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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
ransformer windings
iscrete wavelet transform (DWT)
ullback–Leibler (KL) divergence

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.
. Introduction

Transformer windings suffer different types of stress such as
echanical, electrical, and chemical, among others. High levels of

hose give as a result major degradation into the insulation sys-
em. As a matter of fact, high levels of partial discharge (PD) appear
hen the insulation system has considerable damage, for that, PD

n power transformers are widely studied precisely because are
inked to the insulation system faults. Moreover, PD monitoring
s used to diagnostic and to quantify damage in the transformer
nsulation system [1,2]. An early detection and location of PD in
ransformers can be useful to implement corrective actions, due to
t has been reported as the second cause of failure [3], and to avoid
hat the power transformer can be out of services in an unexpected

oment. Moreover, recurrent or periodic monitoring of the trans-

ormer is essential to guaranty the useful life of it. It is a fact that the
eliability of the results will be directly related to the techniques
sed to asses their condition [4–6].
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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
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ried out using the DWT, which has been introduced for locating PD
eries inductance of the winding, Cs is the series capacitance, Cg is the capacitance
o  ground of the winding (turn-to-earth)).

DWT), so as a new methodology to PD location is introduced based
n a modification of the minimum Kullback–Leibler (KL) diver-
ence called KL-modified. The proposed algorithm uses a ladder
etwork for modeling the transformer winding. Moreover, a model

or injecting PD signals between winding sections is also proposed.
he algorithm requires PD reference signals which will be used to
stimate the PD location, so that PD pulses in parallel along each
inding section and between winding sections are analyzed. The

esults of computer simulation validated with measurements in a
ransformer winding confirm the accuracy of the proposed algo-
ithm.

. Transformer winding model

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

This work is aimed at evaluating partial discharges along dif-
erent transformer winding locations in order to estimate the PD
osition. The analysis is performed using a single transformer wind-

ng modeled by a ladder network with lumped parameters R, L and
, which is shown in Fig. 1 [17]. Although the used model has its
wn frequency limitations, this model is well suited for locating
D pulses in transformer windings [18], and it is used to simu-
ate them in parallel along each winding section and also between

inding sections. Moreover, the proposed method is validated by
omparing the obtained simulation results with measurements in

 distribution transformer winding.
In Fig. 1, each circuit section represents a disc of the transformer

inding, i.e. it has N sections if there is N + 1 nodes. When there is
 PD pulse in a transformer winding, it produces signals that will
e captured at the neutral terminal using an impedance circuit Z.
ue that the proposed method requires PD reference signals, these

ignals are obtained from a calibration process according to [19].
In order to obtain the calibration signals and to show the viabil-

ty of the proposed methodology, the transformer winding model
arameters are taken from [20], which has 10 sections and its
arameters per section (disk) are L = 180 �H, R = 1.2 �,  Cs = 13 pF,
g = 3000 pF.

. PD signals in windings
In practice the PD signal waveform cannot be handled easily,
owever, several PD effects can be analyzed using basic circuit
odels. In order to be able to adjust the pulse characteristics, in
Time (µs)

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-
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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Fig. 3. Obtained PD signals for a PD pulse simulated at sections 1, 2 and 3.

ill be used as input in the KL divergence, which will locate the PD,
o avoid this issue.

DWT  is divided in approximation (cA) and wavelet coefficients
cW). Then, a PD signal can be scaled using 3 decomposition levels
s shown in Fig. 4.

Approximation and wavelet coefficients are obtained from fil-
ering operations as follows [26]:

cAj(k) =
Nf −1∑
i=0

L(i)cAj−1(2k  − i)

cWj(k) =
Nf −1∑
i=0

H(i)cAj−1(2k  − i)

(2)

here L is the low-pass filter, H is the high-pass filter and Nf is the
umber of filter coefficients. Before computing the DWT, decom-
osition level J must be defined. More details about DWT  can be
ound in [27].

The optimal decomposition level (J) is defined by the proposed
aximum Shannon entropy as follows:

j = Hj
cAHj

cW

Hj
cA + Hj

cW

(3)

here HcA and HcW are the Shannon entropies to the approximation
nd wavelet coefficients respectively, and j takes values from 1 up
o J.

The proposed maximum Shannon entropy is used to obtain the
aximum decomposition level, in order to reduce the discrimi-

atory information. It is also used to avoid that the results will
e affected by the selected mother wavelet, and to guarantee the
roper performance of the proposed algorithm.

The Shannon entropy is given by [28]:

 = −
m∑

k=1

p(xk) ln p(xk) (4)

here p(xk) is computed using the energy of its corresponding
oefficients, defined by:
(xk) = cA2
j(k)∑m

k=1cA2
j(k)

(5)
s Research 136 (2016) 398–405

Once the optimal decomposition level is determined, the DWT
is computed and the approximation coefficients are used to deter-
mine the PD location using the KL divergence.

5. Kullback–Leibler divergence

KL divergence is a logarithmic distance measured between two-
probability mass functions p(x) and q(x) defined by [29]:

DKL(p||q) =
m∑

k=1

p(xk) log
p(xk)
q(xk)

(6)

where p(x) and q(x) are obtained using DWT  coefficients according
to (5). KL divergence will be zero if p(x) = q(x), the smallest value
of the KL divergence will be used to estimate the PD location in
transformer windings.

DKL is not symmetric; therefore it is proposed to use DKL in its
symmetric way  as:

SKL(p||q) = DKL(p||q) + DKL(q||p)
2

(7)

The minimum value of SKL, between a measured PD signal and the
reference signals will be used to estimate the PD location. However,
SKL may  or may  not produce values higher than 1 and taking into
account that the divergence values between 0 and 1 are preferred,
a second term is proposed in order to reduce the divergence value
and to avoid wrong results in the PD location. Hence, the proposed
equation is:

ˇKL(i) = 1
2

SKL(p||qi) + 1
2(N − 1)

N∑
j = 1

j /= i

(
SKL(p||qj)∑

SKL(p||qi)

)2

(8)

where p is determined using a PD signal with unknown position
and qi is defined by each PD reference signal that were previously
obtained.

According to (8), the first term is associated with the real PD
position and the second term contains information about other
positions for making sure the PD location is well estimated. There-
fore, KL-modified divergence will produce higher values when the
captured PD signal is far from the PD source (real position).

6. Proposed algorithm

The optimal decomposition level must be previously deter-
mined using (3), to apply the DWT. Then, the DWT  is computed for
all PD reference signals, the obtained coefficients will replace those
reference signals. Therefore if there is a PD pulse in any section of
the winding, the captured signal is processed using the DWT  and its
approximation coefficients are used to compute the KL divergence
regarding to each PD reference signal. Finally, the PD location along
the transformer winding is estimated using the KL-modified diver-
gence, described by (8). The flowchart of the proposed algorithm
can be seen in Fig. 5.

7. Analysis of the proposed algorithm

The proposed algorithm is tested with different PD pulses sim-
ulated in parallel along the transformer winding sections using the
Heidler function. A sampling frequency of 10 MHz  is used, with a

time window of 0.3 ms and 3001 samples. Two mother wavelets
(MW)  of the Daubechies family are chosen to compute the DWT,
in particular Daubechies 7 (db7), which has proved to be the best
wavelet for analyzing PD signals with damped oscillations [30].
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Fig. 4. Wavelet decomposition levels.

Fig. 5. Algorithm to PD location

Table 1
Shannon entropies at each scale.

Scale Wavelet db7 Wavelet db8

HcA HcW H HcA HcW H

1 5.037 1.626 1.229 5.042 1.379 1.083
2  4.373 1.091 0.873 4.390 1.348 1.031
3  3.747 3.007 1.668 3.789 2.865 1.631
4  3.187 3.256 1.610 3.329 3.210 1.634
5  2.752 2.015 1.163 3.031 2.045 1.221

A
i

a
e
r

as shown in Table 3, corresponding to PD signals without noise.
6  2.618 1.264 0.852 2.750 1.556 0.994
7  2.209 1.366 0.844 2.567 1.480 0.939

lso, Daubechies 8 (db8) is selected because it has been applied
n PD detection under noise conditions [31].

To know the optimal decomposition level, PD reference signals

re analyzed using the aforementioned wavelets and the Shannon
ntropy defined by (3). For each decomposition level, entropies
esults are shown in Table 1, the maximum entropy defines the
 in transformer windings.

optimal decomposition level, for db7 and db8 the optimal level is 3
and 4, respectively.

In order to evaluate the proposed algorithm, PD pulses were sim-
ulated along each section of the winding and the captured signals
at the neutral terminal are used as PD signals. Results are presented
in Table 2, where each column has the KL-modified divergence
value (ˇKL) between a PD signal (PD pulse simulated at specific
position) and each PD reference signal. Then, if a PD pulse is sim-
ulated at section 5, its corresponding KL divergence values are
shown in column 5, the minimum value is 0.272, which indicates
the PD location. Consequently, the authors conclude that pro-
posed algorithm produces satisfactory results for PD signals free of
noise.

It has to be taken into account that, if the decomposition level is
not the optimal, results of the proposed algorithm may  be affected,
Therefore, it is possible to conclude that PD location results using
the KL divergence are only affected when is chosen a decomposition
level greater than the optimal.
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Table 2
KL divergence regarding to each PD reference.

PD reference signal PD signal injected at section “j”

1 2 3 4 5 6 7 8 9 10

Divergence ˇKL

1 0.272 0.971 1.000 1.199 1.383 1.911 2.556 2.994 3.315 6.362
2  0.739 0.356 0.649 1.072 1.200 1.697 2.112 2.794 3.092 5.687
3  0.812 0.834 0.258 0.947 0.754 1.358 1.710 2.143 2.681 4.959
4  1.190 1.011 1.039 0.218 0.607 0.897 1.438 1.949 2.954 4.733
5  1.229 1.165 1.042 1.008 0.272 0.606 0.794 1.375 1.894 4.136
6  1.773 1.696 1.341 1.172 0.974 0.286 0.886 0.936 1.534 3.383
7  2.334 1.994 1.658 1.414 1.001 0.941 0.273 0.750 1.248 2.716
8  2.802 2.525 2.183 2.057 1.325 1.090 0.784 0.218 0.664 1.818
9  3.479 3.194 2.842 2.772 2.121 1.642 1.074 0.761 0.204 1.066
10  8.390 7.522 6.617 6.030 5.101 4.147 3.307 2.280 1.164 0.163

Table 3
PD location at different scales.

Scale % Localization

db7 db8

1 100 100
2  100 100
3  100 100
4  80 100
5  90 70

n
a
d
i
n
i
0
t
d
t

T
P

6  50 50
7  70 70

The proposed algorithm was tested with PD signals and different
oise to signal ratio (SNR), located along the transformer winding
nd between winding sections. Results for PD signals simulated at
ifferent winding sections are presented in Table 4, e.g. if there

s a PD at section 1 of the winding, the captured PD signal at the
eutral terminal is mixed with −8 dB of noise, so that the PD signal

s processed using wavelet db7  and the minimum KL divergence is

.973 regarding to PD reference 1. At the same case, using db8  as
he MW,  the PD location was accurate, because the minimum KL
ivergence value obtained was 0.912. It is possible to conclude that
he proposed algorithm gives satisfactory results for these cases.

able 4
D signals with noise along the winding sections.

PD reference signal PD signal injected at section “i”

1 2 3 4 

Noise level (dBs) and wavelet db7

−8 −6 −4 −2 

1 0.973 1.198 1.046 1.205 

2  1.419 0.855 1.057 1.112 

3  1.383 1.126 0.617 0.999 

4  1.599 1.250 1.192 0.419 

5  1.445 1.275 1.079 1.098 

6  1.422 1.428 1.319 1.236 

7  1.595 1.235 1.226 1.271 

8  1.641 1.390 1.381 1.402 

9  1.595 1.652 1.652 1.514 

10  1.911 2.135 1.900 2.193 

Wavelet db8
1  0.912 0.880 1.087 1.677 

2  1.364 0.861 0.740 1.966 

3  1.506 1.220 0.528 1.056 

4  2.335 2.335 1.007 0.317 

5  2.746 2.665 1.709 1.438 

6  2.612 2.152 1.436 2.449 

7  2.826 2.915 2.163 2.597 

8  2.675 2.601 2.328 2.866 

9  2.177 2.638 2.168 2.415 

10  2.611 3.211 2.370 2.813 
Fig. 6. Circuital arrangement for PD signals waveform between sections.

To test the algorithm with PD pulses between winding sections,
it is necessary to obtain the same PD waveform used to design the
algorithm, i.e. the Heidler function waveform. In this sense, the cir-
cuital arrangement shown in Fig. 6 is proposed in this work, it is the

one which was implemented in the laboratory. In order to obtain
the reference signals between winding sections, the PD model is
connected between nodes k − 1 and k. In this model, the capaci-
tance C2 represents the injected apparent charge to the transformer

5 6 7 8 9 10

5 9 11 13 17 22

1.392 1.877 2.591 3.023 3.276 6.353
1.224 1.723 2.137 2.781 3.048 5.703
0.764 1.418 1.718 2.136 2.649 4.971
0.635 0.903 1.458 1.970 2.921 4.740
0.300 0.650 0.809 1.402 1.866 4.146
0.974 0.316 0.857 0.933 1.523 3.381
1.027 0.959 0.288 0.755 1.253 2.728
1.292 1.117 0.800 0.227 0.642 1.825
1.692 1.418 0.895 0.756 0.208 1.068
2.707 2.043 2.057 2.239 1.221 0.160

1.763 2.058 1.939 2.135 2.356 6.336
1.631 2.058 2.021 2.573 2.686 6.243
0.894 1.549 1.485 1.913 2.178 5.524
0.425 1.633 1.622 2.201 2.418 5.011
0.293 0.563 0.786 1.394 1.590 4.185
0.529 0.198 0.420 1.496 1.791 3.875
1.142 0.912 0.277 0.552 0.955 2.407
1.659 2.289 0.712 0.181 0.701 2.054
1.904 2.298 0.961 0.816 0.238 0.740
3.290 3.553 2.585 2.814 1.208 0.146
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Table  5
PD signals with noise between winding sections.

PD reference signal PD signal injected between sections “i-k”

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11

Noise level (dBs) and wavelet db7

−10 −7 −5 −3 −1 5 8 11 15 20

1-2 1.460 1.061 1.027 0.884 1.502 1.781 1.330 2.126 3.895 8.179
2-3  1.605 0.898 1.085 1.074 1.372 1.289 1.219 2.056 3.511 7.289
3-4  1.746 1.158 0.573 0.867 1.105 1.259 1.046 1.505 2.999 6.119
4-5  1.536 1.277 1.164 0.468 1.094 1.178 0.967 1.233 2.489 5.451
5-6  1.765 1.321 1.297 1.018 0.427 0.933 0.985 1.237 1.868 4.573
6-7  1.551 1.225 1.379 1.007 1.057 0.269 0.694 0.989 1.666 3.650
7-8  1.497 1.138 1.190 1.199 1.118 0.997 0.255 1.044 1.093 2.648
8-9  1.763 1.445 1.249 1.178 1.213 0.911 0.728 0.202 0.886 1.661
9-10  1.577 1.429 1.522 1.354 1.134 1.404 0.706 0.897 0.161 1.186
10-11  1.979 1.682 1.900 1.675 1.807 2.464 1.386 1.295 0.748 0.199

Wavelet db8
1-2 2.033 1.723 1.658 1.800 1.787 2.258 2.195 3.699 6.340 9.189
2-3  2.046 1.286 1.935 1.075 1.256 1.586 1.357 2.943 5.578 8.743
3-4  1.752 1.589 1.241 1.605 1.678 1.548 1.920 2.640 4.909 7.009
4-5  2.383 1.554 1.954 0.802 0.871 0.835 1.011 1.712 3.957 6.351
5-6  2.020 1.588 1.718 1.152 0.822 1.039 0.908 1.540 3.135 5.237
6-7  2.716 1.885 2.123 1.226 1.143 0.228 0.977 0.821 2.636 3.986
7-8  1.843 1.861 1.991 1.166 1.429 0.835 0.400 1.155 1.536 2.971
8-9  2.248 2.165 2.243 2.038 2.009 0.568 1.235 0.149 1.220 1.930
9-10  1.768 2.656 1.678 2.506 2.067 2.065 1.660 1.084 0.361 0.527
10-11  2.142 3.245 2.100 3.300 2.511 2.581 1.899 1.333 0.583 0.091
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To validate the algorithm, a three-phase distribution trans-
Fig. 7. Test system.

inding, whilst the parameters C1 and R are used to define the PD
ignal waveform.

In Table 5, results for PD pulse simulated between winding sec-
ions are shown, e.g. if there is a PD signal between winding sections
-8, the captured signal is mixed with Gaussian noise of 8 dB, the
inimum KL divergence value using db7 is 0.255, and it can be seen

hat PD location is well estimated.
For high levels of noise, the PD location may  be affected, e.g.

hen a PD signal is simulated between winding sections 1-2,
dding −10 dB of noise, its position is wrong estimated using db8,
uch as is shown by the minimum KL divergence value (1.752),
hich corresponds to PD reference 3-4.  In other cases, PD location

s estimated with accuracy.
The accuracy percentages for locating PD between winding sec-

ions are 100% and 90% using db7 and db8, respectively. However,
oise levels less than −10 dB may  or may  not affect the reliability
f the proposed algorithm, in this way the authors conclude that
he proposed algorithm is able to produce satisfactory results for a

oise level greater than −10 dB. In fact, other applications showed
hat a noise level of −10 dB is a good value for evaluating the PD in

 noisy environment [26].
Time (µs)

Fig. 8. Signals: (a) input PD pulse and (b) measured PD signals.

In consequence, the presented results are very attractive and the
authors conclude that MW db7 gives better results than WM db8
for PD signals with noise. However, both wavelets produce similar
results for PD signals without noise.

Finally, the DWT  reduces the information to be analyzed dur-
ing PD location and is equal to total samples divided by 2j. Hence,
the results allow concluding that the proposed algorithm can be
applied for PD location in transformer windings (off-line process)
under noise conditions.

8. Experimental results
former of 51.96 kVA and continuous discs is used. Further, each
transformer winding has 13 taps and each tap is taken as a winding
section, such as is shown in Fig. 7.
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Table 6
Experimental results for PD location.

Scale % Localization

Along each section Between winding sections

Mother wavelet

db7 db8 db7  db8

2 100.00 100.00 100.00 100.00
3  100.00 100.00 100.00 100.00
4  100.00 100.00 100.00 100.00
5  100.00 91.67 100.00 100.00
6  50.00 83.33 66.67 66.67
7  25.00 8.33 16.67 16.67
8  25.00 25.00 8.33 8.33

9  8.33 25.00 16.67 16.67
10  8.33 16.67 33.33 16.67

Hence, the proposed PD model is used for injecting PD pulses
in parallel with each section, as well as between winding sections.
Further, the DC source is replaced by a signal generator (square
function) in order to obtain a PD pulse train. In this way, PD signals
were measured across a load resistance with an oscilloscope. There-
fore, two  data sets are required, one data set for the PD reference
signals and the other for the validation process.

The measured PD reference signals for injected PD pulses at sec-
tions 1, 2 and 3 are shown in Fig. 8. These signals are similar to the
ones in the simulated cases. Fig. 8 also shows the input PD pulse
(discharge), which was used for injecting PD pulses in parallel with
each winding section, as well as between winding sections. The
signals measured in each section including noise can be seen in
Fig. 9(a), also measured signals filters using [31] can be seen in
Fig. 9(b). The capacitive effect is clearly appreciated due the level
of the test transformer. After that, the algorithm is applied follow-
ing the described process, where the optimal decomposition level
is equal to 5. Then, those signals are processed up to the optimal
level in order to compute the DWT  for each measured signal and to
estimate the PD location according to the proposed divergence.

Finally, the algorithm is validated and its results are presented in
Table 6. The results for each scale were analyzed and it can be seen
that the proposed algorithm produces good results in both cases.
However, this is satisfied up to the optimal decomposition level.
After that the results are affected, giving accuracy percentages less
than 85%.

The comparison between the simulations and measurements
performed show that the proposed algorithm has a satisfactory per-
formance in locating PD in parallel along each winding section and
between winding sections. Moreover, the results lead to the con-
clusion that db7 gives better results than db8 for locating PD signals.
Due to the proposed method is based on the optimal decomposi-
tion level, to avoid that the results depend of the chosen mother
wavelet. In Table 6, the proposed Shannon entropy is validated and
the algorithm performance is fitting to PD location up to the opti-
mal  decomposition level. Therefore, the results, based on the given
algorithm, lead to the conclusion that db7 gives better results than
db8 for locating PD signals (see details in Table 6, scale 5).

9. Conclusions

A new algorithm to PD location in transformer windings is
proposed that is evaluated with a ladder network of lumped param-
eters. Also, experimental tests were carried out in a distribution
transformer winding to validate the proposed method. PD signals

are processed using the DWT  and PD location is carried out by
means of the KL-modified divergence, which is introduced for locat-
ing PD in transformer windings. The obtained results showed that
db7 gives better results than db8 for locating PD in transformer
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indings with an error percentage less than 5%. The authors con-
lude that the KL-modified divergence is another alternative that
an be applied for PD location in transformer windings, helping to
vercome the complexity when the estimation of the PD location
s required. Further, its results can be evaluated in the frequency
omain. As a future work, the authors propose to analyze multi-
le discharges along the winding, so as evaluate other PD model in
rder to represent the physical nature of the PD source.
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