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Abstract: Epoxy resins have excellent mechanical and electrical properties; thus, they are commonly preferred in the

electrical–electronic sector as insulation materials. These insulation materials experience degradation such as breakdown,

tracking, or treeing. Therefore, safety and reliability tests of insulation materials have great importance in estimating

the performance of insulation. These tests must be carried out to decrease the risk of electrical insulation fault. In

this study, the relationship between tracking failures and the data obtained during experiments was evaluated. Tracking

failure performance of epoxy resin was investigated using the IEC 60112 test standard, which is known as the comparative

tracking index test. Leakage current data, collected from the experimental setup recorded from a ground electrode, were

decomposed by using the Fourier transform method. The 3rd, 5th, and 7th harmonic distortion components of the leakage

current data were calculated and their relationship with the number of drops falling on the sample was interpreted. Then

the harmonic distortion components relationship was explained under dirty and clean surface conditions. We explained

the tracking pattern formed on the surfaces of the samples after completion of the experiments was decomposed using

image processing techniques. The capacity, information, and correlation dimensions of the resulting tracking patterns

were calculated using fractal dimension analysis. Shapes in the same terms were examined using fractal dimension

analysis.

Key words: Tracking failure, comparative tracking index, fractal dimension analysis, harmonic distortion component,

tracking resistance

1. Introduction

Electrical insulation plays a vital role in the sustainability of electrical transmission systems and electrical

devices. Failures in electrical insulation may result in the interruption of electrical transmission and the

malfunction of electrical devices. Furthermore, failures in high-voltage insulation can cause severe problems.

Polymers are extensively used as electrical insulation materials due to their reliability, availability, ability

to be easily processed, and low cost [1]. Several characteristics of polymers have been investigated to determine

their long-term operational performance, such as tracking resistance, dielectric constant (ε), loss factor (tan

φ), and breakdown voltage. Tracking failure is defined as a dielectric breakdown occurring on the surface of

polymers. Tracking resistance of an insulation material should be investigated to test the safety and reliability

of electrical insulation [2]. The tracking process can be examined as follows [3]:

• A heat increase occurs on the surface due to electrical discharge. A tracking pattern is formed on the

surface of a sample due to burning caused by this heat increase.
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• Increased carbon density on the surface due to tracking pattern formations results in a greater heat

increase.

• Finally, increased carbon density on the surface of a sample forms a conductive path, which leads to the

breakdown of the sample [3].

Epoxy resins, when used in outdoor environments, are subject to environmental conditions that can form

an ionized layer on the surface, such as moisture, dust, and salt. The International Electrotechnical Commission

(IEC) 60112 test standard is used to model the environmental conditions to which insulation materials are

subjected. This standard, also known as the comparative tracking index (CTI), gives fast, precise, significant,

and comparative results about the durability and tracking resistance of the insulation material by simulating

possible breakdowns that can occur on the surface of insulation materials [4].

Du et al. used two samples: unfilled (neat) polyethylene samples and polycarbonate samples filled with

3 wt.% polyethylene. They prepared 3-mm-thick samples of 20 × 20 × mm each from polymers and subjected

them to gamma rays. Later, they investigated the behavior of gamma ray-saturated samples by using the

tracking index test method. As a result of tests performed according to the IEC 60112 standard, the exposure

of polycarbonate samples filled with 3 wt.% polyethylene to gamma rays increased their tracking resistance

values. They observed that both erosion depth and weight loss values decreased when increasing the total

dose from 0 to 100 kGy, whereas they increased when increasing the total dose from 100 to 1000 kGy for the

modified polycarbonate sample. They determined the threshold value of tracking resistance for the modified

polycarbonate as 100 kGy. Additionally, they indicated that the tracking resistance of unfilled polyethylene

samples increased with an increasing dose of gamma rays. They concluded that exposure of polyethylene and

modified polycarbonate samples to gamma rays increased their tracking resistances [4].

Chandrasekar investigated the tracking performances of samples prepared by adding 5, 10, 20, and 30

wt.% nano and micro aluminum oxide (Al2O3) particles to silicone rubber by using the CTI test method.

Moreover, samples were subjected to accelerated aging tests for 30 days to determine the effects of environmental

factors. For aging tests, samples were kept under ultraviolet light and immersed in an acid rain solution. As

a result of tests performed by Chandrasekar in accordance with the IEC 60112 standard, it was determined

that the reinforcement of silicone rubber with nano Al2O3 particles achieved better tracking resistances than

that of micro Al2O3 particles. Considering weight loss in the samples, the author indicated that the tracking

resistance values of the sample filled with 5 wt.% nano Al2O3 particles and the sample filled with 30 wt.%

micro Al2O3 particles were similar at a rate of 3% [5].

The shapes of many structures in nature are complex and disordered. The use of fractal geometry is

practical and useful for identifying such disordered structures. Studies using fractal geometry date back to

nearly a hundred years. However, the acceleration of the development of fractal geometry has shown parallels

to that of computer technology. Mandelbrot was the first scientist to carry out important studies of fractal

geometry and obtained more significant results than any other scientist’s work [6]. The development of computer

technology has had an outstanding impact on this important progress. Fractal size analysis is suitable for use

in many fields of science such as biology, chemistry, health, and spatial analysis. Shortly, it may be used in

any field requiring analysis of a complex shape. In recent years, the fractal geometry concept has been used to

evaluate tracking patterns formed on the surface of polymeric materials as a result of aging tests. Du et al. used

it to analyze tracking patterns formed on the surfaces of cross-linked polyethylene (XLPE)-Si-rubber samples

[7]. Kuntman et al. aged polyester samples according to the ASTM D2303 standard and analyzed tracking

246
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patterns by using fractal geometry [8]. Similarly, Liu et al. analyzed microcracks and damage formed on the

surface of SiR/SiO materials due to aging experiments by using fractal geometry [9].

In this study, the tracking performance of epoxy resin, widely used in the electrical-electronic sector for

insulation, was investigated. A CTI experimental setup was established in the laboratory in accordance with the

IEC 60112 test standard to determine tracking resistance. Before testing epoxy resin samples, their dielectric

constant and loss factor values were measured at a utility frequency of 50 Hz in accordance with the IEC 60241

test standard. The relationship between the performance of the unfilled epoxy resin samples at 600 V and

their tracking behavior was evaluated using fractal dimension analysis and harmonic distortion analyses of each

vaporized drop.

2. Materials and methods

2.1. Comparative tracking index

An experimental setup to determine the CTI of epoxy resin was established based on the IEC 60112 test

standard. The CTI test was first accepted by the International Electrotechnical Commission in 1959 [10]. In

2003, it was finalized in the IEC 112 standard. Later, it was developed by the ASTM and approved as D 5288 in

1992 [11]. Lastly, it was revised by the IEC and ASTM in 2009 and 2014, respectively [11,12]. The experimental

setup, prepared in accordance with the IEC 60112 test standard, is shown in Figure 1.

Figure 1. Schematic representation of the CTI experimental setup.

Copper electrodes of 5 × 2 mm, angled at 60◦ to each other, were used in this test. The minimum

dimensions of the test insulation samples were 15 × 15 × 3 mm and the force on the surface was 1 ± 0.05 N.

The concentration of ammonium chloride (NH4Cl) in the liquid to be dropped on the surface was 0.1 ± 0.002%.

Water used to prepare the solution should be deionized, and its resistivity at 23 ◦C should be approximately 4

Ωm. The prepared solution is used in a setup to let a drop fall between the electrodes every 30 ± 5 s. The test

is completed after 50 drops. According to the test standards, if a tracking pattern is observed before 50 drops

have fallen onto the surface of a sample, or if the discharge current passing through the electrodes is above 0.5

A for at least 2 s, tracking failure has occurred [12–15].

The experimental setup was established in the High Voltage Techniques (HVT) Laboratory of İstanbul
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University and was based on the IEC 60112 test standard, as shown in Figure 2. The electrode configuration

used in the experimental setup is shown in Figure 3.

Figure 2. Experimental setup established in the HVT Laboratory.

Figure 3. Electrode configuration used in the experimental setup.

The prepared epoxy resin samples obtained consist of two components: resin and hardener (mixture ratio:

2/1). Resin samples cured at 40 ◦C were molded to dimensions of 20 × 20 × 3 mm.

2.2. Harmonic analysis

Leakage current data were recorded from a ground electrode of the experimental setup during the CTI experi-

ments carried out in this study. Recording was performed at 48,000 samples/s to clearly observe the breakdown

via the leakage current data. These recorded data were decomposed into their harmonic components by com-

puting Fourier transforms. Decomposition into harmonic components was calculated 5 s after the vaporization

of each drop falling onto the sample surface. The reason for the choice of time interval was to observe high-

amplitude discharge current, which starts at vaporization. The basic feature of a high-quality alternating current

is a clean and smooth sinusoidal form. However, nonlinear components in systems cause corruptions in clean

and smooth sinusoidal waves. Harmonic current components are constituted from nonlinear loads.

i (t) =
∞∑

n=1

in (t) =
∞∑

n=1

√
2Insin(nω1t+ δn)
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Here, In and δn are the rms value of the current and the phase angle of the n th harmonic, respectively. ω1 is the

angular frequency of the fundamental. In the equation, DC terms are ignored for simplicity. These corruptions

are called harmonics. Harmonics can be at a frequency of 50, 150, 250, 350 Hz, etc. The fundamental (I1) ‘50-

Hz’ component is called the fundamental or original harmonic component. The third harmonic component is the

ratio of the 150-Hz component to the fundamental harmonic component, whereas the fifth harmonic component

is the ratio of the 250-Hz component to the fundamental harmonic component. Similarly, the 7th, 9th,. . . , nth

harmonic components are found by similarly dimensioning them to the fundamental harmonic component.

HDn =
In
I1

Harmonics cause extra losses in engines, generators, capacitors, and energy transmission lines [16]. Ideal

insulation materials are modeled as capacitance. Harmonic current components increase with increasing losses

in capacitors, which leads to increased harmonics as well as insulation-induced losses. In this study, the 3rd,

5th, and 7th harmonic components of the leakage current data, recorded from the ground electrode of the

experimental setup, were calculated using the Fourier transform method.

2.3. Fractal dimension analysis

Contrary to standard geometric shapes, tracking formed on the surface of insulation materials is disordered.

These disordered structures cannot be evaluated by Euclidian geometry. Fractal geometry is used to evaluate

such types of disordered structures. Complex geometric shapes showing self-resemblance features are called

fractals. Fractals include tiny copies of themselves in their structures. In other words, they are geometric

shapes repeating themselves at smaller scales. The most important feature of fractals is self-resemblance. This

is very common in nature. Based on developments in computer technology, Mandelbrot was the first person who

comprehensively investigated the fractal size analysis and obtained significant results [17]. Fractal size analysis

originated as a study field in mathematics. However, nowadays it is used in various fields, such as biology,

physical chemistry and fluid mechanics to analyze complex geometric shapes. In recent years, it has been used

to analyze tracking formed on the surface of insulation materials as a result of accelerated aging methods using

high voltage techniques [8,9,18–22].

Various approaches are used in calculating fractal dimensions: box-counting, fractal measure relations,

correlation functions, and distribution functions. In this study, fractal dimensions of tracking occurring on the

surface of samples were calculated by using the box-counting method. Mandelbrot presented the box number

in L dimensions, N(L), to be a power function as follows [17]:

N (L) = KL−DxF ,

where N(L) is the number of boxes, K is a constant, L is the dimension, and DF is the fractal set of dimensions.

While evaluating tracking patterns occurring on the surfaces of epoxy samples by fractal dimension

analysis, three quantifications in fractal dimension analysis were considered: the capacity dimension, the

correlation dimension, and the information dimension.

The capacity dimension is used to calculate the fractal dimension of complex shapes [8,23,24]. Basically,

the shape picture is divided into boxes, pixel by pixel. Frequency data are not considered in the calculation of

the capacity dimension; rather, whether any box is empty or full is considered. In other words, the calculation

depends on the logic response of the box (true or false). This dimension is called the capacity dimension because
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it is calculated according to the data it includes. The capacity dimension in fractal dimension analysis is defined

as follows:

Dcap =
lnN(ε)

ln( 1ε )
,

where N(ε) is the number of boxes and ε is the side length of a box.

The correlation dimension is a fast and practical method to define the fractal dimension of a shape. It is

defined in fractal dimension analysis as follows:

Dc =

N∑
i=1

P 2
i

lnε
,

Pi =
ni

N
,

where ni is the number of points in the ith volume element andN is the total number of points in the trajectory.

The information dimension is a dimension value for the capacity dimension obtained by using probabilities.

It can be defined as the point density in a certain cell. A fraction of the information is lost as the calculation of

the capacity dimension approaches its mathematical limits. Lost information is referred to as the information

dimension. The reason for the lost information is the complexity of its shape. The information and correlation

dimensions are similar. The information dimension in fractal dimension analysis can be defined as follows:

Di =

ln
N(ε)∑
i=1

Pi lnPi

lnε
,

Pi =
ni

N
,

where ni is the number of points in the cell, N is the total number of points in the image, and N(ε) is the

minimum box size to cover the image.

3. Results

In this study, CTI tests were performed under laboratory conditions by using an experimental setup established

in accordance with the IEC 60112 standard. A 600-V potential was applied to unfilled epoxy samples. All the

samples used in this study were produced at the İstanbul University HVT Laboratory. Before testing the epoxy

samples, their relative dielectric constant (εr) and loss factor (tanφ) values were measured at a mains utility

frequency of 50 Hz according to the IEC 60243-1 standards. IEC 60243-1:2013 provides test methods for the

determination of the short-time electric strength of solid insulating materials at power frequencies between 48

and 62 Hz [25]. Therefore, the dielectric properties of all tested samples were verified. A 0.1% NH4Cl solution

was dropped onto the surface of the samples every 30 ± 5 s. The leakage current data passing through the

sample surfaces were recorded for 50 drops, and the tracking pattern formed on the surface was observed after

50 drops. The 3rd, 5th, and 7th harmonic components were obtained from leakage current data by using a

Fourier transform. The tracking pattern formed on the surface after 50 drops was evaluated in terms of fractal

dimension.
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The relative dielectric constant (εr) and loss factor (tanφ) values at a mains utility frequency of 50 Hz

for epoxy samples were measured according to IEC 60241 standards. By using those values, we calculated the

capacitance and real and imaginary parts of the complex dielectric constant. The average obtained values for

5 samples are shown in Table 1.

Table 1. εr and tanφ values for prepared epoxy resins (*: measured value, **: calculated value).

Measurement frequency (Hz) 50 Hz

Capacitance (pF)** 82.57471714

Loss factor (tanφ)∗ 0.044753057

Relative dielectric constant (εr)* 5.721763007

Real parts of the complex dielectric constant (ε
′
)** 5.724653891

Imaginary parts of the complex dielectric constant (ε
′′
)** 0.256195763

The changes in the 3rd, 5th, and 7th harmonic components of leakage current data, measured from the

surface of the sample after ammonium chloride solution was dropped onto it, are shown in Figure 4. It is clearly

seen that these harmonic components gradually increased until a tracking pattern failure was formed on the

surface of the sample and then increased to a maximum after the 7th drop fell onto the surface of the sample,

causing tracking failure. A decrease occurred in the magnitudes of the 3rd, 5th, and 7th harmonic components

after the formation of a carbonized conductive path on the surface of the sample. For subsequent drops, these

increases and decreases repeated themselves as a result of the tracking pattern, descending deeper into the

surface. The most remarkable point was that the 5th harmonic component, measured just after the first drop,

was higher than the 3rd harmonic component, whereas the 3rd harmonic component became higher than the 5th

component as the impurity level increased on the surface of the sample after the first drop. Ahmedi-Joneidi et

al. tested silicone rubber insulators according to the IEC 60507 standard. They indicated that the 5th harmonic

component of insulators is higher than the 3rd harmonic component under clean conditions. However, under

dirty conditions (i.e. high impurity levels), they indicated that the 3rd harmonic component was higher than

the 5th harmonic component [26]. The findings obtained by Ahmedi-Joneidi et al. agree with those obtained

in this study.

After repeated experiments were carried out at 600 V using 5 epoxy samples, a tracking pattern formed

on the surfaces of 3 epoxy samples, which gave significant and consistent results. The tracking pattern was

transformed into a monochrome image format using image processing methods. The capacity, information,

and correlation fractal dimension values were calculated for the tracking produced. Uzunoğlu et al. evaluated

the performance of tracking on the surface of polymeric materials, based on the IEC 587 inclined plane test

standard. They used fractal geometry to investigate random tracking patterns formed on the surface of the

samples. They indicated that the use of this method gives significant results when evaluating random tracking

patterns [8]. A tracking pattern formed on the surface of the first epoxy sample and its capacity dimension graph

is shown in Figure 5 while the calculated fractal dimension values of the first epoxy sample are shown in Table

2. The information and capacity dimension values take close values. The difference between the correlation

dimension and these two dimension values is approximately 5%.

The tracking pattern formed on the surface of the second epoxy sample and its capacity dimension graph

are shown in Figure 6, and the calculated fractal dimension values of the second epoxy sample are shown in

Table 3. The difference between the capacity dimension values calculated in Figures 5 and 6 is approximately
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Figure 4. The 3rd, 5th, and 7th harmonic components of leakage current data for epoxy resins.

Figure 5. a) Tracking pattern formed on the surface of the first epoxy sample, b) capacity dimension graph.

Table 2. Fractal dimension values of the first epoxy sample.

Dimension calculated approach Dimension value

Capacity dimension 1.79

Information dimension 1.78

Correlation dimension 1.89

3%, whereas the difference between the information dimension values is approximately 2.7%. However, the

difference between the correlation dimension values is negligibly small.

The tracking pattern formed on the surface of the third epoxy sample and its capacity dimension graph is

shown in Figure 7, and the calculated fractal dimension values of the third epoxy sample are shown in Table 4.

The calculated capacity dimension values shown in Figures 6 and 7 are similar, whereas the difference between
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Figure 6. a) Tracking pattern formed on the surface of the second epoxy sample, b) capacity dimension graph.

Table 3. Fractal dimension values of the second epoxy sample.

Dimension calculated approach Dimension value

Capacity dimension 1.73

Information dimension 1.83

Correlation dimension 1.892

the capacity dimension values calculated in Figures 5 and 7 is approximately 2.8%. On the other hand, the

information dimension values calculated in Figures 6 and 7 are similar, whereas the difference between Figures

5 and 7 is 2.1%. Moreover, the difference between the correlation dimension value in Figure 5 and those in

Figures 6 and 7 is approximately 5%.

Figure 7. a) Tracking pattern formed on the surface of the third epoxy sample, b) capacity dimension graph.

The capacity, information, and correlation dimension values of three epoxy samples differed by a maximum

of 1.83423%, 2.70304%, and 3.88815%, respectively. Therefore, although the tracking patterns formed on the

surfaces of the samples are different, depending on the condition of the drop that falls, it can be said that the

fractal dimension values of epoxy samples are consistent. Moon and Grassberger and Procaccia indicated that

the difference between capacity, information, and correlation dimension values used in fractal dimension analysis

were negligibly small [27,28]. Based on these studies, it can be deduced that there are small differences between
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Table 4. Fractal dimension values of the third epoxy sample.

Dimension calculated approach Dimension value

Capacity dimension 1.74

Information dimension 1.87

Correlation dimension 1.80

the values calculated using various equations. In this study, the difference between capacity, information, and

correlation dimension values calculated for each tracking pattern is small, which reveals a parallel with the

studies conducted by Moon and Grassberger and Procaccia.

4. Conclusion

This study was carried out to evaluate the performance of tracking pattern formation on the surface of epoxy

resin material, which is used for electrical insulation. As a result of this study, the following observations were

made:

• Tracking failure was observed after the 7th drop fell onto the surface of the epoxy resin sample.

• It was observed that the 3rd, 5th, and 7th harmonic distortion values reached their maxima at the 7th drop

when tracking failure occurred. Additionally, as carbon density increased on the surface of the sample,

these harmonic values decreased.

• Although the 5th harmonic distortion value calculated when the first drop fell onto the surface of the

sample was higher than the 3rd harmonic distortion value, the 3rd harmonic distortion value was higher

than the 5th harmonic distortion value for subsequent drops. The NH4Cl solution used in this study

models environmental impurity. Therefore, when the impurity level on the surface of a sample increases,

it can be said that the 3rd harmonic distortion component starts to become higher than the 5th harmonic

distortion component.

• The shape of the tracking pattern formed on the surface of the sample as a result of tests repeated at the

same voltage level differed, depending on the condition of the drop falling onto it. These tracking patterns

showed similar behaviors in terms of fractal geometry. According to this result, it is seen that evaluating

the analysis of shapes with chaotic characteristics by using fractal geometry gives significant results.
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Brownian motion. İstanbul University, Journal of Electrical & Electronics Engineering, 2008; 8: 585-592.

[19] Kebbabi L, Beroual A. Fractal analysis of creeping discharge patterns propagating at solid/liquid interfaces:

influence of the nature and geometry of solid insulators. J Phys D Appl Phys 2005; 39: 177-183.

[20] Du B, Gu L. Effects of interfacial pressure on tracking failure between XLPE and silicon rubber. IEEE T Dielect

El In 2010; 17: 1922-1930.

[21] Du B, Zhang MM, Han T, Zhu LW. Effect of pulse frequency on tree characteristics in epoxy resin under low

temperature. IEEE T Dielect El In 2016; 23: 104-112.

[22] Ugur M, Varlow BR. Analyzing and modeling the 2D surface tracking patterns of polymeric insulation materials.

IEEE T Dielect El In 1998; 5: 824-829.

[23] Rasband SN. Chaotic Dynamics of Nonlinear Systems. Mineola, NY, USA: Dover Publications, 2015.

[24] Moon FC. Chaotic and Fractal Dynamics: An Introduction for Applied Scientists and Engineers. Weinheim,

Germany: Wiley, 2004.

255

http://dx.doi.org/10.1109/TDEI.2009.4784547
http://dx.doi.org/10.1109/TDEI.2009.4784547
http://dx.doi.org/10.1109/TDEI.2011.5704508
http://dx.doi.org/10.1109/TDEI.2011.5704508
http://dx.doi.org/10.1109/TDEI.2016.7556484
http://dx.doi.org/10.1109/TDEI.2016.7556484
http://dx.doi.org/10.1520/JTE10068J
http://dx.doi.org/10.17159/2413-3051/2015/v26i2a2206
http://dx.doi.org/10.17159/2413-3051/2015/v26i2a2206
http://dx.doi.org/10.1017/S0022112075003047
http://dx.doi.org/10.1017/S0022112075003047
http://dx.doi.org/10.1088/0022-3727/39/1/026
http://dx.doi.org/10.1088/0022-3727/39/1/026
http://dx.doi.org/10.1109/TDEI.2010.5658247
http://dx.doi.org/10.1109/TDEI.2010.5658247
http://dx.doi.org/10.1109/TDEI.2015.005342
http://dx.doi.org/10.1109/TDEI.2015.005342
http://dx.doi.org/10.1109/94.740763
http://dx.doi.org/10.1109/94.740763
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