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ABSTRACT

The effectiveness of the insulation systems has great importance for the continuity of the power equipment. Due to operating conditions, solid insulating mate-
rials are subjected to different types of stresses. In this context, one of the factors affecting the breakdown performance is the type of the applied voltage. Since
the breakdown strength of the materials determines their lifespan, the effect of the different voltage types must be considered for proper insulation design. For
this reason, it is vital to investigate the breakdown performance of insulation materials under different voltage types. In this study, breakdown voltages of press-
paper, polyethylene terephthalate and styrene—butadiene rubber/natural rubber under AC, positive DC(+), and negative DC(—) voltages were investigated. For
the analysis of the breakdown points, the electric field analysis of the materials for the cylinder—cylinder electrode configuration was performed with COMSOL
Multiphysics® software. As a result, it was determined that the electric field distortion increased in the triple junction regions and the potential breakdown

points obtained by the simulation matched with seen in the experiments.

Index Terms—Breakdown voltage, electric field analysis, COMSOL multiphysics, solid insulating materials, permittivity

I.INTRODUCTION

Solid insulating materials are the primary elements of the insulation
systems of most power equipment. In this context, the dielectric
performance of solid insulating materials under different operating
conditions should be examined in detail to ensure the continuity
of power systems. The breakdown mechanism of solid materials is
irreversible, unlike other materials. That is, once degradation occurs,
they cannot revert to their former dielectric properties. Therefore,
in order to use solid dielectrics efficiently, the mechanisms that can
cause degradation should be well known [1,2].

Solid insulation materials are preferred for the insulation of both
DC and AC equipment. In addition, the dielectric performances vary
considerably under these voltages. Therefore, when examining the
breakdown strength of solid insulation materials, different voltage
types should be considered, and the conditions covering all the
negativities that may occur during the operation of power systems
should be investigated.
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In a study, breakdown experiments were carried out on Teflon,
quartz-silica, and glass—ceramic materials using AC, DC, and impulse
voltages. It has been revealed that AC breakdown voltages have the
lowest values in all materials and the highest breakdown voltage was
reached when AC + DC combined voltage was applied. In addition,
it was seen that the AC breakdown voltages of the materials were
not affected by the DC pre-stress, while the DC breakdown voltages
decreased in the case that DC pre-stress with opposite polarity was
applied to the specimens [3]. In the study of Rajan et al., the break-
down voltage of oil-impregnated paper under AC and DC voltages
was investigated. They determined that the breakdown performance
was better in the experiments performed with DC voltage. Lastly, it
was stated that the results are unpredictable when AC and DC volt-
ages are combined [4]. In the studies realized by Grzybowski et al.,
breakdown voltages of Cross-linked Polyethylene (XLPE) and poly-
ethylene terephthalate (PET) materials were investigated under dry
and wet conditions. In this study, it was shown that DC breakdown
voltage decreased significantly compared to the AC breakdown
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voltage under wet conditions compared to dry conditions [5-7]. In
another study, the change in the breakdown performance of poly-
meric insulation materials as a result of thermal aging was investi-
gated using AC, DC, and pulsed voltages [8]. Nagao et al. measured
the breakdown strength of various insulating material variations
formed with kraft paper and polypropylene laminations under AC,
DC, and impulse voltages in liquid nitrogen. It has been found that
the breakdown performance was affected by the lamination struc-
tures of the materials due to the changes in the electric field and
charge behaviors [9]. In a study, the breakdown performance of the
solid dielectric barriers inserted between the electrodes under non-
uniform electric fields by experimental and simulation studies was
investigated by Phloymuk. According to the measurement results, it
has been seen that the AC breakdown voltage was lower than the
DC breakdown voltage. In addition, it was emphasized that the criti-
cal pressure was 1.5 bar in the experiments carried out at different
pressures. Below the critical pressure, the positive DC breakdown
voltage was higher than the negative DC breakdown voltage, and the
opposite case was seen at pressures above the critical value [10].
Illias et al. experimentally investigated partial discharges originating
from spherical voids in solid insulating materials [11,12]. A similar
research was also carried out by simulation studies and the correla-
tion between simulation results and experiments was clearly seen.
As a result, the partial discharges have been defined as a function
depending on the temperature and the voltage type [13,14]. Yamada
studied the breakdown mechanisms of dielectric elastomers under
different applied waveforms (DC, AC, and pulse). It has been found
that the breakdown strengths have the order of impulse > DC > AC.
Also, the breakdown strengths under these waveforms decreased
as the temperature increases. He attributed the lowest breakdown
strength under AC voltage to the heating that occurs as a result of
dielectric losses under AC voltage. Moreover, the study revealed
that the number of laminations leads to an increase in breakdown
strength [15]. In another study, DC and AC breakdown characteris-
tics of polypropylene laminated paper as well as various Nomex and
Kapton insulating materials were investigated in air and liquid nitro-
gen. The difference between the Weibull scale parameters of DC and
AC breakdown voltages of materials was found as 1.12-1.72 times in
air and 1.52-2.14 times in liquid nitrogen [16,17]. In the studies per-
formed by Barouel et al., the breakdown strength of vegetable and
mineral oils under AC and DC voltages was studied, and the analysis
of dielectric performance of different oil mixtures was carried out
for the specified voltages [18,19]. In one study, Huang explores the
possibility of improving both the mechanical and degradation prop-
erties of insulating printing paper by adding an organic nanoadditive,

Main Points

e  Experimental studies have been carried out in the high-volt-
age laboratory.

e Breakdown voltages of different solid insulating materials
were measured with DC+, DC—, and AC voltage types.

e Analysis of electric field distribution studies had been carried
out using COMSOL Multiphysics® software.

e Breakdown points that occurred in test specimens had been
detected.
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taking into account four different concentrations of nanofibrillated
cellulose (NFC) such as 0.5% by weight, 2.5% by weight, 5% by
weight, and 10% by weight. The prepared samples were charac-
terized by scanning electron microscopy, Fourier transform infra-
red spectroscopy, and X-ray diffraction. It has been found that the
addition of 10 wt% NFC provides the best performance in terms of
breakdown voltage, and the presspaper containing 10 wt% NFC had
19% and 21% higher AC and DC breakdown voltages than the refer-
ence material [20]. Furthermore, studies on the definition and clas-
sification of partial discharges were continued by examining them
under different voltage types such as impulse voltages and damped
voltages [21,22]. In this context, there are also simulative studies to
examine the breakdown strength of insulating materials. In these
studies, COMSOL Multiphysics® software was preferred [23,24].

In this research, an experimental study was carried out to analyze
breakdown performances of solid insulating materials under dif-
ferent types of voltages. Test specimens of 60 X 60 mm? dimen-
sions were created from solid insulation materials that were widely
used in power systems, PET, presspaper, and a mixture of styrene—
butadiene rubber/natural rubber (SBR/NR). As the test voltage,
AC, positive DC(+), and negative DC(—) voltages were preferred.
Experimental studies were made in Yildiz Technical University High
Voltage Laboratory. Finally, an electric field analysis was performed
in COMSOL Multiphysics® to explain and analyze the breakdown
points seen in the experiment. From the results of the electric field
analysis, the location where the breakdown occurred was evaluated.

Il. TEST MATERIALS

To examine the effect of voltage type on different classes of insu-
lating materials, PET from thermoplastic polyesters, SBR/NR blend
from thermoset polymers, and presspaper, which is an organic insu-
lating material, were used in this study.

Presspaper used in the experiments is fundamental element of oil-
type transformer insulation. It is obtained by calendaring kraft paper,
and it consists of sulphate—cellulose. Because of their high operating
temperatures, resilience to various chemicals, and good dielectric
qualities, PET films are commonly preferred in stator slots and inter-
layer insulations of high-voltage machines. As is known, it is com-
mon application to optimize the properties of rubber types by mixing
them and use them in the form of blends. Another insulator used in
this study is SBR/NR, which is a blend of rubbers. It is commonly used
in cable insulation and dielectric matting. The samples of the materi-
als are shown in Fig. 1.

The surface dimensions of the samples were determined as
60 mm X 60 mm with preliminary studies to prevent surface dis-
charges. The specifications of the samples are given in Table 1.

11l. EXPERIMENTAL STUDY

In this chapter, the laboratory conditions, the electrode system used
in the experimental applications, and the experimental setup were
introduced. In addition, the results of the breakdown voltage tests
obtained from the experimental measurements are shared in a com-
parative manner depending on the material and voltage types.
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Fig. 1. Test specimens (PET, presspaper, and SBR/NR).

Fig. 2 (a) Electrode configuration and (b) dimensions.

A. Experimental Setup

Ambient conditions in laboratory during the experiments
were 28 + 2°C temperature, 41 + 2% relative humidity, and
756.8 + 5 mmHg pressure. Cylinder—cylinder aluminum electrode
system was used in accordance with IEC60243:1 [25]. Details are
shown in Fig. 2.

Fig. 2a shows the cylinder—cylinder electrode system in the labora-
tory, and Fig. 2b shows the dimensions of the electrode system in
accordance with the IEC 60243:1 standard and its positioning on the
insulating material.

For preventing surface discharges, electrodes and specimens were
immersed in Nytro Lyra X mineral oil (BDV > 60 kV, &, =2.2). The
tests were repeated five times for each material, and 3 minutes was
given between trials. The surfaces of all samples were cleaned with
ethanol before the measurements. The scheme of the experimental
setup is shown in Fig. 3.

To generate the test voltages, 100 kV, 5 kVA single phase, and 50 Hz
frequency test transformer was used. DC voltages are obtained with
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a high-voltage diode. The test voltage was increased until breakdown
occurs, and the breakdown voltages were measured with a resistive
voltage divider (1000:1 ratio) for DC measurements and capacitive
voltage divider (1000:1 ratio) for AC measurements.

B. EXPERIMENTAL RESULTS

In this section, the measurement results according to the specified
voltage types are shared for each insulation material. In order to
evaluate the results obtained by repeated tests, box-plot notation,
which is a statistical presentation form, was preferred. Breakdown
voltages are demonstrated as the average value for DC voltages and
the peak values for AC voltages.

Fig. 4 demonstrates the breakdown voltages of PET. In the tests per-
formed under AC voltage, the minimum and maximum breakdown
voltages of five samples were 26.96 kV and 30.03 kV. In this case,
the average breakdown voltage was calculated as 28.37 kV. Under
positive DC, the breakdown voltages were between 40.3 kV and
54.2 kV with an average of 44.74 kV. Finally, PET failed at the voltages
between 43.81 kV and 50.5 kV under negative DC, while the average
value was 47.72 kV. From the results, effectiveness of AC voltage was
found significantly higher than DC voltage types for PET.
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Fig. 4. Box plot of breakdown voltages—PET.

When the breakdown voltage values for presspaper shown in
Fig. 5 are examined, it was seen that AC voltage punctured the
material at around 50% lower voltage values, according to DC volt-
age types. It has been found that positive and negative DC voltages
provide very close results. The breakdown voltages measured with
different voltage types had the values in the ranges of 6.08-8.38 kV,
8.33-12.83 kV, 9-13.56 kV for AC, positive DC, and negative DC,
respectively. The average breakdown voltage for AC was 7.26 kV,
while these values were 10.85 kV and 10.95 kV for positive and nega-
tive DC voltages.

In the case of SBR/NR, it was determined that the effectiveness of AC
voltage was greater than DC as with the other materials. Box graph
of breakdown voltages for SBR/NR is shared in Fig. 6. As can be seen,

88

the breakdown voltages obtained with AC voltage varied between
47.37 kV and 64.86 kV. The average of these values was 57.75 kV.
Also, the breakdown voltages of the material under positive DC
voltage varied between 56.87 kV and 62.81 kV with an average of
60.83 kV. When negative DC voltage was applied to the material, the
minimum and maximum breakdown voltages of five samples were
58.94 kV and 66 kV. The average of these values was 62.32 kV.

IV. INVESTIGATION ON BREAKDOWN POINTS OF THE
MATERIALS

In this section, electric field analyses of the materials are performed
with electrostatic interface under the AC/DC module of COSMOL
Multiphysics® software to investigate the potential breakdown
points.
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Fig. 6. Box plot of breakdown voltages—SBR/NR.
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Fig. 7. Breakdown samples of the materials.

As can be seen in Fig. 7, the breakdowns occurred at the electrode
boundary areas for all voltage types. For examining this case, the
average AC breakdown voltages of the insulating materials are
applied during the simulation study, and the electric field densities
along their upper surfaces are calculated. The governing equations
applied by COMSOL Multiphysics® to solve the defined electrostatic
problem are as follows [26]:

VxE=0 (1)

The above formula shows that the electric field is irrotational.

VD=p (2)

-VV=E (3)

D=g,&E (4)

By substituting the electric field and displacement expressions spec-
ified in (3) and (4) into (2), (5) is obtained, which shows the rela-
tionship between the electrostatic potential and the space charge
density.

—V.(e,6VV)=p (5)
where E is the electric field density, D is the electric displacement, p
is space charge density, &, is the permittivity of free space, and ¢, is
the relative permittivity of insulating material.
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A simulation model for SBR/NR and the triple area region where the
electric field is concentrated are shown in Fig. 8.

As a result of the simulation, it was found that the breakdown
occurred at a distance of 20 = 2 mm from the one edge of the insu-
lating materials, and the breakdown strengths of presspaper, PET,
and SBR/NR were 23.59 kV/mm, 114.98 kV/mm, and 41.04 kV/mm,
respectively.

The change in the electric field magnitude along the upper surface
of the insulating materials is shown in Fig. 9. The electric field den-
sity reaches its highest value at the boundary points where the cor-
ners of the electrodes begin to round. When the failed samples are
examined, the breakdown points and the possible breakdown points
obtained in the simulation study match with each other.

V. DISCUSSION

Average breakdown voltages of the materials according to voltage
types are given in Fig. 10. The lowest breakdown voltages for all insu-
lation materials were obtained in the experiments with AC voltage.
For PET, the average breakdown voltages under positive DC and nega-
tive DC voltages were 57.7% and 68.2% higher than AC, respectively.
The average DC breakdown voltages of presspaper were 49.44%
and 51% higher than AC breakdown voltages for positive and nega-
tive polarities, respectively. The change in the DC breakdown voltage
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Fig. 9. Variation of electric field density along the electrode—material contact surface.

due to polarity was less for presspaper, unlike other materials. The
average breakdown voltage of SBR/NR was 57.75 kV under AC volt-
age. It increased by 5.33% to 60.83 kV under positive DC voltage
and increased by 7.91% to 62.32 kV under negative DC voltage. The
breakdown performance of SBR/NR was less affected by the applied
voltage type than the other materials. The fact that AC breakdown
voltages have lower values in all materials can be explained by two
phenomena. These are the dielectric losses that occur in the insulat-
ing material exposed to AC voltage and the difference of space charge
behavior at AC and DC voltages. A significant heating occurs in the
material due to dielectric losses, and it affects the dielectric perfor-
mance of the insulating material by causing them to fail at lower volt-
age levels [6].

The structure and accumulation points of space charges become
different depending on applied voltage type. When AC voltage is
applied, space charges accumulate around the electrodes and have
a heterogeneous structure. In the case of DC test voltage, there is a
homogeneous structure, and the accumulation point of the charges
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is the middle of the insulation bulk. Hetero-charges accumulation
in the vicinity of the electrodes causes the distortion of the electric
field dramatically in these regions. In addition, when charges accu-
mulate in the vicinity of the electrode, smaller transport distance for
charges is required compared to DC voltages, where the charge accu-
mulation is in the middle of the insulation bulk. Due to all these facts,
breakdown occurs at lower voltage levels, as more severe electric
fields will occur under AC voltages [27-29].

While examining the weakest points of the materials in COSMOL
Multiphysics®, it is determined that the mismatch between the per-
mittivities of the test specimens and the surrounding material (in
this case mineral oil) at the triple contact area causes an increase
in the electric field magnitude. Electric field density along the upper
surface reaches its maximum value at that area. In addition, as the
relative permittivity of the insulating material increases, the differ-
ence between the electric field densities at triple contact point and
the bottom of the high-voltage electrode increases. While the elec-
tric field intensity at the triple contact point of SBR/NR was 17.15%
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TABLE |
SPECIFICATIONS OF THE SAMPLES

Surface Dimensions

Max. Operating

Materials Thickness (mm X mm) Relative Permittivity Tan 8 Temperature (°C) Density (g/cm?3)
PET 0.3 60 X 60 3.2 2x103 110 1.39
SBR/NR 2.5 60 X 60 4.5 4 x10*? 70 1.45
Presspaper 0.4 60 X 60 3.5 6% 103 90 1.0-1.2

PET, polyethylene terephthalate; SBR/NR, styrene—butadiene rubber/natural rubber.

higher than the electric field density along the lower surface of the
electrode, this difference was 2.3% for presspaper and 1.4% for PET.

VI. CONCLUSIONS

The main subject of this research was the breakdown performances
of PET, presspaper, and SBR/NR under AC, positive DC, and negative
DC voltages. Also, an Finite Element Method (FEM)-based simulation
study was performed in COSMOL Multiphysics for the analysis of the
breakdown points obtained in experiments.

During the experimental study, it was found that the breakdown volt-
ages of all materials were in the order of AC < +DC < —DC. In addi-
tion, the increase of the average breakdown voltages in the case of
negative DC voltage was 50% and 68% for presspaper and PET com-
pared to AC voltage, while the difference in the breakdown voltage
of SBR/NR was around 8% for the same comparison. The specified
amounts of increases vary according to their physical and chemical
structures. The change in breakdown performance between AC and
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DC voltages was caused by differences in space charge behavior and
heating due to dielectric loss. Insulating materials used in power
systems can be stressed by different types of voltages. Therefore,
understanding the effects of different voltage types on the dielec-
tric performance of insulating materials is vital for power equipment
continuity.

In the simulation study, it was determined that the electric field dis-
tortion increased in the triple junction areas. Therefore, breakdown
occurred in these regions of the samples in accordance with the
experimental study. In addition, it has been revealed that the electric
field strengths at the electrode boundaries increase in direct propor-
tion to the permittivities of the insulating materials.

The type and rate rise of the test voltage, conductor—insulator
geometries, age of the insulating material, permittivity mismatch,
and ambient conditions are the primary factors affecting the break-
down performance. For this reason, breakdown performances of the
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insulating materials should be analyzed by performing simulation
and experimental studies including the mentioned factors, and the
design of the equipment used in power systems should be devel-
oped with the help of the information obtained from the analysis
results. In this manner, the reliability and sustainability of the equip-
ment can be ensured by minimizing the failures that occur during the
operation of the power systems.
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