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Abstract: In medium voltage cables, partial discharges (PD’s) are the major problems that trigger electrical insulation
failures. Therefore, classification of PD source type and failure localization in medium voltage cables are significant
issues of medium voltage engineering. Therefore, in this study, both detection and localization of PD are studied. As
a first step, 4 different kind of defects are artificially generated at the same length of the same kind of medium voltage
cross-linked polyethylene (XLPE) cables. Consequently, an experimental setup is built. During the experiments, different
medium voltage levels are applied to the cables, then the PD signals are measured and recorded. To classify the signals
of different defects, different statistics of frequency spectrum of the signals are considered as features. As a final task
of this step, multiclass support vector machine is employed and the PD signals are classified. In the second step, one
kind of defect is generated at different locations of same kind of longer XLPE cable. Consequently, the cable exposed
to different medium voltage levels and PD signals are measured and recorded. The statistics of the data are employed
as features. Finally, PD signals measured from different lengths are classified by the help of multiclass support vector
machine.

Key words: Partial discharges, pattern classification, fault diagnosis, cross-linked polyethylene insulation, discrete
Fourier transforms

1. Introduction
Medium voltage (MV) systems are the high-cost systems that require the highest level of safety. Insulation
failures may lead to critical and dangerous accidents that can result in deaths, fires and explosion. These
critical reasons make it important to monitor the insulation condition from time to time and to diagnose in
early phases. Most of the HV system consists of high-insulated cables and XLPE is one of the most preferred HV
cables. Over the past decades, underground cable usage has increased swiftly compared to overhead lines [1].
In the electrical power industry, XLPE cables have an important portion among the HV underground cables.
Reliability and durability are the main reasons for this situation [2]. Although there are many advantages of
XLPE cables, there are some challenges in making the cable connections such as cable joints. The cable joints
are usually accepted as dielectric weakness in consequence of the nature of the insulation discontinuity and
the nature of the human made structures. The percentage of insulation failure of the cable joints is 91% and
the power cable percentage is 89% [3]. PD detection devices for HV cables vary widely. A novel wireless PD
measuring device is presented in [4] to detect partial discharge point of XLPE-insulated cables. In addition to
this, inductive sensors are started to use in PD detection [5]. An optimum design of a Rogowski coil that is
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able to measure the PD signals from the medium voltage cable is proposed. High frequency current transform
(HFCT) and ultra-high frequency (UHF) sensors are widely used in online PD measuring systems [6]. To build
an insulation model, artificial PD signal generation and PD signal modelling tools are considered. In [7], a
physical model relating PD activity to tree development is proposed. PD emulator simulations are carried out
using the CST Microwave Studio software in [8]. Discrete wavelet transform is used effectively for denoising of
PD signals [9? ]. Artificial neural networks [11–14] and fast Fourier transform (FFT) is widely used in PD signal
processing [15–19]. Spectrum analyze obtained from the FFT of the PD signal carries significant information
especially in the time-resolved PD signals. Classification of the PD signal depends on many parameters. Some of
those parameters are noisy/noise-free condition of signal, feature extraction or usage of raw data, using a model
of the PD data. Support vector machines (SVM) technique is successful classifier in classification problems. In
high voltage partial discharge pattern recognition, detection systems, SVM is utilized especially in recent studies
[2, 20]. Considering the literature, nonlinear and multiclass SVM seem to be convenient in classifying PD signals.
Differently from past literature, in this study, PD type detection and localization on XLPE-insulated medium
voltage cables are both studied. For this aim, an experimental setup is built at the high voltage laboratory of
electrical engineering department of Afyon Kocatepe University as mentioned in Section 2. To investigate the
type of PD, 4 different type of defects are generated on XLPE cables. On the other hand, to investigate the
localization of the PD, same kind of defect is generated on different locations of a cable. All type of cables are
exposed to different medium voltage levels (0 to 15 kV). For each cable the PD signals of each medium voltage
level are measured and recorded. In this step, the data are measured and recorded as time resolved PD data for
6 times to increase the number of data for classification as detailed in Section 2. After experimental studies, the
PD data are preprocessed. In this preprocess phase the data are converted to text data format from the own
format of the oscilloscope. Consequently, discrete Fourier transform (as explained in Section 3) is applied to the
data. The statistical parameters of the Fourier transforms of the data are considered as features as explained
in Section 4. These features are then utilized in the multiclass SVM as training and testing data as mentioned
in Section 5. Finally, accuracy of the model is tested with “k-fold” cross validation for all combinations of test
and train data. Successes of classification results are presented and discussed in Sections 6 and 7, consequently.

2. Experimental setup
In the high voltage laboratory of Afyon Kocatepe University, partial discharge measurement tests are performed
according to the schematic diagram presented in Figure 1. The experiments are carried out in accordance with
IEC60270 standard. The experimental environment is covered with Faraday cage. The lengths of the cables are
set to 1.5 m. The details of the defects are explained in the Section 2.1.
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Figure 1. Partial discharge measuring system.
In Figure 1, CK is the abbreviation of coupling capacitor and CA is the capacitive voltage divider. CD

express the coupling device and CC is the shielded connecting cable. DSO is the digital signal oscilloscope with
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1 GS/s sample rate. The type of PD signals measured and studies were time resolved PD signals since such kind
of data carry more information for classification. A typical time based PD signal measured during experiments
is illustrated in Figure 2. This signal is collected under 7 kV voltage level whereas PD pulse is occurred at the
middle of the measurement. The algorithm for the time-resolved data classification presented in [21] is partially
followed in this study.
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Figure 2. Time based PD pulse signal on a XLPE cable under 7 kV.

2.1. PD detection experiments

Nominal section of 50mm2−36kV medium voltage level XLPE insulated HV cables are used in the experiments.
Faultless cable is presented in Figure 3. On the other hand, a typical peeled cable that having “close to earth”
connection fault is illustrated in Figure 3d. Four different kind of experiments related to PD are performed in
the detection part of the study. Artificial defects are considered to have similarities with the real problems in the
XLPE cables in use at the electric power systems. Firstly, medium voltage levels are applied on faultless cable
and PD activity is observed to assure that there is not any problem with cable insulation. These experiments are
also recorded to compare with the PD signals of defects and entitled as “Faultless”. As a second experiment, an
earth connection is get closer to the cable without any defect on the surface of the XLPE (as seen at Figure 3d).
In consequent experiment, a very thin scratch, given in the Figure 3c, is applied on the surface of XLPE cable
with an earth connection finally. A needle tip void made with an earth connection on the surface of XLPE cable
as presented in Figure 3b.

After the defect forming process on the XLPE and data collecting, frequency spectrum of PD signals
are examined and their statistical features are extracted according to the Fourier transformation mentioned in
Section 3. Meanwhile, experiments are carried out to perform PD position determination/localization on the
same type of XLPE-insulated medium voltage cable.

2.2. PD localization experiments

Electric power systems are complicated and difficult to intervene in case of failure. There are many cables in
these complex systems and the length of these cables may be quite long. It is of utmost importance to determine
the partial discharges location in the HV cable. It is a critical engineering problem, the power system, installed
and operated at highly costs, is recovered at the lowest cost without the occurrence of dangerous failures. In this
experimental part of the article, the defect shown in Figure 3b is formed again in the various places of the same
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Figure 3. XLPE cable and defects: a) faultless, b) needle tip defect, c) scratch defect, d) close to earth connection.

type of XLPE-insulated medium voltage cable. The PD signals are recorded by measuring for different medium
voltage levels. A typical experimental setup built in high voltage laboratory in a Faraday cage is presented in
Figure 4. It can be seen from this figure that a high voltage transformer having the maximum voltage level of
50 kV, capacitive voltage divider, coupling capacitor and the XLPE cable are used in the experimental setup.

Various defects are formed on the XLPE insulator part of the medium voltage cable and these defects
are defined as the cases of A-B-C-D. In case A, no malfunction has occurred on the cable. Partial discharge
measurements are performed by applying high voltages to the nondefected cable. This case has been done
in order to compare the measured signals in the event of a malfunction and to distinguish the noise in the
measurement, if any. These signals were also needed to detect partial discharge by comparing them with
defective state signals. In case B, a needle-sized defect is formed on the XLPE insulator. In the case of C, a
capillary scratch defect is effectuated and measurements are made. Finally, in case D, a noncapillary, thicker
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Figure 4. PD localization experiments on a XLPE HV cable.

defect is formed and measurements are performed. These defects are preferred as long as there are problems
that may occur in the cable while performing the assembly, cable joint and similar operations of the cables.

For the localization process, it is obtained that usage of statistics of the raw PD data as future give better
results in these experiments. In these experiments, same type but longer, 7 meter-long XLPE cable is utilized.
Locations are defined as line sending, middle point, line end and their distances from the transformer are set
to 60 cm, 350 cm, and 640 cm, respectively. Same HV levels are applied to the defected XLPE cables during
the experiments.

3. Discrete Fourier transform
While classification, firstly, the raw PD data itself and the statistics of the raw PD data are selected as input
features. However in this case considerably low (25%) classification success is obtained. Therefore, it is thought
that, usage of the spectral information of the PD data should increase the success of the classification. Hence,
information obtained from the discrete fast Fourier transform (FFT) of PD data are considered and used as
features.

Discrete Fourier transforms (DFT) are used to convert time-based PD data to frequency spectra with
the following FFT equations in (1) and (2).

X(k) =

N∑
j=1

x(j)ωN
(J−1)(k−1) (1)

x(j) = (1/N)
N∑
j=1

X(k)ωN
−(J−1)(k−1)

ωN = e(−2πi)/N

(2)

In (1) and (2), transform and inverse transform are given. N is the vector length and it is 3040 for
this study regarding to digital oscilloscope data acquisition limit. FFT is preferred in case of the size of the
second or fourth power (exponents) of DFT. In Figure 5, 4 different kinds of spectrums are illustrated for the
different defects. It is observed that, high frequency peak values of the spectrum are generally the same in
all experiments. Although the laboratory covered with a Faraday cage, these low-amplitude values come from
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internal noise of oscilloscope and other environmental reasons such as computer, AC control unit etc. However
the effect of such noises were ignorable for the experiments.
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Figure 5. Frequency spectrum of PD signals for different defects.

It is seen from the spectrums that, usage of only the first 300 elements are sufficient since, the difference
between the PD’s can be clearly observable in that interval. The others mostly represent high frequency noise.
The first part of the spectrum analysis is presented in Figure 6, in detail.

A
m

p
li

tu
d
e 

(d
B

)

 

 

Needle Tip

Without Defect

Close to Earth

Scratch

Frequency
150 25020010050

0

0.5

1

1.5

2

x 10
4

Figure 6. First 300 elements of the frequency spectrum of different PD signals.

It can be observed from Figure 7 that, for “faultless” case (red line in the figures), only very low frequency
values appears in the spectrum of the signal. On the other hand as seen, “scratch” differs from others with
highly oscillating amplitude. However, PD’s of “needle tip” and “close to earth” defects present similar Fourier
response in many frequency values that make classification complicate. Therefore, some statistical parameters
presented in the following section are considered as features while classification.

4. Statistical feature extraction
Mean value, standard deviation, variance, kurtosis and skewness are considered and used as features for the
classification. It should be noted here that these statistics are selected as features due to simulations of
classification. While simulations it is obtained that usage of the parameters such as the minimum, maximum
and median impair the success of the classification.
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Figure 7. Comparison of mean (above) and standard deviation (below) values of the raw and FFT data.

The statistical parameters of the Fourier transforms of different PD’s belonging to different HV levels are
presented in Table 1. The formulas for statistical calculations are given in (3),(4),(5),(6),(7), respectively [21].

Average (mean) value µ = (X1 +X2 + ...+Xn)/n (3)

Standard deviation σ =

√∑n
i=1 (Xi − µ)2

n
(4)

V ariance σ2 =

∑n
i=1 (Xi − µ)2

n
(5)

Kurtosis =
1

σ4

∑n
i=1 (Xi − µ)4

n
(6)

Skewness =
1

σ3

∑n
i=1 (Xi − µ)3

n
(7)
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Table 1. Statistics of Fourier transform of PD signals.

Voltage level (kV) Needle tip defect
Mean (mV) Std (mV) Var (mV) Kurtosis (mV) Skewness (mV)

3 4,2 20,4 416,7 -0,3 -0,4
5 -1,4 29,9 894,7 4,3 0,4
12 -11,1 156,0 24342,0 70,9 -5,4
15 -11,0 226,1 51140,9 52,7 -5,7

Capillary scratch defect
3 3,9 20,9 438,2 -0,5 -0,1
5 3,5 30,1 904,2 0,0 -0,2
12 7,0 150,6 22670,5 122,9 -8,0
15 -10,3 227,2 51625,7 52,6 -5,4

Close to earth connection defect
3 5,3 19,7 386,4 -0,7 0,0
5 0,1 31,9 1017,7 2,9 0,4
12 5,6 114,9 13206,5 11,2 -0,8
15 -11,7 189,6 35946,0 14,6 -1,9

Nondefected Cable
3 3,9 19,9 395,3 -0,5 -0,3
5 8,4 28,1 789,9 -0,1 -0,5
12 6,1 43,4 1884,6 -0,6 0,0
15 -0,3 45,7 2092,3 -0,7 0,2

In order to understand differences between mean values and standard deviations of the raw PD data
statistics and DFT data statistics, box plots are presented in Figure 7. First 2 box plots belong to raw data
statistics of PD under 12 kV and the third-fourth box plots belong to Fourier transform of the PD. It can be
seen from Figure 7 that the verification of the mean values of FFT is obvious which was not obvious in case the
data itself were used.

As the voltage level increases, the statistical characteristics vary according to the defects in the cables.
The statistical values at lower voltages are closer to each other as seen from Table 1. Therefore, different voltage
levels are considered during experiments.

In faultless case, it is obtained that the kurtosis value is negative for all experiments. According to the
finding, if the kurtosis value is positive, the XLPE cable is probably in fault situation. However, it is concluded
that it is difficult to understand the type of fault from this value alone. It is also obtained that the increase at
voltage level does not cause an increase at statistical values as been at other defect situations.

In Table 2, statistics of the localization measurements are presented for “the line sending point”, “the
middle point” and “the line end point” defects. These statistics are for the same voltage value (12 kV). The
experiments are repeated 6 times for each distance of defect case to generate more data vector for classification.
It is observed that there exist a considerably small amount of difference between the values for 1 type of distance
since, monitoring signal of the data in the oscilloscope screen was fluctuating. However, there is not any critical
difference that may affect the classification.
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Table 2. Statistics of the localization measurements.

Average (mV) Std. S. (mV) Var. (mV) Kurtosis (mV) Skewness (mV)

Line sending point

283,0 113,5 12889,4 14,8 -1,1
283,8 107,7 11591,8 15,6 -0,9
282,9 110,2 12139,5 24,1 -2,0
283,9 88,4 7814,4 20,4 -1,0
283,7 95,1 9047,4 35,1 -2,2
282,2 116,9 13660,7 24,9 -2,0

Middle point

284,7 75,7 5736,7 36,5 -2,1
286,9 55,4 3068,1 32,1 -1,5
284,5 83,3 6940,8 80,2 -4,7
285,3 68,0 4629,3 28,7 -1,1
284,4 77,0 5924,7 33,6 -1,5
284,2 87,1 7592,6 77,8 -4,7

Line end

286,5 37,9 1437,0 53,3 -0,8
285,9 45,9 2104,1 63,4 -2,3
286,1 35,0 1221,8 64,6 -1,2
286,2 46,4 2154,6 35,9 0,2
285,3 44,5 1981,1 47,2 0,1
286,0 42,3 1793,5 37,7 0,5

5. Multiclass support vector machines

Support vector machines technique classify 2 classes normally. In this study, there are classes more than 2
and this situation require more complicated technique. In multiclass support vector machines, variables are
increased [22]. Learning vectors in 2 classes, and the label vector y ∈ Rl such that yi ∈ {1,−1} , the SVM
method requires the solution of the following optimization problem (8):

minw,b,ξ,ρ
1
2w

Tw − νρ+ 1
l

∑l
i=1 ξi

yi(w
Tϕ(xi) + b) ≥ ρ− ξi,

ξi ≥ 0, i = 1, . . . , l, ρ ≥ 0.

(8)

In classification we use a voting strategy: each binary classification is considered to be a voting where
votes can be cast for all data points x - in the the end point is designated to be in a class with maximum
number of votes. Solving multiple problems is more complicated than the binary with the same number of data.
The (8) turns into (9) for multiclass SVM method.

We use the “one-against-one” approach in which k(k−1)/2 classifiers are constructed and each one trains
data from 2 different classes. The first use of this strategy on SVM. For training data from the ith and the j th
classes, we solve the following binary classification problem:

minwij ,bij ,ξij
1
2 (w

ij)Twij + C(
∑

t(ξ
ij)t)

((wij)Tϕ(xt)) + bij) ≥ 1− ξijt , if xt in the ith class,
((wij)Tϕ(xt)) + bij) ≤ −1 + ξijt , if xt in the jth class,
ξijt ≥ 0.

(9)
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6. Classification and localization results of partial discharges

In this paper, 2 main studies are realized as PD source detection (classification) and localization. Therefore
their results are obtained and presented differently. However, the Fourier transform is a common parameter
for both experimental studies. Instead of using the entire data set of Fourier transform of any experiment in
classification with support vector machines, it is aimed to find the value that has the highest meaning in the
classification. Thus, for a measurement experiment, each Fourier transform data is subdivided into subdata
(data groups) of 20 elements. The percentages of the effect on success are presented in Table 3. It is observed
that some pieces of data have very low effect and some of them had high meanings. This evaluation is utilized
to develop the performance of the classification.

Table 3. The effect of the data group of the Fourier to the classification results.

Data group no Percentage (%)
1-5 50,0 62,5 58,3 58,3 58,3
6-10 58,3 54,2 50,0 66,7 50,0
11-15 41,7 45,8 62,5 54,2 50,0
16-20 33,3 37,5 41,7 50,0 45,8

Fourier transforms of the partial discharge signals have many elements about the signal. However, some of
them have more information about classification. In order to increase the accuracy of the classification, Fourier
transform datasets are divided into parts. These parts of Fourier transforms are utilized separately as features
in the classification and the results are investigated and compared according to using feature part. It can be seen
in the Table 3 that rates are lower than main classification results. Because, in the proposed method, statistical
parameters matrix of the Fourier transform dataset is utilized as feature in the classification. However, to
test the effect of Fourier parts, Fourier transform data is used as feature directly to speed up operations. For
instance, using data group 9 has 66,7% effect whereas 16 has 33,3%. First 10 groups are selected as input signals
for feature extraction of classification in terms of high accuracy rates.

6.1. PD source type classification

Multiclass SVM method is performed with statistical features of the Fourier transforms of PD signals from
different kind of defects. As the learning data, 5 of the 6 experimental data of a voltage level are utilized. The
other feature data is chosen as test data. In Table 4 classification results are given as a k-fold cross validation.
It is obvious from the table that considerably accurate classifications are obtained.

Cross-validation is a resampling procedure utilized to evaluate patterns on a limited data sample. The
procedure has a single parameter, k, represents the number of groups to divide a particular data sample. When
a specific value for k is selected, it can be used instead of k in reference to the model, such as k = 10 cross-
validating 10 times. Cross-validation is firstly utilized in applied machine learning to predict the skill of a model
on unseen data. It means using a limited sample in order to predict how the model is expected to perform in
general when used to make estimations on data not used during the training of the model. Cross-validation
method utilized in this paper is illustrated in the Figure 8.

Similar studies have limited input data sample is presented in [26] and [27].In [26], 8 experiments are
cross validated. In addition to this, in the [27], 10-fold cross validation is performed.
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Figure 8. k-fold cross-validation process.

Table 4. Classification validation table.

Test experiment Desired Observed Accuracy
Experiment 1 1 2 3 4 4 2 3 2 50%
Experiment 2 1 2 3 4 1 2 3 1 75%
Experiment 3 1 2 3 4 1 2 3 1 75%
Experiment 4 1 2 3 4 1 2 3 4 100%
Experiment 5 1 2 3 4 1 2 3 1 75%
Experiment 6 1 2 3 4 1 2 3 4 100%
Average 79%

6.2. Localization
Fault localization technics inform the technical person about the position of the failure. For this reason, many
recent researches are performed to locate the failure [23, 24]. In this paper, localization process is also carried
out with multiclass SVM method. Each location of the defect is defined as classes and these 3 classes are utilized
as learning and test data of the method. Localization results are given in Table 5 with k-fold cross validation.

Classification results are presented in Tables 4 and 5. There are 4 classes in Table 4 as there are 4
different types of defects. While the left side of the table shows the class it should be (1-2-3-4), the right side
represents the result of the classification algorithm. In Table 5, 3 different positions should be numbered as
1,2 and 3, and should be 1-2-3, while the signal classes resulting from the classification process are presented
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Table 5. Classification validation results for each experiments.

Test experiment Desired Observed Accuracy
Experiment 1 1 2 3 1 2 3 100%
Experiment 2 1 2 3 1 2 3 100%
Experiment 3 1 2 3 1 2 3 100%
Experiment 4 1 2 3 1 2 3 100%
Experiment 5 1 2 3 2 2 3 66,6%
Experiment 6 1 2 3 1 2 3 100%
Average 94,43%

respectively. Here, the aim is all partial discharge data, respectively, tested in the classification. Success value
was tested by changing combinations of training and test data. This table is defined as the confusion matrix.
As an illustration, Figure 8 is added to the article to show the technic.

7. Conclusion
In this article, the statistical features of the Fourier transform of the partial discharge (PD) data are classified
by multi-SVM (multiclass support vector machines). XLPE-insulated power cable is preferred because of its
widespread use in electrical power systems. As a result of classification, 75% accuracy is achieved firstly with
the only statistics of Fourier transform are used. In case of first part of the FFT of the PD’s (the lower
frequencies of the PD spectrum) are employed, the accuracy of classification reaches approximately 80%. In the
second part of the study, fault positioning (localization) is aimed. Statistics of the raw data are employed as
features in localization task. In this case, the defects are artificially generated at various locations on the XLPE
insulated medium voltage cable. Consequently, experiments are performed and the PD signals are measured
from each defected cable during the experiments. Finally statistical parameters of the measured PD data are
presented to multiclass support vector machines. Finally, considerably successful (94%) classification accuracy
is obtained. This accuracy values are gained by k-fold validation method. The positioning process is also
successfully performed with statistical feature extraction and multiclass SVM. The advantages of the proposed
method are listed in the following explanations.

- Easily available and uncomplicated features are extracted in this paper. Certain parts of the data set
formed by the Fourier transform are preferred (these parts are determined by testing), and are classified into
multiclass support vector machines by creating a matrix of their statistical attributes.

- Successful classification results are obtained by combining general statistical methods with different
perspectives. In this way, contribution is made to the fault identification and positioning literature.

- Classification is made on the measured signals over the raw data without applying noise filtering such
as wavelet transformations which are widely used in the literature. This case is desired in signal processing
techniques.

- Determination of the cable defect type causing partial discharge and the localization of the fault on
the cable are performed in the same study with similar attributes. In most studies in the literature, these
applications constitute the subject of each article.

- The experimental stage is economical as it is carried out in a way that does not require a huge high
voltage laboratory and materials of very large physical dimensions. However, the tests are carried out in
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accordance with the IEC 60270 norms. Since it is planned to be a solution to a real problem, a medium voltage
XLPE cable widely used in the electricity market is preferred.
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