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Surface Potential Characteristics of Polymeric

Barriers for a Hybrid

Gas-solid Insulation

Yuesheng Zheng™, Member, CSEE, Qinfeng Liao, Member, CSEE, Bing Deng, Member, CSEE,
Yilong Wang", Member, CSEE, and Yuriy V. Serdyuk

Abstract—The effect of barrier material on AC breakdown
voltages of a hybrid gas-solid insulation is investigated by exam-
ining the behavior of electrostatic potential on barrier surfaces.
Breakdown characteristics of air-insulated gaps with barriers
made of three different polymeric materials are experimentally
investigated. Further, measurements of surface potential on the
barriers are performed and the results are utilized to obtain
surface charge dynamic characteristics for the three polymeric
materials and extract their electric conductivities, charge carrier
mobilities, and trap energy distributions. It is found that the
material with the lowest initial surface potential and fastest decay
rate exhibits the highest bulk conductivity and carriers’ mobility,
as well as the lowest trap energy level. These properties provide
the highest increase in AC breakdown voltages compared with
pure air. It is concluded that materials where the accumulation
of charges in the bulk is inhibited and decay of surface charges is
facilitated, allow for higher operating voltages of AC hybrid gas-
solid insulation systems. The mechanism of the effect of barrier
material on AC breakdown voltage is discussed.

Index Terms—Bulk conductivity, carrier mobility, hybrid
insulation, surface potential decay, trap density.

I. INTRODUCTION

IR is widely used as an insulating gas in medium-

voltage electrical equipment at rated voltages below
12 kV (for devices manufactured in China). In contrast, sulfur
hexafluoride (SFg) is commonly employed at higher voltages
[1], [2]. The use of SFg, which is a gas with extremely high
global warming potential, is to be restricted in the future
due to environmental concerns, and thus, new solutions need
to be found to provide comparable electrical strength of the
insulation. Ideally, SFg is to be substituted by air. However,
the withstand voltage of the latter is approximately three
times lower. Hence, its performance should be enhanced, and
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one of the promising ways is to introduce solid insulating
barriers at suitable locations in air gaps between energized
electrodes. Earlier performed studies have demonstrated that
a positive effect of a barrier can be achieved under AC,
DC, and impulse voltages [3]-[5]. However, its efficiency is
affected by several factors. Breakdown voltages are found to
be increasing with increasing barrier size [6]. However, its
optimal position between electrodes depends upon electric
field distribution. Furthermore, since charges will accumulate
on gas-solid interfaces, one may expect the performance of
such hybrid systems to be affected by the material of the
barrier. However, publications on this subject are rare (see
e.g. [7]), and no systematic studies have been reported so far.
This has led to the situation that there are no recommendations
for criteria for choosing barrier material for higher breakdown
voltage of hybrid air-solid insulation systems.

Charging of a solid barrier is caused by pre-breakdown
discharges in the surrounding gas, which may appear at
voltages below the breakdown threshold and generate charged
species [8]-[10]. Being driven by the electric field, these
charge carriers will accumulate on gas-solid interfaces [11].
In the rod-plate insulation gap, charges on the barrier surface
will weaken the electric field intensity near the rod electrode,
thereby inhibiting the inception of the streamer and increasing
breakdown voltage [12]. In addition, charges accumulated on
the gas-solid interface will influence the breakdown path [13].
However, charges accumulated on the basin insulator in gas-
insulated switchgear and gas-insulated transmission lines will
distort electric field distribution in air and increase the maxi-
mum value of the electric field near the high voltage electrode
[14], [15]. Under impulse voltage, charges accumulated on the
surface of the barrier will cause a restrike in the gaps [16].
Therefore, the dynamics of surface charges are important for
the barrier effect.

One of the ways to investigate charge dynamic character-
istics is by utilizing surface potential measurements. In such
experiments, the potential of the material surface is monitored
after charging with DC corona, electron beam, or impulse
voltages [17], [18]. As surface charge density has a direct
relationship with the surface potential, variation of the latter
can reflect the dynamics of charges [20], [21]. According to
the results of surface potential decay (SPD) measurements,
it was observed that the polarity of charging may lead to
different charge (potential) distributions on solid dielectric
surfaces [22]. SPD rates are also affected by surrounding air
conditions (e.g., increased humidity [23]). It has been shown
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that SPD rate depends on different materials under similar
conditions, and this fact was used for deriving various material
characteristics, such as field-dependent volume conductivity
and trap energy distribution [24]-[27]. It should be noted,
however, that SPD studies focused mainly on basic materials
characterization rather than on particular applications, such
as choices of materials for higher insulation performance
and methods for manufacturing samples. Thus, thin films of
polymers (polyethylene, polypropylene, etc.) and samples of
millimetre thickness of silicone rubbers and epoxy resins were
utilized in most investigations without considering mechanical
stiffness and resistance to arcing, which are important for
securing a reasonable lifetime of insulating barriers.

In the present paper, the behaviour of surface potentials on
pre-charged samples of three polymeric materials used in a
hybrid gas-solid insulating system is investigated. Their bulk
conductivities, carrier mobility, and trap energy distributions
are derived from respective SPD characteristics. Besides, mea-
sured AC breakdown voltage characteristics of hybrid gas-
solid insulation systems with barriers made of these three
materials are presented and discussed.

II. EXPERIMENTAL SETUP
A. Surface Potential Measurement

A surface potential measurement system is shown in Fig. 1.
Surface potential of the barrier was measured using a Kelvin
probe mounted on the same arm and kept at 2 mm above the
sample surface. The probe was connected to a Trek347 high-
voltage amplifier. Measured surface potential was recorded
utilizing data acquisition card USB-6211 (from NI). Air con-
ditions were recorded by a data logger TR-73U. The sample
was exposed to corona discharge from a needle (0.79 mm
in diameter). The needle was fixed 36 mm above the center
of the sample surface. A charging DC voltage of 6 kV
was applied to the needle. Materials used in the study were
epoxy resin/glass composite (FR4), polymethyl methacrylate
(PMMA), and polyvinyl chloride (PVC). Dimension of the
sample was 120 mm x 120 mm x 3 mm. Before the
experiment, the sample was cleaned with absolute alcohol and
dried in air for 12 hours. An ionization blower was used to
eliminate the residual charge on the sample before the next
charging. An initial scan of the potential on the sample surface
was performed to check the charge-free state.

Electrostatic Data acquisition Air condition
voltmeter card meter
[ N\ (T
A
o0 © @ - -

Movable | Voltage

probe Charging needle

sample

Copper plate High-voltage DC power supply

Fig. 1. Schematic of surface potential measurement system.
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In the initial potential experiment, charging time was set at
1 minute, 2 minutes, 5 minutes, and 10 minutes, respectively.
After corona charging, the probe was moved to the center of
the sample to measure the initial potential. In the surface po-
tential decay experiment, the charging time was 5 min, and the
applied voltage was 6 kV. After corona charging, the potentials
on the barrier along the scan line were measured. Due to the
symmetry of the surface potential distribution, the scan was
performed on half the scan line to shorten the scan time and
to improve the accuracy of the measurement [28]. After the
scan, the probe was moved to the center of the sample to obtain
the SPD characteristics. The SPD measurement process lasted
up to 10 hours. The following air conditions were recorded
during the initial surface potential measurements: temperature
32+1°C, relative humidity 44+2%RH, and pressure 1012+1
hPa.

B. Breakdown Voltage Test

The experimental setup used for breakdown tests is shown
in Fig. 2. Effect of the barriers was analyzed using a rod-
plane electrode system. Radius of the rod tip » was 0.5 cm
and distance between the electrodes d was 5 cm. Position a of
the barrier was varied in the experiments from 1 cm to 4 cm
with a step of 1 cm as accounted from the tip of the rod.
The rod electrode was connected to the transformer, providing
voltages of up to 100 kV,,,s at 50 Hz through a protective
resistor. The plane electrode was grounded. Test voltage was
measured by a voltage divider. Before experiments, the barrier
and the electrodes were cleaned with absolute alcohol. The
applied voltage was increased at a RSM rate of 2 kV/s until
breakdown. Every sample was tested 20 times and 1 minute
resting time was applied between consecutive experiments.
The air conditions during the experiments were: temperature
27.9£1.8°C relative humidity 784+5%RH, and pressure 1008
+3 hPa.

Protective resistance

AC
@source Voltage
divider

Fig. 2. Schematic of breakdown voltage test system.

Air condition
meter

III. SURFACE POTENTIALS CHARACTERISTICS
A. Initial Surface Potential

The initial surface potentials of different materials at differ-
ent charging times are shown in Fig. 3. The surface potential
of FR4 is always the lowest among the three materials at
different charging times. The surface potential of FR4 is the
lowest among the three materials. The initial surface potential
of FR4 at 1 min is 2.09 kV. It increases from 2.09 kV to



ZHENG et al.: SURFACE POTENTIAL CHARACTERISTICS OF POLYMERIC BARRIERS FOR A HYBRID GAS-SOLID INSULATION

3
Z
N
=257
k=
o q
=]
o
8
€ 2f
2 -+ PMMA
= FR4
2 = PVC
£
1.5 : :
1 2 5 10

Charging time 7 (min)

Fig. 3.
times.

Initial surface potentials on different materials at different charging

2.37 kV as the charging time increases from 1 min to 10 min.
When the charging time is shorter than 5 min, the initial
potential of PMMA is about 2.34 kV. When the charging time
is extended to 10 min, the initial potential of PMMA increases
to 2.53 kV. The initial surface potential of PVC is 2.68 kV at
1 min. And the surface potential of PVC is around 2.6 kV with
increasing the charging time. Surface potentials of FR4 and
PMMA increase with increasing charging time when charging
time is shorter than 10 min. It indicated that the surface charge
decay rates of FR4 and PMMA are slower than those of the
surface charge accumulation rate.

B. Surface Potential Decay

Surface potential distributions measured at different times
after charging on different materials are shown in Fig. 4.
One may notice that surface potential profiles on the barrier
are bell-shaped. Surface potentials are highest at the center
of the samples (coordinate z = 0 cm), where the corona
needle was located during charging. It can be seen that surface
potential decreases with time. After a decay time of 50 min, the
surface potential at the center of FR4 barrier is about 0.71 kV,
whereas the potential on PMMA barrier is reduced to 1.82 kV.
However, the decay of surface potential in the center of PVC
barrier is not obvious. The SPD rate is higher for FR4 than
for PMMA and PVC.

The SPD rates are quantified in Fig. 5, where normalized
surface potential decay characteristics obtained for different
materials are presented. Note that data shown in Fig. 5
were measured at the centers of the samples, and the first
measurement was taken almost immediately (at about 1 s) after
completing the charging stage. As can be seen, characteristics
reveal that SPD is fastest on FR4, as also observed in surface
potential distributions in Fig. 4. Thus, the time to decay to
half of the initial surface potential value is about 10 s, which
is one order of magnitude shorter than the respective time for
PMMA. As for PVC, the decay is much slower, and, at the
longest measurement time 5 x 10* s, the potential reduced
just to about 90% of its initial magnitude.

IV. MATERIALS PROPERTIES DERIVED FROM SPD
A. Bulk Conductivities

Three physical processes are usually adopted to explain the
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Fig. 4. Surface potential distributions at different times after charging on
samples of (a) FR4, (b) PMMA and (c) PVC.

reduction of the amount of deposited surface charges with
time, namely, surface conduction, bulk conduction, and charge
neutralization by gas ions [29]. As mentioned above in relation
to Fig. 4, surface conduction does not play any significant role
under the conditions of the present study. Also, the specific
feature of the potential probe used prevents the accumulation
of air ions, which may neutralize deposited charges. Therefore,
the decay process can be assumed to be solely controlled
by bulk conduction mechanisms in the materials stimulated
by the electric fields induced by deposited surface charges.
Accounting for this and noting that the material sample is
in open circuit conditions during the surface potential decay
process, the sum of the displacement and conduction currents
in the material is
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where E stands for the electric field in the sample, V/m; o is
the bulk conductivity, S/m; € is the permittivity of the material,
F/m; x is the coordinate accounted from sample’s surface, m;
and t is the elapsed time after charging, s. Assuming the
electric field in material is uniform E = ¢s/L (here, ¢,
is the surface potential, V, and L is sample thickness, m),
one can obtain the expression for the material conductivity as
written by:

e des(t)
Cge(t)  dt

Equation (2) results in exponential type of surface potential
decay:

o(ps) =

2)

¢s(t) = psoe™ =" 3)

where ¢y is the initial magnitude of the surface potential
(right after charging). From (3), it can be observed that surface
potential decay rate is related to time coefficient 7, which can
be defined as:

() = — L1 &)

t ¢SO

In the present study, relative permittivities of the materials
were experimentally measured by the IDAX300 insulation
diagnostic analyzer. A three-electrode measurement system
was used in the experiment [30]. The diameters of center
electrode, ring electrode, and top electrode are 50.8 mm,
57.2 mm, and 85.7 mm, respectively. The applied voltage had
a RSM value of 140 V;,s with a frequency range from 0.01 Hz
to 1000 Hz. Measured relative permittivities of the materials
at 100 Hz are given in Table L.

Based on the data in Table I, time coefficients were cal-
culated using (4), and results are shown in Fig. 6. It can be
observed that coefficients 7 obtained for different materials
decrease with time. Magnitudes are highest for FR4 during
significant time intervals after charging but decrease rapidly.
In contrast, the time coefficient of PMMA is much lower but
is almost constant after initial essential reduction. The time
coefficient of PVC is smallest compared to other materials
and shows a decreasing trend similar to FR4.

“4)
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TABLE I
RELATIVE PERMITTIVITIES OF THE MATERIALS

FR4
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PMMA
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Material
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Fig. 6. Surface potential decay time coefficients of different materials.

Besides, according to (3), the dependence of the material
conductivity on surface potential and time can be obtained as:

e, ¢s(t)

tln ¢SO

Conductivities calculated using (5) with the relative permit-
tivities of the materials given in Table I and measured SPD
characteristics in Fig. 5 are shown in Fig. 7. It can be observed
that bulk conductivities of the tested materials are higher at
the beginning of the potential decay and decrease with time.
Comparing their magnitudes for different materials, one may
notice that the conductivity of FR4 is highest most of the
time in the measured interval. The conductivity of PMMA
is rather constant and is lower than that of FR4. PVC is
the most resistant material among those used in the present
study. Taking into account that surface potential decays with
time, the electric field in the material is decreased. Results
in Fig. 7 indicate the bulk conductivities of the materials are
field-dependent.

o(t) =

(&)

10712
- FR4
10-13 __ ——————— v - -- PMMA
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g SS
% RN
\b/ 10714 :.\'\‘\--. S
2 1015
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E
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100 10! 10% 103 10*
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Fig. 7. Bulk conductivities of different materials.
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B. Charge Carriers Mobility

Carrier mobility is an important parameter that describes the
average velocity of motion of charges in the material under
the electric field. Charge mobility plays a critical role in the
DC breakdown mechanism of XLPE [31]. Therefore, carrier
mobility may also affect the breakdown voltage of hybrid gas-
solid insulation. In this study, carrier mobility p is derived
from the SPD measurements and is given by [32]:

L2
 tréso

where L is the thickness of the sample, tT is the transit
time at which the implanted charge migrates to the grounded
electrode. The latter can be estimated by considering the
dependence of surface potential decay rate lg(|d¢/dt|) with
respect to ¢ [33], which is schematically shown in Fig. 8. One
may notice the lines approximating the behavior of lg(|d¢/dt|)
on the initial and final stages of the decay process intersect
at the time instant which can be approximately taken as the
transit time ¢r.

W (6)

Intersection point

Extension line /

Extension line

Potential decay rate

It

Time ¢

Fig. 8. Schematic diagram of the corner point ¢p.

By applying this approach to measured SPD characteristics,
transit times and charge carrier mobilities were derived for the
studied materials, and results are shown in Table II. As can
be observed, the highest mobility values are obtained for FR4,
and PVC is characterized by the lowest carrier mobility. This
indicates that charges deposited on the surface of FR4 migrate
to the ground electrode within a relatively short time. As a
result, the surface potential decay rate on FR4 is faster than
that of PMMA and PVC.

TABLE II
CORNER POINT AND CARRIER MOBILITY OF DIFFERENT MATERIALS

Material FR4 PMMA PVC

Knee point 9.51 x 105 1.689 x 106 2.308 x 106
time (s)

Carrier mobility _15 _15 _15
@2V- 9) 43377 x 10 2.1668 x 10 1.4847 x 10

C. Trap Energy Distribution

Transport of electric charges through the material is associ-
ated with its trapping and de-trapping. Assuming that charge
carriers released from traps are not trapped again immediately,
and that surface potential decay takes place under isothermal
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conditions, distribution of the trap energy can be obtained as
[20], [21]:

4eger
qgkT L2

where N is trap density at energy level E, eV 'm~3; ¢ is
the permittivity of vacuum, F/m; ¢, is the relative permittivity
of the material; ¢ is the elementary charge, C; k is the
Boltzmann’s constant, J/K; T is the absolute temperature, K.
Trap energy level AF can be derived from demarcation energy
theory as where v is the attempt to escape frequency, s~ !
which is set to 6.2 x 10'2 s~! [34] in the present study.

AFE = kT In(vt)

dg,
t dt

N(AE) = 7)

bl

®)

Trap energy distributions obtained for the studied materials
are shown in Fig. 9. As seen, the maximum trap density
appears at about 0.96 eV in FR4 and at about 1 eV in
PMMA. Although the trap density peak of PVC is not seen
in Fig. 9 due to limited measuring time, they can be expected
at higher energy levels. Besides, the trap density for FR4 is
highest, and PMMA is second, while the density level of PVC
is much lower. One should note that shallower traps (lower
energies) indicate easier de-trapping of charge carriers and,
thus, faster decay, which is consistent with the measured SPD
characteristics.

5
o ~
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L —=-- PMMA y AN
> — PC ; !\
=3 . ! 1
= 7 ! \
z2 ] \
g2r / \
= { \
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085 09 095 1
Trap level AE (eV)

Fig. 9. Trap density distributions derived for different materials.

V. BREAKDOWN VOLTAGE

Normalized breakdown voltages (i.e., the ratio of breakdown
voltage measured with a barrier to that of pure air Uy, /Uyg) of
the hybrid gas-solid insulation obtained with different barrier
materials are shown in Fig. 10. As can be observed, the
presence of solid barriers leads to an increase of breakdown
voltages and the effect is more significant when the barrier
is positioned closer to the rod electrode. In the latter case,
enhancement of the insulation performance reaches about
90% compared to pure air when barriers made of PMMA
and PVC are used. FR4 provides the essential increase of
breakdown voltages, which is observed when the barrier was
located close to the rod electrode at a/d = 0.2 and 0.4.
Observed variations of breakdown voltages can be correlated
with the dynamic behavior of charges on the barrier surface.
Thus, when the applied voltage induces the electric field at
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the tip of the rod electrode strongly enough to initiate pre-
breakdown discharges, generated charge carriers will drift
in the field and accumulate on the barrier. These charges
may produce their own field, which is superimposed on the
applied field. As a result, the electric field between the rod
electrode and the barrier is weakened if the surface charge
is of the same polarity as the potential of the rod electrode
[35]. When the polarity of the applied voltage reverses, the
electric field in the gap between the rod electrode and barrier
can be significantly strengthened if the accumulated surface
charges remain unchanged, which may provide conditions
for breakdown. However, if the material of the barrier is
characterized by weak charge trapping capability and charge
decay of its surface is fast enough, field strength may not
reach the breakdown threshold at polarity reversal, and thus,
higher breakdown voltages can be achieved. This may be the
case for FR4 materials in the present study, which demonstrate
the fastest SPD (Fig. 5) and most shallow traps (Fig. 9) and,
respectively, provide the highest breakdown voltages (Fig. 10)
among the studied materials.

VI. DISCUSSION

According to the previous experimental results, the effect
of materials on breakdown voltage is significant when bar-
riers are close to the rod electrode. During the experiment,
breakdown paths were photographed and statistically analyzed.
Breakdown paths are divided into two types, as shown in
Fig. 11. Thus, Fig. 11(a) shows path Type I, which indicates
discharge development along the barrier surface to the ground
electrode. Fig. 11(b) depicts path Type II, where discharge
progresses directly to the barrier edge and then reaches the
grounded electrode. It was observed in the experiments that
when the barrier was close to the rod electrode, the probability
of occurrence of path Type I was much higher than of path
Type II in 20 consecutive breakdowns. When the barrier is
far away from the rod electrode, the occurrence probability of
path Type II exceeds that of path Type I. These results are
consistent with all barrier materials used.

Furthermore, it can be expected that breakdown voltage is
affected by the barrier material when path Type I occurs,

CSEE JOURNAL OF POWER AND ENERGY SYSTEMS, VOL. 11, NO. 4, JULY 2025

(®)

Fig. 11. Breakdown paths at different barrier positions. (a) Path Type 1.
(b) Path Type II.

whereas it has no relationship with barrier material when
path Type II occurs. This can be explained by conditions
on the barrier surface. Thus, when the barrier is close to
the rod electrode and path Type I occurs, a part of the
breakdown path is on the barrier surface. Under this condition,
the breakdown voltage is affected by the barrier material due to
different charge behaviors on the barrier surface, specifically,
its conductivity, charge carriers’ mobility, and energy of traps.
Hence, when a barrier is introduced into an air gap at the
position of a/d < 0.5, a barrier made of material providing
a higher SPD rate provides efficient enhancement of the
breakdown voltage. At the same time, for a barrier placed
at the position of a/d > 0.5, the effect of its material on
breakdown voltage is insignificant. Then, high voltage tests
of the withstand voltage can be reduced, which can provide
a reference for the insulation design of the gas-solid hybrid
insulation.

VII. CONCLUSION

Surface potential characteristics of PVC, PMMA, and FR4
materials were investigated. The initial surface potential of
PVC was found to be the highest, whereas it was lowest
on FR4. In addition, the fastest surface potential decay was
observed on FR4. Bulk conductivities, charge carrier mobility,
and trap energy distribution were calculated based on surface
potential characteristics. The highest bulk conductivity and
carrier mobility were found on FR4 and the lowest on PVC.
Moreover, FR4 was characterized by the lowest level of trap
energy density, followed by PMMA and PVC. As for the
effect of barrier position, the strongest influence of the barrier
on breakdown voltages was observed when the barrier was
closer to the rod electrode. The most significant increase in
the breakdown voltages was provided by the barrier made of
FR4, which allows us to conclude that under the same charging
conditions, the material with the lowest initial surface potential
and the fastest decay rate ensures the best performance of AC
hybrid insulation systems.
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