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SUMMARY

By applying the permittivity (¢)-functionally graded materials (e-FGM) technique, the authors
have achieved, so far an actual-size insulation spacer with a 30% reduction in diameter
compared to that used in conventional 245 kV class SF¢ gas insulated switchgears (GIS) and
gas insulated transmission line (GIL).

In this paper, based on the next step of the development, we advanced the e-FGM techniques
under SFs alternative gas conditions. We examined the effect of e-FGM on flashover voltage
(FOV) improvement in dry air, which is one of the promising alternative gases to SFs. As a
result in dry air, the lightning impulse (LI)-FOV of the e-FGM spacer was surely increased being
19% higher at 0.5 MPa-abs and 27% higher at 0.6 MPa-abs than that of the uniform permittivity
spacer. These results confirm that the e-FGM techniques can significantly improve the FOV
even in dry air due to its electric field control effect, and expecting to definitely suppress the
increase of insulation gap distance and gas pressure, and can strongly contribute to the
compactness of SF¢ alternative HV equipment.
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1 Introduction

In previous studies, by applying the permittivity (€)-functionally graded materials (-FGM) technique,
the authors achieved an actual-size insulation spacer with a 30% reduction in diameter compared to that
used in conventional 245 kV class SFe gas insulated switchgears (GIS) and gas insulated transmission
lines (GIL) [1]. In this paper, by applying FGM technology [2]-[6], firstly the permittivity grading
distribution in solid insulating spacer was optimized by an inverse calculation technique using a newly
developed electric field analysis method. The calculation results shows that the maximum electric field
stress of e-FGM spacer was found to be decreased to 0.74 a.u. compared to that of conventional uniform
spacer. Then, a full-scale actual-size e-FGM spacer with a distributed permittivity from 4.0-10.0 using
SrTiOs and SiO; fillers in epoxy insulator was fabricated, and it was experimentally verified the
lightning impulse flashover voltage (LI-FOV) in SFs gas in the gas-pressure range of 0.3 to 0.6 MPa-
abs. As the result, the average LI-FOV was significantly improved by 21% at 0.5 MPa-abs. In addition,
it was verified that the withstand voltage tests specified in the IEC62271 standard were fully satisfied
and that the long term AC V-t characteristics were also sufficient. The insulating spacers with a 30%
smaller diameter for 245kV class GIS has successfully developed using the e-FGM techniques. The
application of the technology is highly effective for downsizing of GIS and GIL [1],[7],[8].

Meanwhile, since SFs has a very high global warming potential of 25,200, its use will be restricted in
the future, and the application of alternative SFs gases is an issue to be addressed as soon as possible.
In particular, dry air, which has zero global warming potential and is easy to handle and operation, is
already used in GIS and GIL [9]-[12] as an alternative gas to SFs. Therefore, we examined the effect of
€&-FGM on FOV improvement in dry air.

2 Insulation design of actual-size cone-type e-FGM spacer

For &-FGM, an actual-size cone-type insulating spacer
of GIS was fabricated. The permittivity distribution of
the &FGM spacer was optimized by an inverse
calculation technique using a newly developed electric
field analysis method [8]. Figure 1 shows the cross
section of the actual-size cone-type FGM spacer. The
outer diameter of the HV conductor was 90 mm, and the
inner diameter of the grounded tank was 240 mm. The
configuration of the grounded tank around the spacer
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constant & = 4, whereas Figure 2(b) shows the electric
field distribution around the FGM spacer in Figure 1. Figure 1: Actual-size cone-type spacer model in
The electric field stress at the shield edge of the HV air insulated GIS.

conductor on the concave side of the uniform spacer is

defined as 1.0 a.u., which is higher than those on the coaxial HV conductor and spacer surface on the
concave and convex sides. In contrast, the electric field stress at the same point of the FGM spacer is
reduced to 0.74 a.u., which is 26 % lower than that of the uniform spacer and almost equivalent 0.77
a.u. on the coaxial HV conductor. The electric field strength on the spacer surface on the convex side
of the uniform spacer is increased from 0.50 a.u. to 0.73 a.u., which implies that the electric field
distribution in SF¢ gas around the FGM spacer is equalized owing to its permittivity distribution.



Electric field strength [a. u.]
100 T T T T 0.00

D D
| I
| I
Il 0.81 !
I |
Il 1.00 !
| |
| |
| 0.81¢ 07
(I 3 s 3
- Q ° N Q T
- = - = £
| z38 58 | z8 08
(a) Uniform spacer (b) FGM spacer

Figure 2: Calculated electric field distribution.

(a) Uniform spacer (b) FGM spacer

Figure 3: Fabricated actual size cone-type spacer.

3 Fabrication of actual-size cone-type FGM spacer

As shown in Tqble I, two types of composite materials Table I: Specifications of filler materials in
were prepared in advance: a SrTiO; filler (e = 332) insulation spacer.

containing a hlgh-permltj[wlty composite .m'aterlal anq a Filler matorial SITiOn s
Si0; filler (.= 4) containing a low-permittivity composite

material. By changing the ratio of these two types of | Mean diameter 1.0-1.5pm | 1.5um
composite materials and mixing them, the permittivity Relative permittivity 332 4

distribution was changed, and by casting them into a mold
sequentially, a cone-type FGM spacer with permittivity graded from &= 10 to &= 4 was produced.

Figure 3(a) shows a uniform spacer of &; = 4, and Figure 3(b) shows a FGM spacer of &= 10-4. In Figure
3(b), the white color region corresponds to &= 10, the black color region corresponds to &= 4, and the
gray color region between them is a permittivity graded part.



4  Lightning Impulse flashover (LI-FO) test

Figure 4 show the LI flashover voltage
measuring apparatus for actual size insulating
spacer. The fabricated cone-type spacer was
installed in the pressure tank filled with dry-

air at 0.3-0.6 MPa-abs and exposed to e
negative standard LI voltage. One uniform 'mﬁ”:rs‘? i Voltage -
spacer and one FGM spacer were used in the ggogk?/o divider

test. It was measured three times at each
pressure. The applied peak voltage started at
approximately 0.5 a.u., denoted by an
arbitrary unit. -
i
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Figure 4: The LI flashover voltage measuring apparatus for actual
size insulating spacer.

5 LI-FOV test results and discussion

The cross symbols in Figure 5 show the measured FOV of uniform spacer(black) and FGM spacer(red)
as a function of dry air gas pressure. At 0.6MPa-abs, the FGM spacer showed flashover in the range of
1.81 to 1.88a.u., whereas the uniform spacer showed flashover in the range of 1.44 to 1.50 a.u. At 0.5
MPa-abs, the FGM spacer showed flashover in the range of 1.50 to 1.63 a.u., whereas the uniform spacer
showed flashover in the range of 1.25 to 1.31 a.u.. Thus, it was experimentally verified that the FOV of
the FGM spacer increased more than that of the uniform spacer between 0.3 and 0.6 MPa-abs, and the
average of the FOV increase by FGM application was 27% higher at 0.6 MPa-abs and 19% higher at 0.5
MPa -abs. The dotted lines show their approximated curve.
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models in dry air under 0.3 - 0.6MPa-abs. Figure 6: LI Flashover trace of cone-type spacers.



The flashover characteristics are discussed in terms of the flashover traces. Figure 6 shows the flashover
traces of the uniform spacer and the FGM spacer. The flashover traces of the uniform spacer in Figure
6(a) were started at the shield edge of the HV conductor on the concave side of spacer, which
corresponds to the maximum point of the electric field stress in Figure 2(a), as well as on the spacer
surface on the concave side of spacer. On the other hand, as shown in Figures 6 (b) and (c), there were
two types of discharge patterns for the FGM spacer: discharge from the concave-side coaxial HV
conductor to the ground tank and discharge from the coaxial HV conductor shield edge to the spacer
surface near the ground tank. The flashover characteristics are exactly the same as in the case of SFg
[1].

These results suggest that the flashover of the uniform spacer was a surface discharge originating from
the shield edge, whereas the flashover of the FGM spacer was a gap discharge between the coaxial
cylindrical electrodes.

Figure 7 shows the value converted from 25
the FOV to the flashover electric field

stress (FOE). The FOE of the uniform

spacers is slightly higher than that of the

FGM spacers, although it is approximately 20 |
equivalent. This is because the high-
voltage conductor is the origin of the
discharge in both cases. The reason why
the FOE of the FGM spacer is slightly
lower than that of the uniform spacer,
which is considered to have affected of the
area effect due to the large high electric
field region.
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Figure 7: LI flashover electric field stress of uniform and
€ -FGM spacer models in dry air.

6 Conclusions

In the case of SFs alternative gas, especially natural gas (dry air) has low insulation performance, so it
is necessary to increase the diameter of insulating spacers and the filling gas pressure, and the equipment
size is estimated to be 1.2-1.5 times larger, which becomes a critical problem to be solved.

However, by applying e-FGM technology to GIS insulation spacer, it is possible to avoid the increase
of insulation gap distance and extra gas pressure, and upsizing of equipment. In particular, it is expected
to contribute to the replacement of narrow-area substations (Indoor, underground, mountain side,
offshore, etc.) that require the same scale.

This work was supported by the Innovation Program for Energy Conservation Technologies (JPNP12004)
of the New Energy and Industrial Technology Development Organization (NEDO).
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