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a  b  s  t  r  a  c  t

A  new  algorithm  to  partial  discharges  (PD)  location  in  transformer  windings  by  means  of  the discrete
wavelets  transform  (DWT)  and  the Kullback–Leibler  (KL)  divergence  is presented.  When  the  insulation
system  of  transformers  has  considerable  damage,  high  levels  of  PD  appear.  A  PD analysis  will  help  to
prevent  and  to  avoid  catastrophic  faults in the  transformer  insulation  system,  and  is also  useful  to  quan-
tify  the  damage  level  into  it. However,  it is  a  complex  task, because  PD signals  have a  small  magnitude
and  are  presented  during  some  microseconds.  In this  paper,  a  lumped  parameter  model  RLC  is used  to
model  the  transformer  winding  and  to obtain  PD  reference  signals.  The  DWT  is  used to  process  those
signals.  PD  location  is  finally  estimated  by means  of  the  minimum  entropy  concept  that  minimizes  the
Kullback–Leibler  (KL)  divergence  between  PD  signals  (test  and  reference  signals).  Different  time  dura-
tions  and amplitudes  to the PD  signals  were  considered.  The  results  of  computer  simulation  confirm
the  accuracy  of  the  proposed  algorithm,  with  an  error  less  than  5%.  Also,  the algorithm  is  validated  in a
distribution  transformer  winding.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Transformer windings suffer different types of stress such as
mechanical, electrical, and chemical, among others. High levels of
those give as a result major degradation into the insulation sys-
tem. As a matter of fact, high levels of partial discharge (PD) appear
when the insulation system has considerable damage, for that, PD
in power transformers are widely studied precisely because are
linked to the insulation system faults. Moreover, PD monitoring
is used to diagnostic and to quantify damage in the transformer
insulation system [1,2]. An early detection and location of PD in
transformers can be useful to implement corrective actions, due to
it has been reported as the second cause of failure [3], and to avoid
that the power transformer can be out of services in an unexpected
moment. Moreover, recurrent or periodic monitoring of the trans-
former is essential to guaranty the useful life of it. It is a fact that the
reliability of the results will be directly related to the techniques
used to asses their condition [4–6].

∗ Corresponding author. Tel.: +52 8113404020x5997.
E-mail addresses: guillenad@gmail.com

(D. Guillen), gidarraga@gmail.com (G. Idarraga-Ospina), mombello@iee.unsj.edu.ar
(E. Mombello), scabral@furb.br (S. Cabral).

Several electrical methods in both time and frequency domains
have been developed to detect and to locate PD in transformer
windings; e.g. in [7] correlation technique in time domain is applied
to PD location in transformer windings. Also, this technique is com-
bined with the DWT, where detail (also called wavelet) coefficients
are used to estimate the PD location [8]. However, these methods
have their own limitations, so that in [9] a new algorithm in the fre-
quency domain is proposed, in order to improve the time domain
limitations.

Moreover, in [10] a neuro-fuzzy technique is presented for locat-
ing PD signals in power transformer, which uses unsupervised
pattern recognition. In addition, other works have been developed
for locating PD in transformer windings, e.g. in [11] a new tech-
nique based on series resonance frequencies is presented. In this
way, transfer functions per section to PD location have been uti-
lized in other researches [12–14]. However, these methods can be
affected by noise, which limits their reliability and accuracy. By this
reason, denoising processes have been included in some works, e.g.
in [15] an adaptive morphological filter is applied to estimate the
PD location in transformer windings.

A new algorithm to PD location is developed in this paper, where
the algorithm is evaluated at different noise conditions and vali-
dated in a distribution transformer winding. Signal processing is
carried out in time domain using the discrete wavelet transform
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Fig. 1. Winding transformer model (R is the series resistance of the winding, L is the
series inductance of the winding, Cs is the series capacitance, Cg is the capacitance
to  ground of the winding (turn-to-earth)).

(DWT), so as a new methodology to PD location is introduced based
on a modification of the minimum Kullback–Leibler (KL) diver-
gence called KL-modified. The proposed algorithm uses a ladder
network for modeling the transformer winding. Moreover, a model
for injecting PD signals between winding sections is also proposed.
The algorithm requires PD reference signals which will be used to
estimate the PD location, so that PD pulses in parallel along each
winding section and between winding sections are analyzed. The
results of computer simulation validated with measurements in a
transformer winding confirm the accuracy of the proposed algo-
rithm.

2. Transformer winding model

Winding modeling has been widely studied for analyzing inter-
nal voltage distribution in transformers, as well as other fast
transient phenomena like partial discharges. As a matter of fact,
the most used models for modeling a transformer winding are the
lumped RLC detailed model and the multiconductor transmission
line (MTL) model, each one with its own limitations and advantages,
as well as its frequency range of validation [16].

This work is aimed at evaluating partial discharges along dif-
ferent transformer winding locations in order to estimate the PD
position. The analysis is performed using a single transformer wind-
ing modeled by a ladder network with lumped parameters R, L and
C, which is shown in Fig. 1 [17]. Although the used model has its
own frequency limitations, this model is well suited for locating
PD pulses in transformer windings [18], and it is used to simu-
late them in parallel along each winding section and also between
winding sections. Moreover, the proposed method is validated by
comparing the obtained simulation results with measurements in
a distribution transformer winding.

In Fig. 1, each circuit section represents a disc of the transformer
winding, i.e. it has N sections if there is N + 1 nodes. When there is
a PD pulse in a transformer winding, it produces signals that will
be captured at the neutral terminal using an impedance circuit Z.
Due that the proposed method requires PD reference signals, these
signals are obtained from a calibration process according to [19].

In order to obtain the calibration signals and to show the viabil-
ity of the proposed methodology, the transformer winding model
parameters are taken from [20], which has 10 sections and its
parameters per section (disk) are L = 180 �H, R = 1.2 �,  Cs = 13 pF,
Cg = 3000 pF.

3. PD signals in windings

In practice the PD signal waveform cannot be handled easily,
however, several PD effects can be analyzed using basic circuit
models. In order to be able to adjust the pulse characteristics, in
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Fig. 2. Comparison between the standard calibration and Heidler function.

this work the PD pulse is characterized by the Heidler function,
which is described as follows [21]:

SPD(t) = A

(
t

t + Tf

)n

e−(t/�) (1)

where A is the amplitude of the PD signal, Tf is the rise time or front
duration, � is the time where the function amplitude has fallen 37%
of its peak value and n is a factor influencing in the exponential func-
tion. For instance, if there is a PD pulse at section 3 of the winding
(see Fig. 1), its response will be captured at the neutral terminal
using the impedance circuit presented in [22].

The proposed algorithm should be calibrated theoretically and
experimentally, so that the obtained information can be used as a
numerical template [23]. The calibration process is carried out using
the Alternative Transient Program (ATP/EMTP) software [24], so
that a PD pulse is injected in parallel at each section of the winding.
In fact, the Heidler function is used to model the PD pulse form
and the calibration has an equivalent charge of 50 pF regarding to
the standard calibration. This is shown in Fig. 2 where the obtained
signals are quite similar with a slight phase shift. This shows that
the use of the Heidler function is advantageous in order to handle
the PD pulse characteristics.

Due to the proposed algorithm requires PD reference signals
for each winding sections, these signals are obtained from sim-
ulations using the following data to Heidler function: A = 327 �A,
Tf = 1 ns, � = 200 ns and n = 2. For instance, if a PD pulse is simulated
at sections 1,2 and 3 of the transformer winding, the obtained PD
reference signals are presented in Fig. 3; these signals are used to
estimate the PD location, and are quite similar in each section, mak-
ing more complex the PD location. Therefore, some researches are
focused on this subject with the aim to know PD signal propaga-
tion characteristics, so as its damping factors due to the position
of occurrence, among others [22]. In this sense, the proposed algo-
rithm uses the information of PD reference signals with the aim
to improve the PD location and to overcome the limitations of the
algorithms in time domain.

4. Discrete wavelet transform

Signal processing for PD location in transformer windings is car-
ried out using the DWT, which has been introduced for locating PD
in windings by Naderi et al [25]. Despite of the fact that the WT  is
considered as a very good tool for PD signal processing there are still
some trial and error in its application. In this paper, its coefficients
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