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Abstract: We present a new algorithm for adaptive single-pole auto-reclosing of power transmission lines using wavelet packet
transform. The db8 wavelet packet decomposes the faulted phase voltage waveform to obtain the coefficients of the nodes 257,
259 to 262. An index is then defined from the sum of the energy coefficients of these nodes. By evaluating the index, transient and
permanent faults, as well as the secondary arc extinction instant, can be identified. The significant advantage of the proposed
algorithm is that it does not need a threshold level and therefore its performance is independent of fault location, line parameters,
and operating conditions. Moreover, it can be used in transmission lines with reactor compensation. The proposed method has been
successfully tested under a variety of fault conditions on a 400 kV overhead line of the Iranian National Grid using the Electro-
Magnetic Transient Program (EMTP). The test results validated the algorithm’s ability in distinguishing between transient arcing

and permanent faults and determining the instant of secondary arc extinction.
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1 Introduction

Arcing accounts for most of the faults on over-
head lines in transmission systems. More than 90% of
arcing faults, which have a transient nature, are of the
single-phase-to-earth type, where single-pole auto-
reclosing (SPAR) can be applied to improve the sys-
tem transient stability and hence the reliability. It has
been shown in the literature that during single-phase
faults half the pre-fault power can still be transferred
by the healthy phases (Power System Relaying
Committee Working Group, 1992; Ahn et al., 2001).

Most automatic reclosing techniques employ a
prescribed reclosure time, thereby reclosing the
breaker after a fixed dead time following a tripping
operation. This method can pose problems in some
cases. For example, when an arcing fault restrikes due
to insufficient time for the fault path to fully deionize,
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fixed time auto-reclosing can cause adverse effects on
the system stability and reliability. On the other hand,
unsuccessful reclosing during a permanent fault may
aggravate the potential damage to the system and
equipment (Bo et al., 1997). For some extra-high-
voltage lines, particularly those that are close to gen-
erating plants, fixed time auto-reclosing cannot be
used and adaptive auto-reclosing schemes have
therefore been introduced over the past decades
(Bowler et al., 1980). These schemes prevent unsuc-
cessful reclosing on permanent faults and during
arcing faults, with reclosing accomplished only after
full extinction of the secondary arc and complete
deionization of the arc path.

Many methods have been proposed for the SPAR
on transmission lines. Ge et al. (1989) used the volt-
age induced from healthy phases to the faulted one to
recognize the fault condition. In Ahn et al. (2001), the
root mean square (RMS) value of faulted phase
voltage was calculated over a data window at each
time step and then compared with the RMS value of
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the previous time step. When the difference between
the RMS values attained a value above a certain
threshold level, a reclosing signal was generated. Bo
et al. (1997) compared the power of high frequency
current components of either of the healthy phases
with a threshold level to discriminate the internal
arcing fault condition from other conditions.

Lin et al. (2006) presented a dual-window tran-
sient energy ratio criterion based on a modal current.
The authors showed that the energy ratio approaches
unity under normal steady-state operation, whereas it
increases greatly under fault conditions. Lin et al.
(2007) further proposed a voltage based criterion
called a dual-window transient energy ratio based on
the faulted phase voltage.

Several researchers used artificial intelligence
(Al) methodology in this area. Aggarwal et al. (1994),
Fitton et al. (1996), and Yu and Song (1998) pre-
sented different adaptive auto-reclosing approaches
based on artificial neural networks (ANNs). Aggar-
wal et al. (1994) used Fourier transform to extract
various components of the faulted phase voltage and
applied them to an ANN, which was trained by more
than 25000 permanent and transient single-phase-to-
earth faults. Fitton et al. (1996) employed the short
time Fourier transform (STFT) to extract proper fea-
ture vectors, which were the energy of voltage
waveforms in five frequency bands and were applied
in training the ANN. The network had five inputs, one
hidden layer, and an output layer with one node. Hy-
brid schemes using ANN and wavelet transform (WT)
were suggested by Yu and Song (1998), where the
WT was used to extract feature vectors used as the
ANN input to identify transient faults and the sec-
ondary arc extinction instant. Lin and Liu (1998) used
the fuzzy logic concept to distinguish between per-
manent faults and transient faults.

Radojevic and Shin (2007) used the total har-
monic distortion (THD) value of the faulted phase
voltage to determine an appropriate time for reclosing.
The fundamental component of the zero sequence
power at both ends of a transmission line was used in
Elkalashy et al. (2007) to detect the extinction time of
the secondary arc. Jamali and Parham (2010) pre-
sented a new analytical method for the SPAR based
on the zero sequence voltage.

This paper introduces a new algorithm for adap-
tive single-pole auto-reclosing, based on the wavelet
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packet transform (WPT), which can identify transient
and permanent faults, as well as the secondary arc
extinction instant.

2 Wavelet packet transform

WPT is a generalized version of the discrete
wavelet transform, which gives a richer range of
possibilities for signal analysis. In wavelet analysis, a
signal is split into approximation and detail coeffi-
cients by passing it through low- and high-pass filters,
respectively, in the first level of decomposition. The
approximation is then split into a second-level ap-
proximation and detail, and the process is repeated.
Therefore, the WPT decomposition forms a binary
tree like structure as shown in Fig. 1 (Mallat, 1999).
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Fig. 1 Wavelet packet transform (WPT) decomposition
of signal f[n]

In Fig. 1, blocks g and h are the low- and
high-pass filters, respectively, which are determined
by the mother wavelet. Coefficients of g and h are
dependent on each other through the following rela-
tion (Zhuang and Baras, 1994; Saleh and Rahman,
2005; Misiti et al., 2007):

h =(-1"g,«, k=01..,L-1. (1)

Any filter bank that satisfies Eq. (1) is known as
a quadrature mirror filter (QMF) bank (Pandey and
Satish, 1998; Saleh and Rahman, 2005; Misiti et al.,
2007). The first-level details dl[n] of a discrete signal
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f[n] are obtained as outputs of the high-pass filter
(Chui, 1997; Misiti et al., 2007):

dl[n]:NZ_:lh(k)f(n—k). 2

The first-level approximations al[n] for the same
discrete signal f[n] are outputs of the low-pass filter:

A=Y oWin-k. @)

Note that, in wavelet packet analysis, a' and d*
are called nodes 1 and 2, respectively.

The translation is carried out through down-
sampling by 2 after each filtering operation. The
second-level details and approximation are deter-
mined by applying the same filters to a down-sampled
one by 2 version of the discrete signal (Chui, 1997;
Muisiti et al., 2007):

N/2-1

aa’[n] = kZ; g(k)a'(n—k), 4)
ad”[n]=' 3~ h(a' (1K) ©)
da?[n] = Nglg(k)dl(n -k), (6)
d@’[n) =3~ hE*(n k), ™

Note that, aa’, ad’, da’, and dd” are called nodes
3,4, 5, and 6, respectively. This procedure is repeated
until the signal is decomposed to a certain pre-defined
level, which depends on the frequency resolution.

3 System modeling

For the simulation purpose to validate the pro-
posed algorithm, one of the important 400 kV trans-
mission lines of the Iranian National Grid has been
chosen. The 264 km line connects the Abbaspoor
substation to the Araak substation. The system fre-
quency is 50 Hz and the line has been modeled using
the Marti model (Marti, 1982) based on the physical
geometry of the line conductors shown in Fig. 2.
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Fig. 2 Transmission-line conductor geometry

Fig. 3 shows the single-line diagram of the test
system. The two-port model has been used for more
accurate representation of the network. The zero and
positive sequence impedances for this model are

Z, pu =1.7902 +17.2186i,
Zopac = 6.8554 + 20.3674i,
ZlAbbaspoor =0.6256 +8.6006 i;
ZOAbbaspoor =0.4511+5.3909 i!
ZlAraak-Abbaspoor = 66921+12731| ’
Z o prascoaspoor = 25924+ 654.84.
ZAraak Abhaspoor
Araak Abbaspoor

VZo
Transmission line

@_ZAraak
b — )éjlt point

Fig. 3 Single-line diagram of the test system with a
two-port model

ZAbbaspoor : :

Several arcing fault models have been proposed
in the literature. Modeling techniques for arc phe-
nomena have been improved by field experiments to
simulate dynamic characteristics (Johns et al., 1994;
Prikler et al., 2002). In this work, arcing faults have
been modeled as presented in Johns et al. (1994).
From a modeling point of view, arcing faults can be
classified as high current primary arc during the fault
and low current secondary arc after the faulted phase
is isolated. The secondary arc is sustained by mutual
coupling between the healthy and faulted phases
(Johns et al., 1994).
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An arcing earth fault on phase ‘a’ at 70 km from
the Araak Bus has been simulated and the faulted
phase voltage at this bus is illustrated in Fig. 4. It can
be seen that following the fault occurrence at t=0.32 s,
the bus voltage reduces. At t,=0.37 s, the breaker
interrupts the fault current and isolates the faulted
phase. The time interval between t, and ty shows the
behavior of the isolated phase voltage during the
secondary arc period. At t;=0.6417 s the secondary
arc is quenched and the recovery voltage direct cur-
rent (DC) offset appears due to the residual voltage of
the transmission line.
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Fig. 4 Voltage waveform of the faulted phase ‘a’ for the
single-phase-to-earth arcing fault

4 Selection of a proper wavelet packet

There are several wavelet packets, and a pre-
processing procedure is required to select the most
suitable one. The procedure is described here for the
test system of Fig. 2. The criterion used to select the
best wavelet packet is the average time delay index
(ATDI) given by

N
ATDI :%Zm“ (8)
i=1

where At; is the difference between the reclosing
command instant and the quenching instant for the ith
case, and N is the number of simulated cases. At; is
calculated for N=8316 different cases as follows: (1)
fault distance: 0 km<L<260 km at a step of AI=10 km
and L=264 km; (2) fault occurrence instant: 0.3 s<t<
0.31 s at a step of At=0.001 s; (3) load angle:
—20°<9<20° at a step of Ad=5°.
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The above procedure is performed for three
cases of uncompensated transmission line, transmis-
sion line with an isolated neutral shunt reactor, and
transmission line with an earthed neutral shunt reactor.

ATDI has been calculated for 34 types of wavelet
packets including: Haar, Daubechies (db2 to db10),
Symlets (sym2 to sym9), Coiflets (coifl to coif5),
Biorthogonal (bior2.4, bior2.6, bior2.8, bior3.3, bi-
or3.5, bior3.7, bior3.9, bior4.4, bior5.5, bior6.8), and
discrete Meyer (dmey). The results are given in
Table 1, where it can be seen that db8 has a better
performance and offers a higher level of accuracy
(minimum level of ATDI, 0.00501).

Table 1 Average time delay index (ATDI) of different
types of wavelet packet

Wavelet packet ATDI Wavelet packet ATDI
haar 0.01873 db4 0.00625
coifl 0.01742 db5 0.00836
coif2 0.01438 db6 0.00729
coif3 0.01509 db7 0.00763
coif4 0.01281 db8 0.00501
coif5 0.01165 dh9 0.00705
dmey 0.02027 db10 0.00712
sym2 0.01242 bior2.4 0.01933
sym3 0.00998 bior2.6 0.01478
sym4 0.00816 bior2.8 0.01094
sym5 0.00980 bior3.3 0.01382
sym6 0.00924 bior3.5 0.01126
sym7 0.00951 bior3.7 0.00893
sym8 0.00709 bior3.9 0.00921
sym9 0.00892 bior4.4 0.00994
db2 0.01198 bior5.5 0.00965
db3 0.00854 hior6.8 0.00897

5 Algorithm

The new algorithm uses the faulted phase volt-
age signal, which is sampled at 20 kHz. Then, by
using the db8 wavelet packet, the voltage signal is
decomposed into scale 8 and the coefficients of node
257 (containing the frequency range 78.125-
117.1875 Hz) and nodes 259 to 262 (containing the
frequency range 156.25-312.5 Hz) are selected.
Therefore, the index is defined as

262

index=i > d () 9)

i=1 k=257, k=258

where dx and N are the coefficients and the number of
coefficients at node k, respectively.
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Note that the index is evaluated after the line
breakers have isolated the faulted phase from both
ends. The index evaluation is delayed by one cycle to
overcome transients produced during the opening
period of the circuit breakers.

Fig. 5 shows that the behavior of the proposed
index under arcing faults is completely different from
that under permanent faults. In Fig. 5 a phase-a-
to-earth fault occurs on the line at 0.331 s and the
faulted phase is isolated at 0.381 s from both ends.
The fault location is 130 km from the sending end of
the line and the load angle is —10°.
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Fig. 5 Variation of the index during a transient fault (a)
and a permanent fault (b)

Fig. 5a shows that after opening the breakers the
index has a non-zero value for the transient fault (in-
stant t,), and once the secondary arc is quenched (in-
stant tg), it becomes zero. In contrast, Fig. 5b shows
that during permanent faults, the index remains zero
and does not change. This feature has been used to
distinguish between permanent and transient faults
and to determine the instant of secondary arc extinc-
tion. After opening the breakers, if the index remains
null, the fault is permanent. Otherwise, the fault is
transient and when the index becomes zero the sec-
ondary arc is quenched. The secondary arc extinction

time is identified by evaluating the index.

In theory, to distinguish between permanent and
transient faults and to determine the secondary arc
extinction time, we need only to compare the index
with zero. In practice, the index is compared with a
small value, a, to overcome low amplitude variations
of the index during permanent faults. In the test sys-
tem, a is set to 0.75.

As mentioned before, the index is calculated
after one cycle delay to overcome the transients
produced during the opening period of the circuit
breakers. The algorithm can be improved by disre-
garding this delay time and introducing an adaptive
threshold level (ATL) after the breakers are opened.
In order to calculate the ATL, the index value at each
time step is added to its values at the previous time
steps, and hence the ATL is formed as follows:

ATL(K) = izk:index(i),

3 (10)
where fs is the sampling rate. Actually, the ATL acts as
a dynamic threshold level and therefore obviates the
need for any fixed threshold level, which requires
adjustment according to the transmission system. In
other words, by using the ATL, the transient and
permanent faults as well as the secondary arc extinc-
tion instant can be identified for different transmis-
sion systems without any threshold level adjustment.

6 Simulation study

Numerous simulation tests have been run to in-
vestigate the validity of the proposed algorithm under
different fault conditions on the transmission lines
with/without reactor compensation. The fault condi-
tions include different load angles, fault occurrence
instants, and fault locations. For brevity, only the
selected test results are presented.

6.1 Line without reactor compensation

Three cases are considered for the line without
reactor compensation. For all the cases the fault is a
single-phase-to-earth one involving phase ‘a’.

In the first case, it is assumed that the fault oc-
curs at 0.32 s and at 10 km from the Araak Bus. The
load angle is 15° and the breakers open at 0.37 s.
Fig. 6a shows the algorithm performance under
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this fault condition. Fig. 6b depicts the algorithm
performance under a permanent fault for the same
conditions.
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Fig. 6 Algorithm performance on the uncompensated
line for a transient fault (a) and a permanent fault (b)
The fault occurs at 0.32 s and at 10 km from the Araak Bus.
The load angle is 15° and the breakers open at 0.37 s

As shown in Fig. 6a, during an arcing fault and
after the breakers opening, the index has a non-zero
value and as the secondary arc quenches, the index
becomes zero, whereas in Fig. 6b the index remains
zero and does not change during a permanent fault.

In the second case, it is assumed that the fault
occurs at 0.334 s and at 230 km from the sending end
bus. Both the line end breakers isolate the faulted
phase at 0.384 s and for the load angle of 5°. Figs. 7a
and 7b show the algorithm performance for the tran-
sient and permanent faults, respectively.

In the third case, the fault occurs at 0.328 s and at
the distance of 155 km from the Araak Bus. The load
angle is —5° and the breakers open at 0.378 s. Figs. 8a
and 8b show the algorithm performance under tran-
sient and permanent faults, respectively.

Fig. 9 provides more test results for different
load angles and fault locations. It is assumed that the
fault occurs at 0.33 s and the faulted phase is isolated
at 0.38 s by opening both line end breakers.
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Fig. 7 Algorithm performance on the uncompensated
line for a transient fault (a) and a permanent fault (b)
The fault occurs at 0.334 s and at 230 km from the sending
end bus. Both the line end breakers isolate the faulted phase
at 0.384 s and for the load angle of 5°
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Fig. 8 Algorithm performance on the uncompensated
line for a transient fault (a) and a permanent fault (b)
The fault occurs at 0.328 s and at the distance of 155 km
from the Araak Bus. The load angle is —5° and the breakers
open at 0.378 s
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Fig. 9 Test results for different fault conditions
At is the difference between the secondary arc quenching
instant and the reclosing command instant

Figs. 6-9 show the correct performances of the
algorithm for different load angles, fault locations,
and fault occurrence instants.

6.2 Line with reactor compensation

According to the analysis presented in Li et al.
(2004) for transmission lines with a shunt reactor, the
residual voltage of isolated phase consists of the re-
sidual voltage coupled from both the sound phases
and the free oscillation frequency component due to
electromagnetic induction by the line capacitance and
the compensation reactors. Therefore, the compound
residual voltage on the isolated phase will appear as a
swing behavior, which does not permit most previous
automatic reclosing techniques to be directly applied
to transmission lines with reactor compensation.

Our proposed algorithm is immune to the swing
behavior. This is shown by simulation tests performed
for the case where a three-phase 50 MVar reactor is
connected at each end of the line. Each 50 MVar re-
actor has been modeled by a 40 Q resistance in series
with a 5000 Q reactance. The results for both per-
manent and arcing faults involving phase-a-to-earth
are given for the three cases.

In the first case, it is assumed that the 50 MVar
shunt reactors are with earthed neutral and that the
fault occurs at 0.323 s and at a distance of 145 km
from the sending end bus. The line end breakers iso-
late the faulted phase at 0.373 s and the load angle is 0°.

Figs. 10a and 10b show the correct algorithm
performance under transient and permanent faults,
respectively, under the same condition.

In the second case, it is assumed that the
50 MVar shunt reactors are with isolated neutrals and

that the fault occurs at 0.332 s and at a distance of
240 km from the Araak Bus. The load angle is —5°
and the breakers open the line at 0.382 s. Fig. 11a
illustrates the algorithm performance for the transient
fault, whereas Fig. 11b depicts the performance for
the permanent fault.
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Fig. 10 Algorithm performance on transmission line with
an earthed neutral shunt reactor for an arcing fault (a)
and a permanent fault (b)

Fig. 12a shows more results for the line with an
earthed neutral shunt reactor for various load angles
and fault locations. Similarly, Fig. 12b shows the
results for the line with an isolated neutral shunt re-
actor. It is assumed that the fault occurs at 0.32 s and
the breakers open at 0.37 s.

To reduce the secondary arc duration for reactor
compensated lines, one method is to use a single-
phase reactor in the neutral of the shunt reactor. To
justify this method, it is assumed that a 50 MVar shunt
reactor with a 927 Q neutral reactor is installed at both
line ends. The appropriate amount of neutral reactor
(927 Q) is determined based on the analysis given in
Power System Relaying Committee Working Group
(1992). It is assumed that a phase-a-to-earth fault
occurs at 0.338 s and at 90 km from the Araak Bus.
The load angle is —10° and the breakers open at 0.388 s.
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Fig. 11 Algorithm performance on transmission line with
an isolated neutral shunt reactor for an arcing fault (a)
and a permanent fault (b)
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Figs. 13a and 13b show the algorithm perform-
ance for the transient and permanent faults,
respectively.
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Fig. 13 Algorithm performance on transmission line
with shunt compensation and with a neutral reactor for
an arcing fault (a) and a permanent fault (b)

Figs. 10-13 show that the algorithm can cor-
rectly discriminate between transient and permanent
faults and determine the secondary arc extinction
instant for the shunt reactor compensated transmis-
sion lines. This is a significant advantage of the pro-
posed method over previous methods.

7 Conclusions

A new algorithm for adaptive single-pole auto-
reclosing has been proposed using wavelet packet
transfer (WPT). In this algorithm, the faulted phase
voltage is captured with a sampling rate of 20 kHz.
Then the db8 wavelet packet is used to decompose the
signal to level 8 and to define an index, which is ob-
tained from the sum of the coefficients energy of
nodes 257 and 259 to 262. Finally, by evaluating the
index value, the transient and permanent faults as well
as the secondary arc extinction instant can be
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identified. The proposed algorithm does not require
an Al tool like ANN, nor does it need case based
threshold level; hence, its results are independent of
the system operation and fault conditions. The algo-
rithm can also be used in transmission lines with
reactor compensation. The accuracy and sensitivity of
the algorithm have been verified by simulation stud-
ies under different fault conditions.
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