 < 1 HIF 24,01 Secured HIF

! LIF 7389.8> My, - LIF 23.08 Secured LIF

! HIF - 0.99925 < 1 HIF 24.01 Secured HIF

LIF 7278.4> My, - LIF 23.08 Secured LIF

N HIF - 0.98289 < 1 HIF 24,01 Secured HIF

N LIF 7360> My, - LIF 23.08 Secured LIF

! HIF - 0.98254 < 1 HIF 24.01 Secured HIF

for 500 kV TL is found using system verification in the ATPDraw  to-noise ratio; however, a signal-to-noise ratio equal to 40 dB is used
software program. In Bafuelos-Cabral et al. (2019), the model’s  in this work.
accuracy was increased by using only real poles through vector First, we suppose an OCF occurs at 130 miles from the sending
fitting. end. In that case, the values of Clarke components are shown in
The simulation studies are carried out to assess the suggested ~ Figure 9 considering four scenarios (transposed line without noise
fault detection, identification, and fault classification scheme  effect, transposed line with noise effect, un-transposed line without
performance under various OCFs and simultaneous earth faults  noise effect, and un-transposed line with noise effect. When the
(OCSE/EFRE, OCSE/EFRE) in un-transposed and transposed TLs ~ conductor opens, one can find that phase a’s current value decreases
while sampling the current signal at 200 kHz, such that a conductor ~ to the lowest value compared to its value before opening the
opens on both sides (OCFs): an OC on the relay aspect at 0.08 s,  conductor. For phase current b, a decrease in the current value
followed by a shunt fault on the opposite aspect due to low resistance ~ up to 1,983 A occurs. Then, an increase in the current value up to
of 3 Q) (OCSE/EFRE), and an OC on the relay’s opposite aspect at 2,040 A occurs, followed by a reduction in its value up to 1,887 A
0.08 s, followed by a shunt fault caused by 3 Q low resistance  and then an increase in its value up to 1965 A. For phase current c,
(OCRE/EFSE). The two kinds are repeated with HIFs and LIFs. an increase in the current value up to 2,193 occurs, followed by its
Furthermore, the proposed fault detection, identification, and ~ decrease to 1995 A, then increases to 2,044 A, followed by a
fault classification schemes were verified during the recorded signals ~ reduction in its value to 1873 A, taking into account that the
considering noise impacts as in practical TLs. Therefore, the  value of phase current b is higher than that of phase current c,
recorded error signals captured in the proposed schemes are  after steadying their values after a series of fluctuations. This, in turn,
contaminated with white Gaussian noise, with a 30-60 dB signal-  resulted in the sign of aerial modes 1 and 2 being negative and the
to-noise ratio. The proposed schemes are unaffected by any signal-  sign of the grounding mode being positive. Based on the successive
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FIGURE 14

Single-line diagram of the second simulated TL system and the selected tower: (A) SLD; (B) tower configuration.

change in the values of phase currents b and ¢, it is possible to
determine when the opening occurs (0.08 s) as the instant before the
change.

Second, the values of the Clarke components in Figure 10 are
shown when the OCSE/EFRE occurs at 130 miles from the sending
end. In this figure, aerial mode 1 has a negative sign at the opening
instant of the conductor (0.08 s), and its sign is still negative at the
instant of a down conductor (0.16's). When phase a touches the
ground, one can notice that the current value of phase a remains at
its minimum value, which reaches 331.3 A after opening the same
phase a. In addition to the high value of phase current b (2667 A),
compared to its exact value after opening phase a, as in the OCF case,
phase ¢ also causes a decrease in its current value to 1,310 A
compared to its exact value after opening phase a. The high
value of phase current b makes aerial mode 2 have a positive
sign at the open conductor instant (0.08 s). Its value increases at
the down conductor instant (0.16s). The grounding mode has a
positive sign, and its value slightly increases at the down conductor
instant. Furthermore, based on the change in the values of phase
currents b and ¢, it is possible to determine when the conductor was
down (i.e., before this change). Third, the values of the Clarke
components for OCRE/EFSE occurring at 130 miles from the
sending end are shown in Figure 11 based on the values of the
three-phase currents. As seen in this figure, the sign change from
negative to positive for aerial mode 1 is caused by increasing the
value of phase current a at the contact with the ground instant,
which reaches 3,678 A, decreasing the value of phase current b
(reaches 1,226 A) and increasing the value of phase current ¢, which
reaches 2,844 A. Furthermore, aerial mode 2 has a positive sign at
the open conductor instant (0.08 s) and changes to a negative sign at
the down conductor instant (0.16s). In comparison, the
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grounding mode has a positive sign, instantly increasing its
value at the down conductor. On the other hand, the LIF was
examined as a simulated case to state that the case is considered
simple from the point of view of protection systems, giving a high
fault current value.

Fourth, the values of the Clarke components are shown in
Figure 12 for a condition of LIF happening at 130 miles away
from the sending end. Aerial mode 1 has a positive sign at the LIF
instant, and aerial mode 2 has a negative sign at the same instant.
The grounding mode, however, has a positive sign, and its value
increases at the LIF instant. The signs of Clarke components are
caused by increasing the phase current reaches 3,703 A for phase a,
2,021 A for phase b, and 2,325 A for phase c after the LIF instant.

Fifth, for a HIF occurring at 130 miles away from the sending
end, the Clarke components values are given in Figure 13.

In most cases, aerial modes 1 and 2 have a positive sign at the
HIF. The value of the grounding mode increases at the moment of a
HIF and has a positive sign at 0.16s. These signs are caused by
increasing the three-phase currents after the HIF instant (reaches
2,166 A).

5 Assessment of the proposed fault
detection, identification, and fault
classification schemes and other
schemes presented in the literature

The suggested fault detection, identification, and fault

classification scheme’s behavior was verified distinctly by
comparing it with the discrete wavelet transform (DWT)-based

algorithm (Abd-Elhamed Rashad et al., 2020) through simulation
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results. First approximation A, and first detail D, coefficients are
extracted from three-phase current signals and are examined to
detect various OCFs and simultaneous earth faults.

The following are the stages followed for the detection and
classification of faults:

For the three-phase current signals (i,, i, and i.), apply single-
level decomposition using dbl to obtain high-frequency
components (D;: 50-100 kHz) and low-frequency components
(A;: 0-50 kHz). Parameters are estimated at this stage using Eq.

8 expressions.

M, (k) = max ia(n) n-k-N+1k>
My (k) =max ib(n) n—-k-N+1k> (8)
M, (k) = max ic(n) n—k-N+1k-

Here, n represents a sample demand in a sliding window covering
a complete cycle, and N is the total number of samples in a
process. Furthermore, one should calculate the highest absolute
values of A; for the three-phase current signals (M,, M, and M,)
at sample k.

Using the mathematical formulas in Eq. 9, determine the
absolute decomposed currents’ detail coefficients (S, Sy, and S,)
as follows:

k
Sa(k)= ) |Dliaw

n=k-N+1
k

Z |Dlib(,,)

n=k—-N+1
k

Y |Dlic .

n=k-N+1

>

Sy (k) =

, ©)

Se (k) =

Then, determine the differences in the absolute sum value for the
three-phase current signals (H,, H, and H¢) as follows:

Ha=|Sa_Sb|>
Hy =[S, -S|, (10)
chlsc_sal'

Next, determine the approximation coefficient ratios (R,, Ry,
and R.) to detect OCFs.

R, = Ma/Mb >
Rb = Mb/Mc > (11)
R, =|M./M,|.

Finally, if the following criteria are met, the OCF is declared
confirmed.

None of the M values exceed the predetermined My, value, as
expressed in Eq. 12.

Mu<Mthande<MthandMC<Mth. (12)

One of the H values is higher than the threshold value Hy, and
remains there for more than 20 ms, as expressed in Eq. 13.

H,>H;,orH,>H;,or H. > Hy,. (13)

One or more of the R ratios exceeds 1.
R,>1o0rR,>10rR.>1. (14)

It must be emphasized that the predetermined values in this
platform (M, and Hy,) are determined based on the pre-fault (M,
M, and M,) with no operator interference (Abd-Elhamed Rashad
et al., 2020).
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5.1 Cases studied

Distinctive fault types across the TL length were evaluated
through various fault situations (locations, inception angles, and
fault resistance values) to explain the efficacy of the suggested
schemes in detecting simultaneous OCSE/EFRE and OCSE/EFRE.
The cases can be organized as follows to detect and classify faults
successively:

Case 1. OCFs at different locations and fault time occurrence
(inception angle ¢ in degrees).

Case 2: OCRE/EFSE at different locations and fault time
occurrence considering fault resistance effects.

Case 3: OCSE/EFRE at different locations and fault time
occurrence considering fault resistance effects.

Case 4: LIF and HIF at a specific location and specific fault time
occurrence considering fault resistance effects.

5.2 Response of fault detection,
identification, and fault classification
schemes

5.2.1 Simulation results: case 1

Two test scenarios in case 1 are studied to determine the
proposed scheme’s ability to detect and classify faults correctly.
First, we suppose an OCF occurring 13.8 miles from the sending end
at a fault inception angle set to 0°. In this case, the values of Clarke
components are presented in Table 1 for the transposed TL without
the noise effect in the first row, the transposed line with noise effect
in the first shadow row, the un-transposed line without noise effect
in the third row, and the un-transposed line with noise effect in the
second shadow row.

As shown in all previous tables, changing the fault location and ¢
has no effect on the results of the proposed scheme. Moreover, the
suggested fault detection, identification, and classification schemes
have identified all of them correctly.

The results of the DWT-based algorithm (Abd-Elhamed Rashad
et al., 2020) in the same cases are also where the values of (M, My,
and M,), (H,, Hy, and H,), and (R,, Ry, and R,) are calculated in the
four scenarios considered (the transposed line without noise in
Table 2 in the first row, the transposed line with noise effect in the
first shadow row, the un-transposed line without noise effect in the
third row, and the un-transposed line with noise effect in the second
shadow row.

As shown in the previous results, fault detection time in the
DWT-based algorithm is greater than that in the suggested proposed
schemes.

5.2.2 Simulation results: case 2

The security of the proposed schemes was verified by
changing the fault resistance values and fault locations;
different fault inception angles were examined with OCRE/
EFSE. In this case, the values of the Clarke components are
presented in Table 3 for the transposed line with no noise in the
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TABLE 9 Fault detection, identification, and fault classification results using the proposed schemes for the transposed and un-transposed lines with and without
noise effect.

System Fault Ig (A) Iy (A) Classification Response Security
transposed time (mS)
Location
OCFs 104 - -12523 | 62346 13743 OCF 20 Secured
OCRE/ 104 10 15602 | -810.96  2936.5 OCRE/EFSE 20 Secured
EFSE
N OCSE/ 104 10 -12759  869.98 13919 OCSE/EFRE 20 Secured
EFRE
LIF 104 10 14843 | -37.923 29914 LIF 20 Secured
HIF 104 100000 0.64859 = 0.00001 =~ 2243.5 HIF 20 Secured
Y
OCFs 104 - ~12523 | 62778 | 13743 OCF 20 Secured
OCRE/ 104 10 1559.8 | -810.81 = 2936.3 OCRE/EFSE 20 Secured
EFSE
Y OCSE/ 104 10 -12755  869.95 13918 OCSE/EFRE 20 Secured
EFRE
LIF 104 10 1483.8 | -37.957 29913 LIF 20 Secured
HIF 104 100000 049608 = 0.46507 = 2243.5 HIF 20 Secured
OCFs 104 - -12916 = 44 1411.8 OCF 20 Secured
OCRE/ 104 10 1507.2 | -734.19 = 28419 OCRE/EFSE 20 Secured
EFSE
N OCSE/ 104 10 -13805 83652 14949 OCSE/EFRE 20 Secured
EFRE
LIF 104 10 13889 | -38.121 = 2963.8 LIF 20 Secured
HIF 104 100000 55258 = 71.208  2253.8 HIF 20 Secured
N
OCFs 104 - -1291.8 | 44222 14116 OCF 20 Secured
OCRE/ 104 10 1507.4 | -73334 28419 OCRE/EFSE 20 Secured
EFSE
Y OCSE/ 104 10 -13805 83629 14947 OCSE/EFRE 20 Secured
EFRE
LIF 104 10 13889 | -38.144 29639 LIF 20 Secured
HIF 104 100000 55241 = 71272 22537 HIF 20 Secured

first row, the transposed line with noise effect in the first shadow
row, the un-transposed line without noise effect in the third row,
and the un-transposed line with noise effect in the second
shadow row.

This table shows that changing fault locations, fault resistances,
and fault inception angles does not affect the effectiveness of the
proposed fault detection, identification, and fault classification
scheme.

Similarly, the results of the DWT-based algorithm (Abd-
Elhamed Rashad et al, 2020) in the same cases are presented.
The values of (M,, M,, and M,), (H,, H,, and H,.), and (R, R,
and R,) are calculated considering the four scenarios, as shown in
Table 4, respectively. As shown in this table, M, > M, and M, > My,
are unsatisfied, which was caused by small fault resistance values. In
such cases, the DWT-based algorithm failed to detect this type of
fault and can be considered insecure against small values of fault
resistances.

Frontiers in Energy Research

5.2.3 Simulation results: case 3

The proposed fault detection, identification, and fault classification
schemes were examined considering OCSE/EFRE at different locations,
inception angles, and fault resistance values. In this case, the values of
Clarke components are shown in Tables 5 for the investigated scenarios,
respectively. This table shows that changing fault locations, fault
resistances, and fault inception angles does not affect the proposed
fault detection, identification, and classification schemes.

Furthermore, as seen in Table 5, the signs of aerial modes 1 and
2 and ground mode are-ve, +ve, and +ve, respectively, at different
fault locations, inception angle, and fault resistance values.
Furthermore, the configuration of TL and noise impact does not
affect the proposed fault detection, identification, and fault
classification schemes. The DWT-based algorithm (Abd-Elhamed
Rashad et al., 2020) was also examined as in the previous cases. The
values of (M, My, and M,), (H,, Hy, and H), and (R, Ry, and R,) are
calculated for the four scenarios, as shown in Table 6.
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TABLE 10 Fault detection, identification, and fault classification results using the DWT-based algorithm for transposed and un-transposed lines with and without
noise effect.

System Noise Fault OCF:M, < My, and H,>Hy,or  R,>>1,0rR, > 1, Event Fault Security
transposed effect type My < My, and Mo < Hp > Hyp, or or R. > 1 HIF: classification detection
M, and LIF: M, > H: > Hy, R,<<1,0rRy<1, time (mS)
My, or My, > My, or orR. <1
MC > Mth
OCFs 172.54 < 3675.34, and 2732.6 > 1.0553 > 1 OCF 21.46 OCFs
2910.3 < 3675.34, and 367.534
2757.8 < 3675.35
OCRE/ 6451.9 > 3675.34, and 4324.1 > 3.0944 > 1 Failed - OCRE/
EFSE 2085 < 3675.34, and 367.535 EFSE
4070.7 > 3675.34
N
OCSE/ 165.89 < 3675.34, and 37712 > 2.1776 > 1 Failed - OCSE/
EFRE 3939.8 > 3675.34, and 367.537 EFRE
1809.2 < 3675.36
LIF 6333.1 > My, - - LIF 23.08 LIF
HIF - - 0.93995 < 1 HIF 24.01 HIF
Y
OCFs 195.29 < 3675.34, and 8872.6 > 1.0587 > 1 OCF 21.46 Secured
2957.8 < 3675.34, and 367.534
2793.7 < 3675.35
OCRE/ 6476.4 > 3675.34, and 11633 > 3.0564 > 1 Failed - Unsecured
EFSE 2118.9 < 3675.34, and 367.535
4101.2 > 3675.34
Y
OCSE/ 191.9 < 3675.34, and 12223 > 2.1618 > 1 Failed - Unsecured
EFRE 3969.4 > 3675.34, and 367.537
1836.2 < 3675.36
LIF 6374.3 > My, - - LIF 23.08 Secured
HIF - - 0.96703 < 1 HIF 24.01 Secured
OCFs 169.97 < 3675.34, and 27932 > 1.0384 > 1 OCF 21.46 Secured
2969.1 < 3675.34, and 367.534
2859.4 < 3675.35
OCRE/ 6245.7 < 3675.34, and 4117.7 > 2.9892 > 1 Failed - Unsecured
EFSE 2089.4 < 3675.34, and 367.535
3876 > 3675.34
N
OCSE/ 161.14 < 3675.34, and 3956.4 > 1.9924 > 1 Failed - Unsecured
EFRE 4121.3 > 675.34, and 367.537
2068.5 < 3675.36
LIF 6158 > My, - - LIF 23.08 Secured
HIF - - 0.93835 < 1 HIF 24.01 Secured
N
OCFs 194.72 < 3675.34, and 9911.6 > 1.0403 > 1 OCF 21.46 Secured
3001.1 < 3675.34, and 367.534
2884.8 < 3675.35
Y
OCRE/ 6289.1 > 3675.34, and 9041.8 > 29624 > 1 Failed - Unsecured
EFSE 2123 < 3675.34, and 367.535
3902 > 3675.34
OCSE/ 187.37 < 3675.34, and 13154 > 1.9816 > 1 Failed - Unsecured
EFRE 4155.5 > 3675.34, and 367.537
2097.1 < 3675.36
LIF 6205.6 > My, - - LIF 23.08 Secured
HIF - - 0.93878 < 1 HIF 24.01 Secured

The first two cases failed to detect the fault caused by small fault ~ 5.2.4 Simulation results: case 4
resistance values. Furthermore, the DWT-based algorithm takes The proposed fault detection, identification, and classification
more time to detect the fault than the proposed fault detection,  schemes also examined faults, such as LIFs and HIFs, considering
identification, and classification schemes. various locations, inception angles, and fault resistance values. In
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this case, the values of Clarke components for the investigated
scenarios are shown in Table 7. As presented in this table, the
proposed fault detection, identification, and fault classification
schemes are accurately distinguished between LIFs and HIFs. The
DWT-based algorithm was also examined for the same scenarios in
this case. The values of (M, M;, and M), (H,, H,, and H,), and (R,,
R,, and R)) are calculated and presented in Table 8.

The tables show that the DWT-based algorithm provided
good discrimination between LIFs and HIFs. However, the DWT-
based algorithm took considerable time for fault detection
compared to the proposed fault detection, identification, and
classification schemes.

5.3 Generalization of the proposed schemes

The proposed fault detection, identification, and fault

classification schemes can also be generalized for any
transmission system. Figure 14A shows the single-line diagram
0f 400 kV, 144 km TL simulated in the ATP/EMTP program. The
ATPDraw software is an interface to implement the system
(Prikler and Hoidalen, 2009). This TL model is a benchmark
in the ATPDraw software, and it is represented using the three-
phase JMARTI frequency dependence model in the ATPDraw
field using the line/cable module (Prikler and Hoidalen, 2009).
The JMARTI representation is a frequency-fitted model in a
specific frequency range. The JMARTI model is utilized to
apply the simulated line and, therefore, take waveforms for
the fault case in evaluating the proposed schemes. For
simultaneous series and shunt earth fault detection and
classification using Clarke transform for TLs under different
fault scenarios, the line parameters have been extracted, and
results show that the self-impedance of this line, for a length of
144 km, is 0.3382 + j1.6009 Q, while that of the mutually linked
one is 0.3282 + j 0.8493 O, according to the retrieved line
parameters. Using a mutually linked RL circuit, Thevenin’s
equivalent impedance at buses S and R are expressed as R, =
1.0185Q and L; = 50.929 mH, and zero sequences are R,
2.037 Q, Ly= 101.85mH at bus S and R, = 0.6366Q, L,
31.83 mH, Ry= 1.2732 Q, L,= 63.66 mH at bus R. The TL

configuration is illustrated in Figure 14B, where the dc

resistance is 0.0522 Q/km, and the outer diameter of the
conductor is 3.18 cm. The sky wires are solid, their dc
resistance is 0.36 Q/mile, and the outer diameter is 1.46 cm.
The resistivity of the soil is equal to 200 Q. Similarly, a small
error in simulation for 400kV TL is found using system
verification in the ATPDraw software program.

The fault
classification schemes are also examined using another TL

proposed detection, identification, and
data, considering several fault types. In this case, the values of
Clarke components for the investigated scenarios are shown in
Table 9. In addition, the DWT-based algorithm was examined in
the same scenarios, as shown in Table 10, where the values of (M,
My, and M,), (H,, Hy, and H,), and (R,, Ry, R.) were calculated. As
presented in these tables, considering the OCRE/EFSE occurred,
the values of M, > My, and M, > M,, caused by small fault
resistances were unmet. In addition, the values are H, > H,;, and

R,>1. Furthermore, the proposed fault detection, identification,
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and fault classification schemes provided precise fault detection,
identification, and fault classification for the investigated types of
faults.

The proposed schemes’ challenge is their performance if the
current transformers’ saturation occurs. The current transformers
must correctly provide the protection relays with the stepped-down
fault current level. Proper means to detect current transformer
saturation are essential for digital signal processing. Esmail et al.
(2015) suggested an effective method for detecting current
transformer saturation with a universal distinction index without
a necessity for setting a definition. For this point, the instantaneous
sample-based multiplication of the secondary current by its
derivative is individually employed to distinguish between
saturated and unsaturated wave portions.

Reconstructing the detected saturated secondary current is
accomplished using Kalman filtering to obtain the phasor
quantities of the unsaturated current portion professionally.

6 Conclusion

This study solves the challenge of detecting simultaneous
earth faults in high-voltage transmission systems as traditional
distance relays, for example, the inability to find or detect OCFs
and simultaneous earth faults. The proposed schemes comprise
two different stages: fault detection and identification and fault
classification. The first proposed scheme needs communication
links among both ends (sending and receiving) to detect and
identify the fault. This communication link between both ends is
used to send and receive three-phase currents’ magnitudes for
sending and receiving ends in the proposed fault detection
(PFD) unit at both ends. The second proposed scheme starts
with proposed fault classification (PFC) units at both ends. The
proposed classification technique applies the Clarke transform
on local current signals to classify the open conductor and
faults. The of all Clarke
components is the primary key for distinguishing between all

simultaneous sign current
types of simultaneous LIFs and HIFs. Numerous simulation tests
were investigated to analyze the performance of the suggested
fault detection, identification, and classification schemes. In all
scenarios, the fault type was accurately detected, identified, and
classified within 20 mS after fault occurrence.

The security of the proposed schemes was also verified with
different fault resistance values, and the suggested scheme provided
precise fault detection, identification, and classification. The results
demonstrated that fault detection, identification, and classification
schemes are immune to fault types, locations, and inception angles.
Furthermore, the suggested schemes detected both instants of the
open conductor and down conductor. The developed scheme’s
superiority was also validated through a comparison study with
another published procedure based on discrete wavelet transform.
No sophisticated artificial intelligence techniques were required to
detect, identify, and classify the faults accurately. Also, the proposed
fault detection, identification, and fault classification schemes have
low mathematical requirements. It should be mentioned that the
Clarke transform was used with a low sampling frequency in this
work; hence, the suggested fault detection, identification, and
classification approaches are guaranteed to be promising schemes
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that can be implemented in practice. Finally, other applications of
the proposed schemes in series compensated transmission lines will
be investigated in future works.
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