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a b s t r a c t

Background noise is a major problem in online Partial Discharge (PD) detection.
Particularly in large hidro-generator windings, PD pulses originated in locations far from
the PD sensors are strongly attenuated due to the propagation characteristics of the pulses,
and arrive to the sensors completely buried in the background noise. Therefore, it is of
paramount importance to identify the PD signals whose power is at least around the same
as that of noise, thus with a medium to high signal to noise ratio, to extend the PD predic-
tive diagnosis to the innermost bars of the winding. The wavelet shrinkage technique pro-
vides the best results in eliminating this type of noise. For this purpose, it is essential to
choose the most appropriate wavelet decomposition, defined by the topology of the
decomposition tree, its number of levels and the selected wavelet functions. In this paper
a new algorithm for the automatic selection of the number of decomposition levels is pro-
posed, and two new methods for the selection of the wavelet decomposition filters applied
to PD signals measured from two large hydro generators are advanced. In addition a new
methodology to evaluate the performance of denoising methods, which takes into account
the average results for all possible relative time shifts of the PD pulses and several noise
threshold levels is described. One of the proposed methods presented much better results
than do the traditional CBWS, EBWS and SNRBWS methods, with respect to both the
denoising performance and the runtime.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Among all the possible failure modes, those in the insu-
lation of high voltage equipment can cause the most severe
personal and material damage, as well as huge environ-
mental and economic losses [1]. It is therefore imperative
that the degradation of insulation systems on high voltage
equipment be detected, quantified and monitored since its
initial state, so that the actions of convenient repair or

replacement can be timely scheduled. Partial Discharge
(PD) analysis has proven to be effective in predictive diag-
nostics of the insulation on high voltage electrical equip-
ment [2–5]. However, PD measurements, especially when
performed in the field, are extremely affected and ham-
pered by measurement noise. The noise in PD measure-
ments can be classified into wideband noise, narrowband
interferences and pulse shaped interferences [6]. Pulse
shaped noise, whether periodic or stochastic on its occur-
rence, inserts in the PD measurement false positives, i.e.
signals with similar characteristics to the PD pulses that
are however not related to the assessed insulation system.

http://dx.doi.org/10.1016/j.measurement.2015.07.050
0263-2241/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +55 21 39388599.
E-mail address: acsl@dee.ufrj.br (A.C.S. Lima).

Measurement 75 (2015) 122–133

Contents lists available at ScienceDirect

Measurement

journal homepage: www.elsevier .com/ locate /measurement

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2015.07.050&domain=pdf
http://dx.doi.org/10.1016/j.measurement.2015.07.050
mailto:acsl@dee.ufrj.br
http://dx.doi.org/10.1016/j.measurement.2015.07.050
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


The general solution for the open loop removal of this type
of noise is to use classifiers, such as artificial neural net-
works and support vector machines [7–12]. Narrow-band
noise is usually due to interference from radio waves and
telecommunication systems, and may cause distortions
on PD pulses. This type of noise can be removed by prop-
erly tuned notch filters [13]. Wideband noise is the mea-
surement background noise, stochastic in nature. The
noise amplitude is directly related to the measurement
sensitivity. In some cases, background noise may even
completely hide the PD signals. For the elimination of
wideband noise, the most successful technique is the sig-
nal processing in the wavelet domain [14]. In addition,
the denoising in the wavelet domain has proven to be
effective in removing narrowband interferences [15].

Particularly in large generator windings, PD pulses orig-
inated in locations far from the PD sensors are strongly
attenuated due to the propagation characteristics of the
pulses [16]. In the HF measurement band, PD pulses
behave as traveling waves, and the stator winding can be
treated as a transmission line [17]. Since the pulses travel-
ing along a stator bar are attenuated by cross coupling with
other circuits, and suffer reflections and attenuations at the
end of each slot, in practice the PD pulses originated from
innermost defects arrive to the sensors completely buried
in the background noise [18]. For this reason, the predic-
tive diagnosis obtained from PD measurement is usually
restricted to only a small outer portion of the winding.
For the same reason, the identification in the wavelet
domain of those PD pulses buried in the background noise
can extend the diagnosis limits and greatly improve the
assessment of the winding.

The Wavelet Transform (WT) decomposes the PD sig-
nals into a sum of dilated and shifted versions of an origi-
nal oscillatory function called Mother Wavelet (MW) [19].
Because different MW can be used, the problem of choos-
ing the best MW for decomposing each type of signal arises
naturally. The choice of the MW is application dependent
and must be adapted to the PD signals in order to obtain
good results [20]. Three main methodologies for choosing
the best MW considered here are: Correlation, Energy
and Signal-to-Noise-Ratio Based Wavelet Selection meth-
ods, respectively denoted as CBWS [21], EBWS [22] and
SNRBWS [23].

This paper aims to denoise PD signals obtained from
large hydro-generators, and two newmethods for selecting
the wavelets used in signal decomposition are proposed.
The first one, SWTBWS, is a refinement of the CBWS, and
the NewEBWS can be understood as an improvement of
the EBWS and SNRBWS. This paper is organized as follows.
In Section 2 Wavelet Decomposition is defined as the form
of decomposing a discrete signal into wavelet coefficients,
directly associated to the WT decomposition tree. This def-
inition also includes, in addition to the filters used on each
level, the number of levels and the topology of the decom-
position tree. In Section 3 a novel algorithm, here called
NWDLS, for automatically determining the number of
wavelet decomposition levels is proposed. In Section 4
the previous methods for MW selection are reviewed,
and in Section 5 two new methods, NewEBWS and
SWTBWS, for this selection are proposed. In Section 6 a

new methodology to evaluate the MW selection for PD sig-
nal denoising is justified and defined taking into account
the variation of wavelet coefficients to the displacement
of pulses and several noise threshold levels. Finally, in
Section 7 a comparison of denoising results by applying
each of the MW selection methods on a set of PD pulses
measured on two large hydro generators is presented.

2. Wavelet decomposition optimization for PD
denoising

The denoising process on the wavelet domain is based
on the fact that the PD signals, being localized oscillations,
have larger wavelet coefficients than white noise and
wideband noise in general [21]. Denoising by wavelet
shrinkage consists of making equal to zero the wavelet
coefficients below a certain threshold value, and recon-
structing the signal by the inverse wavelet transform from
the modified coefficients, as shown in Fig. 1. The threshold,
which can be computed globally or specifically for each
decomposition subband, should be such that the coeffi-
cients associated to noise are equaled to zero, and the coef-
ficients corresponding to PD pulses are maximally
retained. For a given PD signal, the best wavelet decompo-
sition will be the one in which the coefficients correspond-
ing to PD pulses are mostly placed above the noise
threshold.

For discrete signals, the decomposition is defined by a
decomposition tree. On the Fast Wavelet Transform
(FWT), this tree always has a recursive topology in which,
at each decomposition level, the coefficients of the previ-
ous approximation subband aðjÞ½n� are decomposed into a
new approximation subband and a new detail subband,
represented respectively by the coefficients aðjþ1Þ½n� and
bðjþ1Þ½n�, as shown in Fig. 2 [24].

Fig. 1. (a) Simulated signal (in red), and simulated signal with added
noise (in blue). (b) Wavelet Shrinkage process. The coefficients lower than
the threshold (between the dashed lines) are zeroed. (c) Denoised signal.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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