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Abstract The problem of on-line recognition and re- 
trieval of relatively weak industrial signal such as Partial 
Discharges (PD), buried in excessive noise has been ad- 
dressed in this paper. The major bottleneck being the 
recognition and suppression of stochastic pulsive inter- 
ference (PI), due to, overlapping broad band frequency 
spectrum of PI and PD pulses. Therefore, on-line, on- 
site, PD measurement is hardly possible in conventional 
frequency based DSP techniques. 

In Authors methodology, the observed noisy signal is 
enhanced and non-pulsive noises are removed by im- 
plementing a wavelet based soft-thresholding scheme. 
Then, the pulses are detected using simple peak-detector 
and further analysis is done on localized pulses by tak- 
ing appropriate window at the detected location. The 
features of the PD and PI pulses are obtained by mea- 
suring the regularity of the pulses at the detected loca- 
tion, which is accomplished by estimating Lipschitz ex- 
ponents (LE). In this regard, an wavelet based methodol- 
ogy has been used in estimating LE, which is then, used 
as a index for classifying the pulses in to PD and PI. The 
method proposed by the Authors were found to be effec- 
tive in, automatic retrieval of PD pulses. 
Introduction 
Inspite of advances in the areas of manufacturing, pro- 
cessing, optimal design and quality control, the high 
voltage (HV), high power apparatus have continued to 
fail in service prematurely. Investigations reveal that, in 
most cases insulation failure is the primary cause. In 
this context, power utilities are increasingly engaging 
in on-line, on-site diagnostic measurements to appraise 
the condition of power system. Amongst others, the 
PD measurement is emerged as an indispensable, non- 
destructive, sensitive and most powerful diagnostic tool. 
Partial discharges are essentially charge pulses of very 
short duration, the rise time being in the range of a few 
nano-seconds. The PD pattern appears to be quite sen- 
sitive to the amount of aging and hence reveals the su- 
tus of insulation at any point in time, reasonably accu- 
rately. A major constrain encountered with on-line digi- 
tal PD measurements is the coupling of external interfer- 
ences that directly affects the sensitivity and reliability of 
the acquired PD data. The more important of them be- 

ing, discrete spectral interferences (DSI), periodic pulse 
shaped interferences, external random pulsive interfer- 
ences and random noise generic to measuring system it- 
self. 

In most of the cases, external interferences yield false 
indications, thereby reducing the credibility of the PD 
as a diagnostic tool [l]. Ever since this problem was 
recognized, extensive research work has been persued 
in this area and several techniques for suppressing these 
external interferences have been proposed. Narrow band 
detectors achieved some success; better results were ob- 
tained by balanced bridge arrangements and pulse dis- 
crimination circuits [2]. Digital PD measurement tech- 
niques are now available for noise suppression, sig- 
nal identification and retrieval, such as, FlT thresb- 
olding techniques, digital filtering, (finite and infinite 
impulse response filtering (F'IRJIR)), adaptive filtering 
and wavelet de-noising methods. These methods have 
yielded varying degree of success. But acquisition of 
pure PD signal on-site and on-line is still elusive which 
forms the subject matter of this paper. 
Problem Definition: 

Discrete spectral interfrences can be identified and 
eliminated in frequency domain as they have a distinct 
narrow-band frequency spectrum concentrated around 
the dominant frequency, whereas, PD pulses have rela- 
tively a broad band frequency spectrum. Periodic pulse 
shaped interferences can be gated-off in time domain 
(any PD occurring in that time interval is lost). But, it 
is very difficult to identify and suppress the stochastic 
pulse-shaped interferences (PI) as they have many char- 
acteristics in common (both in time and frequency do- 
main) with PD pulses. Also, pulsive noise is a random 
occurrence like PD pulse which aggravates the process 
of separation. Thus, pulse shaped interference continues 
to pose problems for reliable on-line, on-site PD mea- 
surement. 

Locating the PDPI pulses are the first step in further 
analysis of the signal. In this regard, we enhance the 
observed noisy signal using wavelet based soft thresh- 
olding method and the pulses are detected using simple 
peakdetector. Windowed signal of appropriate length is 
then taken around the detected location and further anal- 
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ysis is undertaken on the windowed signal. 
The features of the PD and PI pulses need to he ob- 

tained for an effective classification, which is done by 
measuring the regularity of the pulses at the detected lo- 
cation. The regularity of any function can be measured 
by estimating the Lipschitz exponents (LE). In this re- 
gard, an wavelet based methodology has been used in 
estimating LE, which is then, used as a index to classify 
the pulses in to PD and PI. The procedure adopted in 
this work is completely different from the research work 
reported in the literature, which is generally based on de- 
served signal frequency and noise frequency. 
PDPI Pulse Detection 
It has been observed that, PD and PI pulses randomly 
occur in time. Therefore detection of the pulses is a pri- 
mary requirement in further analysis of the signal. The 
signal-to-noise ratio of the PD signal is generally less 
(around -25dB) and it is difficult to visualize the loca- 
tion and the form of pulses in the observed noisy signal. 
In this regard, we denoise the signal using wavelet soft 
thresholding method and make use of a simple peak de- 
tector to detect the location of pulsive activity. 

Wavelet transform is a very useful tool for the analysis 
of non-stationary pulsive signals, which is based on on 
breaking up of a signal into shifted and scaled version of 
mother wavelet. The continuous wavelet transform of a 
signal z(t) is given by, 

Where, Q(t) is the mother wavelet. s and T are respec- 
tively, dilation and translation parameters. Because of 
computational and implimentational ease, generally, dis- 
crete wavelet transforms (DWT) are used for most of the 
signal analysis. We rely upon multi resolution analy- 
sis (MRA) to obtain the wavelet coefficients [4], with 
Daubeches wavelet (db16) hasis function. 
Let y = z + n, be the model for observed noisy signal. 
Where, z, n are K-dimensional clean pulsive signal and 
non-pulsive noise vectors respectively. 
By taking DWT, we have, Wy = W z  + Wn. Let H 
he the operator to modify (threshold) the wavelet coef- 
ficients to obtain the enhanced clean signal. Then, 5 = 
W-'HWy, where W-' represents the inverse wavelet 
transform. A sureshrink soft thresholding method pro- 
posed by Donoho and Johnston [3] is used for threshold- 
in& the wavelet coefficients to estimate the clean signal. 

The denoising performance of the wavelet based 
method was found to be good. The PDPI pulses, which 
were completely buried in the noise were visually seen 
after the enhancement. Therefore a simple peak detector 
has been used to detect the pulses. A window of appro- 

priate length is taken around the detected location and 
further analysis of the signal is undertaken in the win- 
dowed region. 
Measurement of Regularity 
Singularities and irregular structures, often carry, essen- 
tial information in a signal. For example, discontinu- 
ties in the intensity of an image indiacte the presence 
of edges in the scene. In electrocardiograms or radar 
signals, interesting information lies in the sharp transi- 
tions. In this section Authors explore the possibility of 
automatic segregation of PD and PI pulses by regularity 
measurement. 
Lipschitz Regularity 
To characterize the singular structure, it is necessary to 
precisely quantify the local regularity of a signal f(t). 
Lipschitz exponents provide uniform regularity mea- 
surements over time intervals, but also at any point U. 
I f f  has singularity at U, which means that, it is not dif- 
ferentiable at U, then the Lipschitz exponents at v char- 
acterizes this singular behaviour. The global regularity 
measurement is useless in analyzing the signal proper- 
ties at perticular location. We measure the local regular- 
ity of PD and PI pulses, based on wavelet transforms, as 
shall he explained later. 

A function f has Lipschitz exponent a 2 0 at U, if 
there exist K > 0 and polynomial p.. of degree m = 
LaJ such that 

Vt E R, If(t) - p,(t)l 5 Klt - VI" (2) 

At each U ,  the polynomial p.(t) is uniquely defined. if 
m = 1.1 times continously differentiable in a neigh- 
bourhood of U, then p.(t) is the Taylorexpansion of f at 
U. I f f  is uniformly Lipschitz a > m in the neighbour- 
hood of U. then one can verify that, f is necessarily m 
times continously differentiable in this neighbourhood. 
If 0 5 a < 1, then, p.(t) = f ( w )  and the Lipschitz 
condition 2 becomes, 

Vt E R, If(t) - f (v) l  5 Klt - 4" (3) 

A function discontinous at v is Lipschitz 0 at U. If the 
Lipschitz regularity is a < 1 at U, then, f is not dif- 
ferentiable at U, but a characterizes the singularity. We 
compute the Lipschitz regularity of the pulses (PDPI), at 
each detected pulse location, and discriminate the pulses 
depending on the nature of the singularity. Here, Authors 
want to make a comment that, being a pulsive signals 
of different frequent content (although with overlapping 
spectrun), the nature of the singularities for PD pulses 
will be different from that of PI pulses, which is a suffi- 
cient index to discriminate the pulses. In the forthcoming 
sections, the relationship between the wavelet transform 
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and the regularity of the funcion is explained, in detail. 
Modulus Maxima of Wavelet lkansform 
A small introduction to the wavelet transform is given 
in the earlier section. The wavelet transform W f ( u ,  s) 
is a function of the scale and the spatial position 2. It 
measures the variation in f ,  in the neighbourhood of U, 
whose size is proportional to 8. The decay of the wavelet 
coefficients, by the variation in the scale from s to zero, 
characterizes the regularity of f  in the neighbourhood of 

A wavelet $, with n vanishing moments can he writ- 
ten as the nth order derivative of a function 0, i.e. $ = 
(-l)"O(n), thus, the resulting wavelet transform is a 
multiscale differential operator. 

U. 

The convolution f * &(U) averages f(z) over a domain 
proportional to s. Let, $1 = -9' and $2 = -0", be two 
wavelets. Thus, the wavelet transforms, W'f(u ,  Y) and 
W 2 f ( u ,  s) ,  are respectively are first and second deriva- 
tive o f f  * gS(u). The local maxima of w'f(u,8) and 
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Fig. 1. The position of lacal maxima and zem crossings of wavelet 
coefficients 

zero crossings of W2f(u,s), correspond to the inflec- 
tion point of f*&(u), for a fixed scale. For all scales, the 
local maximum points of W1f(u, s) can be connected 
as a set of maxima lines in the scale-space plane (U, s). 
Simillarly, the zero crossings of W2f(u,  8 ) .  define a set 
of smooth curves, that often look like finger prints. By 
detecting the position of the local maxima or zero cross- 
ings from coarse to fine scale, one can obtain the posi- 
tion of the singularity of a signal. These two methods are 
very similar, but, the method of obtaining the local max- 
ima has many important advantages [4]. The smoothing 
function 9 (scaling function), can be viewed as, impulse 
response of the low-pass filter. A gaussian scaling func- 
tion is used as 9 and the wavelet is defined as the first 
derivative of the Gaussian function. It should be noted 

that, the wavelet function must have, higher vanishing 
moments compared to that of pulses. 
The Estimation of Lipschitz Regularity 
To characterize the singular structure of a signal, it is 
necessary to quantify the local regularities precisely. 
Lipschitz exponents provide not only uniform regularity 
measurements over the time intervals, hut also pointwise 
Lipschitz regularity at any point v of a signal. The rela- 
tionship between the decay of wavelet transform ampli- 
tude across scales and the pointwise Lipschitz regularity 
of the signal was described by Jaffard [5], who proved a 
necessary and sufficient condition in the wavelet domain 
for estimating the Lipschitz regularity of f at any given 
point v. Assuming that, the wavelet $ has n vanshing 
moments and n derivative with fast decay. Iff  E L2(R) 
is Lipschitz a 5 n at v, then, there exists a constant 
A > 0, such that, V(U,  s) E R x R+ 

We assume that $ has a compact support in the inreval 
[-C, q. The cone of influence of v in the scale-space 
plane is the set of points (U, s), such that, v is included in 
the support of $,,s(o=;.$(t;"). Since, the support of 

$(*;,")is equal to [U-CY, u+Cs], theconeof influence 
of U is defined by 1.1 - vJ 5 Cs, which is illustrated in 
Fig. 2. Since, (U - vl 5 c8, the eqn 5 can be written as, 

" U 0 
A 

Fig. 2. Cane of influence o f t  at different s 

IWf(u,s)I 5 (6) 

This is equivalent to the uniform Lipschitz condition 
given by Mallat [4]. It should he noted that, all modu- 
lus maxima converging to v are assumed to be included 
in the cone of support. Also, the potential singularity at 
v is isolated. 

The function f is uniformly Lipschitz a in the neigh- 
bourhood of v if there exists A > 0, such that, each 
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modulus maximum W(u, s) in the cone satisfies 5 .  The 
Eqn. 5 can be rewritten as, 

lOgzlWf(u, s)/ I ZOBA + (a + 0.5)lOgzS (7) 

Therefore, the Lipschitz regularity at any U is given by 
the maximum slope of logzlW,(u,s)as a function of 
log28 along the maxima line converging to U. 

Regularity Estimation of PDPI Pulses 
The PD pulses, have relatively broader band of frequen- 
cies and thus, it is a sharp rising pulse in time domain, 
whereas, the PI pulses are more regular. The type of sin- 
gularity of PD and PI can be estimated by computing 
Lipschitz exponents as explained in the earlier section. 
Since, being oscillationg pulses, Authors, undertake, the 
regularity measurement of the dominant lobe to charac- 
terize the signal. 

The pulses (both PD and PI) are localized at the de- 
tected location and singularity is estimated. It was found 
that, the LE of PD pulses were lying in the range of 0.05 
to 0.14 and that of PI pulses were found to be in the range 
of 0.2 to 0.35. Therefore, LE was found to be a useful 
method in discriminating the pulses, on-line. Theorit- 
ically, above observation is true, since PD pulses have 
relatively a broader frequency spectrum compared to PI, 
hence, PD pulses are relatively more singular compared 
to PI. Authors want to inform humbly that, to the best of 
Authors knowledge the method explained in this paper 
is novel and has not been reported in the literature. 
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Fig. 4. Output of LE method considering real dam 

ing with the real signal is shown in figure 4, in which, 
one PI pulse seems to be mis-classified as PD. 

Based on the work, the following broad conclusions can 
be drawn. . The problem of on-line recognition of PD signal is 
approached in a different perspective than conventional 
DSP techniques and the theory to model the noisy signal 
has been developed. . For the first time, regularity measurement of the signal 
and noise pulses have been undertaken, which was found 
to be effective in, on-line retrieval of PD pulses . The methods proposed is completely automatic and 
there is no user interference in PD measurement. 
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