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Abstract— In this paper, a new application of discrete
wavelet transform to analyze the wide-band electromagnetic
waves from partial discharge (PD) is introduced. The dis-
crete wavelet transform has a special feature to perform the
signal decomposition and reconstruction by multi-resolution
analysis. Using this method, we can decompose the de-
tected signal into various frequency sub-band signals, and
then estimate the true shape of PD signal by mixing the
appropriately-selected decomposed signals. The threshold
processing of sub-band signals is applied to reduce the in-
terference of broadcasting signals. It is shown that the pro-
posed method is advantageous to obtain almost the true
shape of PD signal, whose characteristics can be used for
the purpose of PD classification. Experimental results ob-
tained by applying high voltage on faulty insulators are used
to show the effectiveness of the proposed method.

Keywords— partial discharge, electromagnetic waves,
VHF-wideband detection, discrete wavelet transform, power
distribution lines.

I. INTRODUCTION

ECENTLY , there is a great increase in topics con-

cerning electromagnetic (EM) environment influenced
by HV equipment. The EM waves emitted from HV equip-
ment may harm the human health and interfere the wire-
less communication systems as noises [1], [2]. One of the
main sources of EM noises is the partial discharge (PD},
which occurs when there are abnormal electric field stress
conditions within insulation system. Therefore the detec-
tion, location and classification of PD are very important
to enhance the reliability of power system and the electro-
magnetic environment [3], [4].

The EM radiation from PD normally exhibits the feature
of transient wide-band signals in few hundred nanoseconds,
with various intensities. In order to detect PD, we utilize
the VHF wide-band antenna to measure the electromag-
netic signals from PD. The EM radiation from PD is gen-
erated by particles falling to lower energy states and shows
the different feature depending on the kind and mecha-
nism of PD source [5]. Unlike the narrow-band detection,
the wide-band detection has an advantage to record nearly
the true shape of an EM wave, which is useful information
to classify PD.
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Due to the local electromagnetic environment or the
background noises, the shape of EM wave is distorted on
their way from PD source to the measurement device. This
makes the analysis of PD signal wrong if the emitted EM
wave is not strong enough. The method to extract the
true shape of PD signals requires an appropriate signal-
processing technique to be developed.

In this paper, we employ a discrete wavelet transform to
analyze the wide-band signals. The discrete wavelet trans-
form has a special feature to perform the signal decom-
position and reconstruction by multi-resolution analysis.
Using this method, we can decompose the detected signal
into various frequency sub-band signals, and then estimate
the true shape of PD signal by mixing the appropriately-
selected decomposed signals. Furthermore, the original and
reconstructed signals are compared and analyzed by fast
Fourier transform and continuous wavelet transform. It is
shown that the proposed method is advantageous to obtain
the true shape of PD signal, whose characteristics can be
used for the purpose of PD classification. Experimental re-
sults obtained by applying high voltage on faulty insulators
are used to show the effectiveness of the proposed method.

II. EXPERIMENT

The partial discharge from faulty insulators on distri-
bution lines is concentrated. The inferior contact of two
strain insulators as shown in Fig. 1 is used as a PD source
in the experiment. The inferior contact was constructed by
wrapping the insulated tape around a cotter pin (the pin
used to combine two strain insulators together). The rea-
son why we selected this kind of PD is that the EM noise
sources from this PD are more than 80 [%) of all sources
[2]. In Japan, the 6.6 kV power distribution systems are
mostly adopted. For this system, the phase voltage is 3.81
kV so we applied 60 Hz ac high voltage 4 kV upon a PD
source.

Figure 2 shows an experimental configuration. The ex-
periment was done on the outdoor roof of a building where
is plain and free of obstacles. The PD source was posi-
tioned at d=17 m far from the VHF wide-band capacitive
plate antenna. The EM signals received at antenna were
passed through the band-pass filter (25-250 MHz) and dig-
ital storage oscilloscope (DSO: Lecroy 9374L) by coaxial
cable (type: 5D-2V, connector: BNC, length: 30m). The
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Cotter Pin

Fig. 1. A PD source used in the experiment (faulty contact of insu-
lators)

Wideband antenna PD source
=
Bandpass X
filter
25-250 MHz
_

Fig. 2. An experimental configuration

EM waves were digitized at a sampling rate 500 MHz by us-
ing a DSO controlled by a personal computer (PC) through
GPIB board, with the resolution 8 bits. Each waveform,
whose length of 1000 samples or 2 ps, is detected by adjust-
ing the appropriate triggering level, with a trigger delay 30
(%)

III. ANALYSIS OF WIDE-BAND EM WAVES

In this paper, three kinds of signal-processing techniques,
which are fast Fourier transform, continuous wavelet trans-
form and discrete wavelet transform, are utilized. The brief
explanations of them are given as follows.

A. Fast Fourier transform

For many years, the fast Fourier transform (FFT) is the
most popular algorithm to make a Fourier transform of a
signal. FFT has a special feature for extracting the average
spectral intensities of an entire signal fast and efficiently.
However, the weak point of FFT is that the FFT provides
the result expressed in only the frequency domain where
the information of time domain would be lost.

B. Continuous wavelet transform

To overcome the limitation of Fourier transform, wavelet
transform has been applied to perform time-frequency anal-
ysis in numerous problems [6], [7]. A continuous wavelet
transform (CWT), one of the main algorithms of wavelet
transform, is generally used to obtain the time-varying in-
formation of signal in detail. The CWT is the measurement
of the similarity between a signal and a set of fast-decaying
oscillating functions named wavelets. Each wavelet is con-
structed by compressing or dilating an original function
called mother wavelet.

The CWT of signal x(t) with mother wavelet (t) is
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expressed as
CWT(f,b) = \/3n] /_ T it - Oed (1)

where f and b is the frequency and time parameters, respec-
tively, and (*) denotes a complex conjugate. An energy
normalization factor /27 f is multiplied to keep the en-
ergy of the compressed wavelets unchanged from the origi-
nal one. In this paper, one of the family of complex Gabor
functions, which are mainly developed from Gaussian func-
tion, as shown in (2) is selected to be a mother wavelet.

2
w(t) — e~ 67 p-it (2)

The CWT can provide the spectral intensities of any
points on time-frequency space. Therefore, we can compare
the result with FFT analysis. However, the disadvantages
are the redundancy of the result and the time consuming
due to the computation on the entire time-frequency space.

C. Discrete wavelet transform

Although the CWT can be used to represent the time-
frequency analysis of a signal, its result is highly redundant
especially in case the reconstruction of signal is concerned.
This redundancy requires a great amount of processing
time and memory. Unlike the CWT, the discrete wavelet
transform (DWT) can reduce the computation time and
storage memory, and still provide sufficient information for
time-frequency analysis [8].

The DWT of a discrete signal x[n] obtained by sampling
frequency fs can be performed by first passing it through
a half-band high-pass filter g[n] and a low-pass filter h[n].
Note that the total number of samples (N) should be the
power of 2 (N=2i, where i is an integer). After filtering, the
every other sample (half of them) can be discarded accord-
ing to Nyquist’s rule, since the signal now has a maximum
frequency of fs/4 instead of fs/2. This process constitutes
one level of decomposition and can mathematically be ex-
pressed as

Ynighlk] = Y z[n] - g[2k — n]

n

Yiow (k] = Y z[n] - h{2k — n]

n

3)

where yyigh k] and yj,y [k] are the outputs of the high-pass
and low-pass filters, respectively, after sub-sampling by 2.
Note that two filters, g[n] and h[n], are categorized in a
sort of the Quadrature Mirrors Filters (QMF) [8], and are
related to each other by

glL - 1—n]=(=1)-hn] 4

where, L is the filter length in number of points. Figure 3
shows the DWT decomposing algorithm. The decomposed
signal has a half time resolution because the original signal
is sub-sampled by 2. On the contrary, it has a double fre-
quency resolution because the frequency band now covers
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Level
DWT subband signal

Level 3
DWT subband signal

Fig. 3. DWT algorithm

only half of the previous one. This procedure is called a
sub-band coding. The repetition of this procedure provides
the further decomposed signals. The reconstruction of sig-
nal at each level can be simply performed by computing
the following formula.

aln] =D (Ynignlk] - 9[2k — n)) + (viowlk] - A2k = n]) (5)
k

In this paper, we choose the coeflicients of Daubechies-8
[9], to construct the low-pass and high-pass filters for signal
analysis.

IV. RESULTS AND DISCUSSIONS
A. FFT and CWT Analyses

Firstly, the EM environment (background noises) at ex-
perimental site is considered. Figure 4 (a) shows the back-
ground noises and their FFT and CWT analyses. Note
that, in order to standardly compare the results, the nor-
malized values of spectral intensities are used to express
the FFT and CWT analyses. The frequency peaks in the
Fourier spectrum are thought to be the signals from ra-
dio and television broadcastings. In Japan, the frequency
range 76.1~89.9 MHz is accordant with FM radio signals.
The peaks in the frequency range 90~108 MHz are sup-
posed to be the signals from TV broadcasting of channels
1~3. The peaks in 170~222 MHz are expected to be the
signals from TV channels 4~12 [2]. Moreover, from the
same Fig., the wavelet spectrum exhibits the continuous
occurrence of these broadcasting frequencies. These re-
sults confirm that the wide-band VHF signals were cor-
rectly measured by the antenna used in this experiment.

Secondly, the EM waves emitted from faulty insulators
{faulty contact) are analyzed. Figures 4 (b) and (c) show
two examples of EM waves and their FFT and CWT anal-
yses. Both EM waves were obtained from the same PD
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source under the same condition but at the different time.
The characteristics of both waveforms, roughly seen by
eyes, are normally the same but the amplitudes are dif-
ferent. The amplitude of the former (Fig. 4 (b)) is little
stronger than that of background noises, so its normalized
spectral results, without any pre-processing procedures, are
significantly influenced by noises. On the contrary, the am-
plitude of the latter (Fig. 4 (c)) is much higher than the
level of background noises, so its normalized spectral re-
sults are mostly not influenced by noises.

From these results, the FFT and CWT analyses in Figs.
4 (b) and (c) are different to each other even the PD sources
are the same. (Notice that the Fig. 4 (d) will be explained
in a next section.) It is discussed that the classification of
PD sources by considering the spectral characteristics of
emitted EM waves, which was presented in [5], might not
be efficient method if the amplitudes of signals are not high
enough. The efficient method to extract the true shape of
EM waveform from noises is required to be developed.

B. DWT Analysis

Because the number of samples in each waveform equals
1000, which is not the power of 2, two 12-number arrays
whose all values equal 0 were added at both the head and
bottom of a waveform array. Therefore, we can get the
1024 samples of each waveformm for DWT analysis. The
DWT results of EM waves in Figs. 4 (a) and (b) in 5
levels of decomposition are illustrated in Figs. 5 (a) and
(b), respectively. The analyzed frequency band is noted
at each level and the amplitude of the decomposed signal
shows the intensities of the spectrum of its own frequency
band.

Considering the analysis of background noises (Fig. 5
(a)), the amplitude of signal in level-2 (f= 62.5~125 MHz)
is highest, that is accordant to the FFT result. Moreover,
because these noises are from the broadcasting signals, the
sub-band signals of all levels are almost stationary, which
is accordant to the CWT result.

In case of EM wave from faulty insulators (Fig. 5 (b)),
there are the remarkable peaks occurring in all levels ex-
cept level-5, during the time when the pulse occurs in the
original signal (around 500-700 ns). It can be postulated
that the EM wave from PD is a wide-band signal whose
frequency range covers most levels’ frequency bands. The
DWT has a special feature that can reconstruct a signal
using the sub-band signals from its analysis. The noise
reduction can be easily done by discarding the frequency
bands where noises are included. Unfortunately, as can be
seen from Fig. 5 (b), the background noises have main
components in the level-2, where the PD signal also ex-
ists. The elimination of entire signal of this level makes
the reconstructed signal lose its significant characteristics.

In order to obtain the reconstructed signal whose shape
is nearly the true shape of PD signal, the threshold process-
ing of sub-band signals is applied. The threshold value of
each level is set at the maximum absolute value of sub-band
signal of background noises in its own level. If the value
of sub-band signal is less than the threshold value, it will
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Fig. 4. The FFT and CWT results of wide-band EM waves

be changed to 0, else, it will be unchanged. After this pro-
cess has been applied, the high values of sub-band signals,
which normally contain the information of PD signal, will
be maintained. On the other hand, the low values, which
are mainly accordant to the noises, will be eliminated. Fig-
ure 5 (c) shows the decomposed sub-band signals of Fig. 5
(b) after threshold processing taken.

Figures 6 shows the original and reconstructed signals,
and the error signal, obtained by using the new sub-band
signals of Fig. 5 (c). It is clearly seen that the EM pulse
in reconstructed signal is nearly the same as the original
one. The error signal also resembles the background noises
in Fig. 4 (a).

To investigate the spectral contents in the reconstructed
signal, we again applied the FFT and CWT analyses and
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its results are shown in Fig. 4 (d). Comparing with the
results in Fig. 4 (b), the FFT and CWT results are different
and their characteristics become to resemble those in Fig.
4 (c), which are little influenced by noises.

V. CONCLUSIONS

A new application of discrete wavelet transform for ana-
lyzing wide-band electromagnetic signals from partial dis-
charge (PD) has been introduced. The discrete wavelet
transform decomposes a signal into various sub-band lev-
els, which provides us roughly the characteristics of spectra
in their frequency bands without redundancy. Moreover,
The reconstruction of a signal by using discrete wavelet
transform result can extract almost the true shape of PD
signal even in noisy condition. It has been shown that the
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Fig. 5. The DWT decomposition of EM waves in 5 Levels
reconstructed one. The spectral analysis of reconstructed
signal, which is different to that of the original one, become
to be similar to that of the other shown example of signals,
which is little influenced by noises.
S In the future, we plan to monitor and analyze the partial
% discharge signals in real-time. The automatic classification
H system will be developed based on the spectral analysis and
; artificial neural networks.
o
REFERENCES
{1] J. Robert Ashley, Are power lines unsafe ?, IEEE Spectrum
Magazine, July 2000, Vol.37, No. 7, pp. 21-23.
] [2] NHK Training center, The effect of pulsed noise from distribution
-60 T T T ' lines and its measurement, 1996 (in Japanese).
0 500 ‘1000 1500 2000 [3] A. Tungkanawanich, Z-I. Kawasaki, J. Abe, and K. Matsu-ura,
Time (ns) Location of partial discharge source on distribution line by mea-

Fig. 6. Comparison of the reconstructed signal with the original one
‘of EM wave in noisy condition

stationary background noises are significantly removed by
applying threshold processing on sub-band signals.

To evaluate the proposed method, the spectral analysis
by fast Fourier transform and continuous wavelet transform
has been applied to both the original PD signal and its

267

suring emitted pulse-train electromagnetic waves, Proceedings of
IEEE winter meeting 2000, Singapore, 23-27 January, 2000.

A. Tungkanawanich, Z-I. Kawasaki, K. Matsu-ura, Location of
Multiple PD Sources on Distribution Lines by Measuring Emitted
Pulse-Train Electromagnetic Waves, to be published in Trans.
IEE Japan, Vol. 120-B, No. 11, 2000.

A. Tungkanawanich, Z-1. Kawasaki, K. Matsu-ura, Analysis
of VHF-wideband pulse-train electromagnetic noises caused by
partial discharge on power distribution lines, Proceedings of
Second International Workshop on High Voltage Engineering
(IWHV2000), Totteri, Japan, 1-2 November, 2000.

Charles K. Chui, An introduction to wavelets, Academic Press,
Inc. , 1992.

[4]

(5]

{6

=2



[7] Oinis Chaari, Michel Meunier, Francoise Brouaye, Wavelet: A
new tool for the resonant grounded power distribution systems
relaying, IEEE Trans. on Power Delivery, Vol.11, No.3, July 1996,
pp. 1301-1308.

8] R. Polikar, Wavelet Tutorial Part IV: Multiresolution
Analysis: The discrete wavelet transform, Publication
on internet web at http://www.public.iastate.edu/ rpo-
likar/WAVELETS /waveletindex.html.

{9] C. Sidney Burrus, R. A. Gopinath, H. Guo, Introduction to
wavelets and wavelet transforms: A primer, Prentice-Hall, Inc.,
1998.

Ampol Tungkanawanich received a bachelor degree in Electrical
Engineering from Chulalongkorn University (Thailand) in 1995. He
came to Japan to continue his graduate study under the support of
Japanese government (Monbusho scholarship). He received a master
degree from Department of Electrical Engineering, Osaka University
in 1999 and is currently pursuing a Ph.D. degree there. His research
mainly deals with partial discharge, measurement system, fault anal-
ysis on power systems, signal processing.

Effrina Yanti Hamid was born in Indonesia. She received the
bachelor and master degrees in Telecommunication Engineering from
Bandung Institiute of Technology, Indonesia in 1995 and 1998, respec-
tively. Now, she is a Ph. D. student in the Department of Electrical
Engineering, Osaka University. Her main interest is in signal process-
ing and its application to power system.

Zen-Ichiro Kawasaki received his B.S., M.S. and Dr. Eng. degrees
in Electrical Engineering from Osaka University in 1973, 1975 and
1978, respectively. In 1989, he joined the Department of Electrical
Engineering, Osaka University and is currently an associate professor.
His research mainly concerns the observation of lightning, and the
diagnosis techniques for power equipment. Dr. Kawasaki is also a
member of the Society of Atmospheric Electricity of Japan.

Kenji Matsuura received his B.S. and M.S. degrees in Electrical
Engineering from Osaka University in 1960 and 1962, respectively.
In 1977, he joined the Department of Electrical Engineering, Osaka
University and is currently a professor. His research concerns the
generation, transmission, and control of electric power. Dr. Matsuura
is a member of the Institute of Energy and Resources.

0-7803-6672-7/01/$10.00 (C) 2001 |IEEE 268



