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Abstract: The use of HVDC systems is increasing in number due to technological innovations,
increasing power capacity and increasing customer demand. The characteristics of insulation systems
under composite DC and LI voltage must be examined and clarified. In this study, firstly, experimental
circuits were designed to generate and measure composite DC and LI high voltage using a simulation
program. The coupling elements used were chosen according to simulation results. Afterward,
experimental circuits were established in the laboratory according to the simulation results of the
designed experimental circuit. Then, breakdown voltages under composite DC and LI voltage for
less uniform and non-uniform electric fields were measured with four different electrode systems for
positive and negative DC voltage pre-stresses with different amplitudes. The 50% breakdown voltage
was calculated using the least-squares method. Finally, 3D models were created for the electrode
systems used in the experiments using the finite element method. The efficiency factors of electrode
systems calculated with the FEM results were correlated with the experimental breakdown voltage
results. Thus, the breakdown behavior of air under bipolar and unipolar composite voltages (CV)
was investigated. In conclusion, the experimental results showed that very fast polarity change in
bipolar CV causes higher electrical stress compared to unipolar CV.

Keywords: breakdown voltage of air; composite voltage; HVDC; lightning impulse; HV test circuit

1. Introduction

High-voltage direct-current (HVDC) systems are quickly being applied for transmis-
sion systems day by day. They have important advantages such as integrating renewable
resources, bulk power distribution over long distances, less cost over long distances and
allowing flexible grid operation [1,2]. In HVDC lines, the line is usually a point-to-point
supply over long distances. In case of any failure or interruption in HVDC lines, the power
transmission system is severely affected [3,4]. HVDC systems must operate with high
reliability, as they transmit high power and have a critical role in power transmission and
given their important role in modern power systems. For overhead line HVDC systems,
lightning is a significant threat in terms of the reliability and power quality of HVDC
systems [5]. The reliability and sustainability of power transmission systems are of vital
importance. When a failure in the insulation of power systems occurs, the reliability of
the power system is in danger. Thus, overvoltages occur, and they are called internal
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and external overvoltages. Whereas internal overvoltages occur during switching of the
circuit, ground and phase short circuits, resonance, etc., external overvoltages usually
occur during lightning strikes [6]. These events cause traveling waves in the power system
and protection elements. These waves cause high- and short-time overvoltages. Some
qualification tests apply to provide reliability and safety in high-voltage equipment [7,8].
The high-voltage tests in the standards are conducted separately for a single voltage type,
such as AC, DC or impulse voltage. In order to check the reliability and safety of insulation
systems, they should be tested under composite voltage (CV) as in real operation. The two
different voltage waveforms in tests under mixed voltage are simultaneously applied to a
test object from a single terminal or double terminals. If a single terminal for high voltage is
used, this voltage type is called “composite voltage”, and if two different terminals are used
for high voltage, it is called “combined voltage” [9]. In the composite voltage test circuit,
voltage sources have to be isolated with coupling elements so that the sources do not affect
each other [10]. As an example, the composite voltage waveform by the superimposed
20 kV − DC and 100 kV + lighting impulse (LI) voltage is shown in Figure 1.
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LI voltage.

In recent years, studies have been accelerated to obtain the breakdown behavior of
insulation materials under composite DC and impulse voltage. Gabler et al. [11] studied
the breakdown behavior of oil-paper insulation material under superimposed DC and
lightning impulse voltage stresses. They examined the breakdown behavior of tested
material for the bipolar and unipolar superposing states of the lightning impulse voltage at
positive DC voltage pre-stress. They have revealed that DC voltage pre-stress at the bipolar
composite voltage is more crucial than unipolar composite voltage stress for oil-paper
insulation. Wang et al. [12] studied insulation characteristics of SF6/N2 filled GIS spacers
under composite DC and LI voltage. They examined the effect of pre-stress time of DC
voltage at two different gas temperatures on flashover voltage of insulation material. They
carried out the test while both positive and negative DC voltage pre-stresses were applied.
The experiments were performed with bipolar and unipolar superposing of the DC voltage
with the lightning impulse. They indicated that the flashover voltage decreased significantly
under composite voltage in reverse polarity condition. Zha et al. [13] studied the effect of
bubbles on the insulation behavior of LN2 (liquid nitrogen) under composite DC and LI
voltage, +DC and −LI and at different pressures. They applied breakdown experiments
under composite +DC voltage superimposed −LI voltage. As a result, they revealed that
composite +DC and −LI voltage is more likely to harm the insulation than +DC voltage
and −LI voltage for this insulation material. Arnold et al. [14] studied the measurement
of corona inception and breakdown voltage in coaxial SF6 arrangements under AC, DC,
impulse stress and composite voltage (DC and LI). They showed the impact of bias DC
voltage applied at low and high pressures on breakdown voltage under composite DC
and LI voltage. Du et al. [15] studied the impacts of superimposed voltage and ambient
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temperature on flashover behaviors and surface charge in an oil-paper insulation system.
They carried out some experiments at superimposed voltage with different polarity and
amplitude combinations and at different temperature ranges. They revealed that the peak
value of flashover voltage decreases as DC voltage increases under all combinations, and
flashover is more likely to happen at higher temperatures. Ma et al. [16] studied the
change of breakdown behavior of particle-contaminated HVDC GIL under superimposed
voltage of DC and impulse. They indicated that the probability of firefly motion increased
with increasing DC voltage, while the probability of bouncing motion decreased. As a
result, they emphasized that superposition of DC voltage and impulse voltage may be
a critical situation for HVDC GIL if free conductive particles are present. In addition to
these studies, the behavior of electrical treeing [17–21] and electrical properties [22–24] in
solid insulating materials has been observed in recent years under superimposed DC and
impulse high voltage.

In this study, firstly, simulations were carried out for establishing a composite DC and
LI voltage test setup by a circuit simulation software. With the simulations, the coupling
element types and their properties in the test circuit were chosen. In this part of the study,
it was ensured that the DC and LI high-voltage sources used did not affect each other,
and the compliance of the obtained waveforms with the standards was evaluated. Then,
breakdown voltages under composite DC and LI voltage for less uniform and non-uniform
electric fields with four different electrode systems were measured for different amplitude
±DC voltage pre-stress. The 50% breakdown voltage was used for the evaluations, which
was calculated using the least-squares method. Finally, 3D models were generated for the
electrode systems used in the experiments using the finite element method (FEM). Results
obtained with FEM were correlated with experimental results. Thus, the breakdown
behavior of air under bipolar and unipolar CV was examined.

2. The Setup and Analysis of the Composite DC and LI Voltage Experimental Circuit

The mixed voltage is obtained by combining two different voltage types [9,10,25]. They
are created by the combination of two signals with different characteristics. Two types of
circuits are used to generate mixed high voltages. The main difference between them is the
position of the test object to which the mixed voltage is applied. The voltage that occurs in
these two types of test circuits is called “composite voltage” or “combined voltage”. In the
combined voltage circuit, the test object has three terminals, while in the composite voltage
circuit, the test object has two terminals. The generation and measurement test circuit for
combined voltage is given in Figure 2a. In this figure, a positive DC high-voltage source
on the left side is seen. A positive lightning impulse generator on the right is seen. These
voltages are applied to the test object from different terminals. The resulting combined
voltage is shown in the bottom of the figure. Here, the resulting combined high voltage
is applied to the test object from a different terminal. The generation and measurement
test circuit for composite voltage is given in Figure 2b. In this figure, a negative DC high-
voltage source on the left side is seen. A positive lightning impulse generator on the right
is seen. These voltages are applied between the HV and ground terminals of the test object.
The resulting combined voltage is shown in the bottom of the figure. Here, the resulting
composite high voltage is applied to the test object from single terminals.

In this part of the study, a composite DC and LI voltage test circuit was established
in the High Voltage and Diagnostic Laboratory of the TU Ilmenau in Ilmenau, Germany.
First, analyses were made with a circuit simulation program in order to establish the most
suitable circuit with the elements in the HV laboratory. Simulation studies were carried
out with the elements in the laboratory to create lightning impulse voltages in accordance
with the standards [7]. The lightning impulse generator and composite voltage generator
designed are shown in Figure 3. There are two types of equivalent circuit models (“a” and
“b” equivalent circuit models) that are frequently used to generate impulse voltages [6,26].
The equivalent circuits of the LI and DC voltage side are shown in Figure 4. The voltage
drop of the DC side can be easily calculated by Figure 4b, after the isolation between DC
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and LI sides. A non-ideal dielectric material is represented by a resistance and a capacitance
connected in parallel or series [6]. The test object was represented with a parallel connection
of a resistance Rs and a capacitance Cs. The voltage drop by coupling resistance on the DC
side can be calculated by Equation (1).
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%e =
(

1− Rs

Rs + R1

)
·100% (1)

In this equation,
%e: Percent of voltage drop R1: Coupling resistor on DC side
Rs: Resistance of test sample

The front time T1 = 1.527 µs and time to half-value T2 = 49.51 µs was calculated
for K1 = 2.96 and K2 = 0.73 by equations for lightning impulse voltage [6]. Later, time
parameters and voltage parameters of the designed lightning impulse generator were
measured on the simulation circuit. The front time T1 = 1.52 µs and time to half-value
T2 = 50.165 µs were obtained by simulation software. These parameters are acceptable
when compared to the time values of a standard lightning impulse generator (1.2 µs/50 µs).
The allowed tolerances are ±30% for T1 and ±20% for T2. The efficiency factor of the
designed lightning impulse generator was obtained as 90.47% and 86.7%, calculated by
equations and simulation, respectively.

After designing the lightning impulse generator, some simulations were carried out
in order to choose the coupling capacitance and the resistance in the test setup. These
elements should be used to protect each voltage source from the voltage stress of each other.
The coupling resistance and the capacitance of equipment under test (EUT) (Cs) work as
a low-pass filter (LPF) to protect the DC voltage side from LI voltage stress. In contrast,
the coupling capacitance at the LI voltage side works as a high-pass filter (HPF) against
DC voltage stress [27]. The capacitance Cs of the EUT and the coupling capacitor CC act
as a capacitive voltage divider, thus reducing the peak voltage of impulse at the EUT and
efficiency of the impulse voltage source. The variation of the efficiency factor of the impulse
voltage with respect to the coupling capacitor and the capacitance of EUT can be calculated
with the following equation.

η′ =
CC

CC + Cs
·η (2)

In this equation,
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η′: The efficiency factor of impulse voltage on EUT CC: Coupling capacitor on LI side
Cs:Capacitance of test sample η: The efficiency factor of impulse voltage

In Figure 5, the variation of the efficiency factor over the capacity of the coupling
capacitor is shown. It can be seen in this graph that the selection of a coupling element
above 500 pF is sufficient for the experiments to be carried out with the test object of
5 pF. The efficiency factor can decrease up to 0.6 at values below 500 pF depending on the
coupling capacitance selected.

Energies 2022, 15, x FOR PEER REVIEW 6 of 23 
 

 

against DC voltage stress [27]. The capacitance Cs of the EUT and the coupling capacitor 
CC act as a capacitive voltage divider, thus reducing the peak voltage of impulse at the 
EUT and efficiency of the impulse voltage source. The variation of the efficiency factor of 
the impulse voltage with respect to the coupling capacitor and the capacitance of EUT can 
be calculated with the following equation. 𝜂ᇱ = 𝐶௖𝐶௖ + 𝐶௦ ∙ 𝜂 (2)

In this equation, 𝜂ᇱ: The efficiency factor of impulse 
voltage on EUT 

CC: Coupling capacitor on LI side 

Cs: Capacitance of test sample 𝜂: The efficiency factor of impulse voltage 
In Figure 5, the variation of the efficiency factor over the capacity of the coupling 

capacitor is shown. It can be seen in this graph that the selection of a coupling element 
above 500 pF is sufficient for the experiments to be carried out with the test object of 5 pF. 
The efficiency factor can decrease up to 0.6 at values below 500 pF depending on the cou-
pling capacitance selected. 

 
Figure 5. The variation of efficiency factor with coupling capacitor. 

Then, to determine the value of the coupling resistance on the DC side, analyses were 
made according to the resistance values of the resistors available in the laboratory. This cou-
pling resistance should not only extinguish lightning impulse but also limit the current from 
the DC voltage during charging of the equipment under test (EUT), as well as in case of 
failure. The waveforms obtained as a result of the analysis made with the 320 kΩ coupling 
resistor are shown in Figure 6. Here, with the generation of lightning impulse voltage, a 
ripple in DC voltage occurred for 320 kΩ. This ripple was about 8% of the mean value of the 
DC voltage. Then, these analyses were repeated with 2.2 MΩ, 4.4 MΩ and 16.5 MΩ. The 
ripple was about 2% for 2.2 MΩ, while no significant ripple was observed for 4.4 MΩ and 
16.5 MΩ. After this analysis, we decided to use the resistance of 4.4 MΩ for coupling re-
sistance. The conversion ratio of voltage dividers on these simulations is 1000:1. 

After these analyses, the generation circuit of the composite DC and LI voltage was 
established in the HV and Diagnosis Laboratory of TU Ilmenau. The experimental setup 
and its equivalent circuit are shown in Figure 7. A 50 kV high-voltage test transformer 
was used for the LI voltage side and a 30 kV test transformer was used for the DC voltage 
side. A spherical electrode system was used for the lightning impulse tests. Composite 
voltage waveforms were recorded with an oscilloscope via the North Star PVM 5-2 capac-
itive–resistive voltage divider. The conversion ratio of the capacitive–resistive voltage di-
vider used is 2000:1. The bandwidth of the used oscilloscope is 200 MHz, and the sampling 
rate is 2.5 GS/s. Voltage waveforms measured at the input of coupling capacitor and out-
put of coupling capacitor are shown in Figure 8a. The composite DC and LI voltage gen-
erated by superimposing the 10 kV + DC and the peak value of almost 32 kV +LI voltages 

Figure 5. The variation of efficiency factor with coupling capacitor.

Then, to determine the value of the coupling resistance on the DC side, analyses were
made according to the resistance values of the resistors available in the laboratory. This
coupling resistance should not only extinguish lightning impulse but also limit the current
from the DC voltage during charging of the equipment under test (EUT), as well as in
case of failure. The waveforms obtained as a result of the analysis made with the 320 kΩ
coupling resistor are shown in Figure 6. Here, with the generation of lightning impulse
voltage, a ripple in DC voltage occurred for 320 kΩ. This ripple was about 8% of the mean
value of the DC voltage. Then, these analyses were repeated with 2.2 MΩ, 4.4 MΩ and
16.5 MΩ. The ripple was about 2% for 2.2 MΩ, while no significant ripple was observed for
4.4 MΩ and 16.5 MΩ. After this analysis, we decided to use the resistance of 4.4 MΩ for
coupling resistance. The conversion ratio of voltage dividers on these simulations is 1000:1.
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After these analyses, the generation circuit of the composite DC and LI voltage was
established in the HV and Diagnosis Laboratory of TU Ilmenau. The experimental setup
and its equivalent circuit are shown in Figure 7. A 50 kV high-voltage test transformer was
used for the LI voltage side and a 30 kV test transformer was used for the DC voltage side.
A spherical electrode system was used for the lightning impulse tests. Composite voltage
waveforms were recorded with an oscilloscope via the North Star PVM 5-2 capacitive–
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resistive voltage divider. The conversion ratio of the capacitive–resistive voltage divider
used is 2000:1. The bandwidth of the used oscilloscope is 200 MHz, and the sampling rate
is 2.5 GS/s. Voltage waveforms measured at the input of coupling capacitor and output of
coupling capacitor are shown in Figure 8a. The composite DC and LI voltage generated by
superimposing the 10 kV + DC and the peak value of almost 32 kV +LI voltages is shown
in Figure 8b. The peak value of composite voltage is almost 40 kV. While the reduction of
the peak voltage was approximately 6.5% for a 526 pF coupling capacitor, it was measured
to be approximately 4.5% for 1037 pF. The breakdown voltages for 1037 pF and 526 pF are
40 kV and 80 kV, respectively.
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3. Test Procedure and Assessment of Experiment Results
3.1. The Application and Assessment of Composite Experiment Results

Breakdown experiments under composite DC and LI voltage were performed for
less uniform and non-uniform electric fields. A sphere–sphere electrode system was used
for the less uniform electric field, and two different rod electrodes with different radii
of curvature, a plane electrode system and a needle–plane electrode system were used
for the non-uniform electric field. All experiments were carried out in vertical electrode
arrangement. The electrode systems used for less uniform and non-uniform electric field
experiments are shown in Figure 9. Electrode surfaces were cleaned with polishing material
and isopropyl alcohol before experiments. The ambient conditions (humidity, temperature
and pressure of air) were continuously monitored and recorded during the experiments
by Greisinger GFTB 200 hygro-/thermo-/barometer at 10 min intervals. The measured
breakdown voltage values were multiplied by the air density correction factor [7] so that
breakdown voltages were normalized.
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While obtaining composite voltage by superimposing voltages of different polarities,
there are four different combinations. In this study, the possible situations for superimpos-
ing DC and LI voltages used are as follows:

(a) The superposing of pre-stress +DC and +LI voltages;
(b) The superposing of pre-stress −DC and −LI voltages;
(c) The superposing of pre-stress +DC and −LI voltages;
(d) The superposing of pre-stress −DC and +LI voltages.

Of these superposing states, (a) and (b) are called unipolar composite voltages, while
(c) and (d) are called bipolar composite voltages. In Figure 10, waveforms for different
superposing states of 5 kV ±DC and 20 kV ±LI voltages are shown.

In previous studies, the “four-quadrants diagram” was used to show the test results under
composite voltage generated by superimposing voltages of different polarities [11,27,28]. The
four-quadrants diagram is shown in Figure 11. By this diagram, the breakdown voltage
results in four different superposing states shown in Figure 10 can be effectively displayed.
In this diagram, the value of the applied DC voltage pre-stress is positioned along the x-axis,
while the value of the composite voltage is positioned along the y-axis. The breakdown
voltage results are located in the I and III quadrants for the case of a unipolar superposing,
while the breakdown voltage results for the case of a bipolar superposing are located in the
II and IV quadrants. In Figure 11, positive and negative CV with a peak value of 10 kV is
shown as an example for unipolar (P1) and bipolar (P2) superposing states, respectively. In
these examples, the blue arrow indicates the positive DC voltage pre-stress value (3 kV),
while the red arrow indicates the positive and negative LI voltage stress.
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In this study, experiments were carried out with both positive and negative DC voltage
pre-stress for unipolar and bipolar superposing states. A constant DC voltage pre-stress
during 60 ± 5 s was applied between the electrodes, and no fluctuation in DC voltage pre-
stress was observed. Later, twenty impulse voltage shots were superimposed on DC voltage
pre-stress. To ensure the reliability of the experiments, the experiments were repeated five
times for below and above 50% breakdown voltage. Experiments were performed for both
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unipolar and bipolar superposing states. While the breakdown voltage results obtained
are given, the four-quadrants diagram is divided into two parts for +LI and −LI in order
to increase the visuality of the graphs. The four-quadrants diagram is split in this way
because the applied DC voltage pre-stress is a variable parameter and an integer value.

3.2. Obtaining 50% Breakdown Voltage

Breakdown phenomena under impulse voltage is a statistical event. The impulse
breakdown voltage can be obtained by applying a plurality of consecutive impulse voltages.
The distribution of the breakdown probability function is shown in Figure 12 [6]. In
this graph, the highest voltage value at which no breakdown occurs is defined as 0%
breakdown voltage, and the lowest voltage value at which breakdown occurs in all applied
impulses is defined as 100% breakdown voltage. In the literature, 50% breakdown voltage
is frequently used to describe the breakdown characteristic of insulating materials under
impulse voltage [6,11,16]. It is the voltage value at which the breakdown occurs in half of
a certain number of applied impulse voltages. In practice, it is difficult to find the exact
50% breakdown voltage experimentally, so there are often points that are slightly above
and below 50% breakdown voltage. Then, 50% breakdown voltage can be calculated using
these values by probability distribution functions and/or curve-fitting methods.
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In this study, 50% breakdown voltage can be found by the curve-fitting method, assum-
ing that between 20% and 80% of the breakdown probability of the distribution function
in Figure 12 is linear. In each experiment, twenty lightning impulse shots were applied,
and the breakdown probability was obtained for the applied voltage value by counting the
number of breakdowns occurring between the electrodes. Firstly, points below and above
50% breakdown voltage were found experimentally, and then 50% breakdown voltage
was calculated by the least-squares method. Regression analysis is a conceptually simple
method to investigate functional relationships among variables [29]. In the investigation of
experimental studies, it is desirable to find a function that models the collected data. It is
often very difficult to find a function that fits these data exactly, and different regression
analysis methods are used to determine the most suitable function for the data collected. It
finds the best function to match the data, minimizing the square error. One of the most used
methods in regression analysis is the least-squares method. It is used when determining



Energies 2022, 15, 1353 11 of 23

variables in various branches such as finance, engineering, etc. [30,31]. Linear regression
is a linear approach that reveals the relationship between a dependent variable and one
or more independent variables. In this study, we assumed 20% to 80% of the breakdown
probability curve to be linear and used linear regression to find the 50% breakdown voltage.
If we define the linear regression Equation as in (3), m and b values are found by the
least-squares method with Equations (4) and (5), respectively. In these equations, x is the
mean of all values at input x, while y is the mean of all values at output y. n is the length of
the data set.

y = mx + b (3)

m =
∑n

i=1(xi − x)(yi − y)

∑n
i=1(xi − x)2 (4)

b = y−mx (5)

4. The Breakdown Results under Composite DC and LI Voltage for Different Electric Fields
4.1. The Experimental Results in Less Uniform Electric Field

Breakdown experiments under composite DC and LI voltage in the less uniform
electric field were performed with spherical electrodes having a diameter of 50 mm in air.
Experiments were carried out for unipolar and bipolar superposing conditions at 10 mm
gap spacing. The highest, lowest and arithmetic mean values of the ambient conditions
measured during these experiments are shown in Table 1. The variation of 50% breakdown
voltage according to different +DC and −DC voltage pre-stress under composite DC and
LI voltage is shown in Figure 13. The breakdown voltages under positive and negative
DC voltage stress are equal to breakdown voltages under positive and negative LI voltage
stress. This is an ordinary result in a less uniform electric field anyway. The breakdown
voltages measured under bipolar CV stress decrease with increasing DC voltage pre-stress.
This situation is the same for both positive and negative DC voltage stress. The maximum
reduction of breakdown voltages at bipolar CV stress is approximately 2% and 4.5% for
positive and negative DC voltage pre-stress compared to LI voltage stress, respectively.
In contrast, the breakdown voltages measured under unipolar CV stress increase with
increasing DC voltage pre-stress. While this situation slightly increases for negative DC
voltage pre-stress up to 15 kV, it is clearly seen after 15 kV. The rise of breakdown voltage
at unipolar CV stress is about 2.5% maximum for negative DC voltage pre-stress compared
to negative LI voltage stress. While breakdown voltages increase slightly with increasing
positive DC voltage pre-stress outside 20 kV, it is clearly seen at 20 kV DC voltage pre-stress,
and its rise is about 2% maximum.

Table 1. Measured ambient conditions for breakdown experiments in less uniform electric field.

Parameter Minimum Maximum Arithmetic Mean

Absolute humidity (g/m3) 7.07 9.23 8.67
Temperature (◦C) 21.8 23.8 23.21
Pressure (mmHg) 719.31 728.23 722.74

4.2. The Experimental Results in Non-Uniform Electric Field

For the breakdown voltage experiments in the non-uniform electric field, two rod
electrodes with different radii of curvature and needle electrodes were used for the high
potential electrode. For the ground electrode, a disk-shaped plane electrode with a diam-
eter of 86 mm was used. Thus, three different non-uniform electric fields with different
homogeneity were obtained. These rod and needle electrodes used for the high potential
electrode are shown in Figure 14.
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Breakdown experiments under composite DC and LI voltage were performed with
a rod electrode with a curvature diameter of 6 mm and a plane electrode in air. The
experiments were repeated for 5 mm, 10 mm and 15 mm gap spacing. The variation of
50% breakdown voltage according to different +DC and −DC voltage pre-stress under
composite DC and LI voltage is shown in Figure 15. The highest, lowest and arithmetic
means of the ambient conditions measured during these experiments are shown in Table 2.
The breakdown voltages under positive LI are lower than under negative LI. These results
are the same for all gap spacing of this electrode system. These results are very ordinary
in a non-uniform electric field. The breakdown voltages at unipolar CV with positive DC
voltage pre-stress increase with increasing DC voltage pre-stress.
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Table 2. Measured ambient conditions for breakdown experiments with rod (R = 6 mm)–plane
electrode system.

Parameter Minimum Maximum Arithmetic Mean

Absolute humidity (g/m3) 7.53 10.74 9.7
Temperature (◦C) 21.6 26.8 24.16
Pressure (mmHg) 715.71 727.26 720.09

The maximum increase in breakdown voltage occurred when a 12 kV (for d = 15 mm
and 10 mm) and 10 kV (for d = 5 mm) DC pre-stress were applied, and they were 21.9%,
12.4% and 7.7% for 5 mm, 10 mm and 15 mm compared to LI voltage stress, respectively. On
the other hand, the breakdown voltage at bipolar CV with negative DC voltage pre-stress
tends to decrease with increasing DC voltage pre-stress.

Breakdown experiments under composite DC and LI voltage were performed with
a rod electrode with a curvature diameter of 1 mm and a plane electrode in air. The
experiments were carried out for 15 mm gap spacing. The variation of 50% breakdown
voltage according to different +DC and−DC pre-stress under composite DC and LI voltage
is shown sin Figure 16. The maximum, minimum and arithmetic mean of the ambient
conditions measured during these experiments are shown in Table 3. The breakdown
voltages under positive LI voltage are lower than under negative LI voltage. The breakdown
voltages at unipolar CV for both positive and negative DC voltage pre-stress increase
with increasing DC voltage pre-stress. All measured breakdown voltages under unipolar
positive CV are almost equal to or greater than at LI voltage stress. With increasing DC
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voltage, the breakdown voltages at bipolar CV for both positive and negative DC voltage
pre-stress remain almost stable up to ±8 kV DC voltage compared to positive and negative
LI voltage. In addition, they decrease dramatically at DC voltages greater than this value
compared to positive and negative LI voltages. Thus, the breakdown voltage at bipolar
CV with negative and positive DC voltage pre-stress tends to decrease with increasing DC
voltage pre-stress.
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Table 3. Measured ambient conditions for breakdown experiments with (R = 1 mm)–plane elec-
trode system.

Parameter Minimum Maximum Arithmetic Mean

Absolute humidity (g/m3) 7.63 8.18 8.1
Temperature (◦C) 21.0 22.8 22.23
Pressure (mmHg) 718.41 729.96 724.26

Breakdown experiments under composite DC and LI voltage were performed with
needle and plane electrodes in air. Experiments were carried out for 15 mm gap spacing.
The variation of 50% breakdown voltage according to different +DC and −DC pre-stress
under composite DC and LI voltage is shown in Figure 17. The maximum, minimum,
and arithmetic mean of the ambient conditions measured during these experiments are
shown in Table 4. The breakdown voltages under positive LI voltage are lower than under
negative LI voltage. The breakdown voltages under unipolar CV with positive LI voltage
superimposed increase with increasing DC voltage pre-stress up to 4 kV and decrease
dramatically at 6 kV and 8 kV positive DC voltages pre-stress compared to positive LI
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voltage. Conversely, it increases again at +12 kV DC voltage pre-stress compared to positive
LI voltage. On average, taking into account all results for unipolar CV with positive DC
voltage pre-stress, the breakdown voltage tends to increase with increasing DC voltage
pre-stress. Only breakdown voltage at 8 kV positive DC voltage pre-stress is lower than +LI
voltage. Additionally, in experiments repeated here for the same superposing condition,
the measurement results were very scattered. The breakdown voltages for this superposing
condition were highly affected by the applied DC voltage pre-stress and did not display
a stable behavior. The breakdown voltages under bipolar CV with positive LI voltage
superimposed remain almost constant with increasing DC voltage pre-stress up to −6 kV
and decrease dramatically at DC voltages greater than this value compared to negative LI
voltage. For unipolar CV with negative LI voltage superimposed, the breakdown voltages
increase slightly with −2 kV DC voltage pre-stress and remain constant at all applied DC
voltages. The breakdown voltage at bipolar CV with negative LI voltage increases slightly
at +2 kV DC voltage pre-stress. But, the breakdown voltage for this superposing condition
decreases at +12 kV DC voltage pre-stress compared to negative LI voltage. In general,
taking into account all results for unipolar and bipolar CV with positive and negative DC
voltage pre-stress, the breakdown voltage at unipolar CV stress tends to increase with
increasing DC voltage pre-stress, whereas the breakdown voltage at bipolar CV stress tends
to decrease with increasing DC voltage pre-stress.
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Table 4. Measured ambient conditions for breakdown experiments with needle–plane electrode system.

Parameter Minimum Maximum Arithmetic Mean

Absolute humidity (g/m3) 5.75 9.99 7.82
Temperature (◦C) 21.6 23.1 22.43
Pressure (mmHg) 723.88 727.78 724.97

5. Electric Field Analysis of Electrode Systems used on Breakdown Tests by FEM

In this part of the study, the electric field analysis of the electrode systems used in
the breakdown tests in air environment under CV was made with FEM. It is a numerical
method often used for modeling engineering problems. FEM is widely used to evaluate the
insulation performance of insulating material by obtaining the electric field distribution [32].
Firstly, the geometric structure of the problem to be solved is drawn in the analysis made
with FEM. The dimensions and shapes of the electrodes used in the breakdown experiments
are shown in Figure 9. These electrode systems were drawn in 3D on a package program
based on FEM, and an air environment was drawn outside the electrode system. The
geometry of the model drawn for the rod (R = 6 mm)–plane electrode system in the package
program is shown in Figure 18 as an example. In this figure, d is gap spacing. The all-
electrodes system and gap spacing used on breakdown experiments were drawn to the
package program in the same way. After this step, the materials of the problem and their
properties were defined. After the materials and their properties are defined by geometry,
the boundary conditions should be specified [33,34]. Then, 5 kV was applied to the rod
electrode, and ground was applied to the plane electrode.
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Figure 18. The 3D model of rod (R = 6 mm)–plane electrode system.

After the boundary conditions are defined, the geometry is divided into a finite number
of tetrahedron elements. During this process, a basic equation is defined for each triangular
element [33]. The meshed form of the electrode system, whose geometrical structure is
depicted in Figure 18, is shown in Figure 19.
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Finally, a set of mathematical equations is obtained from all these definitions, and it is
solved by the package program. The equations defined in the model are given below in
Equations (6)–(8). The electric field results of electrode systems were obtained by solving
the equation system.

∇·J = Qj (6)

J = σE + Je (7)

E = −∇V (8)

In these equations,
∇: Differential operator (nabla) V: Applied voltage [kV]
E: Electric field intensity [kV/cm] J: Current density [A/m2]
Je: External current density [A/m2] Σ: Electric conductivity [S/m]
Qj: Current source [A/m3]

All electrode systems and gap spacing used in the experiments were modeled by
FEM. Then, maximum electric fields were calculated for different electrode systems and
gap spacing with the created FEM model. The maximum electric field and electric field
distribution for different electrode systems are shown in Figure 20. As can clearly be seen
here, the maximum electric field increases with decreasing radius of curvature of the high
potential electrode. This increase is dramatically high for the cases shown in Figure 20b,c.
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Figure 20. The maximum electric field and electric field distribution for different electrode systems:
(a) sphere–sphere (d = 10 mm); (b) needle–plane (d = 15 mm); (c) rod (R = 1 mm)–plane (d = 15 mm);
(d) rod (R = 6 mm)–plane (d = 15 mm); (e) rod (R = 6 mm)–plane (d = 10 mm); (f) rod (R = 6 mm)–plane
(d = 5 mm).

6. The Relationship between Breakdown Results and Electric Field Analysis and Discussion

In the non-uniform electric fields, discharge always starts at the electrode with the
smaller radius of curvature and grows depending on the polarity of the electrode. In the
arrangement where the rod electrode is negative and the plane electrode is ground, the
first electron avalanche starts directly from the cathode and grows in the anode direction.
Meanwhile, the positive ions in the avalanche body strengthen the electric field in the
direction of the cathode and weaken it in the direction of the anode. On the other hand, in
the arrangement where the rod electrode is positive and the plane electrode is ground, the
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discharge mechanism shows a different character. Here the first avalanche occurs at a cer-
tain distance from the rod electrode and grows towards the rod electrode. With the growth
of the channel, a discharge occurs. An initial electron is always needed for the breakdown
mechanism to start [6,35]. In this study, firstly, DC voltage pre-stress was applied to the
electrode with the smaller radius of curvature for 60 ± 5 s, and then 20 impulse voltages
were superimposed on the DC voltage pre-stress. During this experimental procedure,
the positions of the initial electrons that triggered the breakdown mechanism between the
electrodes before superposing LI voltage stress are as shown in Figure 21. Here, when the
electrode with the smaller radius of curvature is negative, there are some initial electrons
every time because they are emitted from the negative electrode. On the other hand, when
the electrode with the smaller radius of curvature is positive, it is not clear whether there
is an initial electron near the electrode in the air to trigger the breakdown mechanism
during the first superimposed impulse voltage pre-stress. For other superimposed impulse
voltages, it is not clear whether the LI voltage stress superimposed captures free electrons
near the rod electrode because LI voltage is a very short-term transient voltage type. Thus,
the breakdown voltages under unipolar CV for positive DC voltage pre-stress (I. quadrant
in Figure 11) are not stable for experiments on rod (R = 1 mm)–plane and needle–plane
electrode systems. For other superposition states, the initial electrons required for the break-
down mechanism are obtained by either −DC voltage or −LI voltage stress. Moreover,
the higher breakdown voltages can be measured because of the statistical time-lag in the
breakdown initiation under LI voltage stress [6]. For these reasons, great scattering and
instabilities can occur in breakdown voltage measured under CV or LI voltage stresses.
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electrodes before superposing LI voltage stress.

The maximum electric field was obtained for all electrode systems used in experiments
by FEM. Then, the efficiency factor of these electrode systems was calculated using maxi-
mum electric field (Emax) and uniform electric field (E0) strengths according to Equation (9).
E0 is the uniform field strength at the parallel-plate electrodes [6].

η =
E0

Emax
(9)

The calculated efficiency factor (η) for different electrode systems is given in Figure 22.
The relationship between efficiency factor, corona inception voltage (Vi) and breakdown
voltage (Vbd) can be seen in the figure. Here, the marked points have nothing to do with
the y-axis. Through these points, it is aimed to classify the electrode systems according to
the efficiency factor. While the efficiency factors for sphere–sphere and rod (R = 6 mm)–
plane (for all gap spacing) are in the weakly non-uniform field, the efficiency factors
for rod (R = 1 mm)–plane and needle–plane are in the strongly non-uniform field. As
soon as the ignition condition for the streamer or Townsend mechanism is fulfilled, the
breakdown occurs instantly for weakly non-uniform electric fields. If the electric field
strength is high enough, there are suitable ionization conditions for the entire path between
the electrodes. Above the critical field efficiency factor (ηc), pre-discharges do not occur
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between the electrodes (see Figure 22). The factor is 0.2 for air at standard atmospheric
conditions [6]. However, in strongly non-uniform electric fields (ηc < 0.2), high electric field
strengths and suitable ionization conditions only take place close to the curved electrode
surface. In the low field region, the electron attachment dominates over the ionization
processes. When the ignition condition is provided on the surface of the curved electrode,
pre-discharges (corona) begin without instantly occurring breakdown. The space-charge-
dominated streamer discharges appear with increasing voltage [6]. The inception voltage
(Vi) of corona decreases with decreasing η. The breakdown voltage (Vbd) is higher due to
space charge clouds around the curved electrode. The breakdown will occur at a higher
breakdown voltage (Vbd) if the electric field strength in the low field region is high enough
for streamer growth to the counter electrode.
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Comparing the breakdown voltage results under LI voltage stress with the results
under CV voltage stress, it was observed that the applied DC voltage pre-stress had an
effect on the breakdown voltage of the air, especially if we separate the experimental results
according to the weakly and strong non-uniform field regions.

In less uniform electric field experiments, the breakdown voltage results under unipo-
lar CV voltage stress increases with increasing DC voltage, while they decrease with
increasing DC voltage under bipolar CV voltage stress. During superposition of LI voltage
stress, it causes a very fast voltage rise or polarity change. In less uniform field experiments,
the very fast voltage increase caused an increase in the breakdown voltage, while a very
fast polarity change caused a decrease in the breakdown voltage. In the sphere–sphere
electrode system, since the breakdown voltages under DC, AC and LI voltage stress are
the same, breakdown voltage experiments in this type of electric field should be tested
especially under bipolar CV stress.

Allen et al. [36] conducted investigations on the breakdown of air with the rod–plane
electrode system under combined DC and impulse voltage. For positive impulse voltage,
they obtained that the breakdown voltage at bipolar combined voltage (CV) decreased
with increasing DC voltage and that breakdown voltage at unipolar CV increases with
increasing DC voltage compared with under impulse alone. For negative impulse voltage,
the breakdown voltage at both unipolar and bipolar CV decreased with increasing DC
voltage. However, the time parameters of the impulse voltage used in this study are much
larger compared to the time parameter of LI [36]. Okabe et al. [28] studied the insulation
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properties of GIS insulators under LI with DC voltage superimposed. SF6, oxygen and
air are electron-affine gases [6]. In this study, experiments were performed in the four
quadrants for the cylindrical epoxy model while only in the third quadrant region for the
cylindrical FPR model and the conical spacer model [28]. For the cylindrical epoxy model,
the breakdown voltage at unipolar CV increased only slightly compared to LI in their
experiments. In contrast, the breakdown voltage at bipolar CV was significantly reduced
compared to LI. While this decrease was 26% in the second quadrant, it was 38% in the
fourth quadrant. In experiments performed only in the third quadrant for the cylindrical
FPR model and the conical spacer model, they concluded that the breakdown voltage
at CV stress increased by 20–30% compared to LI alone [28]. In addition, it was empha-
sized in [11–13] that the electrical properties of insulating materials, in which experiments
were carried out under bipolar CV stress, were negatively affected, and the breakdown
voltage decreased.

In the non-uniform electric field, the breakdown voltage results were analyzed by
dividing them into strong and weak non-uniform fields. In weakly non-uniform field
experiments, the breakdown voltages at unipolar CV increase on average with increasing
DC voltage pre-stress compared to LI voltage stress. This increase in breakdown voltage
is clearly visible at unipolar CV with positive DC voltage pre-stress for all gap spacing.
Similarly, the breakdown voltage results at bipolar CV with negative DC voltage pre-stress
slightly decreases with increasing DC voltage, as in less uniform field experiments. On
average, when the results of the experiments with this electrode system are examined, it
is seen that the fast polarity change reduced the dielectric strength of the air. In strongly
non-uniform field experiments, the breakdown voltage results under bipolar CV stress
significantly decrease with increasing DC voltage pre-stress except for experiments under
bipolar CV with positive DC voltage pre-stress in needle–plane electrode systems. The
breakdown voltage results under unipolar CV stress with negative DC voltage pre-stress
increase with increasing DC voltage for two electrode systems. On the contrary, the
breakdown voltage results under unipolar CV stress with positive DC voltage pre-stress
slightly tend to increase with increasing DC voltage. But scattering was observed at the
measured breakdown voltages in the experiments performed under this voltage type. The
reason for this scattering is as explained in the first paragraph of the discussion section. In
the strongly non-uniform electric field experiments, on average, the dielectric strength of
air decreases significantly due to corona discharge pulse and fast polarity change when
bipolar CV voltage stress was applied. According to these results, breakdown tests in
strongly non-uniform electric fields should be tested especially under bipolar CV stress.

7. Conclusions

In this study, simulations and calculations were first performed to set up a test cir-
cuit for the generation and measurement of composite DC and LI high voltages. Then,
breakdown voltage results under composite DC and LI voltage for less uniform and non-
uniform electric fields with four different electrode systems were measured for different
amplitude ±DC voltage pre-stress. The experimental results were correlated with electric
field efficiency factors obtained by FEM.

If a very small coupling resistor is used in the composite DC and LI high voltage test
circuit, the DC side is little affected by the LI. In order to eliminate this effect, the use of
resistance of the order of MΩ was sufficient according to performed simulations. It has
been seen that using a coupling capacitor on the LI side is important in this test circuit. If
a very small capacitor for coupling is chosen, the efficiency factor of the impulse voltage
at the CV point becomes very low. So, a high coupling capacitor value should be used
to increase the efficiency factor. Moreover, the coupling capacitance will be exposed to
a higher voltage than the applied voltage to the device under test in the case of bipolar
superposition. Therefore, this loss in efficiency factor is acceptable up to a certain value
according to experimental conditions.
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The breakdown voltage under unipolar CV stress increased with increasing amplitude
of DC voltage pre-stress for both positive and negative polarity in the less uniform electric
field compared to LI voltage stress. On the contrary, the breakdown voltage under bipolar
CV stress decreased with increasing amplitude of DC voltage pre-stress for both positive
and negative polarity in the less uniform electric field compared to LI voltage stress.
Especially in the strongly non-uniform electric field experiments, on average, the dielectric
strength of air decreases significantly when bipolar CV voltage stress is applied.

In conclusion, the experimental results have shown that very fast polarity change
in bipolar CV causes higher electrical stress compared to unipolar CV. It was clarified
that the breakdown characteristics of air changed remarkably depending on the polarity
combinations of DC and LI voltages. The proficiency tests of insulation systems should
be preferred to be implemented by using the composite voltage of four polarity patterns.
In this study, experiments were carried out in air for small gap spacing. In order to
better understand and reveal the breakdown phenomena behavior of air under composite
voltage, experiments can be continued with larger gap spacing. In addition, the behavior
of dielectric materials under composite voltage can be expanded for impulse voltages with
different time parameters.
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