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CLASSIFICATION OF TRANSIENT PHENOMENA IN
DISTRIBUTION SYSTEM USING WAVELET TRANSFORM

Alireza Sedighi

An efficient procedure for classification of transient phenomena in distribution systems is proposed in this paper. The
proposed method has been applied to classify some transient phenomena such as inrush current, load switching, capacitor
switching and single phase to ground fault. The new scheme is based on wavelet transform algorithm. All of the events for
feature extraction and test are simulated using Electro Magnetic Transient Program (EMTP). Results show high accuracy

of proposed method.
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1 INTRODUCTION

Classification of transient phenomena on electric dis-
tribution systems is a challenging problem. Protective re-
lays capable of identifying disturbances correctly, reliably
and fast [1-5] must be applied to differentiate between
transient disturbances due to events such as transformer
inrush, fault, load and capacitor switching. Transients due
to capacitor bank switching and the related power qual-
ity problems are discussed in [6-8]. Discrimination be-
tween magnetizing inrush current and fault is studied in
[9-13]. Load switching that causes a transient event is
investigated in [14, 15]. The feasibility of applying unsu-
pervised learning techniques to the classification of tran-
sient events in distribution network is also discussed in
[15]. The specific unsupervised learning schemes applied
include the self-organizing mapping scheme introduced by
Kohonen as well as a model based on adaptive resonance
theory. In the previous research discrimination and iden-
tification only were applied for one or two types of tran-
sient phenomena such as capacitor transient, load switch-
ing transient, magnetizing inrush current. The aim of this
paper is the classification of many types of transients com-
mon in distribution systems that includes inrush current,
load switching, capacitor switching and single phase to
ground fault using wavelet transform.

Simulation studies have been performed using ATP-
EMTP for different types of single phase to ground faults,
load switching, capacitor switching and no load trans-
former switching for a typical primary 20 kV radial dis-
tribution feeder. In these tests three phase currents are
recorded at the HV/MV substation with a 20 kHz sam-
pling rate. The results show effectiveness of the proposed
technique. In the next section wavelet transform is ex-
plained. The third section shows simulation results for
feature extraction. Proposed procedure is in the forth sec-
tion and finally test results are in the fifth section.

2 ABOUT APPLICATION OF WAVELET
TRANSFORMS IN CLASSIFICATION

The wavelet transform, introduced almost 30 years
ago, has been used in several fields of signal and image
processing. It has been also applied in the power systems
field. Some illustrative examples of application of wavelet
transforms in power systems are
— power system transients [16],

— power quality assessment [17],
— modeling of system components in wavelet domain

[18].

A brief introduction to wavelet transforms is given
here. A more detailed description can be found in [19, 20].

The transform of a continuous signal is defined as the
sum over all time of the signal multiplied by the scaled,
shifted versions of a wavelet function v, the mother
wavelet.

C'(scale, position) = / F (@) (scale, position,t)dt (1)

This results in many wavelet coefficients C', which are
a function of scale (related to frequency) and position
(related to time).

In the discrete scope of the approach used here, the
discrete dyadic wavelet transform was employed where
scale = 2™ and position = n2™ (n and m integer num-
bers) are used. Function 1 (¢) is chosen to constitute an
orthonormal basis 1y, ,, of the wavelet system,

Yma(t) =27 F9(277 —n). (2)

Then, any signal f(¢) can be expressed as
F&) =3 dmntmn(t) (3)

where d,, , is the inner product with the orthonormal
basis,

dm,n = <.f7 1/)mn> . (4)

* Electrical and Computer Engineering Department, Yazd University, Yazd, Iran; sedighi@yazduni.ac.ir

DOI: 10.2478/jee-2014-0022, Print ISSN 1335-3632, On-line ISSN 1339-309X, (© 2014 FEI STU



Journal of ELECTRICAL ENGINEERING 65, NO. 3, 2014

cA cD,

mn m,n
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An efficient way to compute the d,, , coeflicients was
developed by means of an algorithm known in the signal
processing field as channel sub band order using Quadrate
Mirror Filter (QMF), the filter bank formulation of the
wavelet system: high pass filter related to mother wavelet,
and low pass filter related to scaling function. The output
sequence of each filter is down sampled to avoid redun-
dant information. This way it is possible to carry out the
multi resolution sub band decomposition (analysis) and
reconstruction (synthesis). For each decomposition stage,
the approximation coefficients cA,, , are obtained from
the low pass filter and detail coefficients ¢D,, , are ob-
tained from the high pass filter in Fig. 1, where the first
decomposition stage of signal S is shown.

In the discrete wavelet transform, the decomposition
process can be iterated, with successive approximation
(low pass wavelet branch) being decomposed in turn. This
makes up the decomposition algorithm tree.

For reconstruction, stretching and filtering are nec-
essary using the related filter bank. The reconstruction
stage is shown in Fig. 2.

Coefficients cA,, , and cD,,, are up sampled and
filtered. The sum of this reconstructed approximation and
detail signals constitutes the original signal S.

The choice of mother wavelet plays a significant role in
time frequency analysis. This selection is strongly depen-
dent on signal behavior in various conditions. There are
many types of mother wavelet such as Harr, Daubechies,
Coiflet and Symmlet. In this paper all wavelets, intro-
duced in Wavelet Toolbox of MATLAB software are used
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for decomposition of signals. The best answer is obtained
with “symmlet_1” mother wavelet. This has the best cor-
relations with decomposition signals and is chosen in this
work. Results with other wavelet and features as exam-
ples are shown in Appendix.

3 SIMULATION RESULTS FOR
FEATURE EXTRACTION

A real primary 20 kV distribution feeder (shown in
Fig. 3) has been used to generate data for different
events. Real data has been used for feeders, loads and
transformers. The feeder information is included in Ap-
pendix. Ground fault, load and capacitor switching and
no load energizing of transformer are simulated by ATP-
EMTP program. Three phase currents are recorded in
the HV/MYV substation with a sampling rate of 20 kHz.
For line and load model, 7 model and load frequency
model (CIGRE) are used respectively. BCTRAN model
is used for transformer in fault, load and capacitor switch-
ing simulation and saturable transformer model is used
for simulation of inrush current [21].

Magnetizing curve is approximated as two-linearized
sections and is used for saturable transformer model. In
the following subsections the results of simulation studies
are presented.

Load switching: With load switching on the secondary
side of the distribution transformers, the currents are
recorded for different locations and different switching
times. An illustrative example of load switching curve is
shown in Fig. 4.

Capacitor switching: In the first case a capacitor of
rating %Q is connected at % of the feeder length from
the supply end. For the second case, a capacitor of rating
%Q is located at % of feeder length and finally for the
third case, a capacitor of rating %Q is located at the
end of the feeder, where @ is the total reactive power
load on the feeder. The three phase currents are recorded
for different time switching in each case. Typical results
for feeder currents after capacitor switching are shown in
Fig. 5.

Ground fault: Fault current in the feeder in response
to a single phase fault is shown in Fig. 6. It can be seen
that the time between the break of the conductor and
contact with the ground is very short. These currents are
recorded for various locations, times and fault resistances.

Inrush current: Many types of inrush currents are
recorded for different switching times and residual flux.
An example of inrush current is shown in Fig. 7.

4 PROPOSED PROCEDURE

Wavelet transform with mother wavelet symmlet_1 is
used for classification of transient phenomena. After de-
composition of the phase currents for each cycle, sum of
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Fig. 3. Simulated 20 kV distribution system
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absolute d6 coefficients in each cycle are used as suit-
able features for discrimination. As explained in Section 3,
symmlet_1 mother wavelet and |cd6| summations in each
cycle were chosen by trial and error by many tests with
various mother wavelets and features. Decomposition of
one-phase current in typical three phase switching using
wavelet transform in Figs. 8-11.

Using many simulations and decomposition of three
phase currents in each test, sum of the absolute of detail-
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Fig. 5. Typical three phase capacitor switching currents
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Fig. 7. Typical three phase inrush currents

6 in wavelet transform for three phase currents are pro-
posed for classification of transient phenomena in distri-
bution systems.

Shapes of the absolute of detail-6 summations in each
cycle for capacitor switching, load switching, single phase
to ground faults and inrush currents versus number of
cycles are shown in Figs. 12-15.

As shown in these figures, |ed6| summation of three
phase current in capacitor switching has a negative sharp
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Fig. 12. Sum of |cd6| in wavelet
transform for three phase capac-
itor switching

Fig. 13. Sum of |cd6]| in wavelet
transform for three phase load
switching

Fig. 14. Sum of |cd6| in wavelet
transform for single phase to
ground fault

transform for three-phase in-
rush current

slope after switching action. Load switching has the con-
stant level in cycles after switching action and ground
fault has approximately constant level with a very slow
slope after fault occurrence. It is seen in Fig. 15, that the
|cd6| summation for three phase currents after switching
of no load transformer (inrush current) is similar to an

exponential function.

The proposed algorithm for classification of these tran-
sient phenomena is shown in Fig. 16.

5 TEST RESULTS

Software has been developed based on the proposed al-
gorithm. For the verification of the algorithm many sim-
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Fig. 16. Flow chart of proposed algorithm

ulation studies have been carried out using EMTP to
obtain various transient phenomena in a typical 20 kV
distribution feeder shown in Fig. 3. Data for tests are
sampled for different kinds of load switching, capacitor
switching, single phase to ground fault and inrush cur-
rent. Case studies are summarized in Table 1. In all these
cases the transient phenomena were classified successfully
using the developed software.

6 CONCLUSIONS

An efficient technique for classification of transient
phenomena on electric distribution system is described
in this paper. The proposed technique is based on the
decomposition of three phase currents recorded at the
HV/MYV substation using wavelet transform and the sum-
mation of the absolute values of d6 coefficients is used
for the discrimination and classification of inrush current,
ground fault, load and capacitor switching. The data is
produced by simulation of a real network with EMTP pro-
gram. Simulation results show that the proposed method
is very effective in classifying various types of transient
phenomena.

Table 1. Cases studied

Type Position STVEFICE}(I;I)]g Characters
current (A)
Load A 0.125 295/200/220
Load A 0.119 295/200/220
Load Load B 0.125 125/150/150
Switching Load B 0.119 125/150/150
Load C 0.112 175/130/145
Load C 0.123 175/130/145
Capacitor rating
0.125 2/3Q
2/3 length 0.119 2/3Q
Capacitor of line 0.125 1/2Q
0.119 1/2Q
End of 0.125 1/2Q
feeder 0.119 1/2Q
Fault resistance
(ohm)
Fault 1 0.166 5
Single Fault 1 0.166 20
phase Fault 1 0.177 20
fault Fault 2 0.166 5
Fault 2 0.166 20
Fault 2 0.177 20
Transformer (kVA)/
in Load (wh-t)
B 0.119 800/Rf:30
B 0.125 800/Rf:30
B 0.125 800/Rf:40
Inrush I 0.119 315/R£:30
current I 0.125 315/R£:30
I 0.125 316/Rf:40
k 0.119 600/R£:30
k 0.125 600/R£:30
k 0.125 600/Rf:40

Q: Total reactive power Demand of feeder
Rf: Residual flux

Appendix

As explained in Section 2, selection of mother wavelet
and features in signal processing are critical and impor-
tant stages. They generally do not have unique solution
and trial and error or heuristic methods are used to select
them with respect to the produced signals in various con-
ditions. In this research, all mother wavelets available in
the MATLAB software with various features were tried
to find the best wavelet and features for classification. As
an example, results for two unsuccessful selections in the
effort to find the best solution for classifying transients
in electric distribution systems are presented in this Ap-
pendix. If bior3.1 and Sum of |cd6| are used as mother
wavelet and a feature, then results will not be effective for
classification of transients as seen in Figs. 17(a) to (d).
As shown in these figures, the curves do not have any
unique and specified variation for classification of signals.
Load switching does not have constant level in cycles af-
ter switching action, ground fault has a negative sharp
after fault occurrence and inrush current curve is similar
to the capacitor switching curve. So the features with this
mother wavelet cannot provide a successful classification.
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Fig. 17. Sum of |ed6|: (a) — capacitor switching, (b) — load switching, (c) — single phase to ground, (d) — inrush current; and sum of
cd6Be: (e) — load switching, (f) — single phase to ground, (g) — inrush current

Table 2. Transformer data R =0.509Q/km, X = 0.3561/km,

Outside radius of conductor = 0.549 cm,

No. S(kVA) Connection N1/N2(kV) Uk% Poc(W) In1% Psc(W)

1 30000  vdl 63/20 14 22410 2.83 151247  Height of pole =12m,

;%, 1(2)88 82'72 ;8;8:3 g i;gg 1:2 igggg Sag in mid span = 2.32m. Constant parameters of the
4 800 Dy5 20/0.4 6 1450 1.5 11000 CIGRE load model usually considered in the EMTP pro-
5 630 Dy5 20/04 6 1200 1.6 9300

6 500 Dy5 20/0.4 6 1000 1.7 7800 gram are A = 0.073, B=6.7, C = 0.74.

7 400 Dy5 20/04 6 81 1.8 6450

8 315 Dy5 20/04 6 720 2.0 5400

9 250 Dy5 20/04 6 650 2.3 4450 Table 3. Load data

10 100 Dy5 20/04 6 340 2.6 2150

1150 Dy5 20/04 6 210 2.8 1250

Load Connected
No. pame la Ib Ic In transformer
(A) A) @A) ) (VA
115 78 110 90 630
295 200 220 165 800
40 60 55 0 500
200 250 220 O 1250
40 40 40 8 315
20 25 25 10 250
80 50 40 O 100
8 40 70 40 500

If the criterion of feature extraction changes, the results
are not effective for discrimination of transient phenom-
ena. For example if sum of ¢d6 is used instead of —cd6—
with the same mother wavelet (syml), results will be as
shown in Figs. 17(e) to (g). As shown in these figures, the

1 A
2 B
3 C
4 D
5 E
6 F
7T G
8 H
3 3 3 3 _ 9 1 145 130 120 40 315
s.elected feature is not suitable for classification of tran 0 1 205 180 205 65 200
sient events. 11 K 125 100 105 25 630
12 L 30 60 50 20 800
13 M 65 55 b5 25 315
. . 14 N 155 140 105 99 630
Configuration of phases and further data: 5 P 60 55 55 17 950
16 Q 33 57 45 32 315
17 R 5 20 20 15 100
O 18 S 60 65 75 25 500
[975¢m 19 T 25 65 60 35 250
o 20 V 80 8 75 28 315
140 em 21 W 15 15 15 5 100
22 X 175 130 145 45 315
23 Y 165 175 150 55 800
24 7 125 150 150 45 1250
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