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1
I N T R O D U C T I O N

The dissertation work described in the following document
is a set of proposals and applications of the machine learn-
ing and soft-computing models on a time series (TS) data.
To be more specific, the main topic of the work is the eval-
uation of a partial discharge pattern, so called PD-pattern
detection, examining the measured signal snapshots. These
snapshots possess the sinusoidal shape and contain an infor-
mation about the current state of an observed system - an
insulation system of a medium voltage overhead lines. In
times of a system malfunction, the partial discharge activ-
ity, as an impuls component of a current or voltage signal,
occurs in the places of a degradation or rupture of the insu-
lation system.

This is a well known and established research field where
many high quality proposals for PD-pattern detection were
already designed and evaluated. Their nature incorporates
the mathematical and statistical modeling, digital image and
signal processing, machine learning, artificial and swarm in-
telligence as well as evolutionary based approaches. The
tasks they are solving are not necessary the fault detection
only. There are several subtasks possessing almost equal im-
portance such as the signal preprocessing and noise suppres-
sion, feature extraction with the relevancy estimation and
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1.1 problem description

the various kinds of optimization for problems like hyper-
parameter optimization, variable selection, etc.

Application of a patented metering device, developed by
the team in VŠB-TU Ostrava, increases the impact of this
work by setting the need for a complex detection system
that will incorporates all of the aspects of data processing
in order to perform the detection of a highest possible per-
formance. Also the deployment of the metering device is
in the forested places and inaccessible terrain which implies
several additional requirements carried by the project such as
the external background noise suppression, clarity and com-
putational effectiveness of the solutions, low cost and high
precision with ability to adapt on different areas where solu-
tion can be deployed.

Not all of those aspects are covered by this dissertation
work, however several innovative concepts are designed and
evaluated with comparison to their ancestors. However, the
work looks like having only highly applicational character,
the truth is that several unconventional approaches were able
to br examined and described with interesting results even
when their application is not yet reasonable or possible. Such
approaches includes the application of a complex network
based feature extractions, a recurrent quantification analysis
or the chaos estimation.

problem description

Partial Discharge (PD) pattern is a reflection of a fault state
of insulation systems of electric machines as well as insula-
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1.1 problem description

tion systems of the overhead and cable lines [1]. The Partial
Discharge pattern (PD pattern) is an impulse component of
the current or voltage signal generated by PD activity in the
point of the insulation system fault [1, 2, 3, 4]. The evalua-
tion of the PD pattern can also be used to detect faults on the
medium voltage (MV) overhead lines with covered conduc-
tors (CC) [5, 6, 7, 8, 9]. At present, two principles are used to
detect CC faults: PD pattern evaluation from the (i) current
signal and (ii) voltage signal. The first principle (i) evaluates
the PD pattern as an impulse component of the current mea-
sured by Rogowski coil [5, 6, 7, 8]; the second principle (ii)
evaluates PD pattern as an impulse component of the voltage
signal measured by a capacitive divider [9].

The precision of the methods is given by the ability to deal
with the external background noise interference (EBN) on
the PD pattern. EBN is a huge set of various signals gen-
erated by the external electronic and electric equipment and
affected by environmental conditions as well as by the profile
of the landscape and the distance to the metering device. In
therms of emerget behavior, when the system posses prop-
erties comming only as the results of the interaction of its
parts, the system is considered as emergent [10, 11]. The
EBN iterference is able to perform superimposed patterns
similar to PD activity. This is considered as false-hit pulses
and needs to be filtered or correctly classified as failure-free
activity otherwise it decreases the precision of PD pattern
evaluation which has a huge impact on the environment as
well as the maintanance of the system.
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1.2 goals and motivation

goals and motivation

The character of this dissertation work is purely computer
science, especially the data science and its motivation aims
on several aspects of the signal processing data. The neces-
sity of re-examination of the basic approaches based on a
fundamental knowledge is obvious, because only by the sta-
tistical and experimental evaluation, we are able to confirm
its validity on our original data. Their complex nature, as
it was stated before, requires to perform a valid data pro-
cessing of multiple aspects such as the signal preprocessing,
noise suppression, feature extraction, variable selection and
the classification. All of the mentioned aspects are reflected
by experiments described in this work and author paid a spe-
cial attention to bring some innovative proposal for each of
this area.

The proposals are based on evolutionary or machine learn-
ing algorithms application and unconventional approaches
for feature extraction and noise suppression. The following
highlights are stated as the main goals of the dissertation.

• To research a signal preprocessing and feature extrac-
tion procedures from the available literature in order
to develop a state-of the art detection model

• To interconnect evolutionary, swarm-intelligence and
machine learning approaches to increase the overall
performance of the developed detector
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1.2 goals and motivation

• To design, develop and evaluate a way of graph rep-
resentation of the PD pattern data to extend the set of
applicable features

• To evaluate the relevancy of applicable features on the
given problem by the chaos and complexity based indi-
cators use
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1.3 results review

results review

Brief review of results brought in this dissertation work is
mentioned in the following sections. They describe only the
most innovative approaches and reader should consider fur-
ther reading of the entire work with referenced papers for
more details.

The following approaches were considered as worthy to
mention here:

• Denoising approach based on weighted singular values
optimized by PSO

• Fundamentally based false-hit pulse removal procedure
extended by additional SOMA optimization

• Evolutionary based synthesis of PD pattern features
driven by grammatical evolution

• Complex network based representation of the PD pat-
tern data

• Chaos and complexity examination of the fault indicat-
ing signals

Denoising based on weighted singular values

The first experiment, partially inspired by author’s study on
dimensionality reduction algorithms [rel1], was dedicated to
the comparison between wavelet based denoising procedures
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1.3 results review

and author’s proposed denoising based on weighted singu-
lar values [rel2]. These values has been optimized by swarm
based optimization technique towards the best solution eval-
uated by the performance of a threshold based classifier on
a given preprocessed data. The number of pulses was the
only one input variable taken for the fault detection. Experi-
ment was aimed to reveal if PSO algorithm can optimize the
weights in order to expose the relevant pulses while the noise
will be suppressed.

As we can see in Table 1.1 all of the denoising methods
were able to improve results of the pulse based classifier com-
pare to the scenario without application of any pre-processing
(”No denoise” column). The highest f-score and accuracy
was achieved by model based on optimized singular values.

Table 1.1: Performance of classification algorithm according
to the applied pre-processing method on the se-
lected subset

Pre-processing No denoise DWT WPD SVDPSO

Accuracy 65.5 75.5 74.5 81

Precision 51 62 62.5 68

Recall 56.5 76 74 70

F-score 53.6 68.28 67.76 68.98

It is worthy to mention the high computational require-
ments in order to perform this experiment. The simple pulse-
based classifier was applied in purpose to lower this com-
putational complexity, but on the other hand, it made the
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1.3 results review

results very poor and incomparable with other experiments.
The only outcome of this experiment was that optimized sin-
gular values can perform valuable preprocessing compare to
wavelet based models.

Fundamentally based classification

Fundamentally based suppression of false-hit pulses was pro-
posed to increase the quality of the data making use the nat-
ural features of the observed data with aim to manipulate
them [rel3]. This algorithm was divided in three different
modules and they were separately maintained and several
tests were performed to examined various combinations of
these modules. The shortcuts in Tab 1.2 mean the names of
the modules which are as follows.

• RA - relevant areas selection - module selects the PD
pulses only in sine wave parts where they are supposed
to statistically appear

• SP - symmetric pulse - the pulse in the negative side
of the signal and in the close distance to the examined
pulse

• HA - high amplitude - pulses with amplitude higher
that the sine wave mostly comes from the corona dis-
charge activity

The tuning of the denoising parameters was performed in
order to maximize the precision of the final detection model.
The precision was also adjusted as an objective function for
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1.3 results review

Table 1.2: Performance of random forest classification algo-
rithm according to the several different adjust-
ments of the fundamentally processing of the PD
pattern signal.

Results (%)

Expert SOMA

ND
RA RA RA RA RA

SP HA SP SP
HA HA

I.

Accuracy 85.8 89.7 86.1 89.3 93.2 84.8
Precision 71.9 84.3 72.7 84.1 95.2 65.7
Recall 43.6 57.7 46.1 55.6 68.4 43.4
F-score 53.2 67.8 55.3 66.1 79.1 51.4

II.

Accuracy 99.9 99.9 99.9 99.9 99.8 98.8
Precision 70.7 81.6 72.7 80 83.6 57.8
Recall 43.7 58.1 46.1 58.1 66.7 37.4
F-score 52.7 66.7 55.2 65.7 72.8 44.2

SOMA algorithm. The expert based results and the SOMA
optimized approach were compared to classification with-
out additional denoise represented by false-hit suppression
(ND).

Table 1.2 contains the performance parameters measured
on a training subset (I.) and testing subset (II.). The exper-
iment confirmed that PD detection performed significantly
better when the method was focused on the sine’s relevant
parts, which could potentially contain a PD-pattern pulses.
On the other hand, the performance of the detection dropped
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1.3 results review

in case of processing the irrelevant parts or even the entire
period of the raw signal.

The module cancelling the pulses with high amplitude
brought the less increase of the performance, however it was
based on fundamental knowledge. The SOMA based opti-
mization was able to increase the overall performance, which
represents a promising result in order to be applicable in dif-
ferent metering locations.

Relevancy of the synthesized features

The evolutionary based synthesis was applied to produce
a set of polynomials acting as the synthesized PD features
[rel4]. Their values formed a set of inputs for a training pro-
cess of a classification algorithm. The definition of their form
was given by adjusted grammar, the objective function value
was estimated according a gini index relevancy coefficient
and the process of evolution was driven by grammatical evo-
lution algorithm. In case of this experiment, the signal parts
went trough the low and high pass filters of DWT to obtain
three levels of the coefficients (approximate and detail). Each
of these coefficient series was used as the inputs for the next
phase of the experiment, the genetic programming driven
synthesis of the nonlinear features.

ANN was applied as the classification model. The number
of neurons of the hidden layer was adjusted to an intrinsic
dimension of the training input data set. The number of in-
put neurons faced the number of input variable. The data
set was then divided into three parts. The first part consisted

10



1.3 results review

of 70% of the data set for training phase, the second part
of 15% for validation phase and third part of 15% for test-
ing phase. Validation set was used during training phase
to avoid over-fitting by early stopping of training [12]. The
learning coefficient η and the slope of the sigmoid function
λ were experimentally set to 0.4 and 0.6 respectively. The
number of training epochs was adjusted to 5000 with an op-
tion of early stopping in cases when model did not converge
enough.

The performance of the classifications in all the ANN’s
phases is shown in table 1.3 below.

Table 1.3: Performance of the classification algorithm trained
on evolutionary synthesized features.

(%) Training Validation Testing

accuracy 90.47 95.83 91.30

precision 86.44 88.88 88.09

recall 96.22 100 94.87

f-score 91.07 94.11 91.35

The results confirmed high relevancy of the applied fea-
tures due to high performance of the model on the given
dataset. What is necessary to mention, is the higher com-
putational requirement necessary for the entire experiment.
This was one of the reasons of making use of the smaller
dataset containing only 161 signals.
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1.3 results review

Classification of complex networks

The following section summarizes the settings and results
of the experiments based on the complex network represen-
tation. The first part is dedicated to experiment published
in [rel5]. The settings of the RF classifier were adjusted ex-
perimentally with respect to the previous research and those
settings were kept during entire experiment (100 trees in an
ensemble, random subset of variables and random subset of
observations for each tree to prevent over-fitting) - for all lev-
els of the threshold value.

The value of the threshold T varied from 5 to 40% of the
distance values in the similarity matrix (see Alg. 2). It was
necessary to examine different levels of these values to com-
pare if the obtained CN contains enough information for best
classification performance. On the other hand, in case when
the value T was too high, new edges of the CN brought only
noise or uncertainty.

The cross-validation method was applied for adjustment
and testing of classification performance and the results cov-
ered the calculated values of accuracy, precision, recall and
basic F-score. The best results in our experiment were ob-
tained on 30% value of the threshold (see Fig. 1.1 and Table
1.4).

This experiment was performed on a smaller dataset con-
taining only 290 signals, but all of its signals contained pulses
either from PD activity or noise interference. The perfor-
mance has increased for all measured metrics compared to
the previous experiment [rel5, rel6] (see in Table 1.4), which
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Figure 1.1: Graphical comparison of classification perfor-
mance based on application of different threshold
levels.

Table 1.4: Tabular comparison of classification performance
based on application of different threshold levels.

T (%) Acc (%) Prec (%) Rec (%) F-score (%)
5 67.3 66.2 58.5 62.1
10 69.2 68.8 67.1 67.9
15 71.4 71.0 68.4 69.7
20 72.8 71.6 65.8 68.6
25 78.5 76.6 72.2 74.3
30 79.8 79.2 78.1 78.6
35 76.4 75.8 68.4 71.9
40 73.2 71.3 65.6 68.3
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1.3 results review

confirms the relevancy of application of complex network
based features.

The extended experiment proposed in [rel7] processed each
signal into several networks based on a signal window size.
This results into a wider spectrum of obtained features which
was not reasonable to use directly for classification anymore.
To perform a valid modeling, the relevant subset of input
features was necessary to select.

An extended model applied a feature selection procedure
based on multi objective optimization followed by a classi-
fication phase applying several different machine learning
models. The feature selection was considered as necessary
due to higher amount of extracted features and the larger va-
riety of tested classifiers was beneficial in order to obtain the
best available solution.

The evaluation (fitness function in NSGA-II) of the candi-
date is based on the performance of clustering over the se-
lected dataset (PCA-based reduced dimension of the binary
vector-based selected features). Since several candidates had
tuned out to have a same value of objective function. A can-
didate is, thus, indicate a derived dataset, where for each
signal, features were extracted using CN analysis and fur-
ther optimized (reduced) by MOO. To make a fair compari-
son with the results in [rel5], we randomly selected 15 candi-
dates from the PF, and the selected candidates were used for
evaluating classifiers performance.

In Table 1.5, the cross-validation performance of the pre-
dictors is shown in three ways, which are the average (mean),
the max (highest), and the min (lowest) accuracy, precision,
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1.3 results review

recall, and F-score values of the predictor for the selected
dataset from the Pareto Front. Table 1.5 shows the results for
the experiments where dataset contained 290 signals which
only included signals with high appearance of pulses, 500

signals where more failure-free signals were involved.
The comparison of the obtained results in this study with

the results presented in [rel5] reveal that the application of
CN’s features has significantly improved the performance of
the selected classification algorithms. The average perfor-
mance of XGB predictors on the randomly selected candi-
dates (datasets) from the Pareto Front gave a mean precision
about 81% and the predictor RF gave max precision about
83.78% (see Table 1.5). The significance of improvement in
the precision of the predictor is vital since it can reduce (min-
imize) the chance of incorrect detection of Faults in PD pat-
tern. Hence, reduce the chance of false call on emergency
maintenance of covered conductor (CC).

The representation of signal pulses as the nodes in a CN
brought advantage in terms of signals preprocessing and op-
timization operations. According to available literature, the
CN’s approach for PD pattern classification was applied for
the first time, and it was advantageous since the pulses are
the most relevant phenomenon for a PD pattern classification
and only its proper representation can lead to reasonable re-
sults. The correct PD pattern pulses mostly appear in similar
patterns that mainly forms dense clusters on the repeatable
places of sinusoidal signal’s signature. However, the exact
pattern, the cluster’s size, and its place on a sine wave vary
according to circumstances, such as the weather conditions,
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1.3 results review

Table 1.5: Results obtained from CV testing of ML algorithms
optimized by GSO on 14 different databases ob-
tained from Pareto front. Databases represent only
signals with high appearance of pulses - smaller
sample set (290). Evaluation values (line by line)
for each ML algorithms mean accuracy, precision,
recall and the f-score.

(%) Avg. PF Max PF Min PF

SVM

85.43 +- 0.66 87.58 84.13

75.51 +- 1.55 77.97 70.01

82.97 +- 2.95 91.31 77.49

78.67 +- 1.28 81.89 74.35

ANN

76.14 +- 3.80 86.20 66.20

69.02 +- 11.51 75.77 41.88

72.73 +- 12.36 94.48 32.89

65.76 +- 10.09 82.67 32.03

RF

85.47 +- 1.05 87.93 82.06

79.83 +- 1.69 83.78 73.91

75.62 +- 2.68 81.19 66.67

77.06 +- 1.90 80.70 70.37

XGB

86.00 +- 3.93 88.27 84.13

81.44 +- 1.62 83.60 78.64

76.03 +- 6.26 80.90 70.92

78.13 +- 5.92 81.92 74.55

Adaboost

80.83 +- 1.55 85.17 77.58

71.16 +- 2.77 78.21 64.88

71.52 +- 3.45 79.27 64.13

70.67 +- 2.54 76.60 64.81
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1.3 results review

Table 1.6: Results obtained from CV testing of ML algorithms
optimized by hyper-parameter optimization on
30 different datasets generated from pareto front.
Datasets contained all testing signals with all ap-
pearance of pulses - larger sample set (500). Evalu-
ation values (line by line) for each ML algorithms
mean accuracy, precision, recall and the f-score.

(%) Avg. PF Max PF Min PF

SVM

93.85 +- 0.15 94.32 93.50

75.52 +- 1.50 78.71 71.33

58.23 +- 2.02 64.00 53.35

65.49 +- 1.21 68.85 62.39

ANN

91.79 +- 0.82 93.80 89.62

68.55 +- 9.02 74.74 42.92

50.94 +- 7.72 63.53 24.93

55.37 +- 7.41 67.38 30.71

RF

93.88 +- 0.20 94.32 93.28

79.92 +- 1.48 83.47 76.15

52.98 +- 1.85 56.97 47.87

63.37 +- 1.57 66.65 58.99

XGB

93.98 +- 0.85 94.47 93.58

81.44 +- 1.62 83.60 78.64

53.46 +- 4.34 57.00 49.88

64.23 +- 5.10 67.53 61.04

Adaboost

92.86 +- 0.31 93.65 92.16

71.28 +- 2.24 75.81 65.90

49.95 +- 2.49 56.55 44.48

58.30 +- 2.19 64.10 53.52
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1.3 results review

the metering device, the source of the CC fault. Therefore,
the CN application brought a very different viewpoint to
PD pattern classification by extending and exploiting a large
number possible PD pattern features.

Dynamical properties of PD patterns

The measure of complexity of examined signals was com-
puted making use the sample entropy, approximate entropy,
0-1 test for chaos and correlation dimension [rel8, rel9]. The
outputs were compared based on variously adjusted embed-
ding dimension. The maximum resulting values, as the prin-
cipal part, are extracted and ordered in the Table 1.7. The
values of correlation dimension approached very close to the
zero, hence the test was not accepted as significant. There-
fore, the approximate entropy and sample entropy were only
considered as relevant, the outputs of both tests are giving
comparable results, consequently the complexity measure is
visible.

As a consequence of the previous results, a natural ques-
tion arose, whether the studied signals perform the chaotic
patterns or not. For this purpose the 0-1 test of chaos was
applied. The chaotic behavior was confirmed on all exam-
ined signals and on each value of the applied ncut parameter.
Only in case of the 1a signal, the necessity for more precise
examination was revealed. In the case, the default value of
ncut = N/10 gave K = 8.87E − 01 the value that should not
be declared as chaos of the studied signal since it is more
then 10% from the required value 1. Therefore, the stress test
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1.3 results review

Table 1.7: Maximum values of ApEn and SampEn in depen-
dence on embedding dimension D, ordered from
the biggest to the smallest value.

ApEn SampEn
idx max D idx max D
4a 2.76E-02 2 4a 6.70E-03 2

1b 2.46E-02 2 6b 4.59E-03 2

6b 2.45E-02 2 1b 4.02E-03 2

7b 2.12E-02 2 7b 3.89E-03 2

5a 1.38E-02 2 5a 2.74E-03 2

5b 1.16E-02 2 5b 2.17E-03 2

4b 9.53E-03 2 4b 1.87E-03 14

7a 6.31E-03 2 7a 1.16E-03 2

2a 6.07E-03 2 2a 1.12E-03 2

6a 5.29E-03 2 6a 1.05E-03 10

3a 4.80E-03 2 3a 1.01E-03 14

2b 3.50E-03 2 2b 6.41E-04 2

1a 2.60E-03 2 3b 5.21E-04 6

3b 2.55E-03 2 1a 4.41E-04 2
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Figure 1.2: Plot of ApEn, SampEn and CorrDim in depen-
dence of embedding dimension of signals 1a
(Left) and 7a (Right).

was performed on 0-1 chaos parameter ncut. The outputs of
this test are depicted in Fig. 1.5 (Left) detecting decreasing
value of K while ncut is approaching 50% of the time-series
dataset.

This instability (decreasing value of K) happened since the
block of nonzero values of signal 1a was moving to the left,
see Figure 1.3 (Left) while ncut increased. That means the test
is not applicable due to its instability, indicating randomness
of 1a signal. The rest of the signals from 1b up to 7b per-
formed stability under this stress test, the 7a case is depicted
in Figures 1.5 (Right) and 1.3 (Right).
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Figure 1.3: Plot of signals 1a (Left) and 7a (Right).
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Figure 1.4: Plot of pc versus qc for c = 2.6 and signals 1a (Left)
and 7a (Right).

21



1.3 results review

2 5 8 11 14 17 20
bN=ncutc

0.4

0.55

0.7

0.85

1

K

2 5 8 11 14 17 20
bN=ncutc

0.4

0.55

0.7

0.85

1
K

Figure 1.5: Plot of K versus ⌊N/ncut⌋ for signals 1a (Left) and
1b (Right).
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2
C O N C L U S I O N S

In order to summarize the outcomes of this work, the con-
clusion chapter is divided to face the goals proposed in the
beginning. The time series analysis served as the main topic,
due to the signals, carrying the partial discharge activity
and having the time series representation in the most of ex-
periments. Unconventional computational models, machine
learning and data mining approaches were applied as the
main tools in this work.

The processing of the signal data has been examined in
several author’s studies. The experiment comparing four
ideologically different methods of dimensionality reduction
revealed the modifications in the information content while
noise and uncertainty were reduced. These changes were de-
tected measuring statistical dependencies between the time
series of the original and reconstructed dataset.

Described results revealed that algorithm based on mani-
fold learning was not able to keep the information content
even when the dimensionality reduction was minimal. This
problem could be caused by the fact that the way of reduc-
tion did not encode the features relevant for the statistical
testing. A nonlinear DR’s representative, the Autoencoder,
which is basically DR by ANN, did not bring the best results
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conclusions

and was the most difficult to adjust due to its higher number
of parameters affecting its learning ability.

The statistical dependencies were kept in a reasonable qual-
ity by Principal Component analysis, due to its focus on sta-
tistical properties of the input dataset. The reasonably well
results were also obtained by Non-negative matrix factoriza-
tion, this method was able to keep correlation between com-
pared time series. On the other hand the values of causality
and mutual information were lower than in case of PCA.

In a similar manner, the data decomposition into its sin-
gular values, later optimized by particle swarm optimiza-
tion was designed as a denoising procedure. This experi-
ment compared two different denoising concepts applicable
for the problem of classification of signals containing partial
discharge activity. Obtained signal data were buried in the
noise interference which implied the necessity of such pre-
processing procedures. The applied models covered area of
machine learning and signal denoising. DWT and WPT de-
noising algorithms gave very satisfactory improvement for
the simple threshold based classifier. The proposed combi-
nation of SVD and PSO was able to compete with wavelet
based algorithms and according to all of the criteria, the evo-
lutionary optimized singular values performed better.

The feature synthesis based on grammatical evolution brought
interesting results and statistically relevant set of features for
a given dataset. The entire concept of polynomial synthesis
was robust, valid and offered a promising way for a future
work. Wider and more representative dataset with properly
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conclusions

adjusted fitness functions may increase the overall relevancy
as well as the performance of the model. The weak spot of
the experiment appeared in the limited data set as well as
higher computational requirements of the entire concept.

On the other hand, the fundamentally based, pulse-like
features possess also very high relevancy and their extraction
is rather simple. In cases, when good performing wavelet
based denoising is combined with false-hit pulse suppres-
sion, the quality of the fault detection model is increased.
The false-hit pulse suppression model was successfully de-
signed to be modular and parametrically adjustable, which
brought an opportunity of its optimization. The human ex-
pert based adjustment was compared with SOMA based op-
timization. While performance of both models was satisfac-
tory, the swarm intelligence based optimization was able to
find a combination of parameters leading to even higher per-
formance.

Later experiments were covering the very first application
of a complex network based representation of PD pattern
activity for detection of fault behavior on covered conduc-
tors. The complex network, created from extracted pulses,
reflected valuable features for PD-pulses classification. This
hypothesis was confirmed by increase of performance of the
classification model also compared to author’s previous re-
search. Model based on CN’s representation may be used
as a supportive tool for classification of signals with higher
noise interference, because pulse-free signals may be auto-
matically considered as the failure-free signals.
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conclusions

The complex network (CN) and multi-objective optimiza-
tion (MOO) based signal processing model, proposed in the
last experiment, contained three phases of signal processing
in order to classify PD pattern behavior properly. The CN
constructed from the signal’s pulses were found to be suffi-
ciently representative to improve precision of the predictors.
Such an improvement was due to the extraction of a large
number of features using CN’s, which showed the ability to
address signals with a high noise interference. MOO for fea-
ture selection lead to the reduction of the dataset dimension
that lowered a computational cost by an automatic recogni-
tion of the relevant features. It may be concluded that the
CN based features had significantly improved the prediction
of correct and incorrect PD pattern and the high precision
of the trained predictor may reduce the number of detection
false alarms. Hence, it minimizes false calls on emergency
services.

The chaos examination of the PD activity was not enclosed
by an application of extracted features as the input values of
a detection algorithm, however these experiments were still
able to bring some valuable results. Author’s contributions
extended the area of studies making use the chaos based in-
dicators on PD pattern data [13, 14, 15] by several significant
differences. First of all, the data came from a natural envi-
ronment by monitoring the PD activity on medium voltage
overhead lines, which was ensured making use of an original
metering device. All of those facts implied the huge variety
of signals (PD pattern changes according to weather condi-

26



conclusions

tions, time of the day, type and distance of the damage, etc.
The application of proper pre-processing was therefore con-
sidered as necessary.

The main motivation was to examine several chaos based
indicators on the PD pattern data in order to test the com-
plexity of the preprocessed signals and to reveal whether
some of the tested features are able to serve as a splitting
criteria according to several fault indicating annotations. Fur-
ther results aimed on a description of the dynamical proper-
ties of PD patterns described in Table ??. More precisely, the
complexity of signals was properly evaluated using approx-
imate entropy, sample entropy, and correlation dimension,
see Figure 1.3.

Finally, the 0-1 test for chaos confirmed the presence of
chaotic behavior in almost all signals and in the case of 1a
signal, randomness was detected using the newly applied
stress test on the ncut parameter, see Figure 1.5. This insta-
bility was considered as a discovery of unexpected behavior
of the chaos 0-1 test. It is therefore another part of contri-
bution of the entire work, because according to the available
literature, such a finding was published for the first time.

The limitation of the first work relied on fact that only the
representative signals of each class were examined and com-
pared. In the following chaos based experiment, several ad-
justments were applied to achieve differently preprocessed
signals by discrete wavelet transformation. This process was
followed by estimation of complexity by approximate and
sample entropy calculation.
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The visualization of the results and further ANOVA test-
ing confirmed that some of the PD-pattern types are statisti-
cally different from others by results of applied complexity
measures. The most subparts of annotated signals were not
significantly different in pairwise comparison, which shows
high similarity of measured entropies among the PD pattern
fault signals. The difference in results among the applied
preprocessing adjustments was also not significant.

This work fulfilled adjusted goals and all results were pub-
lished in the international conferences and journals. The set
of described experiments covered the major phases required
for the correct signal processing for the fault detection model.
The chaos indicating features or the signal representation
based on complex network brought an innovative aspect of
the work and will be beneficial for the future applications.

As a future work, it is required to recompute and refine
the results on a growing database to develop one final model
able to be deployed in the real environment. The mentioned
models, like the weighted singular based denoising or the
evolutionary based feature extraction, need to be optimized
in order to lower their computational costs. This may be
achieved by making use of CUDA programming or by appli-
cation of a more balanced dataset.
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