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ABSTRACT

Solid insulated switchgear (SIS) has been developed as a substitution for medium voltage
SFs6 gas insulated switchgear. Its main circuits including a vacuum interrupter are coated
with epoxy resin and a solid/gas insulation system is formed. For further miniaturization
and higher stress design, the authors investigated the surface insulation performance of
the solid/gas insulation system containing an embedded electrode. In the previous study,
the authors investigated the surface breakdown characteristics. The authors also
investigated the surface discharge propagation characteristics and proposed an
estimation method of the surface breakdown voltage. In the present study, the authors
investigated the surface breakdown characteristics numerically. The calculation was
done based on the estimation method proposed previously. The divided voltage ratio, the
radius of the embedded electrode, the enhancement factor of the surface insulation
strength and the peak value of the surface breakdown voltage are examined. As a result,
the characteristics of the parameters and the criteria for the optimum insulation design
were clarified.

Index Terms — Composite insulation, electric breakdown, simulation, surface

discharge, switchgear.

1 INTRODUCTION

IN an electric power system, switchgear is used for changing
circuit connections. It also takes the role of isolating a fault
when a problem occurs in the system. Recently, most of the
medium voltage switchgears are cubicle-type low pressure SFs
gas insulated switchgears (C-GIS). However, SFs gas was
designated as one of the targets of emission control in the global
warming prevention conference held in 1997 (COP3), then
research and development of SFs gas free systems were actively

advanced [1-3].

Regarding the situation mentioned above, a solid insulated
switchgear (SIS), in which main circuits including a vacuum
interrupter are coated with epoxy resin, has been developed [2].
However, improvement of the surface insulation performance
of the solid/gas composite insulation system is required for the
development of higher stress and compact design. Therefore,
the authors investigated on the insulation performance using
test samples which are the model of the moving part of SIS. The
test sample was a disc-shaped insulation plate of epoxy resin in

which a metal electrode was embedded.
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In the previous study [4], the authors measured the surface
breakdown voltage (BDV) and the partial discharge inception
voltage (PDIV) under ac or impulse voltage application. The
measurement was done by changing the radius of the embedded
electrode (1), thickness of the disc-shaped epoxy resin plate (t)
or the radius of the epoxy resin plate (7). The results indicated
that it was possible to improve the surface insulation
characteristics by choosing the radius of the embedded
electrode appropriately.

Furthermore, the authors investigated the estimation of the
surface breakdown voltage. In the previous paper [5], the
authors measured the surface discharge propagation
characteristics experimentally and proposed an estimation
method of BDV based on the surface discharge propagation
characteristics. From the comparison between the estimated
value and the measured value in [4], a good correlation was
obtained.

In the present study, the surface breakdown characteristics
were calculated using the estimation method proposed in the
previous paper [5]. The divided voltage ratio, the radius of the
embedded electrode, the enhancement factor of the surface
insulation strength and the peak value of the surface breakdown



voltage are examined. As a result, the characteristics of the
parameters and the criteria for the optimum insulation design
were clarified. The authors believe that the results obtained in
the present study are helpful for the design of the solid/gas
composite insulation system.

2 SIMULATION MODEL

Figure 1 shows the cross section of a sample used for the
simulation of the breakdown characteristics of the solid/gas
composite insulation system. This sample is the model of
insulation system of SIS and is composed of a disc-shaped
epoxy resin plate with back-side electrode and a disc-shaped
embedded electrode. The thickness of the embedded electrode
is 2 mm and its radius of curvature at the edge is 1 mm. The
distance between the bottom of the embedded electrode and the
back-side electrode is 4 mm. The embedded electrode is
connected to the center rod electrode with a radius of 5 mm.
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Figure 1. A model of composite insulation system with embedded electrode
used for the simulation. 7;, is the radius of the disc-type epoxy resin plate, 7,
is the radius of the embedded electrode, t is the thickness of the epoxy resin
plate, 1, is the radius of the center rod electrode and d, is the thickness of the
epoxy resin between the surface of the plate and the embedded electrode.

In the previous study [4], the surface discharge was revealed
to initiate at the position on the surface just above the edge of
the embedded electrode. The surface discharge propagates in
both direction towards the center rod electrode and towards the
ground electrode. The surface breakdown takes place when
both of the surface discharges reach the opposite electrodes. In
the previous study [5], the surface breakdown voltage was
estimated based on the propagation characteristics of the
surface discharge. In the present study, the surface breakdown
voltage was also calculated based on the estimation method
proposed in the previous study [5]. In addition, potential
distribution along the surface was calculated using a software,
Ansoft Maxwell (Ansoft Japan Co., Ltd.).

3 SURFACE BREAKDOWN VOLTAGE

In the previous paper [5], the surface breakdown voltage
(BDV) under impulse voltage application was found to depend
on the polarity. However, lower value should be taken as the
impulse BDV. In the estimation, the surface breakdown voltage
is determined by comparing the flashover characteristics
between the surface discharges propagate inner and outer
surface from the point of the maximum field strength along the
surface. The surface flashover voltage of positive polarity was

found lower than that of negative. Therefore, impulse BDV is
determined by the positive surface flashover characteristics.

The surface flashover voltage under positive impulse
application (V) was found as follows [5]
3
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where | (m) was the surface length, C,, (F/m?) was the
distributed electrostatic capacity per unit area and Kjqs was a
constant which was 57.56. From the comparison between the
values obtained from the following equations [5], the surface
breakdown voltage is determined as the lower value.

1 !
Vi, = (E) Voos. (Co = Cp, 1 =1in) (2)

Veow = 2 Vhos. (1= lout) (3)
where Vg, and Vg are the flashover voltages of the inner and
outer surfaces, respectively. D is the divided voltage ratio which
is obtained from the voltage across the outer surface divided by
the full voltage between the center rod electrode and the ground.
Cy, is the distributed electrostatic capacity per unit area for the
inner part. Then, C, = C,, means that the thickness of the
dielectric of the inner part is different from the thickness of the
plate t. l;, and [y, mean the lengths of the inner and outer
surfaces, respectively.

Figure 2 shows the impulse breakdown voltage (BDV) under
the conditions where the thickness of the epoxy resin plate t is
11 mm and the radius of the plate 7, is 100 mm. In Figure 2,
measured values of impulse BDV are also shown. Owing to the
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Figure 2. Relation between estimated impulse breakdown voltage and the
radius of the embedded electrode. =11 (mm) and , = 100 (mm).

polarity effect, lower value was selected for each experimental
condition.

Equations (2) and (3) are also applied to ac breakdown
voltage. Therefore, the calculated characteristic of the impulse
BDV shown in Figure 2 is found to be the same characteristic
of ac BDV. The calculated characteristic is found to agree well
with the measured impulse BDV [4].

In Figure 2, it is found that BDV has a peak value ( BDVeai)-
The radius of the embedded electrode corresponding to
BDVpeak is expressed as Teopt. They will be discussed in the

following section.



3.1 OPTIMUM RADIUS OF EMBEDDED ELECTRODE

Figure 3 shows the relation between the position of the
maximum field strength and the radius of the embedded
electrode when the thickness of the epoxy resin plate t was 11
mm and the radius of the plate was 100 mm as an example. As
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Figure 3. An example of the relation between the position of the maximum
field strength and the radius of the embedded electrode. t = 11 (mm) and
7, = 100 (mm).

shown in Figure 3, although the position of the maximum field
strength exists on the surface of the center rod electrode in the
small 1, region, the position of the maximum field strength is
almost the same as 7, except for the small 7, region. In other
cases, similar results were obtained. BDV will be discussed
except for the small 7, region. Then, the authors assume that the
position of maximum field strength is the same as 7,.

From the assumption, equations (2) and (3) are re-written
using equation (1) and the radius of the center rod electrode ry,.

In the following equations, 7, 7, and 7, are the values in meters.
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When the thickness of the epoxy resin plate and the radius of
the plate are given, the radius of the embedded electrode when
BDV has a peak is obtained from the equations (2) and (3).
BDV takes a peak under the condition where Vg, = Vg .
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_as the optimum 7. Using the

(6)

Here, the authors define Teopt

thickness of the dielectric, Teopt, CaN be also expressed with the
following equation (8). In general, the distributed electrostatic
capacity per unit area C (F/m?) is expressed with the following
equation (7).

£-X8.854x10712

¢ = s (7)

where €, is the relative permittivity of the dielectric and d (m)
is the thickness of the dielectric.
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where d; (m) is the thickness of the dielectric of the inner part
and d, (m) is the thickness of the dielectric of the outer part.

These equations suggest that the optimum radius of the
embedded electrode 7 opt. is determined uniquely by the radius

of the epoxy resin plate 7, and the thickness of the plate t under
the present conditions where the radius of the center rod
electrode 1, and the distance between the bottom of the
embedded electrode and the back-side electrode are given.

3.2 PEAK VALUE OF BDV

From the above equations, the peak value of the surface
breakdown voltage (BDV,eai) for given thickness of the epoxy
resin plate ¢ and the radius of the plate 7, is obtained as follows.
In the following equation, 7y and 7, are the values in meters.

BDVpyeak =
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The part Kpos_(rp — ro)‘*Cb_E corresponds to the positive
surface flashover voltage under the conditions where the
surface distance is 1, — 1 and the embedded electrode has no-
overhang. Therefore, F, is defined as a enhancement factor of
the surface insulation strength. F, means the effect of
embedding electrode on the characteristics of the surface
insulation performance.

4 CHARACTERISTICS OF PARAMETERS

4.1 DIVIDED VOLTAGE RATIO

Figure 4 shows an example of the relation between the
divided voltage ratio D and the radius of the embedded
electrode 1, when the thickness of the epoxy resin plate t is 11
mm and the radius of the plate 1, is 100 mm. As shown in
Figure 4, D is around 0.7 except for the small 7, region. In that
region, D is 1 and the position of the maximum field strength
exists on the center rod electrode. The region is not suitable for
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Figure 4. An example of the variation of the voltage divided ratio with the
radius of the embedded electrode. t = 11 (mm) and 7, = 100 (mm).

the optimum surface insulation design. Therefore, it is deduced
that the radius of the embedded electrode 7, has the minimum
value. The characteristics of the minimum radius of the
embedded electrode 7, . will be discussed in the following
section.

In order to discuss the relation between the divided voltage
ratio D and the radius of the epoxy resin plate r or the relation
between the divided voltage ratio D and the thickness of the
plate t, the authors made an average of D according to the
procedure which is explained below. In that region, there was a
little dispersion in D. It was supposed to be caused by the
accuracy of the numerical calculation and was found less than
4 %. In other cases, similar results were obtained. Then, the
authors made an average of D in the region in which the
deviation becomes less than +3 %. The average is used as a
representative value of D independent of 7, and is expressed
with D,. Then, D, was calculated under the conditions where
the thickness of the epoxy resin between the embedded
electrode and the ground was 4 mm, the radius of the embedded
electrode 7;, was varied in the range from 100 to 300 mm and
the thickness of the epoxy resin plate t was varied in the range
from 10 to 40 mm.

08 T | T | T I T

D

0.7 — —

0.65 — -

Divided voltage ratio,

05 [T Y N N N S
0 5 10 15 20 25 30 35 40

Thickness of plate, ¢ [mm]
Figure 5. Relation between D, and the thickness of the epoxy resin plate t.

The calculation results are shown in Figure 5. The figure
shows the relation between D, and the thickness of the epoxy
resin plate ¢. In Figure 5, D, for given t is not classified by 7,.
Although there are quite small differences in D, for given t, D,
is mostly constant for given t. Therefore, it is deduced that D,
is a function of the thickness of the plate t regardless of the
radius of the plate r,. D, decreases with t and seemed to be
saturated.

From the above, the divided voltage ratio was found to vary
with the thickness of the epoxy resin plate and to be almost
independent of the radius of the embedded electrode or the
radius of the epoxy resin plate. In general, the divided voltage
ratio is decided by the ratio between the voltages across the
solid dielectric material and the air gap. The relative
permittivity of the solid insulation material is usually larger
than that of air and the air gap length in the present
configurations is usually larger than the thickness of the solid
insulation material. Therefore, the divided voltage ratio is
supposed to be strongly affected by the thickness of the epoxy
resin between the embedded electrode and the surface.

In the present study, the thickness of the epoxy resin between
the embedded electrode and the ground is 4 mm and the
thickness of the embedded electrode is 2 mm. Then, the
thickness of the epoxy resin between the embedded electrode
and the surface becomes (t — 6) mm. When the thickness of the
epoxy resin between the embedded electrode and the surface is
given, the divided voltage ratio can be decided approximately
from Figure 5.

4.2 ENHANCEMENT FACTOR OF SURFACE
INSULATION STRENGTH
From equation (10), the enhancement factor of the surface
insulation strength F, is re-written using D,.

R~ {D,f + (- (Z—j)l's}_% (11)

D, depends on the thickness of the plate t, then F, also depends
ont.

The enhancement factor of the surface insulation strength F;
was calculated using D, under the conditions where the
thickness of the epoxy resin between the embedded electrode
and the ground was 4 mm, the radius of the embedded electrode
1, was varied in the range from 100 to 300 mm and the
thickness of the epoxy resin plate t was varied in the range from
10 to 40 mm.

The calculation results are shown in Figure 6. The figure
shows the relation between F, and the thickness of the epoxy
resin plate t. Similar to the case of D,, F, for given t is not
classified by 7,. Although there are quite small differences in F;
for given t, F, is mostly constant for given t. Therefore, it is
deduced that F, is a function of the thickness of the plate ¢
regardless of the radius of the plate r,. F; decreases with the
thickness of the plate t and seemed to be saturated.

From equation (11), when the thickness of the plate ¢ is given,
Z—Z is constant under the present condition and D, becomes
1

almost constant regardless of the radius of the plate 7, as shown
in Figure 5. Then, F, becomes almost constant regardless of the
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Figure 6. Relation between the enhancement factor of surface insulation
strength and the thickness of the plate.

radius of the plate 7, and varies with the thickness of the plate
t. Therefore, when the thickness of the epoxy resin between the
embedded electrode and the surface is given, F, can be decided
from Figure 6, approximately.

4.3 RADIUS OF EMBEDDED ELECTRODE

At first, the minimum radius of the embedded electrode
mentioned above was examined. The minimum radius of the
embedded electrode 7, .~ was obtained from the calculation of
the potential distribution along the surface under the conditions
where the thickness of the epoxy resin between the embedded
electrode and the ground was 4 mm, the radius of the embedded
electrode 7;, was varied in the range from 100 to 300 mm and
the thickness of the epoxy resin plate t was varied in the range
from 10 to 40 mm.
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Figure 7. The minimum value of the radius of the embedded electrode 7,
for given thickness of the plate t.

The calculation results are shown in Figure 7. The figure
shows the relation between the minimum radius of the
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Figure 8. Relation between the optimum radius of the embedded electrode

Teopt. and the thickness of the plate t compared with the minimum value of the

radius of the embedded electrode 7, .

embedded electrode 7, . and the thickness of the epoxy resin
plate t. As a result, it is found that 7, . =~ for given thickness of
the epoxy resin plate t is almost constant regardless of the
radius of the plate r,. Therefore, it is deduced thatr, . isa
function of the thickness of the plate t regardless of the radius
of the plate 7,. The minimum value of the radius of the
embedded electrode 7, . increases with the thickness of the
plate t.

The value of BDV in the case where the position of the
maximum field strength exists on the surface of the center rod
electrode is supposed to be similar to that in the case where the
embedded electrode has no-overhang. That is, F, =1 in
equation (9) and the effect of embedding an electrode on the
improvement of the insulation performance is not expected.
Therefore, the region is not suitable for the insulation design.
From this, the radius of the embedded electrode 7, should be
larger than the minimum radius of the embedded electrode

Temin, fOr the optimum insulation design.
The optimum radius of the embedded -electrode Teopt.

expressed by equation (8) is re-written using D,.

4 1.5

(529 (@) “rprmo

Copt. © T b dp T (12)
1+(5.8) (@)

In the present condition, the thickness of the embedded
electrode and the distance between the bottom of the embedded
electrode and the ground (d, —d; =t —d;) are constants.
When the thickness of the epoxy resin plate t = d, is given, D,

becomes a function of t as mentioned in Section 4.1. Teopt, Was
calculated using equation (12).

The calculation results are shown in Figure 8. The figure
shows the relation between the optimum radius of the



embedded electrode Teopt. and the thickness of the plate t as a

t
parameter of the radius of the plate 7;,. In Figure 8, the minimum
radius of the embedded electrode 7, , in Figure 7 is also
shown.

As mentioned above, the radius of the embedded electrode
should be larger than the minimum radius of the embedded
electrode for the optimum insulation design. Therefore, the

optimum radius of the embedded electrode Teopt. should be

larger than the minimum radius of the embedded electrode
Te min.’

(13)

Equation (13) shows one of the design criteria for the optimum
insulation design.

reopt. = remin.

From the comparison between Teopt. and 7, . in Figure 8,
the limits for the optimum insulation design can be found. The
intersection points indicate the minimum values of Teopt. for
given thickness of the plate t. That is, they indicate the
existence of the minimum values of n, for given t. In other

words, the maximum value of the thickness of the plate exists
for given radius of the plate.

4.4 PEAK VALUE OF SURFACE BREAKDOWN
VOLTAGE
Peak value of the surface breakdown voltage BDV,ea Was

calculated by the following equation.

1
4

d,\ 15
BDVgeae = {0, + (1 = D)* (%)}

1 3
X Kpos.(Tp — 10)*Cp @ (14)
The calculation was conducted for given radius of the epoxy
resin plate 7, (in equation (14), r;, is expressed in meters). The
calculation results are shown in Figure 9. In the figure, the
relation between the calculated BDV),e,c and the thickness of
the plate ¢ as a parameter of the radius of the plate 7, are shown.
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Figure 9. Relation between the peak value of the impulse breakdown voltage
BDVpeak and the thickness of the plate t. », = 100, 200 and 300 (mm).

For given 1, BDV)eqi increases with t. However, BDV,eaxk
becomes quite low when the thickness of the plate t became
larger than the value obtained from the intersection point in
Figure 8. In the region where BDVeax becomes low, the
surface discharge will start from the center rod electrode. That
means that the enhancement factor of the surface insulation
strength F, (equation (10)) becomes 1. Therefore, BDVpeai
becomes quite low and gradually increases with t.

The breakdown voltage in the small ¢ region is suitable for
the insulation design and the maximum value of the surface
breakdown voltage in this region becomes critical. Therefore,
the value of the thickness of the plate at the intersection point
gives the maximum thickness of the plate.

5 CRITERIA FOR INSULATION DESIGN

From the above discussion, the combination of the minimum
radius and the maximum thickness of the epoxy resin plate
gives the critical condition. Under the critical condition, the
peak value of the surface breakdown voltage has the critical
value. In this section, the relations among the critical
breakdown voltage, the minimum radius of the epoxy resin
plate and the maximum thickness of the plate are summarized
and the criteria for the optimum insulation design are discussed.

5.1 MINIMUM RADIUS AND MAXIMUM THICKNESS
OF PLATE
As pointed out in the former section, the minimum radius
Tomin, a0d the maximum thickness ¢,y of the epoxy resin plate
exists for the optimum insulation design. The combination of
the minimum radius 7, . ~and the maximum thickness tpay.
(critical condition) can be derived from Figure 9.
The critical condition is shown in Figure 10, as the relation
between the minimum radius 7, .~ and the maximum thickness

tmax. Of the plate. The curve in Figure 10 shows the critical
condition.
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Figure 10. Critical conditions of the radius and the thickness of the plate: the
relation between the minimum radius and the maximum thickness of the plate.
Broken lines indicate an example when lightning impulse withstand voltage
(LIWV) of 150 kV is given. Radius of embedded electrode is determined from
Figure 11. The details are mentioned in Section 5.2.




5.2 SURFACE BREAKDOWN VOLTAGE
From the critical condition in Figure 10, the critical value of
the surface breakdown voltage BDVpeai(crit.) is calculated
using the combination of the minimum radius ™ min. and the
maximum thickness t,,, and the following equations.
BDVpeak(crit.) =
1
F.(crit.) X Kpoq, (rpmm - r0)4 s (15)
1
F,(crit.) = {Da‘* +(1-D,)* (“3—)15} b ae6)
1
In these equations, ™ min? 10 and t,,« are the values in meters.

dy = tmax, — 0.006 (m) in the present study. F,(crit.) is the
critical value of F, obtained with " min and tpayx.-
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Figure 11. Critical conditions of the surface breakdown voltage: the relation
between the surface breakdown voltage and the minimum radius of the plate.
Broken lines indicate an example of surface insulation design when lightning
impulse withstand voltage (LIWV) of 150 kV is given.

The calculation results are shown in Figure 11 as a relation
between the surface breakdown voltage and the radius of the
plate ;,. The curve in Figure 11 shows the critical value of the
surface breakdown voltage and 7, corresponding to the critical
value of the surface breakdown voltage BDVe i (crit. ) is the
minimum radius of the plate 7, i The value of the thickness

corresponding to the critical value of the surface breakdown
voltage BDVpeaic(crit. ) can be found from Figure 10.

When an insulation level is given, the minimum radius of the
epoxy resin plate can be found from Figure 11. And the value
of the thickness of the plate can be found from Figure 10. The
value of the thickness is the maximum value. The process of
surface insulation design when lightning impulse withstand
voltage (LIWV) is 150 kV for example is taken into account.
From Figure 11, it is found that the minimum radius of epoxy
resin plate is 230 mm. Then, the maximum thickness of the
plate becomes 30 mm for the radius of the plate of 230 mm,
from Figure 10. Therefore, the optimum values of the radius
and the thickness are decided 230 mm and 30 mm. The

optimum radius of embedded electrode can be calculated using
equation (12).

6 CONCLUSION

Related to the optimum design for the solid insulated
switchgear (SIS) developed as substitution of medium voltage
SF¢ gas insulated switchgear, the authors examined the surface
breakdown characteristics based on the estimation method
proposed previously. The authors examined the divided voltage
ratio, the radius of the embedded electrode, the enhancement
factor of the surface insulation strength, the peak value of the
surface breakdown voltage and others. As a result, following
various characteristics were obtained under the present
conditions. In addition, the criteria for the optimum insulation
design under the present conditions were clarified.

(1) The surface breakdown voltage (BDV) has a peak and the
radius of the embedded electrode corresponding to the
peak value of BDV is determined uniquely when the
radius and the thickness of the epoxy resin plate are given.

(2) The divided voltage ratio is almost constant regardless of
the radius of the embedded electrode except for its small
region. It varies with the thickness of the plate independent
of the radius of the plate.

(3) The enhancement factor of the surface insulation strength
varies with the thickness of the plate.

(4) The radius of the embedded electrode has a minimum
value and the minimum value varies with the thickness of
the plate.

(5) The peak value of the surface breakdown voltage for
given radius of the plate increases with the thickness of the
plate and takes the critical value.

(6) The relation between the minimum radius and the
maximum thickness of the plate is uniquely decided.

(7) The minimum radius of the plate for the optimum
insulation design is found from the critical values of the
surface breakdown voltage. The thickness of the plate is
decided from the relation between the minimum radius and
the maximum thickness of the plate.

The authors believe that the results obtained in the present
study are helpful for the design of the solid/gas composite
insulation system. However, the criteria can be used just for the
present condition. Note that the criteria will vary with the
thickness of the epoxy resin between the embedded electrode
and the ground and the thickness of the embedded electrode.
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