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Abstract :

A novel and simple approach for adaptive
single pole auto-reclosing is proposed in this
paper. The algorithm consists of capturing the
faulted phase voltage using 20kHz sampling
rate, decomposing it by db8 wavelet packet to
attain the coefficients of nodes 257, 259 to
262 and defining an Index, which is obtained
from the sum of the coefficients energy of
nodes 257, 259 to 262. Finally, by evaluating
the wvalue of the Index, the transient,
permanent faults and the secondary arc
extinction instant can be identified. The
significant advantage of the proposed
algorithm is that it does not need variant
threshold level and therefore its performance
is independent of fault location, line
parameters and the system operating
conditions. Moreover, it can be used in the
transmission lines with reactor compensation.
The proposed method has been successfully
tested under a variety of fault conditions on a
500KV overhead line using PSCAD/EMTDC

software. The test results validate the
algorithm ability in distinguishing between
transient and permanent faults and
determining the instant of secondary arc
extinction.

I. INTRODUCTION

The most common faults on overhead lines
are transient, with more than 90% of these are
single phase to earth faults. For such faults,
single pole auto-reclosing (SPAR) provides a
means of improving transient stability and
reliability. Furthermore, half the pre-fault
power can be transferred in the remaining
healthy phases [1-2].

The  classical  automatic  reclosing
techniques employs a prescribed reclosure
time, that is, the breaker is re-closed after a
fixed period following a tripping operation.
However employing a fixed prescribed dead
time can pose problems. In the case of an
arcing fault, for example, a fault restrike due
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to insufficient time for the fault path to fully
de-ionise can threaten system stability and
reliability. On the other hand, unsuccessful
reclosing during a permanent fault may
aggravate the potential damage to the system
and equipment [3]. For some extra-high-
voltage lines, especially near generating
plants, the classical automatic reclosing of
breakers cannot be used and therefore
adaptive reclosing schemes have been
introduced over the past decades [4]. Such
schemes prevent unsuccessful reclosing on
permanent faults, and during transient
(arcing) faults reclosing is done only after full
extinction of the secondary arc and complete
de-ionisation of the arc path.

Many methods have been proposed for
SPAR. In [5] the value of voltage induced
from healthy phases to the faulted one is used.
In [2] the root mean square (RMS) value of
faulted phase is calculated over a period and
when the difference between present RMS
and the previous one at each time step attains
a value above a certain threshold level, a
reclosing command signal is generated.
Reference [3] uses the current of one of the
two healthy phases and compares its power of
high frequency components with a threshold
level.

In [6] a criterion of a dual-window transient
energy ratio based on mode current is
presented. In this paper, it is shown that the
energy ratio approaches unity during steady-
state operation whilst it increases greatly
during the fault conditions, existences of
primary and secondary arcs and arc
extinguishing. Furthermore, the same authors
in [7] propose a criterion called a dual-
window transient energy ratio based on the
faulted phase voltage.

References [8-10] present different adaptive
autoreclosure approaches based on artificial
neural network (ANN). In [8] by use of
Fourier Transform various components of the
faulted phase voltage is extracted and applied
to an ANN, which is trained by more than
25000 permanent and transient single phase to
earth faults.

In [9] the Short Time Fourier Transform
(STFT) is employed to extract proper feature
vectors, which are the energy of voltage
waveform in five frequency bands and are
applied in training the ANN. The network has
five inputs, one hidden layer and an output
layer with one node. Hybrid schemes using
neural networks and wavelet transform are
suggested in [10]. In this paper, the wavelet
transform is used to extract feature vectors
and the vectors are used as input of ANN to
identify the transient, permanent faults and
the secondary arc extinction instant. Authors
of [11] wuse Fuzzy Logic concept to
distinguish permanent faults from the
transient.

In [12] the total harmonic distortion (THD)
value of the faulted phase voltage is used to
determine an appropriate time for reclosing.
The fundamental component of the zero
sequence power at both ends of a line is used
in [13] to detect the extinction time of the
secondary arc. Authors of [14] present a new
method for SPAR based on the zero sequence
voltage.

This paper introduces a new algorithm for
adaptive single-pole auto-reclosing based on
wavelet packet transform (WPT). In the
algorithm, the faulted phase voltage is
captured with a sampling rate of 20kHz. Then
the db8 wavelet packet is used to decompose
the signal to level 8 and to define an Index,
which is obtained from the sum of the
coefficients energy of nodes 257, 259 to 262.
Finally, by evaluating the value of the Index,
the transient, permanent faults and the
secondary arc extinction instant can be
identified. The proposed algorithm does not
require an artificial intelligence tool like ANN
nor does it need variant threshold level, so its
results are independent of the system and fault
conditions. The algorithm can also be used in
transmission systems with reactor
compensation.

The rest of this paper is organized as
follows. In section II wavelet packet
transform is introduced, Section III presents
the simulated system parameters. In Section
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IV arcing fault modeling is briefly introduced.
Section V indicates the proposed algorithm
and demonstrates how the proposed Index is
calculated. Simulation results and conclusion
are presented in Section VI and VII,
respectively.

II. WAVELET PACKET TRANSFORM

The wavelet Packet Transform (WPT) is a
generalized version of the discrete wavelet
transform in a way that each level of
resolution (also known as octave) j consists of
27 boxes, generated by a tree of low pass and
high pass filtering perations. Therefore, the
frequency bandwidth of a box decreases with
growing octave number. In other words, with
increasing octave number, the frequency
resolution becomes higher while the time
resolution is reduced. Starting with the signal
fln] with length N, the first Ilevel
decomposition will produce d'[n] and a'[n] as
any other wavelet transform. The second level
decomposition will produce four sub-bands
due to the decomposition of both d'[n] and
a'[n] using the same set of filters used in the
first level decomposition. These four sub-
bands are aa’[n/2], ad’[n/2], da’[n/2], and
dd’[n/2] [15], [16], [17]. Thus the ordinary
wavelet decomposition is a sub-tree of the
wavelet packet decomposition tree. The main
advantages of the WPT over other types of
wavelet transforms are accurate and detailed
representations of the decomposed signals.
Also, wavelet packet basis functions are
localized in time offering better signal
approximation and decomposition. These
basis functions are generated from one base
function (the mother wavelety(?) or the
scaling function ¢(#) if exists) at scale,
oscillation and location given as [15], [16].

WS,C,b(n) = 2j/2Wc(2_j (n—b)) (1)

where We(n) is the wavelet transform
coefficient matrix.

In wavelet packet analysis, a signal f[n] is
represented as a sum of orthogonal wavelet
packet basis functions wscp(n) at different
scales, oscillations and locations given as
[15], [16].

1= w c ,[nWen] )
S C b

The WPT has many applications including
pattern recognitions, image processing,
denoising, data compression and others [17],
[19]. The WPT has a decomposition tree
shown in Fig. 1 that employs the DWT as part
of its decomposition process [19].

(0)
Signal F[n]

Level 0

G H
(1)1 (2)
Level 1 | a' |
G H G H
3) @ (® (6)
Level2 | aa®> || ad® || da® || dd® |

Fig. 1 WPT Decomposition of the signal f[n].

The vectors G and H stand for the low pass
and high pass filters, respectively determined
by the mother wavelet. The coefficients of G
and H are not independent from each other,
rather they are related through the following
relation [15],[17],[20].

h=(-D'g, s k=012,.,L-1 3)
Any filter bank that satisfies the relation in

Eq. 1 is known as a quadrature mirror filter
(QMF) bank [15], [17], [20], [21].

The first level two sub-bands can be
expressed as [17], [18].

'] =Y g(k) f(n—Fk) @)
d'[n]= Y h(k)f(n—k) 5)

The first level details d' represent high
frequencies present in the analyzed signal
fIn]. In general, the details represent high
frequency components extracted from the
analyzed signal at each level of resolution
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[14], [18]. It should be noted that in wavelet
packet analysis, a' and d' are called as nodes
1 and 2 respectively.

The second level four subbands can be

expressed mathematically as.
N/2-1

aa’[n)= Y. g(k)a' (n—k) (6)

N/2-1

ad*[n]= Y h(k)a'(n—k) (7)

N/2-1

da’[n]= ) g(k)d'(n~k) (8)

N/2-1

dd*[n]= > h(k)d'(n—k) 9)

It is noteworthy that, aaz, adz, da’ and dd*
are called as nodes 3, 4, 5 and 6 respectively.

This procedure is repeated until the signal
is decomposed to a pre-defined certain level.

III. SIMULATED SYSTEM PARAMETERS

Fig. 2 shows the single line diagram of a
500kV transmission line. Power system
frequency is 60Hz. The 260km transmission
line is modeled wusing the Frequency
Dependent (Phase) Model.

Fig. 3 depicts the line construction
considered.

Viid i A B v, 00
: Z, | Transmission line ‘ Ly :

I"' Fault point

Fig. 2 Single line diagram of the simulated system.
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Fig. 3 Transmission-line conductors geometry.

Each source is modeled by simple lumped
parameter networks based upon the
symmetrical short-circuit level (SCL) and
sequence impedance ratios Zsg / Zs; at power
frequency. The value of SCL and Zs / Zs; in
the two buses is as follows:

SCLA:1500 MVA, ZSOA / ZSlAzl (10)
SCLBISOOO MVA, ZSOB / ZSIB =1 (1 1)

IV.MODELING FOR ARCING FAULT

Several arcing fault models have been
proposed in the literature. Modeling
techniques for arc phenomena have improved
by field experiments to simulate dynamic
characteristics [22, 23].

In this paper, arcing faults have been
modeled as presented in [23]. 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 [23].

A. Primary arc

It can be shown that the primary arc model
is represented by a time dependent resistance
as follows:

s 12

where g, is the time varying primary arc
conductance, 7,is the time constant of the
primary arc and G, is the stationary primary
arc conductance.

The stationary primary arc conductance can
be defined as:

1
G, = VL (13)

where ¥ is the constant voltage parameter
per unit length of the primary arc, /¢, is the

primary arc length and |z| is absolute value of

the primary arc current.
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The time constant of the primary arc can be
evaluated by
_a,l,

’ /

P

(14)

where the coefficient ¢,is about 2.85x107
for the arc currents ranging from 1.4kA to
24KkA [23].
B. Secondary arc

The secondary arc is a highly complex
phenomenon, and is influenced by a number
of factors [23]. The secondary arc can be
modeled by:

dg, 1
= =—(G, - 15

where g is the time varying secondary arc
conductance, 7, is the time constant of the
secondary arc and G, is the stationary
secondary arc conductance.

The stationary secondary arc conductance is
obtained by:

_ i
G, = 7 0) (16)

where ¥, is the constant voltage parameter

K

per unit length of secondary arc, ¢ (z,) is the

time varying length of secondary arc and |i is
absolute value of the secondary arc current.

The time constant of the secondary arc can
be defined as:

11.4
r,- (7)
¢.(,)
where the coefficient g is about
2.51x107 for low current arcs [23].

The secondary arc length variation is
approximated by the following equation for
relatively low wind velocities from 0-1 m/s:

) 10/, ¢ >0.1s s
= (19)

Furthermore, the re-ignition voltage
(withstand  voltage) has the complex
characteristics of the secondary arc as
described in [23]. The secondary arc can be

re-ignited if a sustaining arc energy voltage
supplied by power system is larger than the
re-ignition voltage. Based on the experimental
results, the re-ignition voltage is obtained by
Eq. 20 [23]:

16207, ,
V,_(r,,):{5+ 2.15”&}(:, ~T)h(t, ~T.)x10°V /em (19)

where V,(t,) is the arc re-ignition voltage
that has to be reached before the arc restrikes
again, 7, is time from the initiation of
secondary arc to a current zero and A(z,-T,) is
a delayed unit-step function (= 0 when ¢, < T,
=1whent>T,).

V. PROPOSED ALGORITHM

In the proposed algorithm, the faulted phase
voltage signal is captured at a sampling rate
of 20kHz. Then by using db8 wavelet packet,
the voltage signal is decomposed to scale 8,
and coefficients of node 257 (which contain
frequency range between 78.125Hz to
117.1875Hz) and nodes 259 to 262 (which
contain frequency range between 156.25Hz to
312.5Hz) are selected. Therefore the Index is
obtained from:
262

Index = de(i)z, i=1:N (20)
k=257
k#258

where, d; and N are the coefficients and the
number of coefficients at node £, respectively.

It should be noted that the Index is
computed after the both line end breakers
have isolated the faulted phase. Furthermore,
this computation is delayed by one cycle to
overcome the transient produced during
opening period of the circuit breakers.

The behavior of proposed Index is
completely different under arcing faults and
permanent faults as shown in Figs. 4 and 5,
respectively. It is supposed that an A-phase to
earth fault occurs on the transmission line at
an instant 0.3s and at 0.35s the faulty phase is
isolated from both ends by opening the
breakers. The fault location is 100km from
tlée sending end of the line and load angle is
0.
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Fig. 4 Variation of Index during a single phase to
earth transient fault. (Lf=100km, tf=0.3s and 6=00)
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Fig. 5 Variation of Index during a single phase to
earth permanent fault. (Lf=100km, tf=0.3s and
6=00)

It can be seen in Fig. 4 that in case of
transient faults after the breakers opening
(instant t,), Index has a non-zero value and
whenever the secondary arc is quenched
(instant ty), its value becomes zero. However,
it is obvious from Fig. 5 that during
permanent faults Index remains equal to 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
extinction, i.e. after the breakers opening, if
Index does not change and remains at the zero

value, it is a permanent fault, otherwise, the
fault is recognized as a transient one and in
this case as the secondary arc is quenched the
value of the Index becomes zero.

Consequently, by evaluating the value of
the proposed Index, the transient and
permanent faults, as well as the secondary arc
extinction time are identified.

In theory, to distinguish permanent faults
from transient faults and to determine the
secondary arc extinction time, the Index only
needs to be compared with zero. In practice,
Index is compared with a small value,, to
overcome low amplitude variations of the
Index during permanent faults. In the 500kV
simulated test system, the amount of « is
considered 0.75.

V1. SIMULATION RESULTS

The proposed algorithm has been validated
by numerous simulation tests under different
fault conditions on the transmission line
with/without reactor compensation. The fault
conditions include different load angles, fault
occurrence instants, and fault locations. Only
some selected test results are given here for
the purpose of brevity.

In the first case, it is assumed that a phase
‘a’ to earth fault occurs at the instant 0.302s
and the distance of 200km from the sending
end bus. The load angle is 0° and the breakers
are opened at 0.352s. Fig. 6 shows the
algorithm performance under this fault
condition. Fig. 7 depicts the algorithm
performance under permanent fault for the
same condition.

As shown in Fig. 6, during arcing fault and
after the breakers opening, Index has a non-
zero value and as the secondary arc is
quenched Index becomes zero. However, it is
evident in Fig. 7 that during permanent faults,
Index remains equal to zero and does not
change.
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Fig. 6 Algorithm performance for a single phase to
earth transient fault. (Lf=200km, tf=0.302s and
6=00)
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Fig. 7 Algorithm performance for a single phase to
earth permanent fault(Lf=200km,tf=0.302s and
6=00)

In the second case, it is assumed that the
fault occurs at the instant 0.3s and the
distance of 20km from the Bus ‘A’. The both
end breakers isolate the faulted phase at the
instant 0.35s and the load angle is -20°. Fig. 8
shows the algorithm performance for the
transient fault, whereas Fig. 9 illustrates the
algorithm performance when the fault is
permanent.

Index

Fig. 8 Algorithm performance for a single phase to
earth transient fault. (Lf=20km, tf=0.3s and 6=-200)
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Fig. 9 Algorithm performance for a single phase to
earth permanent fault. (Lf=20km, tf=0.3s and 6=
200)

Figs. 4 to 9 show the validity of the
algorithm for different load angles, fault
locations and fault occurrence instants.

In the third case, it is supposed that
50MVAR shunt reactors with earthed neutrals
are installed at both line ends and the fault
occurs at the instant 0.306s and a distance of
120km from the Bus ‘A’. The both end
breakers isolate the faulted phase at the
instant 0.356s and the load angle is 5°. Each
S50MVAR reactor has been modeled by a
resistance of R=10Q in series with a reactance
of X=5000Q2.

Fig. 10 shows the algorithm performance
under transient fault for this condition. Fig. 11
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depicts the algorithm performance under
permanent fault for the same condition.
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Fig. 10 Algorithm performance for transient fault
on transmission line with earthed neutral shunt
reactor. (Lf=120km, tf=0.306s and 6=50)
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Fig. 11 Algorithm performance for permanent fault
on transmission line with earthed neutral shunt
reactor. (L=120km, t=0.306s and 5=5")

It can be seen that the algorithm can exactly
determine the transient, permanent faults and
the secondary arc extinction instant even for
the shunt reactor compensated transmission
line, which is a significant advantage of the
proposed method.

VII.

A new algorithm for adaptive single pole
auto-reclosing has been proposed based on
computing of an Index using WPT. The
algorithm performs based on evaluating the
value of the Index.

CONCLUSION

The proposed algorithm has the advantage
that it can directly distinguish between
transient and permanent faults and determine
the instant of secondary arc extinction, and it
does not require variant threshold level.
Furthermore, the generated reclosing signal
by the algorithm is independent of the fault
location, line parameters and pre-fault
operational conditions. Another advantage of
the algorithm is that it can recognize the
transient, permanent faults and the secondary
arc extinction instant in shunt reactor
compensated transmission lines.

The accuracy and sensitivity of the
proposed algorithm have been verified by
several simulation tests under different fault
conditions.
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