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ABSTRACT

Achieving acceptable levels of sensitivity during on-line and /or on-site partial dis-
charge (PD) measurements still continues to remain a very challenging task, pri-
marily due to strong coupling of external (random, discrete spectral and stochastic
pulsive) interferences. Many analog and digital approaches have been proposed for
suppressing these interferences, and amongst these, rejection of the pulsive type of
interferences is known to be very difficult, if not impossible. The time and fre-
quency characteristics of the pulsive interference being very similar to that of the
PD pulses is the main reason posing difficulty in their separation. In this paper, a
novel, semi-automatic, and empirical wavelet-based method (using multi-resolu-
tion signal analysis} is proposed te recover PD pulses, buried in excessive
noise/interference comprising of random, discrete spectral, pulsive, and any com-
bination of these interferences occurring simultaneously and overlapping-in-time
with the PD pulses. A critical assessment of the proposed method is carried out, by
processing both simuplated and practically acquired PD signals. The results ob-
tained are also compared with those from the best digital filter (infinite impulse
response, IIR and finite impulse response, FIR) method proposed in literature.
From the results it emerges that, the wavelet approach is superior and further, has
the unique capability of snccessfully rejecting all the three kinds of interferences,
even when PD signals and one or all interferences occur simultaneously and over-
lap-in-time.

Index Terms — Wavelets, multi-resolution signal analysis, partial discharges,
PD signals, discrete spectral and pulsive interferences, PD signal denoising, digital

filtering, on-site PD measurements, diagnostics and monitoring.

1 INTRODUCTION

LECTRICAL insulation constitutes a very

critical component of HV power apparatus. In spite
of advances in the areas of manufacturing, processing, op-
timal design and quality control, these apparatus have
continued to fail while in service. Investigations reveal
that, in most cases the insulation is the primary cause. In
view of this, power utilities are increasingly resorting to
diagnostic measurements to assess the status of the insu-
lation system. Amongst others, PD measurements have
emerged as an indispensable, non-destructive, sensitive
and powerful diagnostic tool. Using this diagnostic data,
an overall assessment of the insulation system is possible.
With the advent of digital PD techniques, these measure-
ments are nowadays being performed on-site, and some-
times, on-line as well. A major bottleneck encountered
with such measurements is the ingress of external inter-
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ferences (usually of very high amplitude comparable to PD
signal} that directly affects the sensitivity and reliability of
the acquired PD data. Major external interferences en-
countered during on-site PD measurements and their
sources are:

= Discrete spectral interferences (DSI) from radio
transmissions and power line carrier communication sys-
tems.

¢ Periodic pulse shaped interferences from power elec-
tronics or other periodic switching etc.

» Stochastic pulse shaped interferences from infre-
quent switching operations or lightning, arcing between
adjacent metallic contacts, arcing from slip ring and shaft
grounding brushes in rotating machines, PD and corcna
from the power system which can get coupled to the appa-
ratus under test [1].

In addition to the above sources, other noise sources
that can possibly exist in a PD measuring circuit are, ran-
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dom noise from components, harmonics from the mains,
periodic pulse currents of thyristor, other pulsive interfer-
ences from transformer and interferences from ground
connections [2].

In most cases, these extermal interferences can cause
false indications, thereby reducing the credibility of the
PD measurements as a diagnostic tool. Ever since this
problem: was recognized, extensive research work has been
pursued in this arca and several techniques for suppress-
ing these external interferences have been proposed. Nar-
row band detectors achieved some success; better results
were obtained by balanced bridge arrangements [3] and by
pulse discrimination circuits. But, such analog noise sup-
pression methods are cumbersome, require additional
equipment, and need critical adjustments, which might not
be very easy, under on-site conditions.

With the advent of high-speed computers and fast A /D
converters, digital PD measurements became a reality, and
soon after many digital methods for noise suppression
evolved, such as, moving averages, FFT thresholding, digi-
tal filtering (infinite impulse response, IIR and finite im-
pulse response, FIR), adaptive filtering, and more re-
cently, wavelets as well. These methods have yielded vary-
ing degrees of success.

In 1988, Feser et al. [4] suggested an FFT-based ap-
preach to eliminate DSI; however, this method is compu-
tationally intensive and there exists a difficulty in deciding
the threshold. In later reports [5,6], they proposed a 128-
tap FIR filter for filtering DSI, to reduce the processing
time and later, also realized a continuously working,
multi-stopband, 255-pole FIR filter unit in bardware for
suppressing narrow band interferences. In order to reduce
the unwanted signals using fixed filtering, their frequency
must be known. Hence, this method invelves analysis of
the signal in frequency domain and requires a filter of
very high order, thus, making it also computationally in-
tensive. In 1989, Borsi and Hartje [7] used an adaptive
digital filter to suppress DSL. However, such filters arc
sensitive to noise and cannot track those DSI having very
low signal levels. Sher Zaman et al. [8] suggested the ap-
plication of adaptive signal processing based on principle
of decorrelating the PD pulses from the noise, by sam-
pling at a high frequency and inserting a delay in the
adaptive system. The advantage of this method happens
to be, no prior knowledge of the frequency of noise to be
eliminated is required; however, this method involves ex-
tensive computation and large processing time. Borsi et
al. [9] investigated an adaptive rejection filter, adaptive
prediction filter and Kalman filter for suppressing contin-
uous noise and reported their limitations. Su [10} pro-
posed an adaptive filtering method, using terminal cali-
bration pulse as a reference signal. Limitations with the
adaptive filtering are, prior knowledge of the frequency of
noise and signal characteristics of the reference signal are
needed. Also, judicious choice of the parameters is neces-
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sary for fast convergence. Nagesh and Gururaj [11] com-
pared the performance of various adaptive and non-adap-
tive digital filters for removing DSI. They reported that,
digital filtering method based on a cascaded 2nd order
[IR lattice notch filter was most suitable for this purpose.

Most of the above mentioned methods mainly deal with
the removal of sinusoidal interferences and DSI. It is now
a commonly accepted fact that, removal of such narrow
band interferences is not difficult. However, the main
problem that continues to persist is the suppression or re-
moval of pulsive interferences.

Wavelet analysis is a recent development and a power-
ful tool for detecting transients such as, PD signals, buried
in noise and interferences. It has successfully been ap-
plied to many areas of science and engineering. Recently,
its applicability is also being explored in the area of HV
engineering as well. Massanori et al. [12] reported the ap-
plication of wavelet analysis in PD measurements, by ana-
lyzing the current and sound waves emitted by PD, using
Gaussian and Mexican wavelets, They reported that
wavelet analysis could be used to diagnose the degrada-
tion of insulation. Fujimori et al. [13] analyzed the tree
development in solid insulating materials using wavelets.
Arli et al. [14] applied wavelet analysis to eliminate sound
signals produced due to corona discharge in a void formed
by an electrode and a PET film. Yusheng Quan et al. [15]
used wavelet analysis on computer simulated PID signals
arising due to a cavity, with and without noise.”Results
showed that the noise could be removed successfully and
processing speed was also fast. Florkowski [16] suggested
a method for removing noise from PD patterns acquired
during on-line PD measurements on a 6 kV motor. In 1997,
Wang Hang et al. [17] applied wavelet analysis to extract
partial discharge signals from narrow band sinusoidal in-
terferences and reported the effect of various parameters.
Shim et al. [18, 19] have reported on the possibility of us-
ing a wavelet method for denoising PD signals. They ex-
amined use of both soft and hard thresholding of wavelet
coefficients and highlight its difficulties. Finally, a neces-
sity for exploring more powerful methods is expressed.
Thus, from the literature survey, it is evident that, wavelet
analysis is emerging as a powerful tool and seems to pos-
sess many advantages compared to the existing methods
for suppressing interferences from PD signals. Further, it
can also be seen that, the application of wavelet-based
technique for removal of pulse-shaped interferences, es-
pecially, when PD signals and multiple interferences over-
lap-in-time, has not been examined so far, and hence,
forms the subject matter of this paper.

1.1 PROBLEM DEFINITION

Of all the external interferences mentioned above, DSI
can be identified and eliminated in frequency domain as
they have a narrow-band frequency spectrum concen-
trated around the dominant frequency, whereas, PD pulses
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have a relatively broad-band frequency spectrum. Periodic
pulse shaped interferences can be gated-off in time do-
main to some extent (any PD occurring at the same time
instant is lost, and this is undesirable). But, it is very diffi-
cult to identify and suppress the stochastic pulse-shaped
interferences as they have many characteristics in com-
mon (both in time and in frequency) with the PD pulses.
Thus, methods to suppress these interferences need to be
continually explored in order to improve the sensitivity of
on-site and /or on-line PD measurements.

In this paper, the possibility of applying wavelets to
suppress the external interference (viz. random, D'SI, pul-
sive and any combination of these present simultancously
and overlapping with PD pulses) is explored, and a method
based on multi-resolution signal decomposition (MSD) is
proposed. In this regard, both analytical signals and those
obtained from actual PD measurements are processed.
Results obtained from the proposed wavelet-based method
are compared with those obtained from the digital meth-
ods proposed earlier [5, 11].

2 WAVELET TRANSFORM

2.1 BRIEF INTRODUCTION TO WAVELET
TRANSFORM

A wavelet is a small wave, which has its energy concen-
trated in time, and a tool meant for analysis of transients
and non-stationary or time varying signals. Just as Fourier
analysis consists of decomposing a signal into sine waves
of various frequencies, similarly, wavelet analysis is the
breaking up of a signal into shifted and scaled version of
mother wavelet. Continuous wavelet transform (CWT) of
a signal x(¢£) € L2(R) is defined as [20]

1 (t—-T1)

CWTx't’(T,S)=mfx(I)lp* -

dt (1)

where, function () is the mother wavelet. It is a proto-
type for generating the other window functions, which are
dilated or compressed and shifted versions of mother
wavelet. 7 is the shift eperator (translation), s is the scal-
ing function and = stands for complex conjugation.
Wavelet transform maps a time-domain signal into a two
dimensional array of coefficients, thus localizing the signal
in both time and frequency domain simultaneously,
whereas, Fourier transform can only give the frequency
information. However, CWT is computationally expensive
and also generates a lot of redundant data. To circumvent
these drawbacks, an effective implementation agpplicable
to discrete signals, called discrete wavelet transform
(DWT) was formulated using suitable lowpass and high-
pass filters, that satisfy certain mathematical constraints.
An elegant procedure called the Multi-resolution Signal
Decomposition (MSD) technique [20] is implemented
through this method, which is the primary reason for the
widespread use of wavelets.

2.2 DISCRETE WAVELET TRANSFORM
(DWT)

In Discrete wavelet transform, a time-scale representa-
tion of a digital signal is obtained using digital filtering
technique. Filters of different cutoff frequencies arc used
to analyze the signal at different scales. The time-domain
signal is passed through a series of highpass filters and
down-sampled by two to analyze the high frequencies (re-
ferred to as detail components), and it is passed through a
series of lowpass filters followed by down-sampling by two,
to analyze the low frequencies (called approximate com-
ponents). These highpass and lowpass filters constitute
‘quadrature mirror filters’, and are exactly half-band fil-
ters, thus enabling a perfect error-free reconstruction of
the signal. For reconstruction, the above procedure is fol-
lowed in reverse order i.e. the signals at every level are
up-sampled by two and passed through a set of synthesis
filters (synthesis filters are derived from analysis filters).
For further details, please refer to [20]. Thus, for an M
level decomposition-reconstruction, the input signal can
perfectly be recovered by adding the reconstructed time-
domain approximate component at level M and all the
reconstructed time-domain detailed components from
level 1 to M ie.

Reconstructed_signal = ( Approximate_component ) 5,

M
+ ¥ (Detail_component); ... (2)
j=1

The MSD method is inherently error-free, and this hap-
pens to be a big advantage, since the process by itself does
not introduce any additional error.

3 PROPOSED TECHNIQUE:
DE-NOISING BY MSD

The conventional wavelet denoising method involves
calculation of the DWT coefficients for a given signal and
then passing the DWT through a threshold (fixed a priori),
and followed by reconstruction of the signal by taking the
inverse wavelet transform of the modified DWT coeffi-
cients, This method is known as soft or hard thresholding.
In the present problem, using a threshold does not yield
good results, as it is difficult to fix a value of the threshold
to be used by a mere inspection of the DWT coefficients.
Also, it has been demonstrated in literature [18, 19] that,
the method based on soft and hard thresholding of DWT
suffers from disadvantages and hence, it was not pursued
further in this paper.

The proposed technique is basically an off-line tech-
nique and has the advantages of low processing time and
possibility of better reconstruction, because the suppres-
sion of noise/interferences is donc in a joint time-
frequency domain, This type of denoising consists of two
phases. In the first phase, input signal is decomposed into
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Synthesis
Figure 1. Analysis and synthesis tree of MSD.

approximate and detail components up 1o a desired num-
ber of levels with the help of multiresolution analysis. This
is done by first choosing a mother wavelet according to
the signal characteristics. Once, the mother wavelet is
chosen, decomposition-reconstruction up to the required
number of levels is carried out by, scaling and dilating the
mother wavelet. The number of decomposition-recon-
struction levels can be chosen either by trial and error
methed or, as in this work, was chosen from the informa-
tion of sampling frequency. This 1s because the frequency
band of each decomposed compenent follows a dyadic
rule, starting from the Nyquist frequency. Figure 1 iilus-
trates the analysis and synthesis tree explaining the de-
composition-reconstruction using multi-resolution signal
decomposition. Once the approximate and detail recon-
structed time-domain components are computed, the sec-
ond phase starts. This phase involves identifying those
components that correspond to all the interference sig-
nals, either by visual inspection or by the knowledge of
frequency bands to which the PD pulses belong (this is
known from the bandwidth of the PD detector). Finally,
the denoised signal is obtained by discarding all the iden-
tified components from the summation process. In sum-
mary, the proposed wavelet method involves the following
three steps:

1. Using a mother wavelet, the input signal is decom-
posed into a pre-set (M) number of levels, and this yields
DWT coefficients,

2. The earlier methods worked with these DWTs. But,
in the proposed method, the DWTs are reconstructed to
yield M levels of time-domain sequences (each of length
equal to original signal length). Each of these M levels,
correspond to a band of non-overlapping frequencies, and
adding all M levels yields the original signal. Thus, a joint
time-frequency representation of the input signal is ob-
tained.

3. Denoising in the present method essentially consists
of a visual inspection of the M reconstructed time-domain
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components (or levels), and identifying those that lie
within the pass-band of the PD band-pass filter used. In
some special cases, one or two extra bands on either side
of the band-pass may have to be chosen. Depending on
sampling frequency and levels of decompoéition, it is easy
to locate the bands that are to be retained. The rest of the
time-domain components are unwanted and discarded
from the summation process.

As, the algorithm for recovering the denoised signal is
relatively fast, once the interfering frequency bands (or
levels) are identified, the wavelet-based approach has a
greater possibility of being implemented on-line.

3.1 |ISSUES IN WAVELET METHOD

During the implementation of the MSD approach,
chaice of some parameters connected with MSD method
has to be made. This is inherent to the method, and con-
cerns issues like choice of mother wavelet, number of lev-
els of decomposition, etc. They are briefly addressed be-
low:

1. Selection of mother wavelet. This is a core question
often asked, but a generalized answer seems to be still
elusive even to signal processing experts. Also, no direct
answers are available in literature. With this being reality,
its choice in the present work was based on a trial-and-
error and guided by hints published in literature on simi-
lar type of work. Being well aware of this issue, the au-
thors have examined many wavelets and found
Daubechies” wavelet most suitable. Further, many practi-
cal examples have been included to demonstrate that the
wavelet selected was good enough for the task. A detailed
comparative study of all wavelets was not exclusively re-
ported, as this was not within the identified scope of the

paper.

2, Selection of number of levels for decomposition-
reconstruction. The goal was to have sufficient resolution
in frequency bands at lower frequencies, as low frequency
pulsive interferences were also to be eliminated. If lesser
levels were used, then PI signals and the low frequency
interferences would be clubbed together, and hence diffi-
cult to segregate. Keeping this in mind, ten decomposi-
tion-reconstruction levels were chosen and found to be
sufficient in most of the cases.

3. Applicability to practical applications. Once a mother
wavelet and number of levels are decided for a given test
setup and ambient/site conditions, the remaining proce-
dure is more or less simple to implement. However, if any
change in measuring circuit or test environment occurs,
then an operator intervention is essential to re-examine
and identify which of the reconstruction components are
to be retained. This strategy has worked well, at least, in
the examined lab test setup and prevalent ambient condi-
tions. Also, simplicity of the method makes it not too dif-
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ficult to re-adjust, when a new ambient condition comes
mto existence.

In summary, it is true that the choice of mother wavelet,
number of levels, practical applications, etc. are a few sig-
nal processing issues of this approach, and should not be
looked upon as a deterrent for its use. But, it must be
pointed out here that, the foremost objective of this paper
was to find a method capable of effectively suppressing all
types of interferences, even when PD signals and interfer-
ences overlap-in-time. On this count, original and novel
solutions have been reported.

4 DIGITAL SIMULATION SETUP

4.1 NEED FOR SYNTHESIS OF INPUT
SIGNAL

For studying the performance of different noise sup-
pression techniques, it is necessary to consider the influ-
ence of all the parameters of each method on the final
result. These influences can critically be evaluated, if the
input signal, noise/interferences, source and output sig-
nals are all exactly known. In addition, the relevant pa-
rameters must easily be controllable. Hence, the input sig-
nal and interferences need to be synthesized in a realistic
manner. This approach also facilitates the reproducibility
of the results by other researchers. Although, practical ex-
perimental setup is another source of such signals, the
feasibility of controlling individual components and their
relevant parameters is often time consuming and difficult,
if not impossible. Hence, a digital generation of signals
was initially adopted to fine-tune the methods, and later
on, they were verified with the actual signals. ’

42 CHOICE OF SIMULATION
PARAMETERS ‘

A realistic simulation of PD pulses corrupted with
noise/interférences was carried out by considering most
of the factors typically encountered during on-site or on-
line PD measurements. The input signal was synthesized
by superposing PD pulses of known shape with D}SI and
random noise. The parameters chosen for simulation are
discussed below: . :

» PD Pulses. PD pulses were simulated by an exponen-
tially decaying function, as was done by other researchers
in the past [11]. These pulses were convolved with the im-
pulse response of a 2nd order Butterworth filter (f1/£2; 30
kHz-300 kHz) to generate the signal corresponding to the
quasi-integrated output of the PD detector. In order to
take the pulse resolution time into account, a frain of
pulses were analyzed. Oscillatory pulse and pulses of dif-
ferent amplitudes were also analyzed, to give a better pic-
ture of the performance of various denoising techniques
considered.

e Background noise. In order to simulate the thermal
noise generated by the detection system itself and the

Tabie 1. Characteristics of DSI used in simulation.

f (kHz) 200 300 450 300 620 700 800 980
INR*(dB) 1.8 102 -09 29 108 -64 27 -64

*Interference to noise ratio.

background noise, white noise of zero mean and of vary-
ing power was added to get different SNR.

e DSI. The DSI(s} were generated as amplitude modu-
lated sine-waves with 40% modulation, and a constant
modulating frequency of 1 kHz. Table 1 describes the
characteristics of the eight DSI used in the simulation.

e Pulsive interferences. These are considered only in
case of actual PD signals.

4.3 BASIS FOR COMPARISON OF
TECHNIQUES

During the process of denoising, in addition to removal
of noise components, the signal component whose fre-
quency is very close to the interfering frequency ranges
also gets removed (although, to a lesser extent). Thus, the
signal component to be recovered suffers from both atten-
uation and distortion. These two features may be quanti-
fied by defining the peak amplitude and the correlation
coefficient. An acceptable noise suppression method
should reject or suppress all the interferences and noise
with minimum attenuation and distortion of the PD pulse.
In order to compare the performance of various methods,
the following indices have been considered:

4.3.1 SIGNAL TO NOISE RATIO

The signal to noise ratio (SNR), illustrates the effective-
ness of denoising operation [21]. It is defined as

N
L Y(i)
SNR =10 *log——=2 (3)
¥ (X()-Y())

i=1

where, X(i) is the original reference signal, Y(i) is the
denoised signal and N is the number of samples. A posi-
tive value of SNR implies a greater power of the signal as
compared to the noise and a negative value of SNR im-
plies a greater power of noise as compared to the signal.

As in practical records, there is no such reference signal
X(#) to compute SNR, only the extent of noise suppressed
can be estimated. The normalized noise reduction was
computed as:

N1
reduction in noise level( dB) = 10+ log) F(Z(l) - Y(i))2

i=1
(4)
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where, Z(i) is the noisy signal acquired, Y(i) is the de-
noised signal and N is the number of samples.

4.3.2 REDUCTION IN PD PULSE AMPLITUDE

The percentage reduction in PD pulse amplitude of the
denoised signal with respect to the reference signal is de-
fined as :

YGoreduction = =100 (5)
where, X is the peak amplitude (positive going peak in
this case) of the original (reference} PD pulse and ‘Y’ is
the peak amplitude of the denoised pulse recovered. In
this simulation, since a pulse sequence is used, so the pet-
centage reduction in the peak amplitude of the pulse re-
covered after denoising with respéect to the corresponding
pulse in the input sequence is calculated.

4.3.3 CROSS CORRELATION COEFFICIENT

In order te compare the extent of distortion the PD
signal undergoes due to different denoising methods, the
correlation coefficient between input and denoised signal
was computed [21]. It is defined as

M-Im[-1

Ry(m= L X@YGm) ()

where, X(i) is the input signal (1...N), Y(i) is the de-
noised signal (1... N), and Rxy(m) is the correlation coef-
ficlent ranging from —(N —1) to (N +1). Ruy{m) indi-
cates the degree of similarity and hence the extent of dis-
tortion as well, in terms of the pulse shape of the de-
noised and the original signal.

In general, a dencising method is considered accept-
able, when SNR is high, the percentage reduction in am-
plitude is low, and the distortion in pulse shape is mini-
mum. It must be mentioned that, while calculating the
SNR and correlation coefficient, the edge effects and the
phase shift in the denoising method was taken into ac-
count.

5 RESULTS AND DISCUSSION

The denoising methods under consideration shall ini-
tially be compared with mathematically generated signals,
followed by their ability to denoise practical PD signals.

5.1 PROCESSING OF SIMULATED
SIGNALS

Three PD pulse sequences were simulated using the
procedure explained in Section 4. These sequences called
Signal-1, Signal-2 and Signal-3, comprise the following
compenents:

Signal-1: PD pulse train of equal amplitude + DSI
+ random noise.
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Table 2. Denoising technigues.

Method Technique
A IIR filtering
B 128 tap FIR filtering
C MSD (wavelet)

Signal-2: PD pulse train of different amplitudes + DSI
‘ + random noise.

Signal-3: A single PD oscillatory pulse + DSI
+ random noise.

Signal-1 is a sequence of 40 PD pulses of amplitude 3.7
units, where each PD pulse is separated by 10 ws and to it
is added random noise and DSI of very high amplitude.
Signal-2 is more or less similar to Signal-1, except for
varying PD pulse amplitudes. Signal-3 contains a single
oscillatory PD pulse of peak amplitude about 0.3 units and
duration 60 ws, and is mixed with random noise and in-
terference of high amplitude. For this signal, a.bandwidth
of f,/f» =100 kHz/300 kHz was used. The sampling fre-
quency was 5 MHz,

Each of these signals has been analyzed for three dif-
ferent noise levels (SNR), wherein the power of DSI as
well as the random noise was progressively increased.
Three SNR vaiues are considered and designated as SNR-
1, SNR-2 and SNR-3 corresponding to —21.59 dB, —36.7%
dB and —49.66 dB respectively. These sequences were

1 L

0y 45 50

-2 i - X
['] 5 100 150

e
e

Figure 2. Results of processing Signal-1 (SNR = —49.66 dB). a, Sig-

nal-1; b, Method A; c, Method B, d, Method C.
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processed by the three denoising methods (all programs
were implemented in MATLAB) listed in Table 2.

All the three methods yield good results, when the sig-
nals processed have high signal to noise ratios (SNR-1).
But, as the SNR of the input signal decreases, namely, in
case of SNR-2 and SNR-3, the denoised signal obtained
by methods A and B progressively suffers higher distor-
tion (indicated by a low correlation coefficient), as well as,
a decrease in amplitude of the recovered PD pulse. On
the contrary, method C yields comparatively far better re-
sults for all SNR levels investigated (for all cases of Sig-
nal-1, Signal-2 and Signal-3). Due to brevity of space, only
the worst-case condition i.e. SNR-3 for the three signal
cases are discussed.

In case of Signal-1, as seen from Figure 2a, peak ampli-
" tude of the noisy signal is about 20 units and SNR. of the
corrupted signal is —49.66 dB. The PD pulses are com-
pletely buried in noise and it is impossible to identify their
presence by visual inspection. Processing of this signal by
method A yields the signal shown in Figure 2b, which has
an SNR of 5.22 dB, thus resulting in a net SNR improve-
ment of about 55 dB. Whereas, processing by method B
yields signal shown in Figure 2c¢ having SNR of 1.68 dB
thereby resulting in a net improvement of 51.34 dB. Al-
though the improvement in SNR by these two methods
appears to be comparable and satisfactory, the correlation
coefficients for both the methods are low (0.66 and 0.39,
respectively), as seen from Table 3. This implies that, there
occurs a heavy distortion in the PD pulse shape. Also, it
must be mentioned here that, filtering the interfering fre-
quency components by these two methods was cumber-
some and sensitive process. That is, the signal had to be
first transformed into the frequency domain and then the
desired frequency response (namely, the stop-bands) of the
filters had to be selected. Even a slightly different choice
of the frequency characteristics of the stop-bands resulted
in a completely different output; thus, it called for a very
careful selection of the stop-bands. One example to illus-
trate this aspect will be considered when results of practi-
cal PD signals are considered in the next section.

Processing Signal-1 by method C results in the signal
shown in Figure 2d having an SNR of 15.62 dB. The over-
all improvement in SNR in this case is about 65 dB. Also,
the correlation coefficient for the denoised signal is 0.89
(Table 3), demonstrating a successful recovery of the PD
pulse shape as well. The output obtained by this method

Table 3. Results of denoising Signal-1.

SNR of % Improvement
processed Correlation  Reduction in
Method  Signal (dB) Coefficient inamplitude  SNR. (dB)
A 5.22 0.66 216 54.88
B 1.68 0.39 16.2 51.34
C 15.62 0.89 22.3 65.28

Table 4. Results of denoising Signal-2.

SNR of %o Improvement
processed Correlation  Reduction in
Method Signal (dB) Coefficient in amplitude ~ SNR (dB)
A 6.12 047 — 55.78
B 0.78 0.26 - — 50.45
C 16.45 0.89 18.9 66.11

is definitely far superior compared to the other two meth-
ods. Further, processing is relatively easier, as denoising is
done in the time-frequency domain, and it is convenient
to identify the disturbing frequency ranges. For processing
of Signal-1 (at afll SNR levels) “Daubechies 30 was cho-
sen as mother wavelet and the decomposition was done
up to 10 levels. The denoised signal was obtained by
choosing only the reconstructed approximate component
at level 4. Processing was also done with other siblings of
“Daubechies” and “Symlets” as mother wavelets, but the
denoised signal did not show any great improvement.
Studies with other mother wavelets were also conducted.
However, experience showed that better results were ob-
tained with “Daubechies 30”.

In order to analyze the performance of the three meth-
ods to process PD pulses of varying amplitudes (which is
usually the case), Signal-2 was next considered. The re-
sults are summarized in Table 4 and Figures 3b, 3¢ and 3d

o 20 © € X m e e T
"]
Figure 3. Results of processing Signal-2 (SNR = —49.66 dB). a,

Signal-2; b, Methed A; ¢, Method B; d, Method C.
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Figure 4. Results of processing Signal-3 (SNR = —-49.66 dB). a,
Signal-3; b, Method A; ¢, Method B; d, Method C.

depict the denoised signals due to the three methods re-
spectively. As can be seen, the denoised signals show a
trend similar to what was observed in case of Signal-1.

From the results discussed so far and the estimated cor-
relation coefficients, it can be summarized that the PD
pulses recovered are distorted to some extent. To further
analyze this aspect in detail, Signal-3 consisting of a single
oscillatory PD pulse of comparatively longer duration and
mixed with DSI and noise was considered next. The re-
sults of processing this signal by method A and B are
shown in Figures 4b and 4c, respectively. The correlation
coefficients of 0.86 and 0.49 clearly imply the extent of
distortion in pulse shape. Whereas, method C was able to
completely recover the original oscillatory pulse (Figure
4d). The correlation coefficient here was 0.99, thus imply-
ing negligible distortion of pulse shape. For this example,
denoising by method C was done by decomposing the sig-
nal up to 10 levels and using “Daubechies 77 as the mother
wavelet. The denoised signal was reconstructed by choos-
ing only the approximate component at level 4. Results
for this case are summarized in Table 5.

From the simulation results discussed above, it emerges
that, processing by method C resulted in the least distor-
tion of PD pulse shape (as indicated by high correlation
coefficient for all cases) and also a significant improve-
ment in SNR, compared to the other two methods A and
B. This is because, in method C, the signal is being ana-
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Table 5. Results of denoising Signal-3.

SNR of Improvement
processed Correlation in
Method Signal (dB) Coefficient SNR (dB)
A 30.65 0.86 80.31
B 2.80 0.49 52.46
C 50.2 0.99 99.86

lyzed at different frequency levels with different time res-
olutions, thereby making it comparatively easier to iden-
tify and reject the interfering frequencies.

5.2 PROCESSING OF PRACTICAL
RECORDS

It is not always convenient to generate all types of
noise/interference by digital simulation, especially puisive
interferences. Also, simulation of propagation characteris-
tics of the PD pulses in power apparatus and their influ-
ence on its shape are complex. Therefore, to assess the
performance of the different noise suppression methods,
practical PD signals were generated from carefully
planned experiments. During this exercise no specific ef-
fort was made to suppress ambient noise and interfer-
ences, so that PD signals corrupted by noise/interferences
could be acquired.

5.2.1 EXPERIMENTAL SETUP AND DATA
ACQUISITION

Figure 5 shows the schematic diagram of the experi-
mental setup. A point-plane gap configuration was chosen
as the source of PD. The bandwidth of the PD detector
chosen is usually a compromise between PD pulse resolu-
tion time and error due to quasi-integration [2, 22]. A con-
stant bandwidth of 30 kHz-300 kHz was used and PD
signals were detected with a reasonably high sensitivity.

The amplified and quasi-integrated PD signal available
at the PD detector output (without the sine-wave) was ac-
quired using a 10-bit digitizer (Sony-Tektronix, RTD
710A). The digital data was transferred via GPIB to a PC
using the ‘Direct 1/0 option’ in the HP-VEE program-
ming environment. The sampling rate was chosen such that

Safcty barrier

Point-Pizne

230V
50 Hz
Supply
b
Aute Transformer  HV i_
(180~250/230V)  Trans. -
(230750 KV)

Figure 5. Schematic of experimental setup.
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the recorded signal corresponds to one power frequency
cycle. So a sampling rate of 100 ns was used, resulting in a
record length of 256 k samples. All data acquisitions were
carried out ensuring a maximum possible full-scale deflec-
tion on the digitizer. Many signals were acquired, from
which a set of four signals (Set-1 to 4) with different
noise/interferehces and PD source conditions are pre-
sented here. The selected four examples represent some
of the most difficult cases to denoise and hence were in-
tentionally included here. It should be noted that, the sig-
nal acquired does not have the correct phase information,
since the quasi-integrated PD detector output does not
contain the 50 Hz component. This is not a shortcoming.
However, correct phase information can be obtained by
using a suitable external trigger (with appropriate circuit
modification) during data acquisition.

5.2.2 PROCESSING OF PRACTICAL PD
SIGNALS

The practical PD signals were processed with noise sup-
pression methods A, B and C {(see Table 2). The salient
features of data processing and results obtained for each
of the four signals are discussed below:

Set-1: This signal was acquired by feeding a stray pickup
from a wire connected to the input amplifier along with
the calibration pulse of the PD detector. In this acquisi-
tion, power supply to the circuit was connected, but not
energized. Figure 6a shows the signal acquired, and from
the plot it can be seen that, the two calibration pulses
(about 10 ms apart) are visible, but the noise level is also
comparable to amplitude of the calibration pulse. At the
time of experimentation, it was found that this noisc was
significantly reduced by turning off the electronic power
supplies, SMPS and monitors of the personal cemputers
within the vicinity of the test circuit. Inspection of the ac-
quired signal showed that the noise was periodic, non-
sinusoidal, and had a fundamental frequency of about 100
kHz (which lies within the pass band of the PD detector).

For purpose of clarity, Figure 6b shows a portion of the
signal chosen for processing. A careful inspection of Fig-
ure 6b reveals that, the PD calibration pulse main fre-
quency is very close to the main frequency of the interfer-
ence, due to which the two signals have almost merged
with each other. Processing this portion of the signal by
method A yields the signal shown in Figure 6c. The quan-
tum of noise reduction is about —19.3 dB. The denoised
signal obtained from Method B is shown in Figure 6d,
wherein about —14.2 dB reduction in noise level was
achieved. As, in practical records, there is no reference
signal to compute SNR (as per equation 3), only the ex-
tent of noise suppressed can be estimated. This noise re-
duction is computed as ten times the logarithm of the
square of the normalized difference between the original
and denoised signal (equation 4). From these plois it can
be seen that, although the filtering methods A and B are

(n)

3 ] a3 4 45
ms
Figure 6. Results of processing practical signal Set-1. a, Acquired
signal; b, Portion of (a) processed; ¢, Method A; d, Method B; e,
Method C.

able to reject noise, they have also distorted the PD pulse
shape (as seen from zoomed view in Figure 7). Also, in
order to denoise the signal by these methods, some diffi-
culty was encountered in selecting the optimal frequency
response characteristics of the filters. Even a small change
in the frequency response of these filters, resulted in ei-
ther a very high attenuation of the PD puises (as can be
seen from Figure 8) or no significant reduction in the noise
level. Figures 8b and 8c are the outputs obtained by meth-

2 L e Mathod'C B

25 . . . , ‘ .
3 s 10 15 ) s % s
L2
Figure 7. Zoomed view of denoised PD pulse (Set-1) obtained by

methods A, B and C.
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Figure 8. Results of processing signal in Figure 6b by methods A
and B for changed filter characteristics. a, Frequency characteristics;
b, Output of method A for frequency characteristics in (a); ¢, Qutput
of method B for frequency characteristics in {a); d, Changed fre-
quency characteristics; e, Qutput of method A for frequency charac-
teristics in (d); f, Output of method B for frequency characteristics in
(d).

ods A and B respectively for the filter response as shown
in Figure 8a. Similarly, Figures 8e and 8f are the re-
sponses obtained by mecthods A and B respectively, for a
small change in the frequency response shown in Figure
8d. From the plots it is seen that a slight shift in the fre-
quency characteristics of the filters results in a significant
attenuation of the PD pulses. S

For processing of this signal by method C, the signal
was decomposed up to 10 levels using “Daubechies 157 as
mother wavelet. Figure 9 shows the reconstructed de-
tailed components (D, to D,y) up to level 10. The de-
noised signal was obtained by summing the reconstructed
detail components at levels 5, 6 and 7 only. The rest were
discarded. It is seen that, about —8.8 dB noise reduction
has been obtained, which is the highest compared to the
other two methods. From the denoised signal, in Figure
6e, it is seen that, a significant amount of low frequency
noise has been removed, when compared to the results
obtained from methods A and B. This example illustrates
that the multiresolution feature helps in obtaining a fine
frequency separation, while the other methods were un-
successful. Additionally, there is also a better recovery of
pulse shape and pulse amplitude reduction is far lesser,
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Figure 8. Reconstructed detail components (D, to Dig) up to 10
levels for signal (Set-1} shown in Figure 6b.

namely, about 209% whereas, the pulse amplitude reduc-
tion in methods A and B was 73% and 80% respectively
(as can be seen in Figure 6).

Set-2: This signal is similar to Set-1, and mainly con-
tains a calibration pulse together with the noise and inter-
ferences present in the lab and picked up by the wire con-
nected to the input amplifier. In this case, the interfer-
ence is more sinuscidal compared to the previous case.
Figure 10a is the recorded signal and Figure 10b shows
the portion of the signal chosen to be processed. From
Figire 10b, it can be seen that the frequency of the inter-
ference is in fact very close to the main frequency of the
PD pulse, representing an onerous task for any denoising
method.

Figures 10¢, 10d, and 10e, show the denoised signals
obtained by methods A, B and C, respectively. From the
denoised signals, it is clear that, processing by method A
does not effectively remove the continuous periodic inter-
ference, whose frequency is very close to the frequency of
the PD pulse. Further, there is a higher attenuation of
the PD) pulse, which makes it very difficult to identify it in
the denoised signal. Denoising by method B produced
slightly better results compared to method A (— 123 dB)
and yvielded about —1.8 dB reduction in noise level, thus
resulting in a considerable reduction of the interfering
frequencies. But, it is accompanied by about 84% reduc-
tion in pulse amplitude (peak to peak) as well, implying a
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Figure 10. Results of processing practical signal Set-2. a, Acquired
signal; b, Portion of (a) processed; ¢, Method A; d, Method B; e,
Method C.

heavy attenuation of PD pulse amplitude. As in the previ-
ous case, here also, there existed a difficulty in the choice
of the desired {requency response characteristics of the
filters, as the interfering frequency was very close to the
frequency to be recovered. Also, the filter orders had to
be increased (IIR-34, FIR-230), to achieve very narrow
stop bands required in this particular case.

In order to process this signal by method C,
“Daubechies 127 was used as the mother wavelet and the
signal was decomposed up to 10 levels. The Figure 11
shows the decomposition components (D; to D) up to
10 levels. After inspection of all the components in Figure
11, the denoised signal was obtained by adding recon-
structed detail components at levels 3, 6 and 7 only. This
method resulied in about —1.2 dB improvement in noise
level and a 33.3% reduction in pulse amplitude (peak to
peak), which is significantly better than the results pro-
duced by the other two methods, as can be seen from Fig-
ure 10e. The signal artifacts seen around 9.3 ms and 9.5
ms in Figure 10e will not classified as PD. Lastly, this
method recovers the PD pulse with minimum distortion in
pulse shape and introduces a lesser reduction in pulse
amplitude.

Set-3: This signal contains corona pulses in the time in-
terval 1-3 ms (obtained from a point-plane configuzation)
and shown in Figure 12a. Additionally, two high ampli-

v

v
o m b on b o
\

v

o

8 ’ 85 9 . 25

ms
Figure 11. Reconstructed detail components (I3, to D) up to 10
levels for signal (Set-2) shown in Figurc 10b.

tude, low frequency, phase-stable, pulsive interference,
separated by about 10ms are also observed in the recorded
signal. Further, a closer inspection {of Figure 12b) re-
veals that, the corona pulses are also superimposed on
another low frequency pulse-shaped interference of com-
parable magnitude, which has to be suppressed as well.
Figures 12b, 12¢, 12d and 12¢, show the portion of the
signal processed, and the denoised signals obtained by
methods A, B and C, respectively. Of course, time-gating
can be used to remove the pulse shaped interference su-
perimposed on the corona pulses, but, in this particular
case, it will result in the removal of a significant number
of the corona pulses as well. This is not desirable. The
goal is to suppress the interference, while at the same time
recover all the PD pulses as well.

From the figures, it is seen that denoising by method A
and B could not suppress the pulsive interferences effec-
tively. Though there is an appreciable reduction in the
amplitude of the pulsive interference (65% and 76%, re-
spectively), the amplitude of corona pulses have also been
reduced (by 42.8% and 57%, respectively), which is unde-
sirable.

From Figure 12e, it can be seen that method C com-
pletely removes the two pulsive interferences and extracts
the corona pulses with negligible reduction in their ampli-
tude and shape. Further, the interference superposed on
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Figure 12. Results of processing practical signal Set-3. a, Acquired
signal; b, Portion of (a) processed; ¢, Method A; d, Method B; e,
Method C.

the corona pulses has also been successfully removed,
without distorting the PD pulses. For processing by this
method, the signal was decomposed up to 10 levels (Fig-
ure 13 shows D, to D, detailed components) by using
“Daubechies 16” as the mother wavelet. The denoised sig-
nal was obtained by adding reconstructed detail compo-
nents at levels 4,5,6,7,8 and 9 only.

Trom the denoised signal plots, it is seen that, the pul-
sive interference that overlaps in time with the corona
pulses has been completely removed, only when the signal
was treated with method C (Figure 12e). Further, the
corena pulses that have been recovered have not suffered
any distortion. At the same time, the other two methods
were not 50 successful in this count. Thus, this example
demonstrates the effectiveness of the wavelet-based
method in removing noises even from such critical cases,
namely, when PD pulses and pulsive interferences signals
overlap in time. Such explicit examples have, to the best
knowledge of the authors, not been reported and dis-
cussed earlier. Thus, it demonstrates the novelty of the
method.

Set-4: This signal was recorded under the presence of
corona produced by the point-plane gap. In addition to
the existing background noise, a sinusoidal interference of
612 kHz was externally injected to the inpuf of the PD
detector using a signal generator to simulate an AM radio
station.
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Figure 13. Reconstructed detail components (D, to D) up to 10
levels for signal (Set-3) shown in Figure 12b.

Figure 14 shows the signal gathered and the denoised
signals obtained by various methods. Recovery of PD
pulses and noise rejection by the methods A and B is
shown in Figures 14¢ and 144, respectively. Though, these
filtering methods result in appreciable reduction in noise
level (—5.4 dB and —9.2 dB respectively), but it is still
hard to make out the presence of corona pulses by visual
inspection of the denoised signal plots. Further, it is seen
that, only method C was effective in successfully recover-
ing the corona puises (Figure 14e). Noise reduction in this
case was about —5.7 dB. In this case “Daubechies 207
was used as the mother wavelet and the signal was decom-
posed up to 10 levels (see Figure 15). The denoised signal
was obtained by adding reconstructed detail components
at levels 5, 6, 7, & and 9 only. This example shows that the
method is also capable of effectively denoising when DSI,
low frequency interference are simultaneously present
along with the PD pulses. All three types of interferences
have successfully been suppressed by the wavelet method.

From the results obtained by processing these practical
and excessively noisy PD signals, it emerges that wavelet
based denoising technique definitely possesses superiority
over the other two methods in rejecting noise and inter-
ference. The proposed wavelet method has advantages
over the conventional digital filtering methods. Among
others, it includes existence of a fast algorithm (it takes
about 1.07 s to process 200 k samples by method C
whereas, methods A and B take 0.88 s and 1.02 s, respec-
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Figure 14. Results of processing practical signal Set-4. a, Acquired
signal; b, Portion of (a) processed; ¢, Method A; d, Method B; e,
Method C.
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Figure 15. Reconstructed detail components (D;—D,,) up to 10
levels for signal (Set-4) shown in Figure 14b.

tively on an IBM Workstation P200), ability to achieve a
finer level of filtering even when the desired and interfer-
ing frequencies are overlapping and very close (both in
time and frequency), and results in a low distortion of the
extracted PD pulses. Perhaps, the method’s only limita-
tion is related to the choice of the mother wavelet, its
number of coefficients, number of decomposition levels,
etc. However, in spite of this inherent shortcoming, it has
been clearly demonstrated how the potential of the wavelet
method can be exploited to achieve required goals, that
have not been so far achievable with earlier approaches.

6 CONCLUSION

ELIABILITY of PD data gathered during on-line
and/or on-site PD measurements is strongly influ-
enced by external interferences. This paper presents re-
sults of the application of a novel, semi-automatic and

empirical wavelet method (based on multi-resolution sig-

nal decomposition) for extracting PD pulses buried in very
high levels of noise and interferences, often encountered
during on-line and on-site PD tests and measurements.
Further, these results are also compared with those ob-
tained from digital filtering approaches, namely, the FIR
fittering method and IIR-notch filter method, which have
been reported to be suitable for this task. Analysis of the
results for both simulated and practical PD waveforms re-
veal that, the multi-resolution analysis method has distinct
advantages over the other methods. Processing of Set-1
and Set-2 signals revealed the effectiveness of the pro-
posed method in obtaining a fine separation of the inter-
fering frequency from the main frequency of the PD pulse,
when the two frequencies are very nearly the same.
Whereas, the other two methods fail to do so. Further,
frem processing signal Set-3, it can be concluded that,
wavelet method can easily handle critical cases, where the
PD pulses are superimposed (and overlap-in-time) by pul-
sive interference of comparable magnitude. Lastly, pro-

. cessing of Set-4 shows the superiority of the wavelet based

method in simultancously removing random, DSI and pul-
sive interferences, over other digital methods. Thus, the
proposed wavelet method was shown to be successful in
rejecting all the three types of interferences, viz., random,
discrete spectral and pulsive, and any combination of these
occurring at the same time; rejection of the last two of
these is known to be the most troublesome. Ability to pro-
cess such difficult examples is being reported for the first
time. In addition to achieving acceptable levels of noise
suppression, another notable feature of the proposed
method was that, it resulted in a minimum distortion of
the PD pulses, compared to the other methods. In final
conclusion, the proposed wavelet-based denoising tech-
nique was shown to be superior, with abilities to denoise
even excessively noisy signals that contain various interfer-
ences (and occurring simultaneously and overlapping-in-
time with PD pulses).
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