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Abstract: A functionally graded material (FGM) spacer, which the distribution of dielectric permittivity
inside an insulator changes spatially, can considerably reduce the electric field concentration around a
high-voltage electrode and along the gas-insulator interface when compared to a conventional spacer with
a uniform permittivity distribution. In this research, we propose the FGM spacer with an elliptical
permittivity distribution instead of that with a distribution of dielectric permittivity varying along a radial
direction only in order to improve efficiently the insulation capability. The optimal design of the elliptical
FGM spacer configuration is performed by using the response surface methodology (RSM) combined with

the steepest descent method (SDM).
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Fig. 1. (a) Finite element discretization of our analytic
model and the distribution of dielectric permittivity inside
the spacer((b) r-FGM spacer, (c) elliptical FGM spacer).
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Fig. 2. Electric field distributions. (Max. E-field, Eu
(kV/mm): (a) uniform spacer - 4.94011, (b) r-FGM spacer
- 4.30550, (c) elliptical FGM spacer - 3.80390).
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Fig. 3. Design variables for optimizing the spacer
configuration.
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Table 1. Sequence of experiments performed in design L

Table 2. Sequence of experiments performed in design IL

Design 1 X (mm) X; (mm)  En (kV/mm) Design II X (mm) X; (mm)  Ey (kV/mm)
Process 1 : 2° Factorial Design Process 1 : 2° Factorial Design
19.0 (-1) 180 (-1) 3.923192 22.155(-1) 21.6(-1) 3718360
23.0 (+1) 180 (-1) 3.853328 24.155(+1) 21.6(-1) 3.734448
19.0 (-1) 22.0 (+1) 3.738064 22.155(-1) 23.6(+1) 3701120
230 (+1) 220 (+1) 3.727440 24.155(+1) 23.6(+1) 3.713464
21.0 (0) 20.0 (0) 3.803912 23.155(0) 22.6(0) 3.708320
Process 2 : Steepest descent method Process 2 : Steepest descent method
Base 23.0 220 Base 22.155 236
A, 0.05175 0.2 4, -0.025 0.0336
Base+4; 23.05175 22.2 3.715966 Base+ 4, 2213 23.6336 3.698079
Base+24, 23.10350 224 3.712203 Base+2A4, 22.105 23.6672 3697596
Base+34, 23.15525 226 3708343 Base+34, 22.08 23.7008 3.703583
Base+4 A, 23.20700 228 3.725502
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Table 3. Design ranges for RSM.

Levels of design variables of CCD (a=1.414)
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Table 4. Result comparisons at the optimal points.

Table 5. Electric field intensities in each region.

Optimal points (mm)

En (KV/mm)
X X2
itial Non-FGM 4940112
II;u otzlel — 210 200 ——
FGM 3.803904
Optimal RSM 3.694960
odel — 21989 23828 ——
m 3692656
'E 4.6625 ]
% 46500
3 i
; 4.6375
Z" 4.6250 7]
218
242
X 2 230 )
R X; (mm)
Fig. 4. Response surface.
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Fig. 5. Schematic sequence of experiment trials.
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FGM model 3.05306 3.80390 371777
Optimal 319425 356121 369266
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Fig. 6. Electric field distributions. (Max. E-field, En
(kV/mm): (a) uniform spacer — 4.94011, (b) elliptical FGM
spacer — 3.80390, (c) optimally designed FGM spacer -
3.69266).
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Fig. 7. Distributions of the electric field intensity along
the surface of the spacer.

EF Y 72 T 59 AFHAAM AA ¥
o= E738x HHoz AAY FGM 2#H oA =
dollA HANAAZ A FaHz, 2504 EH
A AAZ 2L REEE #A¥ 5 A ng
A AldE FGM 235olA Rde AzF7, N; 2
OE dAddAmdd 2 A/ shso] o) HA
g A ayoz {gd 4+ gid.

AN BARSe AAs) s & Aol
£ GIse A7)Ae g A

4. 58 ¢ e
g YL, 3,

& %= FGM 7ol Rdg Hgsgd. SDM#
2% RSMe| HA3 7|¥e A &std 29 FGM
ZHolM g4E EFFAoH, 27|Rdd s F
HAAE A 2N F AUtk dRHgez A
Ao A 45 H/IHAEE FGM 2HoME
A4 o, aRHoz AXMAL & A& FHo|th

REFERENCES

[1] T. Rokunohe, Y. Yagihashi, F. Endo, and T. Qomori,
EE Japan, 155, 9 (2006).

[2] J. Sato, O. Sakaguchi, and M. Miyagawa, Toshiba
Report, 5, 66 (2003).

[3] S. K. Choi and K. H. Kim, /. KIEEME, 20, 374
(2007).

[4] J. K. Wesel, The Handbook of Advanced Materials:
Enabling New Designs (Wiley Interscience, 2004)

[6] Y. Miyamoto, W. A. Kaysser, B. H. Rahin, A.
Kawasaki, and R. G. Ford, Functionally Graded
Materials: Design, Processing and Applications,
(Kluwer Academic Publishers, 1999).

[6] M. Kurimoto, K. Kato, M. Hanai, Y. Hoshina, M.
Takei, and H. Okubo, IEEE Trans. Dielectr. Electr.
Insul., 17, 256 (2010).

[7]1 K. Kato, M. Kurimoto, H. Shumiya, H. Adachi, S.
Sakuma, and H. Okubo, IEEE Trans. Dielectr.
Electr. Insul., 123, 362 (2006).

[8] H. J. Ju, K. C. Ko, and S. K. Choi, J. Korean Phys.
Society, 55, 1803 (2009).

[91 A. I Khuri and J. A. Cornell, Response Surface
Designs and Analyzes (Marcel Dekker, New York,
1996).



