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Abstract: This paper presents a reliable and fast index to detect the instant of arc extinction for adaptive
single-pole automatic reclosing (ASPAR). The proposed method is a simple technique for ASPAR
on shunt compensated transmission lines using the Hilbert–Huang Transform (HHT). The HHT
method is a combination of the empirical mode decomposition (EMD) and the Hilbert transform (HT).
The first intrinsic mode function (IMF1) decomposed by EMD, which contains high frequencies of the
faulty phase voltage, was used to calculate the proposed index. HT calculates the first IMF spectrum
in the time-frequency domain. The presented index is the sum of all frequency contents below 55 Hz,
which remains very low until the fault clearance. The proposed method uses a global threshold level
and therefore no adjustment is needed for different transmission systems. This method is effective
for various system configurations including different fault locations, line loading, and various shunt
reactor configurations, designs, compensation rates, and placement. The performance of the method
was verified using 324 test cases simulated in electromagnetic transient program (EMTP) related to a
345 kV transmission line. For all the test cases, the algorithm successfully operated with an average
reclosing time delay of 32 ms.

Keywords: adaptive auto-reclosing; power system protection; EV transmission lines; transient fault;
Hilbert–Huang transform

1. Introduction

In recent years, the protection of transmission lines by reclosing switches has become a challenge of
improving the reliability of power systems [1]. Approximately 80% of faults in overhead transmission
lines are transient (arcing) and single-phase to earth. As a result, there is no need to permanently
de-energize the transmission line and send the repair team to patrol for maintenance purposes,
then, actually the fault will be cleared by temporary de-energizing of the transmission line and by
reclosing the circuit breakers (CBs), the transmission line can restore to its normal operation. In the case
of single-phase faults, isolating the faulty phase is enough and there is no need to three phases
reclosing [2]. After fault, the arc current will has an extremely large value and its length is constant,
and the fault at this stage is called the primary arc. After the faulty phase is isolated from both sides of
the line, the arc is still fed through the healthy phases [3]; the fault at this stage is called the secondary
arc. Due to the low current of the secondary arc, the ionized column of the arc becomes narrower and
moves with the wind, and its length increases until the extinction of it. The time of the secondary arc
that occurred is called the dead-time. Dead-time is much less than the reclose time setting in traditional
methods, usually between 0.2–0.8 s, hence single-phase reclosure can be done much faster, which has
the following benefits for the power system:
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• Improving power system marginal stability during faults;
• Improving in transient stability;
• Improving in system reliability and availability;
• Mitigating of switching over-voltages;
• Mitigating of shaft torsional oscillation of large thermal units;
• Minimizing unsuccessful reclosing; and
• Reducing system and equipment shocks.

Lightning flashover is the prime cause of transient faults. When lightning strikes the tower
body or guard wires, the lightning current passes through the tower body and enters the ground.
If the grounding resistance is high, the voltage drop across the tower body will also be large,
and eventually a flashover will occur between the tower body and the phase conductor. High tower
height, high ground resistance, high pollution severity on insulators, and high average isokeraunic
level along the transmission line are all factors that increase the likelihood of transient faults occurring
in an overhead transmission line. Obviously, it is possible for lightning to strike the tower, but not
cause a fault, but this will weaken the insulation properties of the insulators. In general, the high
incidence of thunder storms increases the likelihood of transient faults. In ASPAR studies, modeling
starts from the primary arc onward, and previous events have no effect on the results of these studies.

Adaptive single phase auto-reclosing methods must be able to quickly and accurately detect
the moment of secondary arc extinction. In this regard, various algorithms have been proposed,
a few important groups of them are discussed as follows.

Due to the quasi-square waveform of the arc voltage, the faulty phase voltage contains the odd
harmonics of the fundamental component. After the fault clearance, the values of these harmonics
decrease and will ideally reach zero. The approaches presented in [4–10] calculated the harmonic
content of the faulty phase voltage or healthy phase currents using various signal processing techniques
including time-time (TT) transform, discrete wavelet transform, wavelet packet, and total harmonic
distortion (THD). Finally, the fault nature and the moment of extinction of the secondary arc were
detected using the calculated criterion values and changings. In the presence of renewable resources,
the value of THD is always greater than zero, and this disrupts the performance of such methods.

In [11], the third harmonic of the zero sequence voltage at the local substation was used as a
criterion to detect secondary arc extinction. Using voltage measurements at both sides of the line
was suggested in [12] by a communication-aided index for ASPAR based on predicted and measured
voltage of the faulty phase. The approach proposed in [13] computes the secondary arc current based on
measurements to decrease reclosing delay. The proposed real-time method requires signals measured
on both sides of the transmission line, however, it can continue to work with local measurements.

In [14], based on local faulty phase voltage and the adaptive cumulative sum method, an increase
in voltage amplitude due to fault clearing was recognized. The algorithm [15] utilized the least square
method to predict present voltage magnitude value; at the arc extinction moment, the difference
between predicted and measured voltage magnitude increased and an adaptive threshold-less approach
detected fault extinction. Ghaderi-Baayeh, in [16], introduced a new method for ASPAR based on the
second derivative of the faulty phase local voltage angle to determine the secondary arc extinction
time in transient fault cases. In [17], the absolute value of the first derivative of the faulted phase local
voltage measurement was used to detect the secondary arc extinction. The proposed algorithm has fast
performance and uses a low sampling frequency rate and adaptive threshold value. In [18], based on
local voltage measurements, a combination of voltage and angle first derivation was utilized to identify
fault type and arc extinction detection.

In [19], based on traveling wave theory and using local measured voltage for three types of mixed
transmission systems, the occurrence of fault and its location are determined. In the case of fault in
the overhead line section, reclosure permission was issued. In [20], for mixed transmission systems,
based on wavelet transform and the difference between the currents in the active part of the cable and
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those in the shields, the overhead section fault was detected. Reclosure into a permanent fault caused
damage to the generator shaft of nearby power plants. Since the reclose commands issued for each
side of the line were not synchronous, one side of the line always reclosed faster. In [21], a method
for selecting the side of the line that should lead reclosing was proposed. In [22], the fault nature,
whether permanent or transient, was determined based on the locally measured voltage and using a
featured classifier based on support vector machine.

Shunt reactors are widely used in high voltage transmission lines to improve power system
stability and line voltage profile regulation [23]. The methods presented in [24–30] are effective for shunt
compensation transmission lines. In these methods, the beat frequency generated after the quenching
of the secondary arc was used to detect the quenching of the secondary arc. In [24], the local measured
voltage frequency was analyzed using modal transformation and a simple zero crossing algorithm.
The secondary arc extinction time was then specified for single- and double-phase-to-ground faults.
In [25], mode currents of shunt reactors were calculated, then the presence and number of natural
frequencies were used to distinguish the fault nature. In [26], the differences of faulty phase terminal
voltage between the two fault states after arc extinction was utilized as a criterion to detect fault nature
and clearance. In [27,28], the instantaneous power algorithm was utilized to compute faulty phase
reactive and active power, respectively, using local voltage and current measurements. Increasing faulty
phase reactive or active power after secondary arc extinction was used to detect arc extinction for shunt
compensated transmission lines. In [29], based on the cascaded delayed signal cancellation technique
and using the faulted phase local voltage of the shunt compensated line, the average distortion rate
was calculated to identify the fault nature and clearance.

The majority of ASPARs presented so far only used the measured data on one side of the
transmission line, but references [12,13,30] required measured data on both sides of the transmission
line. In [30], the presence of phasor measurement units (PMUs) on both sides of the transmission line
was necessary to identify the type of fault and its clearance time.

Long and high voltage transmission lines are very prone to transient faults. On the other
hand, to prevent overvoltage, most of these lines are shunt compensated on either side or one side.
After the secondary arc extinction, the trapped energy oscillation between the line capacitor and the
reactor inductance creates a sub-synchronous component in the isolated phase voltage. In this study,
by using the presence of sub-synchronous components in the faulty phase voltage spectrum, an index
was proposed to detect fault clearance. During the fault, the voltage of the faulty phase does not
contain any sub-synchronous components, however, after extinguishing of the secondary arc, due to the
resonance between the shunt reactor and the line capacitor, a sub-synchronous component appears
in the voltage. This change in frequency content from 0 to 60 Hz is introduced to detect secondary
arc extinction. The Hilbert-Huang Transform (HHT) method is used in this algorithm, which can
ideally monitor sub-synchronous components with very low spectrum leakage and high accuracy.
Since the proposed method, unlike many previous methods, does not use the THD of measured
signals, consequently, it is not sensitive to the presence of renewable resources and is a good option for
protecting the grid in the high penetration of renewable resources. System simulation studies show
that the proposed algorithm estimates the fault clearing instant accurately for auto-reclosing.

The rest of the paper is structured as follows. Section 2 describes the modeling of the understudy
system and Section 3 provides an introduction to the Hilbert–Huang transform. Section 4 presents the
new algorithm followed by the simulation results in Section 5 and conclusions.

2. Modeling of Understudy System

Figure 1 shows the understudy 345 kV transmission line with the length of 200 km. The network
had two buses that were connected to the power grid via two Thevenin equivalent voltage sources.
The short circuit levels of the U1 and U2 equivalents were 10 GVA and 15 GVA, respectively.
Additionally, the x/r ratio of the positive and zero sequences was 10 and 4, respectively. Table 1 shows the
parameters of the single circuit transmission line for the positive and zero sequences. This transmission
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line was transposed and modeled as the frequency-dependent line in the EMTP software environment.
The shunt reactor, as shown in Figure 1, had four windings and was grounded through an inductance
to mitigate secondary arc current. The shunt reactor parameter calculations are expressed as follows
for different cases.
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Table 1. The 345 kV transmission line with 200 km length.

R (ohm) L (H) C (uF)

Zero sequence 2.8813 0.3647 1.4713
Positive sequence 0.0515 3.1572 2.3269

Secondary Modeling

In this paper, the Kizilcay method for secondary arc modeling in EMTP software was used.
More details can be found in [31], which are not repeated here for brevity. The specifications of the arc
used in the simulations were as follows:

Initial resistance (r0): 150 mΩ
Voltage per unit of length (u0): 1.1 V/cm
Initial time constant (τ0): 960 ms
Initial length (l0) of arc: 3.5 m

3. Hilbert–Huang Transform

An analytic signal is a complex-valued function without any negative frequency components.
The real and imaginary parts of an analytic signal are real-valued functions related to each other by
the Hilbert transform (HT). The HT of the real function r(t) is equal to r̂(t). The definition of HT is as
follows:

r̂(t) =
1
π

P

+∞∫
−∞

r(τ)
t− τ

dτ = r(t) ∗
1
πt

(1)

where the symbol ‘*’ denotes the convolution operation and P indicates the Cauchy principal value.
The analytic function of r(t) with respect to time can be defined as follows:

=
r (t) = r(t) + jr̂(t) = m(t)eiϕ(t) (2)

m(t) =
√

r2 + r̂2, ϕ(t) = tan−1 r̂
r

(3)
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where j =
√
−1 and

=
r (t) is the analytic function calculated for the real function r(t). m and ϕ are the

instantaneous energy and phase functions in terms of time, respectively. It is unnecessary to compute
the integral in (1) to achieve the HT of r(t). Instead, in the first step, the Fourier transform of the real
function r(t) is calculated, then its negative frequency components are set to zero and the inverse
Fourier transform applied to it. The obtained function is the analytic function

=
r (t) calculated for the

real function r(t), which its imaginary part is r̂(t). The instantaneous frequency of the real function
r(t) is:

f (t) =
1

2π
dϕ
dt

(4)

The method of calculating the frequency-time distribution for the square amplitude of r(t) can be
explained using HT. HT is a very suitable method for single mode signals and also calculates the
energy distribution in time and frequency. However, the majority of signals are multi-components and
their frequency content is spread in the frequency domain. In HHT method, to solve this problem,
the input signal was first divided into several intrinsic mode functions (IMFs) by the empirical mode
decomposition (EMD) method, where IMFs are time-varying mono-component (single frequency)
functions [32]. Then, each of these IMFs is transformed by HT to the frequency domain and their
energy is expressed in terms of time and frequency. Using the sifting process, the input signal
S(t) is decomposed in terms of IMFs [32]:

S(t) =
n∑

i=1

IMFi(t) + R(t) (5)

where R(t) is the residual function and n is the number of IMFs. IMFi is the ith decomposed IMF.
The analytic functions of IMFs are calculated using the method described above. Each of these functions
=

IMFi( f , t) represents part of the original signal spectrum. fi(t) and mi(t) vectors are calculated for each
IMFi in the time domain. Finally, the 2n vector, with the same length as the time vector t, are the output

of the HHT. The spectrum of the input signal
=
S( f , t) is the combination of these vectors:

=
S( f , t) =

n∑
i=1

sparse(t, fi(t), mi(t)) =
n∑

i=1

=
Si( f , t) (6)

where mi and fi are the instantaneous energy and frequency functions in terms of time for IMFi,
respectively. Moreover, sparse matrix is a matrix that has a large number of zeros. sparse function

generates a sparse matrix
=
Si( f , t) from the triplets t, fi(t), and mi(t) such that

=
Si( fi(k), t(k)) = mi(k).

Entries that have no value assigned to them are equal to zero. The lengths of the three vectors
t, fi(t), and mi(t) are equal.

4. Proposed Method

Many high voltage transmission lines have shunt compensation, which is placed on either side
of the transmission line or one side only. Reactors are usually grounded by inductance to reduce
the flow of secondary arc current, and after the fault clearance, the shunt reactor and capacitor
of the transmission line are parallel to each other. The energy trapped in the reactor and shunt
capacitor of the transmission line oscillates until complete damping, and this energy oscillation
between the transmission line and the parallel compensation creates a sub-synchronous component
in the isolated phase voltage. In the literature, the created resonance after fault clearance has been
used to diagnose secondary arc extinction [15,18,24–29]. There is no sub-frequency component
during fault, however, after the secondary arc extinguishing in the frequency range of 0 to 60 Hz,
a sub-synchronous component appears in the faulty phase voltage for compensated transmission lines.
Therefore, in this paper, the energy in the bandwidth of 0 to 55 Hz of the faulty phase voltage was
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used as a criterion for detecting secondary arc extinction. The frequency of these sub-synchronous
components is practically between 30 Hz and 45 Hz for 60 Hz power systems [33].

Due to the limitations on the computational burden, a small data window should be used in
protection system, and on the other hand, there is an edge effect in all signal processing methods,
hence, both of these constraints should always be considered in choosing the length of the data window.
The following index is proposed as a criterion for detecting secondary arc extinction:

IN(i) =
55∑

f=0

=
U1

(
f ,

WL
2

)
(7)

where IN represents the sum of the energy of all sub-synchronous components in the faulty phase
voltage. U is the last measured window of the faulty phase voltage with the length of WL. U1 is the

first decomposed IMF of U.
=
U1 is the output of the Hilbert transformation of U1, where the central

sample of the data window was used here to calculate IN for avoiding the edge effect. HHT can extract
sub-synchronous components without being affected by the fundamental 60 Hz component.

Figure 2a shows the faulty phase voltage at Bus 1 for the single line to ground transient fault at
30% of the line. The reactance of the effectively grounded shunt compensator at Bus 2 was 1506.60 Ω.
The fault occurred at 350 ms and after 150 ms, the faulty phase was completely isolated from both sides.
From 350 to 500 ms, the transient fault had an extremely large current without any differences in its
characteristics from the permanent fault. Transient fault at this stage is called the primary arc and its
length is almost constant. From the moment of 0.5 s onward, the arc length increased slowly until the
transient fault was cleared. The simulation was performed for 1.2 s. Figure 2b shows the spectrum
extracted by HHT. The HHT method has a small leakage spectrum and the different components have
little effect on each other. Figure 2c illustrates the proposed index for a 1920 Hz sampling frequency
(32 samples per 60 Hz cycle) and WL = 50 ms, where the value is zero during the secondary arc and
increases after the secondary arc is extinguished.

Figure 3 shows the first three extracted IMFs from the voltage waveform in Figure 2a. The voltage
waveform was decomposed to 10 IMFs, but high-order IMFs had very little energy and are not shown
here. In the EMD method, IMF1 always contains high-frequency contents of the input signal. As shown
in Figure 3a,b, the sub-synchronous component only appeared in the IMF1 of the frequency spectrum.
Thereby, IMF1 is the most suitable IMF to monitor the sub-synchronous component due to secondary
arc extinction.

Figure 4 shows the flowchart of the proposed algorithm. The proposed method detects fault
clearance for shunt compensated transmission lines, and recognition of permanent or transient faults
was not within the scope of this paper, and the fault type was assumed to be a transient single line
to ground (SLG) fault. After the single-pole operation of the CBs on both sides of the transmission
line, the faulty phase was isolated. It was assumed that the distance protections on both sides of the
transmission line quickly de-energized the faulty phase. Some papers have assumed that the fault
was transient and waited for the secondary arc extinction. In this case, if the secondary arc is not
detected after a certain time (about 1.5 to 3 s), it is concluded that the fault is not transient and the
initial assumption is wrong, and the three-phase trip command is issued. In this case, the secondary
arc extinction detection algorithm is used to detect the nature of the fault. The problem with this fault
nature recognition is the delay of about 1.5 to 3 s, which means that the system has been in two phases
for this period in the presence of a permanent fault for no reason, and this causes the power system
to move more toward instability. In another category of papers, a separate method was proposed
to identify the nature of the fault, which did this much faster than the first case. These methods
usually use the presence of odd harmonics during the secondary arc or the presence of high frequency
components during the primary arc at voltage. In any case, the detection of fault instant, fault location,
and fault nature was not in the scope of this paper and the contribution of this paper is in the detection
of secondary arc extinction.
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The algorithm was delayed 50 ms, thus all samples in the data window were measured after
faulty phase isolation, next, the algorithm began to calculate IN using the faulty phase voltage.
In the simulations performed in this paper, IN, during the secondary arc, was in most cases zero
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and sometimes takes very small values. However, after the secondary arc extinction, its value
increases and must be greater than the threshold value of 0.01 p.u. for 5 ms to confirm fault clearance.
The counting strategy is used in digital protection to improve the reliability of the relay operation or
avoid relay maloperation. Checking a protection decision for several times improves the probability of
successful operation.

Due to the presence of noise in real signals and to prevent protecting system mal-operation,
IN was not compared with zero or smaller threshold value, however, the proposed criterion did
not need any pre-calculation of the threshold value and the threshold value had a global feature.
After each comparison of IN with the threshold level, the data window shifted forward and the new
IN value was calculated. After secondary arc extinction and deionization of the arc path, the reclose
command was issued for the local CB.

The main contributions of this paper include the following:

• Extraction and monitoring of sub-synchronous voltage component using HHT, which is a powerful
and suitable tool for this application.

• Proposing a criterion that is zero in most moments and cases during the secondary arc and takes a
large amount immediately after the secondary arc is extinguished.

• The proposed criterion is very insensitive to voltage magnitude oscillations during the secondary
arc, unlike many existing methods.

5. Simulations and Results

To verify and validate the effectiveness and accuracy of the proposed method for ASPAR, various
simulation tests were carried out under different fault locations, line loadings, and various shunt reactor
configurations, designs, compensation rates, and placements. The EMTP software was utilized with a
50 ms data window length (WL) and 1.92 kHz sampling frequency rate (32 samples per cycle for 60 Hz).

The reactors used in the simulations of this paper were grounded efficiently or to reduce the
secondary arc current, and the three-phase shunt reactors were grounded through a reactance Xn.
In the literature, two methods for calculating Xn have been proposed [34–36]. The method presented
in [34,35] is independent of the transmission line length, but reduced the fault current less than the
method presented in [36]. The reactance value calculated according to the method in [34,35] was always
less than the [35] method. The following is the calculation of Xn based on these two methods.

F =
1

Xsh × B1
(8)

Xn =
Xsh
3
×

(
B1

B0
− 1

)
(Ω) (9)

Xn =
B1 − B0

3F× B1( B0 − (1− F) B1)
(Ω) (10)

where B0, B0, F, Xsh, and Xn are positive sequence line susceptance, zero sequence line susceptance,
shunt compensation rate, the equivalent reactance of line shunt reactor, and equivalent reactance of
neutral reactor, respectively. The reactances calculated in (9) and (10) corresponded to the placement
of the reactor only on one side of the line. If the transmission line is compensated from both sides,
the reactance value of each reactor on each side of the line was twice of the Xsh and Xn reactances
calculated above. In other words, the reactive power consumption of the equivalent reactor was
divided into two. Table 2 shows the number of shunt reactors for the placement of one or both sides of
the line, three rates of compensation 0.5, 0.75, and 0.95, and three modes of effective grounding and
grounding based on the methods in [34–36].
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Table 2. Reactance values of the shunt reactors for the simulations.

Shunt Compensation
Percentage 50% 75% 95%

Reactance (ohm) Xsh Xn Xsh Xn Xsh Xn

Effectively grounded Reactor at only one side 2245.80 - 1506.60 - 1190.30 -

Reactor at both ends 4491.60 - 3013.20 - 2380.60 -

Grounded through neutral reactor,
calculated based on [36]

Reactor at only one side 2245.80 1967.10 1506.60 474.77 1190.30 247.23

Reactor at both ends 4491.60 3934.20 3013.20 949.55 2380.60 494.45

Grounded through neutral reactor,
calculated based on [34,35]

Reactor at only one side 2245.80 435.30 1506.60 292.04 1190.30 230.71

Reactor at both ends 4491.60 870.61 3013.20 584.08 2380.60 461.42

Table 3 shows the performance of the proposed technique for different power system conditions
and types of shunt compensation. Fault clearing detection delay (FCDD) is defined as the time
difference between the secondary arc extinction detection and the secondary arc extinction moment
obtained from the simulation. Simulations were performed for medium and high loading of the
transmission line and various fault locations. By measuring the faulty phase voltage on both sides of
the transmission line, the algorithm was tested for both substations adjacent to the line. As can be seen,
regardless of the power system conditions and the type and rate of compensation, the proposed scheme
can accurately and quickly detect fault clearance. The average FCDD for 324 tested cases was 32 ms.

Figure 5a shows the faulty phase voltage at Bus 2 for the single line to ground fault at 30% of
the line. The Xsh and Xn of the inductively grounded shunt compensators at each side of the lines
were 2380.60 and 461.42 Ω, respectively. Fundamental voltage magnitude fluctuations cause energy
spreadation in low frequency components on the most signal processing methods. The HHT method
adaptively distinguishes between fundamental voltage magnitude fluctuations and the presence of a
low frequency component, therefore the spectrum extracted from the sub-synchronous components
receives the least effect from the fundamental component. During the secondary arc, due to the
reduction of the fault current, the length of the arc fluctuates more, and as a result, the voltage of the
faulty phase fluctuates severely (Figure 5a). As demonstrated in Figure 5b, the proposed criterion is
independent of the arc behavior and the IN value is zero during the secondary arc. This is due to the
use of IMF1 and the excellent ability of HHT to decompose signal components with minimal spectrum
leakage. Similar waveforms of field measurements, obtained from electrical systems reported in [37],
showed similar voltage behavior, hence, it is important that the secondary arc extinction detection
method is independent of the voltage behavior during the dead-time.

Due to the growth of renewable resource penetrations in the power system, the need for adaptive
protection methods is increasing. Renewable resources are generally connected to the power system
through power electronic interfaces, and one of their destructive effects is increasing the power system
THD [38]. Many of the methods proposed in the literature are based on the increase of THD during the
secondary arc and the sharp decrease after the fault clearance. In the presence of renewable resources,
many of these methods lose their ability to function properly due to the lack of THD reduction after
fault clearance [4–10]. The proposed method does not use the harmonics in voltage to calculate the
criterion, and in addition, due to the high capability of the HHT method, the proposed method can
have a correct and fast performance regardless of the high penetration of renewable resources in the
power system and THD value.
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Table 3. Fault clearing detection delay (FCDD, ms) for various power system and fault conditions and
in the presence of the shunt reactor.

FCDD for ASPAR Relay at Substation1/Substation2 Medium Loading, 50%
of the Line SIL

High Loading, 100%
of the Line SIL

fault location from Bus1 30% 60% 90% 30% 60% 90%

Effectively grounded

Reactor at Bus1
50% 32/34 29/34 34/30 35/32 32/36 31/31
75% 35/32 32/31 30/32 33/30 30/34 32/29
95% 28/32 31/33 28/29 31/31 32/34 33/32

Reactor at Bus2
50% 32/34 31/32 29/32 33/32 32/30 33/34
75% 30/33 30/34 33/31 32/35 33/33 31/32
95% 38/33 31/33 33/36 30/30 32/31 32/31

Reactor at both ends
50% 34/35 28/34 33/34 34/34 33/31 36/32
75% 35/34 34/32 32/27 32/33 33/31 28/30
95% 30/33 34/32 33/33 32/32 30/30 37/31

Grounded through neutral
reactor, calculated based on [36]

Reactor at Bus1
50% 31/31 32/34 31/29 33/30 31/30 33/32
75% 32/31 32/28 34/32 32/32 31/32 34/32
95% 34/35 31/31 29/32 30/32 32/29 29/32

Reactor at Bus2
50% 32/29 35/30 33/34 31/29 32/33 31/33
75% 34/32 32/31 30/31 31/33 33/32 32/32
95% 28/28 31/34 31/35 31/31 26/33 33/36

Reactor at both ends
50% 31/34 35/34 33/31 35/32 32/32 29/33
75% 30/34 32/30 34/33 30/33 35/33 33/36
95% 29/32 31/31 30/33 31/30 30/29 30/31

Grounded through neutral
reactor, calculated based on

[34,35]

Reactor at Bus1
50% 33/32 32/32 35/32 30/32 34/30 32/33
75% 33/27 31/32 33/34 29/33 33/31 33/32
95% 32/33 30/33 32/33 31/29 32/32 33/33

Reactor at Bus2
50% 29/28 38/33 32/30 31/34 33/34 34/33
75% 34/28 36/30 32/28 35/37 29/31 34/28
95% 33/32 33/32 32/36 31/34 32/34 31/29

Reactor at both ends
50% 32/30 30/28 32/31 30/32 36/33 33/29
75% 32/33 31/34 32/32 35/33 33/34 30/33
95% 32/34 32/31 34/33 34/30 33/32 29/35

In Table 4, a group of recent papers have been selected for qualitative comparison with the
presented method. As can be seen, the strengths of the proposed method include the following:

• Low starting time delay;
• Fast reclosing time delay (with average 32 ms);
• Medium sampling frequency (1.920 kHz);
• Very low sensitivity to voltage magnitude oscillation; and
• Global threshold.
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Table 4. Comparison of the methods for detection of secondary arc extinction.

Method Starting Time
Delay, (ms)

Reclosing Time
Delay (ms)

Communication-
Based?

Sampling
Frequency (Hz) Threshold Computation

Burden

Sensitivity to
Voltage

Magnitude
Oscillation

[4] 80 <15 No 3200 Adaptive Medium Low

[5] 200 <76 No 1920 Fixed Medium Low

[8] 60 <60 No 2500 Fixed High Low

[10] 120 <10 No 5000 Not used Low Very High

[11] 60 <9 No 1600 Not used Low Low

[14] 100 <4 No 1000 Fixed Low Very High

[16] Adaptive, with
average of 31 ms <31 No 800 Adaptive Low Medium

[18] NM <105 No 3840 Fixed Medium Medium

[12] NM <67 Yes 3840 Fixed Medium low

[30] 40 <14 Yes 720 Fixed Medium low

Proposed
method 50 ms <38 No 1920 Global Low Very low

NM = Not mentioned.



Energies 2020, 13, 5416 13 of 15

6. Conclusions

In this paper, a novel algorithm for detecting secondary arc extinction in shunt compensated
transmission lines was presented. Using the Hilbert–Huang transform (HHT), the absolute value of all
frequency contents below 60 Hz of the fault phase was calculated. Secondary arc extinction was then
detected using a global threshold value. The algorithm was tested on a transmission line for different
fault location, line loading, and various shunt reactor configurations, designs, compensation rates,
and placement. The test results validate the algorithm’s performance as well as its independence of the
shunt compensation configuration. The main features of the algorithm can be summarized as follows:

• No adjustment is needed for different transmission systems, threshold is global.
• Fast operation time.
• Non-communication based (i.e., use of local measurements).
• Independent from voltage magnitude variation during dead-time.
• Using voltage phasor where it is more reliable rather than the current.
• Fast operation time; average reclosing time delay is 32 ms.
• Applicable for high penetration of renewable resources in the power system.
• Applicable for all types of shunt reactor configurations.
• Algorithm starting time delay is 50 ms, as a result, the algorithm can work properly. even when

the fault clears very fast.
• Using the HHT, which is very powerful and practical in the analysis of nonstationary and

nonlinear signals.
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