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Abstract: An appropriate method is proposed for identifying permanent faults from transient faults in double-circuit
transmission lines. This method could be used in adaptive single phase auto-reclosures in order to diagnose between
permanent and transient faults, determine extinguishing time of the secondary arc, and calculate issuing time of reclosing
commands during the occurrence of transient single phase to ground faults. The proposed method is based on harmonic
analysis of the adjacent healthy circuit and could be an effective solution for blocking permanent disconnection of the
power flow, improving stability, and maintaining the power network synchronism. In this paper, transient and permanent
faults are simulated on a typical power system, and then current harmonics of the healthy circuit terminal are extracted
and finally the proposed index for identifying the fault type is applied. In the case of transient faults, this method
determines the minimum time needed for a fast successful adaptive reclosing in the network and thus prevents instability
and nonsynchronism in both sides of the transmission line. Results of the various simulations run in EMTP-RV verifies

accurate performance of the proposed approach.
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1. Introduction

Single line to ground (SLG) faults in transmission lines (TLs) are classified into two types: permanent and
transient. About 80% of TL SLG faults are single phase to ground, in which 80% of the cases have transient
nature [1]. Therefore, it is not necessary to disconnect all three phases when a short circuit SLG fault occurs.
In such a situation, single-phase reclosures are employed to block permanent power disconnection, improve
stability, and maintain network synchronism [2]. The use of single-phase auto-reclosure has advantages such as
providing the network stability by keeping two healthy phases connected to the system during SLG faults. In
this situation, the synchronization conditions at the two ends of the TL are satisfied through two healthy phases
and the synchronism of voltages and currents continues for a longer period. Today, single-phase auto-reclosures
are widely used all over the world in high voltage TLs, because uninterrupted providing of the electricity is
the first and foremost goal of power system operators. Furthermore, single-phase reclosures are categorized
into two types of adaptive and nonadaptive reclosures [3]. Nonadaptive reclosure works according to specified
times, i.e. it reconnects the faulted phase after one or multiple specified time delay periods regardless of the
fault type. Nonadaptive reclosures are not capable of diagnosing the fault type and estimating the secondary

arc extinguishing time when a transient fault occurs. In other words, when a transient SLG occurs, a severe
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short-circuit current passes through the primary arc until the fault continues; however, the arc persistence is
not substantial. Although the circuit breakers (CBs) on the sides of a TL disconnect the faulted phase from
the power grid, two healthy phases continue working in the grid, and thus the capacitive coupling between
the healthy and faulted phases produces an extremely high voltage in the faulted phase, thereby continuing
the current and the secondary arc. Successful reclosing is not possible until the secondary arc is completely
extinguished and, if unsuccessful, can lead to irreparable damage to the power system and in some cases may
convert the transient fault to a permanent fault. Therefore, the use of nonadaptive reclosures may lead to
unsuccessful reclosing operations and new problems. However, it is possible to improve the performance by
use of adaptive reclosures equipped with microprocessor technology and computer systems. In other words,
adaptive reclosures are able to recognize permanent faults from transient ones and block the reclosing function
on permanent faults. Moreover, adaptive reclosures determine the minimum required time for a successful
reclosing and thus prevent the loss of stability and synchronism in the TL, which consequently enhances the

useful life of the reclosures located at the TL terminals [1].

Different methods have been presented for identifying transient faults from permanent faults in the lit-
erature. These methods are actually algorithms used for making single phase auto-reclosures more adaptive.
In [4] a numerical algorithm based on total harmonic distortion (THD) factor was utilized for adaptive deter-
mination of dead time and preventing the single phase auto-reclosure during a permanent fault occurrence in
heavy-loaded TLs. This algorithm is based on the input data processing at the TL terminal. In the algorithm
proposed in [5], as the measured voltage waveform at the beginning or end of the TL is not suitable for using in
neural networks, harmonic components of the voltage waveform are extracted and given to the artificial neural
network (ANN), which makes decisions about the type of the faults. The specifications of the utilized ANN
are given in [6]. Because wavelet transform can extract harmonic components along with the occurrence time,
its coefficients are used as the ANN input in [7]. The ANN is pretrained so that it is capable of identifying

transient faults from permanent faults accurately.

In order to detect secondary arc extinguishing time, the zero sequence power principle is employed in
[8]. In [9], a numerical algorithm in the frequency domain is used to prevent unsuccessful reclosing during the
permanent fault occurrence. Amplitude of the arc voltage and fault location are calculated via fundamental and
third harmonics of the voltage and current phasors of the terminal. A criterion called dual-window transient
energy ratio is presented in [10]. A concept of generalized multiresolution morphological gradient (GMMG) with
multiresolution morphological gradient (MMG) is employed to extract the high-frequency energy of the current.
In the adaptive single phase auto-reclosure algorithm proposed in [11], the RMS of the faulty phase voltage is
measured continuously, and then the differences between the values of two following moments are calculated.
If the difference is more than a threshold value, the algorithm infers that the secondary arc is stopped and
reclosing can be successful. Otherwise, the fault is permanent although two healthy phases should be tripped
as well.

Another strategy for adaptive single phase auto-reclosure in TLs equipped with a shunt reactor is
presented in [12]. This approach is based on the difference between the current calculated through the transient
fault model and the real current measured in the faulty phase of the shunt reactor. This strategy only works
for TLs equipped with shunt reactors. In [13], a signal analysis scheme based on the PRONY algorithm is
used for achieving the specifications of the shunt reactor current. The type of the fault is determined according
to the frequency and fluctuations of different signals. This approach needs four-legged shunt reactors as well.

The algorithm proposed in [14] is based on wavelet packet energy entropy, in which time-frequency features of
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the faulty voltage are detected for recognition of the secondary arc and the fault type. In this approach, the
faulty phase voltage is decomposed by a three-layer wavelet packet and then eight signals are reconstructed
at the third level. Afterwards, the energy entropy of each scale is calculated according to the constructed
signals. The practical implementation of this approach is very challenging. In [15], the harmonic of the faulty
phase voltage is analyzed using wavelet packet transform and an integrated auto-reclosuer scheme is presented,
which uses an adaptive threshold level. An adaptive reclosing scheme is proposed in [16], which is based on
the wavelet transform of neutral current and uses a battery energy storage system (BESS). The proposed index
for reclosing is developed by using the Symlets 5 mother wavelet at level 2. However, this method is applied
to distribution networks. In [17], a detection method is presented which calculates the differential currents at
the fault point. This scheme can be applied for three-phase reclosuers in TLs with shunt reactors. The authors
in [18] analyze the features of faulty phase terminal voltage considering the neutral small reactance voltage
as a base value. Then the ratio of faulty phase terminal voltage to neutral small reactance voltage for the
measured and calculated values is achieved and the difference between them is used as a threshold for fault type
recognition. In order to detect transient and permanent faults in [19], a low-pass filter and the cascaded delayed
signal cancellation technique are applied to the voltage of the faulted phase. Transient faults are identified from
permanent faults by using the average distortion rate and a threshold. This method is only applicable to TLs
equipped with FLRs. The use of a threshold is another drawback of this scheme. The authors in [20] propose
a three-phase adaptive reclosing scheme for TLs with FLRs by using the difference between the number of
oscillating frequencies of faulted phase currents of FLRs before the fault extinction and after that. This method
is applicable to TLs equipped with a FLR as well and also it can be used for three phase reclosure, which is
rarely needed today. In [21], harmonics amplitudes are used as the criterion for the detection of secondary
arc extinction, which is calculated after the TT transform. Although the used threshold level is adaptive,
this scheme still needs a threshold. The authors in [22] present an auto-reclosure scheme for the synchronous
generator type of distributed generation (DG) units to reduce DG oscillations after successful reclosing. The
strength of this method is analyzing the conditions in the presence of DGs, but it is designed for distribution
networks. Nevertheless, checking the unbalanced conditions mentioned in [23] is very useful. Also, in [24] and
[25], the construction of a real-time single-phase auto-reclosure is carried out, although it is not investigated for
double-circuit TLs.

On the other hand, capacitive coupling between healthy and faulted phases is the most effective factor
in the current intensity and secondary arc duration. In addition, double-circuit TLs influence the coupling
intensity considerably. In these TLs, the faulted phase has electrical and electromagnetical couplings with
two other healthy phases of the same circuit and with the phases of the other circuit as well. As a result,
the secondary arc current intensity and thus the induced voltage and the secondary arc extinguishing time
increase. Therefore, many of the mentioned methods do not operate properly in double-circuit TLs because
of the changes in voltage and current waveforms. Single-phase adaptive reclosure on double circuit TLs has
been investigated in some studies; however, none of them considered all the situations in TLs. For example,
in [26] only TLs equipped with FLRs are studied and situations such as use of high speed grounding switches
(HSGS) for auxiliary equipment, different levels of TL voltage, different loadings, and noisy situations are not
considered. In this paper, an accurate solution for detecting the fault type and estimating the secondary arc
extinguishing time is proposed. These two operations are based on a new index using the harmonics of healthy
TL current. In addition to its high accuracy and speed, the proposed method does not require any threshold

level, neither for fault type detection nor for determining the extinguishing moment of the secondary arc (the
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moment of issuing the successful reclosing command), and thus it is suitable for any type of double-circuit TL.
The rest of the paper is organized as follows. Section 2 introduces the utilized arcing model. Section 3 describes
the proposed method for detection of fault type and estimation of faulted phase reclosing time. The simulation

results are presented in Section 4. Section 5 concludes.

2. Electrical power system model
2.1. Modeling of arcing fault
The arcing fault model introduced in [27] is utilized in this paper. The authors in [27] differentiated between

arcs and categorized them into two types: 1) primary arcs occurring during the short circuit SLG fault and 2)
secondary arcs resulting from capacitive coupling between healthy and faulty phases. Unlike the other models,
this model has very close proximity to the practical results and is suitable for high voltage TLs. The arcing
model used in this method is based on the energy balance of the arc column. The arc in the air can be described

by a differential equation of the conductivity coefficient [28, 29]:

dg 1

_ = - G — y 1

0 (G-y) 1)
where 7, g, and G are arc time constant, arc instantaneous conductivity, and arc constant conductivity,

respectively. The arc constant conductivity is calculated by the following equation:

|7;arc|
G="— 2
ot (2)
Ust = (UO/ + TOI‘iarc‘)-larc(t)a (3)

where igrc, Ust, lare, Uo', and 7o’ indicate instantaneous arc current, constant arc voltage, instantaneous arc
length, arc voltage characteristic, and arc resistance characteristic in terms of the length, respectively. Equation
(1) is the general equation of the electric arc appropriate for expressing the arc in a bipolar electric circuit.
Parameters 7, ug’, and 1y’ are attained by measuring [23]. These parameters change with the arc length

considerably for the secondary arc. The relation between 7 and l,,.. is defined by the following equation:

ZGTC “
T =1T0 ( ZO ) 5 (4)

where 7y is the primary time constant, [y is the primary arc length, and « is the empirical coefficient with a

negative value. Since changes in the secondary arc length depend on external factors such as the wind and the
intrinsic thermal conductivity, it is hard to consider all the factors precisely. However, the above arcing model
can be used for estimating the maximum arc time at worst or for understanding the interaction between the
secondary arc and the electric circuit. The most important part of the secondary arc modeling is defining the
conditions in which the secondary arc extinguishes. In [23] the extinguishing criterion is of the secondary arc

dielectric conditions type. The criterion for the final arc extinguishing is considered as follows:

dr _ drpy;
a > dn:n; Geal < Gmins (5)
where % and ¢ represent instantaneous resistance derivative with respect to time and instantaneous arc

conductivity, respectively. If the value of the derivative is more than a specified value and the calculated
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instantaneous arc conductivity is smaller than a specified value, the secondary arc extinguishes [30]. It should
be noted that in this paper only SLG faults are investigated and other fault types such as phase-to-phase faults

are not studied.

2.2. Studied double-circuit TLs

The typical power system in this study contains a 400 kV-50 Hz three-phase sinusoidal source with power
generation capacity of 500 MW. This sinusoidal source is connected to an infinite bus through a double-circuit
high voltage TL of 252 km in length. The mentioned TL has a DC resistance of 0.07052 © /km and an external
diameter of 2.8143 cm. Since the basis of this study is the TL behavior during short circuit occurrence in the
power frequency domain, the considered model for the TL is a model depending on frequency. A diagram of

the double-circuit power system simulated in EMTP-RV is shown in Figure 1.
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Figure 1. Studied double-circuit TL.

LINE DATA

Secondary Arc
Primary Arc

The parameters of the power system in Figure 1 are set as X35 = 191.87Q2, Xgs = 46.758 for the
source at the sending end and X = 146.592, Xgr = 45.23Q2 for the source at the receiving end where
Xis, Xos, Xir, and Xopr are positive and zero sequence impedances at the sending end and the receiving
end, respectively. The parameters of the TLs in Figure 1 are set as Ry = 0.02095Q2/km, Ry = 0.1495Q/km,,
X7 = 0.280150/km, X = 0.9412Q/km, Cy = 0.01394u F/km, Cy = 0.00901u F/km, Cy, = 0.00138u F/km,
and M, = 0.0689H/km where Ry, Ry are positive and zero sequence reactance per length of the line; X,
X indicate positive and zero sequence reactance per length of the line; C, Cy are positive and zero sequence
capacitance per length of the line; C,, is coupling capacitance of the lines; and M, denotes the mutual

inductance of the lines.
In order to survey and analyze the presented fault model in Section 2.1, a bus is appended to an arbitrary

location on the TL and then the selected arcing model (including primary and secondary arcing models) is placed
at that location. Primary and secondary arc models include a measuring switch in series with the resistance
acquired by solving the equation introduced in Section 2.1. Figure 2a and Figure 2b show voltage waveforms
at the beginning of the TL and fault location current waveform (in the middle of the TL), respectively, during
permanent SLG fault occurrence. Although the fault location voltage waveform is available in simulation results,
it is not available in practice. Also, only the current of the current transformer is practically available at the

beginning or end of the TL, although it becomes zero after the operation of CBs.
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Figure 3 and Figure 4 show voltage waveforms at the beginning of the TL and fault location current
waveform, respectively, in the middle of the TL during the transient SLG fault occurrence. According to
the description in Section 1, the current of the transient fault contains both the primary arc current and the
secondary arc current shown in Figure 4a and Figure 4b, respectively. It is also evident that the secondary arc

current is substantially lower than the primary arc current.

1.5 T T T T T 15

1 4

e
1
1

Voltage (pu)
(=3
— i 2
I {
Current (kA)
n

. . L s L . . L s 10 I ] : L L 1 L L I
100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Time (msec) Time (msec)

(a)

=3

Figure 2. a) Voltage waveform at the beginning of TL and b) fault location current waveform when a permanent SLG
fault occurs.
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Figure 3. Voltage waveform at the beginning of TL when transient SLG fault occurs.

3. Proposed scheme for identifying fault type and faulty phase reclosing time

3.1. Analyzing voltage and current waveforms of the healthy circuit during the occurrence of

transient and permanent faults

It is necessary to analyze voltage and current waveforms of the healthy circuit during the fault occurrence in
order to detect fault type (transient or permanent) in double-circuit TLs through the harmonic analysis of the
healthy circuit phases. In the following, voltage and current waveforms of the healthy circuit are extracted
and the possibility of harmonic analysis through the waveforms is reviewed. The voltage waveforms at the
beginning and fault location of the healthy circuit during the transient fault occurrence are shown in Figure ba
and Figure 5b, respectively. Figure 5¢ shows the current waveform of a healthy circuit during the transient
fault occurrence. It is clear that the voltage at the beginning of the TL does not show any changes and thus
it is not suitable for analysis. The waveform of the healthy phase at the fault location has good variations;
however, it cannot be a suitable criterion because it is unavailable in practice. The current waveform of the
healthy phase has suitable changes so it can be used as a criterion. The voltage waveforms at the beginning
and fault location of the adjacent circuit during the permanent fault occurrence are shown in Figure 5d and
Figure 5e, respectively. Figure 5f shows the current waveform of the adjacent circuit during the permanent fault

occurrence. In this case, like the transient fault, the voltage waveforms of the fault location are not available
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Figure 4. Fault location current waveforms when transient SLG fault occurs: a) primary arc, b) secondary arc.

practically. On the other hand, voltage waveforms at the beginning of healthy circuit phases are sampled from
a location behind the circuit breaker and thus there would be no change in the voltage magnitude of achieved
samples and the required harmonics could not be acquired consequently. This is the reason for using current
harmonic analysis of the healthy circuit phases for diagnosing permanent and transient faults from each other

as well as determining the secondary arc extinguishing time, which is the time of successful adaptive reclosing.

3.2. Identifying fault type and faulty phase reclosing time

Current of the adjacent circuit phases carrying the load current is used for fault type detection in this study.
When a short-circuit SLG fault occurs, circuit breakers of both ends trip the relevant phase after a time delay
related to the function of the protective equipment. The secondary arc has a nonlinear nature and thus the
current of the secondary arc is nonsinusoidal (Figure 4b). This current makes a field inducing nonsinusoidal
voltage in two healthy phases of the first circuit and in healthy phases of the other circuit. Consequently,
harmonic components appear in the healthy phase currents of both circuits. Existence of these components
indicates that the fault is transient. If the fault is transient, then the ending time of the secondary arc is
determined. It is feasible to apply this method to the current waveform because of the acceptable bandwidth
of the current transformers. In other words, this method does not encounter hardware limitations. Signals
sampled from the current of the healthy circuit’s three phases are added together and residual current (I,.) is
acquired. The value of residual current is zero before fault occurrence when the system is working in a balanced
symmetrical mode. As a fault occurs, the system exits from normal operation and thus the algebraic sum of
the asymmetric three phases’ currents is not zero anymore. This current is different from zero-sequence current.
Figure 6a and Figure 6b illustrate residual current waveforms in healthy circuits when permanent and transient
short-circuit SLG faults occur, respectively. Although the waveforms in Figure 7a and Figure 7b may look

alike, they have differences observable when their harmonics are analyzed separately. In order to obtain the
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Figure 5. a) Voltage waveform at the beginning of the healthy circuit. b) Voltage waveform at the fault location in
the healthy circuit. ¢) Current waveform of the healthy circuit when a transient SLG fault occurs. d) Voltage waveform
at the beginning of the adjacent circuit. e) Voltage waveform at the fault location in the adjacent circuit. f) Current
waveform in the adjacent circuit when a permanent SLG fault occurs.

required index for detecting fault type, the first to ninth harmonics of residual currents are extracted. For this
purpose, the kth harmonic of the input signal instantaneous value is converted to a phasor in the reference
framework around the main frequency. The expression (x,y) includes z,y coordinates of calculated harmonics
in the reference framework. x,y coordinates of the phasor are calculated on a floating time interval with a

period of % as follows:

t t

/ in(t). cos(k2MLFA)dE | y:cyile / —in(t). sin(k2ILfA)dt, (6)

t—cycle t—cycle

magnitude = /22 + y2. (7)

Figure 7a and Figure 7b show the odd harmonics of residual current when permanent and transient

2
Tr =
cycle

SLG fault occurs, respectively. The different behavior of the harmonics in the transient and permanent faults
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Figure 6. Residual current waveform when a) permanent and b) transient short-circuit SLG fault occurs.

after the fault occurrence can be observed at the time 230 ms in Figure 7a and Figure 7b. Therefore, it is
necessary to extract a suitable harmonic index based on these waveforms to distinguish between permanent and
transient states. Various indexes based on the harmonics resulting from permanent and transient faults were
tested. However, some of these indexes were removed for some reasons such as lack of required accuracy in
fault type detection or in detecting secondary arc extinguishing time. Finally, the appropriate harmonic index
was extracted from the residual current harmonics. Equation 8 shows the proposed index having the required

accuracy in detecting fault type and secondary arc extinguishing time:

|hs]

- (®)
i/gllhﬂnl |2

where HIr,g4e. is the harmonic index, hg is the third harmonic of residual current, and hs, 1 indicates odd

HII’I’LdE:L’ =

harmonics of residual current. As the third harmonic of residual current is in the numerator, it is the dominant
harmonic in the above equation. In order to increase the value of the harmonic index for more accurate fault type
detection, the odd harmonics in the denominator are squared. Harmonic index for a transient fault is shown in
Figure 8a. As shown in Figure 8, a short-circuit SLG fault has occurred at t = 100 ms. Circuit breakers receive
a trip command for the faulted phase after about 100 ms as a result of protective equipment action. At 30-50
ms after receiving the trip command, breakers have disconnected both sides of the faulted phase completely. At
this moment, the primary arc is completely extinguished and the secondary arc appears. After passing a few
cycles from the secondary arc’s appearance moment, the arc length increases. At the moment of fault current
zero crossing, the insulation resistance of the arc path is retrieved and the current remains at the value of zero.
As the voltage to earth of the fault location increments, the applied voltage may lead to the insulation failure
of the arc path and thus the fault current is established again. In each cycle this process repeats until the
condition of the final extinguishing is achieved. Since the priority for disconnecting the faulted phase is with
the distance relay, it is not necessary to check the proposed index until the distance relay issues the tripping
command. With this aim, the behavior of the proposed index is evaluated as the CBs are disconnected after
receiving the command from the distance relay and passing a very short time in the range of several power
cycles. Figure 8b illustrates the behavior of the index when several cycles are passed after tripping the faulted
phase.

The dashed curve in Figure 8b shows the harmonic index for a permanent fault from the moment of
complete tripping. Disturbing distortions have been removed through the moving average technique. The solid

curve in Figure 8b shows the improved harmonic index. As illustrated in Figure 9a, in the case of a permanent
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Figure 7. Waveforms of residual current odd harmonics when a) permanent and b) transient SLG fault occurs (harmonics

one to nine).
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Figure 8. a) Harmonic index when a transient SLG fault occurs. b) Harmonic index after CB tripping and applying
the moving average technique.

fault, the primary arc is extinguished after the CB trips. The secondary arc is not established because of the
permanent fault nature. This is clear in the figure. Therefore, the proposed harmonic index is capable of
detecting permanent faults from transient faults. According to the description in the section on transient fault,
since the priority for tripping the faulted phase is with the distance relay, the proposed index is not evaluated
until the distance relay issues the tripping command. Figure 9b illustrates the behavior of the proposed index
when several cycles are passed after tripping the faulted phase. The dashed curve in Figure 9b shows the
harmonic index for a permanent fault from the moment of complete tripping. Disturbing distortions have been
removed through the moving average technique. The solid curve in Figure 10 shows the improved harmonic
index.

In order to better illustrate the different behaviors of the proposed index in transient and permanent fault
cases, the harmonic index is shown in Figure 10. As illustrated in Figure 10, in the case of permanent faults,

the harmonic index trend is descending after the tripping, i.e. HI(t + At) < HI(t). However, in the case of a
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transient fault, the harmonic index is ascending, i.e. HI(t + At) > HI(t). In this case, as the secondary arc
extinguishes, the value of harmonic index reaches zero, i.e. HI(t) = 0. In other words, after opening the CBs,
if HI(t+ At) < HI(t) the SLG fault is permanent and the tripping command is sent for two healthy phases as
well. However, if HI(t+ At) >= HI(t), the fault is declared as transient and the algorithm tries to detect the
extinguishing moment of the secondary arc to issue a successful reclosing. If HI(t+ At) — HI(t) = 0, it means
that the time of successful reclosing is reached and the algorithm will issue a reclosing command to the faulted
phase.

The proposed algorithm for fault type detection along with determining secondary arc extinguishing time

(for transient faults) is given in Figure 11.
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Figure 9. a) Harmonic index when a permanent SLG fault occurs. b) Harmonic index after CB tripping and applying
the moving average technique.
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Figure 10. Harmonic index behavior: a comparison between transient and permanent faults.

4. Simulation results

In addition to different fault conditions considered in this section for the performance evaluation of the proposed
scheme, simulations have been implemented and assessed in different situations such as transposed or nontrans-
posed TL of the studied network in Section 2.2, equipped with or not equipped with auxiliary equipment like
HSGSs or FLRs for a faster extinguishing of the secondary arc, different locations for the SLG fault in different
phases of the double circuit TL, different levels of voltage, etc. The simulation results are presented in Table 1.
The values of precision in Table 1 are the lowest among the values achieved for the situations in each row. Also,

each situation is simulated for all the fault locations in phase A, B, and C in 10 km intervals of the TL. The

1174



JANNATT and AKBARI/Turk J Elec Eng & Comp Sci

| Data acquisition system }

L2
| Read current sample (i, i, i) ]

| Calculate the residual current (I,)

Read nex sample | Creat harmoni index | Read next sample

F 4 v r Y

| Apply moving average |

v
[ Aw002. t. H /
¥

|Fault detection from distance relay |

Yes Fault No
detected?

Transient

Permanent
Fault

Fault

F Y

Secondary arc

—‘ CB is closed
4' CB continues to stay open I:

is extinguishing

Figure 11. Flowchart of the proposed method.

simulation results presented in Table 1 show that the proposed algorithm works correctly in at least 97.14% of
situations, and it is able to detect the fault type and extinguishing moment of the secondary arc precisely. Then
the proposed scheme is compared with other schemes considering 280 different scenarios. The criterion used in
[4] is the faulted phase voltage THD while the method in [15] uses wavelet packet transform and an adaptive
threshold level based on the harmonic of the faulted phase voltage. The proposed criterion in [19] is based on
a low-pass filter and the cascaded delayed signal cancellation technique, which is applied to the faulted phase
voltage. The approach proposed in [25] is a method based on the voltage harmonic content measurement. The

method in [26] uses the difference between the calculated and the measured voltage of the faulted phase across
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the FLR although it is designed only for double circuit TLs equipped with FLRs. Table 2 presents the results
of the evaluated approaches. As seen, the suggested algorithm in this study has the highest precision compared
with the others.

Table 1. Simulation results.

Situation Transposed | Auxiliary | Number of | Correct Precision
equipment | events diagnosis

Fault located in phase A, B, and C | X X 200 199/200 | 99.50%

in 10 km intervals

Fault located in phase A, B, and C | v X 200 200/200 100.00%

in 10 km intervals

Fault located in phase A, B, and C | v/ HSGS 150 146/150 | 97.33%

in 10 km intervals

Fault located in phase A, B, and C | v FLR 150 148/150 | 98.66%

in 10 km intervals

Voltage levels of TL set to 230, 400, | v/ X 150 148/150 | 98.66%

and 500 kV

Power factor of loads set to the in- | v/ X 150 150/150 | 100%

terval [0.8, 0.95]

Fault resistance set to 50, 100, 250, | v/ X 150 150/150 | 100%

300, and 5009

Noisy situations with SNR=20 and | v’ X 80 78/80 97.50%

SNR=40

Harmonic load added at receiving | v/ X 50 68/70 97.14%

end

Table 2. Evaluation results.

Scheme Number of | Transposed | Auxiliary | Adaptive | Precision
events equipment scheme
Method proposed in [4] 280 X FLR v 87.11%
Method proposed in [15] | 280 v FLR v 91.07%
Method proposed in [19] | 280 v FLR v 91.78%
Method proposed in [25] | 280 v FLR v 88.21%
Method proposed in [26] | 280 v FLR v 92.85%
Proposed algorithm 280 v FLR v 97.14%

5. Conclusion

In this paper, a new approach is proposed for recognizing permanent faults from transient faults. In addition,
the extinction time of the secondary arc (the moment of successful reclosing) is determined for utilizing in
adaptive single phase auto-reclosures of double-circuit TLs. The proposed approach is based on the current
harmonic analysis of healthy adjacent TL. The harmonics of the current waveform at the beginning of the

healthy TL are extracted and then an index is presented for fault type recognition. Utilizing this method for
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double-circuit TLs leads to a fast adaptive reclosing in the case of transient fault occurrences. Therefore, it

prevents instability and nonsynchronism in two sides of the TL. Simulations performed in EMTP-RYV verify the

capability of the proposed approach to recognize the fault type and the secondary arc extinction time accurately

in addition to its simple practical implementation.
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