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Abstract – Most outdoor solid insulators may suffer from surface degradations due to non-stationary 
currents that flow on the insulator surface. These currents may be classified as leakage, discharge and 
tracking currents due to their disturbing potencies respectively. The magnitude of these currents 
depends on the degree of the contamination of surface. The leakage signals are followed by discharge 
signals and tracking signals which are capable of forming carbonized tracking paths on the surface 
between high voltage and earth contacts (surface tracking). Surface tracking is one of the most 
breakdown mechanisms observed on the solid insulators, especially polymers which may cause 
severely reduced lifetime. In this study the degradations observed on polyester resin based insulators 
are investigated according to the IEC 587 Inclined Plane Test Standard. The signals are monitored and 
recorded during tests until surface tracking initiated. In order to prevent total breakdown of an 
insulator, early detection of tracking signals is vital. Continuous Wavelet Transform (CWT) is 
proposed for classification of signals and their energy levels observed on the surface. The application 
of CWT for processing and classification of the surface signals which are prone to display high 
frequency oscillations can facilitate real time monitoring of the system for diagnosis. 
 
Keywords: Continuous wavelet transform, Breakdown, Solid insulator, Tracking, Discharge, 
Leakage  

 
 
 

1. Introduction 
 
High voltage (HV) polymeric insulators are frequently 

used in outdoor installations of power systems, because of 
their satisfying insulation properties such as light weight, 
higher mechanical strength and better performance in 
presence of heavy pollution in wet conditions [1]. Due to 
non-healing characteristics of solid insulators, breakdown 
of an insulator is irreversible and hence total breakdown 
may occur. On-line monitoring systems may detect total 
power system failure originated on a single insulator, but it 
is not expected to save insulator itself when breakdown 
initiates [2]. 

Some studies are being conducted to enhance the 
reliability and the performance of insulation materials [3-
4]. The non-stationary currents may lead to continuous 
discharges and oscillations on the surface of an insulator, 
followed with hot spots and dry bands which finally end up 
as carbonized tracking paths (total breakdown) [5]. The 
lifetime of an insulator can be increased by cleaning up its 
contaminated surface which might limit surface discharges 
before a total breakdown occurs. 

In this study polyester resin based insulators are 
investigated according to the IEC 587 Inclined Plane Test 
Standard [6-7]. During these tests surface condition of the 
insulators are observed and current signals are recorded. 

Leakage current exhibits pure sinusoidal waveform 
whereas discharge and tracking signals depicts oscillations 
and shoulders on the sinusoidal wave [2, 5]. It is 
considerably an easy task to determine leakage currents on 
the insulator; however it is much more complicated to 
classify current signals either as discharge or as tracking. 

There are some ongoing studies presented about 
determination surface condition by monitoring leakage 
signals [8-11]. Surface tracking leads to total breakdown 
which is initiated by tracking currents which are highly 
disturbing. On the other hand, temporary discharge signals 
don’t lead to breakdown of an insulator; however they needed 
to be monitored continuously against the probability of 
transforming into tracking signals. The primary goal of 
this study is to identify the surface condition of an insulator 
by classifying current signals in terms of discharge or 
tracking characteristics, since only the tracking signals can 
be resulted in breakdown of an insulator. 

In literature, some methodologies were developed for 
monitoring surface conditions by using neural network 
based data analysis. These methods are basically based 
on the extracted features of Fast Fourier Transform (FFT) of 
surface current signals [2, 11]. FFT analysis is a quite 
satisfactory tool for stationary signals, however for non-
stationary signals such as discharge and tracking signals, FFT 
analysis cannot reveal information about particular frequency 
rises on the signal. Non-stationary signals depict varying 
time statistics and cannot be handled as deterministic or 
stationary signals. 
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It is quite possible to confuse discharge and tracking 
signal by using well-known methods such as FFT and 
time domain analysis. In this study due sharp spikes and 
discontinuities of tracking and discharge signals, CWT 
technique [12] is proposed for determination of tracking 
signals. Wavelets are mathematical functions which 
initially slice data into different frequency components and 
then focus on each component with a resolution matched 
to its scale [13]. Instantaneous energy signals of surface 
currents exhibits distinctive characteristics, which are useful 
for interpreting tracking signals. In this work real time 
monitoring of surface condition with CWT enables 
continuous detection of surface signals and instantaneous 
energy signals is proposed.  

 
 

2. Test Set-up 
 
In this study, tracking phenomenon in polyester resin 

based test samples has been studied under AC voltage, with 
ammonium chloride (NH4Cl) as a contaminant. All test 
specimens are tested according to the IEC 587 Inclined 
Plane Test standard [6]. The test set-up is given in Fig. 1. 

The HV and earth electrodes are fixed on the test sample 
with the dimension of 120×50×6 mm. The sample is 
mounted at 45o to the horizontal and the test voltage is set 
to 4kV. The upper part of the test specimen is connected to 
the HV electrode and the lower part of the specimen is 
connected to ground electrode through a series 100 Ω 
resistor. The test signals are monitored by measuring the 
voltage across this resistor. The buffer unit is connected for 
eliminating over voltages for protection of measurement 
system. The current signals are monitored by scope and 
recorded to a personal computer through an A/D converter.  

According to the standard test, distilled water with the 
contaminant of 0.1+ 0.002% ammonium chloride with a 
flow rate of 36ml/h is supplied [2, 6]. During the tests 
surface of the test specimen is constantly monitored and 
when the tracking initiation is observed the current 
waveform is recorded and labeled as tracking signal. 
During the test period all non-tracking signals are labelled 
as discharge and leakage signals depending on their 
waveform characteristics. 

 

3. Signal Model 
 
The surface conditions of the solid insulators are strictly 

related with the current waveforms observed on the 
insulator. The standard test equipment is operated at 4kV 
50Hz voltage. The observation signal obtained from test 
sample can be described with single sinusoid and an 
additive noise which is given in Eq. 1.  

 
 z x v= +  (1) 

 
Also an observation signal z, which is measured on the 

test sample can be denoted as a sum of a sinusoid x with 
additive noise v. 

 
 cos( )k kx a wt= +Φ  (2) 
 2w fπ=  (3) 
 
in which a, f and Φ are amplitude, frequency and the 
phase of the sinusoid (observation signal) respectively. 
The sample leakage current and notch filtered (50 Hz) 
[14] leakage noise measured from test set-up is given in 
Fig. 2. Approximately two and a half period (0.05 s) of 
observation signal is taken into consideration. 

The leakage noise can be modelled as low level 
Gaussian white noise with zero-mean and variance. As 
seen from Fig. 2 leakage signal is assumed to be a 
stationary signal. So it is easy to rule out leakage signal 
due to non-degradative properties (lack of oscillations) of 
the leakage currents. On the other hand discharge signal 
exhibits high level peaks and oscillations as well, which 
are given in Fig. 3. 

The discharge noise contains sharp peaks and oscillations 
which states non-stationary signal characteristics. These 
sharp peaks are approximately 0.4 p.u. strength of the 
fundamental test signal and have considerable time 
differences between them. Rest of the noise displays 
Gaussian noise characteristics. The tracking signal which is 

Fig. 1. The test set-up 

 
Fig. 2. The leakage current and leakage noise 
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recorded after tracking initiation and also tracking noise 
are given in Fig. 4. Tracking signals exhibit continuous 
oscillations and limited number of peaks. These peaks 
are less powerful than the ones observed with the discharge 
signal; however tracking signal has repeatedly small 
scale oscillations all test time period. These continuous 
degradative characteristics of this signal type leads to 
tracking initiation on the insulator surface and represents 
final phase before total breakdown.  

FTT analysis of a discharge and tracking signal are given 
in Fig. 5. Due to the non-stationary characteristics of 
discharge and tracking signals, FFT can reveal frequency 
components considering the whole of the time signal [2]. 

However, the tracking phenomenon idea lays on the 
small frequency fragments, such as peaks and oscillations. 
For this purpose instantaneous energy levels of the surface 
signals are used.  

 
3.1 Instantaneous energy 

 
The instantaneous energy (in joule) of a time domain 

signal, which is sampled and recorded by digital 
oscilloscope, is given in Eq. 4. 

 
2
n

n
s

U
W

Zf
=  (4) 

 
In the expression, Un represents sampled signal 

amplitude, Z represents input impedance of the proposed 
measurement system and fs represents sampling frequency. 
Wn is the instantaneous energy level of a signal which is 
calculated for every sample in time domain. Also it is 
possible to calculate total energy sequence of the 
observation signal by using Eq. 5. 

 
 1,   1, 2,...., 1,n n nE W E n N N−= + = −  (5) 

 
In this study, in order to obtain more accurate classi-

fication results of surface conditions the instantaneous energy 
levels of time signals are calculated. The instantaneous 
energy levels of the surface signals are given in Fig. 6.  

The energy peaks of a discharge signal are distributed 
discretely over time as expected, whereas the energy pattern 
of tracking signals is distributed continuously over time. 
The tracking initiation is observed during constant energy 

 
Fig. 3. The discharge current and discharge noise 

 

 
Fig. 4. The tracking current and tracking noise 

 
Fig. 5. FFT of discharge and tracking signals 

 

 
Fig. 6. Instantaneous energy levels of discharge and 

tracking signals 
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spikes over the insulator surface. Further investigations of 
the surface signals are needed for a proper classification of 
tracking signals on a real time basis, hence for this purpose 
CWT method is proposed. 

 
 

4. Continuous Wavelet Transform (CWT) 
 
Wavelet analysis has advantages over traditional Fourier 

transform techniques in terms of physical variations such 
as discontinuities, sharp transitions and spikes. Wavelet has 
numerous applications including transient signal analysis, 
mechanics, communications, radar, pattern recognition etc. 
[15-18]. The wavelet transform converts a signal by using 
small wavelets (wave-like oscillation) from time domain to 
the time-scale domain within limited time duration [12]. 
Wavelet transform is based on a single specific function 
which is called mother wavelet. The transformation is 
conducted by reforming original signal by using shifted 
and scaled versions of mother wavelet functions. The ψ(t) 
is an complex-valued mother wavelet function (or signal) 
defined in a vector space for finite energy signals and such 
complex-valued signals (in general) satisfy; 

 

 ( )2 t dtψ
∞

−∞
< ∞∫   (6) 

 
This condition satisfies finite energy of this function. 

The second condition which is given in Eq. 7 satisfies the 
smoothness of the function in frequency domain, while 
Fourier Transform of this function for zero frequency is 
FFTΨ(0)=0. These functions are called mother wavelet 
functions [12, 15]. 

 

 
2

2
FFT

C dψ π ω
ω

∞

−∞

Ψ
= < ∞∫   (7) 

 
The wavelet transform of a given real signal (z (t)) can 

be obtained with respect to the mother wavelet function: 
 

 ( ) *1( , )z
tCWT s z t

ss
ψ ττ ψ −⎛ ⎞= ⎜ ⎟

⎝ ⎠∫  (8) 

 
where ψ* denotes complex conjugate of mother wavelet 
function (base function) and transformation lay on the 
plane (τ, s Є R and s>0) which is defined by τ and s 
parameters. The τ parameter is called dilation parameter 
and it corresponds to time-shift. Also the s parameter is 
called translation parameter and the scaling factor of the 
wavelet transform is defined by this parameter [19]. In this 
study due to quick response time and high frequency 
characteristics during instantaneous oscillations of 
observation signal, a Meyer-type wavelet transformation is 
proposed [20-22].  

5. Experimental Results 
 
During the test period, surface condition of the test sample 

is monitored and the corresponding signal waveforms are 
recorded simultaneously. In order to achieve a proper 
classification of tracking signals in real time basis, CWT 
of time and energy signals is analyzed. Ten different 
observation signals for each signal waveforms are recorded 
and processed. The CWT’s of discharge and leakage 
signals are given in Fig. 7.  

The main tracking source contains repeated oscillations 
and peaks on the surface current. The time differences of 
repeated oscillations define the frequency of the oscillations. 
The time differences of consecutive oscillations and the 
number of oscillations are measured by signal processing 
techniques. Real time detection of surface tracking signals 
is established by using combination of CWT and peak 
measurement. The number of consecutive oscillations and 
corresponding time differences for CWT of surface signals 
are given in Fig. 8. 

 

 
Fig. 7. CWT of discharge and tracking signals 

 

 
Fig. 8. The time differences of consecutive oscillations on 

CWT of surface signals  
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Table 1. The CWT statistics of discharge and tracking 
signals 

Waveform Type Discharge Tracking 
Total time 51.2 ms 51.2 ms 

Oscillation number  11 236 

Minimum time difference 13.1µs  
(2.5% of total) 

6.05 µs 
(1.2% total) 

Maximum time difference  0.129 ms 0.25 ms 
Average of time difference  4.65 ms 216 µs 
 

 
Fig. 9. The CWT of discharge and tracking energy signals 

 
The time statistics for wavelet transforms of time signals 

are given in Table 1. The oscillation numbers, the minimum 
time differences of consecutive oscillations, the maximum 
time differences of consecutive oscillations and average of 
time differences are provided. The main difference between 
discharge and tracking signal is how frequently oscillations 
and peaks are repeated over a specific time period. The 
tracking signals contain much more oscillations and less 
time difference of consecutive oscillations as well. 

After analyzing the data, obtained by average statistics 
over ten different samples of each kind of waveform, CWT 
of instantaneous energy signals depict much more accurate 
results compared to the CWT of time signals. The CWT’s 
of discharge and leakage energy signals are given in Fig. 9. 

The CWT of energy signals states instantaneous transitions 
and oscillations in a distinct way hence, by using these 
signals it is a much easier task to distinguish tracking signals. 
The number of consecutive oscillations and corresponding 
time differences for CWT of energy signals are given in Fig. 
10. The CWT of energy signals displays more distinctive 
properties than the ones provided by CWT of time signals 
(Fig. 7). The frequency of various oscillations of tracking 
signals is extremely high; on the other hand, the frequency 
of various oscillations of discharge signals is very low. 

The time statistics for wavelet transforms of energy 
signals are given in Table 2. The oscillation numbers of 
tracking signals are increased and time differences between 
two consecutive oscillations are reduced in contrast to 
CWT analysis of regular signals. Tracking initiation time 

can be estimated by measuring oscillation numbers and 
corresponding time differences of CWT results. 

 
 

6. Conclusion 
 
In this study, investigations of the surface conditions and 

breakdown possibility on the polymeric insulator surfaces 
are conducted according to IEC 587 Inclined Plane 
Tracking Test by using CWTs of surface currents. Surface 
discharges and degradations are possible consequences 
when the solid insulator is exposed to pollution conditions. 
During these tests it is observed that the leakage and 
discharge currents are not capable of initiating breakdown. 
However due to the non-stationary characteristics of 
tracking and discharge signals, it is not easy task to 
determine tracking signal, which is highly degradative, by 
using conventional FFT method or time domain analysis. 
The main idea of signal classification depends on 
measuring how frequent oscillations or peaks are occurred 
on the insulator surface. Unlike the FFT analysis, CWT can 
focus on limited time duration, which is desired property 
for non-stationary signals especially containing repeated 
oscillations. Since the instantaneous energy signals of 
surface currents are much more distinctive, CWT of 
energy signals are proposed and better classification 
results are obtained. The CWT technique can be adapted 

Table 2. The CWT statistics of discharge and tracking 
energy signals 

Waveform Type Discharge Tracking 
Total time 51.2 ms 51.2 ms 

Oscillation number 3 554 

Minimum time difference 9.9 ms 
(19% of total) 

0.103 µs 
(0.02% total) 

Maximum time difference 20.2 ms 0.213 ms 
Average of time difference 13.4 ms 32.3 µs 
 

 
Fig.10. The time differences of consecutive oscillations on 

CWT of energy signals 
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for automation system which can identify the surface 
conditions depending on the surface current waveforms in 
operation, accurately and hence the proposed method may 
come up with better design ideas of insulators especially 
for certain insulation points. This method can also utilize 
on-line detection of insulation structure in a power 
system for possible inception of surface degradation which 
satisfies the entire system reliability. 
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