Indonesian Journal of Electrical Engineering and Informatics (IJEEI)
Vol.1, No.1, March 2013, pp. 1~7
ISSN: 2089-3272 " 1

A New Method for Recognition of Arcing Faults in
Transmission Lines using Wavelet Transform and
Correlation Coefficient

Navid Ghaffarzadeh
Technical and Engineering Faculty, Imam Khomeini International University, Qazvin, Iran
e-mail: ghaffarzadeh@ikiu.ac.ir

Abstract

In this paper a novel method based on discrete wavelet transform and correlation coefficient is
presented for distinguishing between arcing and permanent faults. The algorithm includes offline and
online processing. In the offline, discrete wavelet transform is used to decompose typical faulted phase
voltage waveforms during arcing faults. An index is then defined and computed. The index is based on the
normalised energy of detail coefficients at resolution levels 1 to 14. The online processing consists of
capturing the faulted phase voltage waveform using a 20 kHz sampling rate, and decomposing it by db4.
Finally, arcing faults are distinguished from permanent faults based on correlation coefficient of the
computed index of the pre-stored typical arcing faults and a recorded indistinct signal. The effectiveness of
the approach has been tested for numerous arcing and permanent fault conditions on a transmission line
using the Electromagnetic Transient Program (EMTP) software tool. The simulation results show the
capability of the proposed method in distinguishing between arcing faults from permanent faults.
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1. Introduction

According to the statistics data, about 70~80% of faults on transmission lines are single-
phase to earth faults, which are mostly of transient (arcing) type. Distinguishing between
transient and permanent faults for single pole auto-reclosing has therefore been the subject of
several research works over the past 15 years. In [1] the neural network based technique was
used to recognise transient faults. An arc-based scheme using the Fourier transform was
proposed in [2]. Bo, et al used the transient high frequency signals of the faulted phase in [3-4],
whereas in [5] they used the current of one of the two healthy phases and compared its power
of high frequency components with a threshold level. In this pursuit, a method using dual-
window transient energy ratio based on the faulted phase voltage has been presented in [6].
Recently, a criterion based on the differential current of the tripped phase in the transmission
line with shunt reactor has been proposed in [7].

In this paper a new method based on discrete wavelet transform (DWT) and correlation
coefficient is proposed for distinguishing between arcing and permanent faults.

2. Correlation Coefficient
In practice, the most convenient way to assess the strength dependence between two
variables, say, X and Y is through their correlation, defined as:

Cov(X,Y)

yVar(X)var(Y) @)

For positively correlated variables (e.g., Corr(X,Y)>0), there is a tendency for high
values of one variable to be associated with high values of the other variable. With negatively
correlated variables, there is a tendency for high values of one variable to be associated with
low values of the other variables. The strength of these tendencies increases as the correlation
moves further away from O to 1 or -1 [8].

Corr(X,Y)=
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3. Test System Modelling

The single line diagram of a 400kV transmission line between Anjirak and Abbaspoor
substations is shown in Figure 1. The 264km transmission line is modelled by using J. Marti
model [9] based on the physical geometry of the line conductors shown in Figure 2.
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Figure 1. Single Line Diagram of the Simulated Figure 2. Geometry of the Transmission
Transmission System Line Conductors

The Thevenin equivalent source impedances at the Anjirak and Abbaspoor Buses have
been obtained from their short circuit levels. The zero and positive sequence impedances for
the source Thevenin equivalent circuits are:

Z i =1.7902417.21860 , Z e = 6.8554-+20.3674i @)

Z —0.6256+8.6006i , Z = 0.4511+5.3909i ©)

1Abbaspoor 0 Abbaspoor

Several arcing fault models have been proposed in the literature. Modelling techniques
for arc phenomena have improved by field experiments to simulate dynamic characteristics [10,
11].

In this paper, arcing faults have been modelled as presented in [11]. From a modelling
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 [11].

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

:T_(Gp_gp) 4)

Where g, is the time varying primary arc conductance, T, 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:

_ i
G, Ve, ®)
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Where Vp is the constant voltage parameter per unit length of the primary arc, ¢ p is the

primary arc length and |I| is absolute value of the primary arc current.
The time constant of the primary arc can be evaluated by:

|
T, =—" (6)

Where the coefficient o, is about 2.85x10° for the arc currents ranging from 1.4kA to
24KA [11].

3.2. Secondary Arc
The secondary arc is a highly complex phenomenon, and is influenced by a number of
factors [11]. The secondary arc can be modelled by:

dg 1
s 2 (G —
-7 (6.-9.) (7)

S

Where g.is the time varying secondary arc conductance, T, is the time constant of the
secondary arc and G, is the stationary secondary arc conductance.
The stationary secondary arc conductance is obtained by:

G o
®)

Where V, is the constant voltage parameter per unit length of secondary arc, (t,) is

the time varying length of secondary arc and ||| is absolute value of the secondary arc current.
The time constant of the secondary arc can be defined as:

p
T. = 9
) ©

Where the coefficient £ is about 2.51x10*for low current arcs [11].

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

10t, t >0.1s

2O

1 t, <0.1s (19)

Furthermore, the re-ignition voltage (withstand voltage) has the complex characteristics
of the secondary arc as described in [11]. 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 Equation 11 [11]:

[, 16207, ~ ~ ,
vr(tr)_{5+2.15+|jx(tr T.) h(t, =T.)x10°V /cm (11)

Where V,(t,) is the arc re-ignition voltage that has to be reached before the arc re-strikes
again, T, is time from the initiation of secondary arc to a current zero and h(t-Te) is a delayed
unit-step function (= 0 when t, < Te and = 1 when t,> T,).
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An arcing earth fault on Phase ‘a’ at 35km from Anjirak Substation has been simulated
and corresponding voltage of the faulted Phase ‘a’ measured at the Anjirak Bus is illustrated in
Figure 3. It can be seen that following the fault occurrence at t=0.32s, the bus voltage reduces.
At t,=0.37s, the breaker interrupts the fault current and isolate the faulted phase. The time
interval between t, and ty illustrates the behaviour of the voltage of the isolated phase during the
secondary arc period. At t,=0.65s the secondary arc is quenched and the recovery voltage
Direct Current (DC) offset appears due to the residual voltage of the transmission line. The
voltage waveform of the faulted phase is similar to the results obtained in [11], which validates
the simulation accuracy of this paper.
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Figure 3. Voltage Waveform of the Faulted Phase ‘a’ for the Single-phase-to-earth
Arcing Fault

4. Proposed Method
The proposed method for arcing fault detection is based on DWT and correlation
coefficients. The algorithm includes offline and online processing.

4.1. Offline Processing

In the offline, DWT is used to decompose the known faulted phase voltage signal and to
generate an index under arcing fault condition. The index is the normalised energy of detail
coefficients of faulted phase voltage at resolution levels 1 to 14 as shown below.

To compute the index assume faulted phase voltage signal, S(t), is decomposed to N
levels by DWT, as follows:

S(t): Scl(t)+Sdl(t)+sd2(t)+Sd3(t)+""+ Sin (t) (12)
s(t):zicl(i)¢(t_i)+zi_ldj(i)ziw(zit_i) (13)

i

In a multi resolution analysis, a set of nested subspaces V; and W, are defined as:

Vy oV, oV ,2..0V,; 5.0V, DV, (14)
Vi, =V, 0w, (15)
VW, = {0} (16)

Where @ denotes the summation of two subspaces.

Consequently, an input signal S(t) can be decomposed into its subset signals S¢(t) and
Sgi(t) in accordance with the subsets V; and Wi, respectively, as follows [12]:
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5. (0= X e, 1) an
s,0)-Y d,(2%y @'t-1) (18)
Where ¢, € R.

Therefore, the energy of detail coefficients of distorted signal S(t) at resolution level j is
computed from:

Nogj, 2 )
B = 2 40

Where j is the level of decomposition, d; and Ndj are the detailed coefficients and

number of detailed coefficients at level j, respectively. Accordingly, the aforementioned index is
defined as:

[Eq1EqpBar3 Faral |

Max(E 1 Ey o Eqiz Eqra

Index =

(20)

Therefore, index is a vector which has fourteen members. This index is computed
during the offline processing for the known arcing fault condition. The index will be used in
online operation to distinguish between arcing and permanent faults. It should be noted that
index has been computed after the faulted phase is isolated from both ends by opening the
breakers.

4.2. Online Processing

After faulted phase is isolated from the both line ends by opening the breakers, five
cycles of the unknown faulted phase voltage is captured using 20 kHz sampling rate. Then the
unknown signal is decomposed by db4 to 14 levels to compute the index using Equation 20.

Finally, correlation coefficient between the pre-stored index (calculated in the offline
processing) and the computed index of a recorded indistinct signal is calculated. If this
correlation coefficient is higher than 0.7, it means that an arcing fault is occurred, otherwise it is
a permanent fault.

5. Results and Discussion

Numerous simulation tests under different fault conditions on the test system of Figure 1
have been used to verify the accuracy of the proposed method. The fault conditions include
different load angles, line lengths, and fault locations. Only some selected test results are given
here for the purpose of brevity.
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Figure 4 shows the index for the arcing fault condition that a phase ‘a’ to earth fault
occurs on the transmission line at 0.32s and the faulted phase is isolated at 0.37s from the both
ends by opening the breakers. The fault location is at 130km from the line sending end and the
load angle is 0°. Figure 5 shows the index behaviour under permanent fault for the same fault
condition. It can be seen in Figure 4 and Figure 5 that the behavior of the index is different
under arcing faults and permanent faults. So we can use the correlation coefficient as a tool in
distinguishing between arcing faults from permanent faults. The results of application of the
proposed algorithm for different arcing fault conditions are shown in Table 1. Table 2 shows
correlation coefficients for permanent faults according to the proposed algorithm for different
conditions. It can be seen from these Tables that if the correlation coefficient is higher than 0.7,
the recorded signal is an arcing fault otherwise it is a permanent fault.

Table 1. Correlation Coefficient Values for Different Arcing Fault Conditions

Load angle Fault location Correlation coefficient
(5‘0) ( Lf )v km
0 10 0.9879
0 120 0.9906
0 250 0.9352
5 10 0.8725
5 120 0.9023
5 250 0.8746
5 10 0.9017
5 120 0.9112
5 250 0.8904
-10 10 0.8805
-10 120 0.8978
-10 250 0.8939
10 10 0.9014
10 120 0.9591
10 250 0.8702

Table 2. Correlation Coefficient Values for Different Permanent Fault Conditions

Load angle Fault location Correlation coefficient
(50) ( Lf )! km
0 10 0.5039
0 120 0.4868
0 250 0.5644
-5 10 0.5120
-5 120 0.5412
-5 250 0.4291
5 10 0.5763
5 120 0.5281
5 250 0.4995
-10 10 0.4728
-10 120 0.5167
-10 250 0.5594
10 10 0.4812
10 120 0.5379
10 250 0.4906

6. Conclusion
A new and simple method for distinguishing between arcing and permanent faults has
been presented. The indistinct signal is sampled, decomposed to 14 levels and its correlation
with the pre-stored typical arcing fault is used to recognise the fault type (arcing or permanent
fault). Main advantages of the proposed algorithm are:
¢ Inherent advantages of discrete wavelet transform and correlation coefficient without
experiencing limitations associated with conventional neural network (or neural network-
fuzzy) based arcing fault detection approaches, such as training, high computing storage
and time due to large matrix dimensions.
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Fine performance and high accuracy as demonstrated by simulation results for

numerous arcing and permanent fault conditions.
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