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    Abstract- We have proposed a new concept for solid insulation; 
an application of FGM (Functionally Graded Materials). By 
controlling the distribution of dielectric permittivity inside solid 
insulators, we can achieve the efficient field control with keeping 
simple configuration of solid insulators. 

In this paper, we described a computer-aided optimization 
technique for the FGM solid insulators. By controlling the filler 
particle concentration in the matrix, an optimized field 
distribution is obtained. From the calculation results, we 
confirmed that the proposed optimization method could obtain 
novel distributions of permittivity, which have the highest 
performance of the field control effect. Finally, we could confirm 
the significant effect of FGM application for gas / solid composite 
insulation system. 
 

I.    INTRODUCTION 
 

These days, electric power equipment tends to be compact 
and be operated under higher voltage. In the equipment, the 
solid insulators play the most critical role for electrical 
insulation. To improve the insulation performance of the solid 
insulators, we need to control electric field distribution around 
the solid insulators [1-3]. However, conventional techniques 
for the control of electric field lead to the complicated 
structure of insulators and increase the manufacturing cost. 
Then, it is necessary to propose a new concept on insulators 
with keeping their simple structure and configurations. Hence, 
we proposed FGM application to the solid spacer, and made 
the fundamental investigation of FGM [4-6].  

In this paper, we propose a computer-aided optimization 
technique for FGM application. In the optimization process, 
permittivity distribution of the FGM insulator is sequentially 
modified for minimizing the electric field stress in and around 
FGM insulators. In order to verify the optimization efficiency, 
we carried out optimized distributions of permittivity in the 
cone spacer calculation model. We compared the result of 
optimized FGM spacer, with one of conventional spacer which 
has a uniform distribution of permittivity.  

From the calculation results, we confirmed that the 
proposed optimization method could calculate novel 
distributions of permittivity, which have higher performance 
of the field control effect. Finally, we could confirm the 
significant effect of FGM application for gas / solid composite 
insulation system.  

 
 

II.   CONCEPT OF FGM 
 

In the FGM solid insulators, spatial distributions of 
permittivity are given for the control of the electric field 
distribution in and around the solid insulators, as shown in 
Figure 1. Conventional materials have constant permittivity 
distribution, on the contrary, FGMs have continuously graded 
permittivity distribution by the arrangement of filler particles 
(Material B) in the matrix material (Material A). Material A as 
a matrix is considered to be epoxy for example. As a filler, 
Al2O3, SiO2 or TiO2 particles are applied with several 10 µm ~ 
sub µm diameter. In order to relax the stress concentration, the 
application of FGM is expected to be effective by giving the 
suitable permittivity (εr) distribution inside the insulators.  

 
III.   OPTIMIZATION OF PERMMITIVITY DISTRIBUTION 

 
From practical design viewpoints, we should take care of 

the dielectric strength under a lightning impulse voltage 
application for the insulation design of gas insulated 
equipment, because the impulse ratio of SF6 gas is relatively 
small. Therefore, the field distribution is mainly determined 
by the permittivity arrangement in insulation space. For the 
control of electric field, field optimization technique which 
modifies contour of electrode or solid insulators, as shown in 
Figure 2; is usually applied [7-9]. On the contrary, in the FGM 
optimization, we just modify permittivity distribution in the 
solid insulators keeping with simple contours of electrodes 
and solid insulators. 
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Fig.1  Concept of FGM. 
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Fig.2  Differences in the optimization process. 
 
For improvement of the field distribution with FGM 

application to solid insulators, we need to optimize the 
permittivity distribution for FGM. Then, we investigate the 
optimizing method with numerical simulation. As field 
calculation, we used a finite element method (FEM). Here, we 
define the optimum permittivity distribution as “the 
distribution which can relax the field stress most effectively in 
and around the insulator”. We optimize the field strength of 
each FEM element, and calculate the optimum permittivity 
distribution with the method proposed shown in Figure 3.  

In this algorism, permittivity distribution of FGM insulator 
is separated to triangle elements generated by FEM calculation. 
According to the Gauss’ law, it is mentioned that the optimum 
εr distribution is similar distribution of the field objected. Then, 
we can calculate the optimum εr distribution with the 
following method, (a) ~ (b) are repeatedly carried out. 

(a) Field strengths inside insulator are calculated each FEM 
element, Pi (1 < i < n). 

(b) Permittivity distribution inside insulator is modified with 
Pi (1 < i < n), by the following equation, 
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  (a) Contour optimization 

   
 

Minimized and uniform
electric field distribution ? No

Yes

Initial permittivity distribution
of solid insulators

Electric field analysis

Modify permittivity 
distribution of solid insulatorsOutput optimum condition

Finish

Start

Minimized and uniform
electric field distribution ? No

Yes

Initial permittivity distribution
of solid insulators

Electric field analysis

Modify permittivity 
distribution of solid insulatorsOutput optimum condition

Finish

Start
 
 
 
 
  (a) Concept of optimization 
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 (b) Permittivity distribution optimization 
  

 
 
 
 
 
 
 
 
 (b) Flowchart of calculation 

  
Fig.3  Calculation of optimum permittivity distribution. 

 
Here, εi, εi’ is relative permittivity at Pi (before modifying, 
after modifying). Ei is electric field strength at Pi. Eobject is 
objective value of electric field strength. εMAX, εmin is 
maximum or minimum value of relative permittivity. C is 
coefficient for modifying permittivity distribution. 

From the above, we can automatically calculate the 
optimum permittivity distribution. Calculation conditions are 
given as follows; Eobject = (Applied voltage)/(Gap length 
between electrodes). Initial value of C = Eobject/(1st calculated 
value of EMAX). εmin is 4 fixed, εMAX is changed from 8 to 200. 
If C < 0.01, calculation is finished. C < 0.01 means the range 
that variation of EMAX becomes less than 0.1kV/mm. In each 
calculation, optimum permittivity distribution is calculated 
between the given εr range (εmin < εr < εMAX).  
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IV.   CALCULATION AND RESULTS OF  
FIELD OPTIMIZATION WITH FGM 

 
We investigated the applicability of FGM to the cone-type 

spacer in gas insulated switchgears (GIS) as an example. 
Figure 4 shows a calculation model. Calculations were carried 
out in a rotationally symmetric system. We arranged the cone-
type spacer between the HV and grounded (GND) electrodes 
in a coaxial arrangement. 

The optimization of permittivity distribution for FGM was 
carried out with the above method. Furthermore, in order to 
comparewith FGM, the permittivity distribution is given 
uniformly εr=4 to the spacer as the conventional spacer 
material that consists of epoxy resins mixed with SiO2 filler. 
In the calculation, we focused on the field distribution in 
whole region to be investigated. In addition, we considered the 
detailed field distribution along the paths #1-5 in Figure 4, 
which may be important for the insulation performance of the 
actual gas insulated equipment.  

Figure 5 shows field distributions around spacer. From this 
figure, optimized FGM can significantly relax the field stress 
in and around spacer, and the field distribution could be more 
uniform as possible. Figure 6 shows the optimized permittivity 
distribution. Calculated distribution is continuously and 
complexly graded in the spacer. Field utilization factor 
characteristics of optimized FGM spacer is shown in Figure 7.  
  
 
 
 
 
 
 
 
 
 
 
 
 

(a-1) Equi-field contour 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (a-2) Along path #1-5 

 (a) Conventional spacer (εr = 4 uniform) 

Applying optimized permittivity distribution to FGM, we can 
confirm that utilization factor is improved as becoming εMAX 
higher. In this calculation model, it is confirmed that optimum 
FGM can improve utilization factor up to 0.63 (the value when 
permittivity distribution of εr=1 constant was given to the 
spacer). Utilization factor comes to be saturated as becoming 
εMAX higher (εMAX/εmin>20), in other words, the field control 
effect by FGM application come to be saturated as becoming 
εr higher.  

From the actual application view points, solid insulators are 
made of low permittivity materials like epoxy and the total 
permittivity will be controlled by filler materials, like SiO2, 
Al2O3 and TiO2, etc. From the above, we can define the 
optimum permittivity range for FGM. And, the optimum range 
for this calculation model could be 4 < εr < 80. 
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(b) Optimized FGM spacer (4 < εr < 80) 
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Fig.7  Field relaxation effect of optimized FGM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V.   CONCLUSIONS 
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For the compact design of gas insulated equipment, we 
proposed the application of FGM to the solid spacer. The 
investigation results are concluded as follows.  

Firstly, we proposed a computer-aided optimization 
technique for the FGM solid insulators. In the optimization 
process, permittivity distribution of the FGM solid insulator is 
sequentially modified for minimizing the electric field stress 
in and around FGM solid insulators. Consequently, we 
successfully developed the optimization techniques on 
permittivity distribution in FGM solid insulators. 

Next, in order to verify the optimization efficiency, we 
carried out the optimized distributions of permittivity in the 
cone spacer calculation model. We compared the result of the 
optimized FGM spacer with one of the conventional spacer 
which has a uniformly distribution of permittivity. From the 
calculation results, we confirmed that the proposed 
optimization method could obtain novel distributions of 
permittivity, which have the highest performance of the field 
control effect. 

Finally, we could confirm the significant effect of FGM 
application for gas / solid composite insulation system. 
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Fig.6  Optimized permittivity distribution of FGM. (4 < εr < 80)
 

1.0

0.8

0.6

0.4

0.2

0.0

Fi
el

d 
ut

ili
za

tio
n 

fa
ct

or

1
2 3 4 5 6 7

10
2 3 4 5 6 7

100
Ratio of εMAX / εmin

r [
m

m
]

z [mm]

HV electrode

GND electrode

Spacer

R
el

at
iv

e 
pe

rm
itt

iv
ity

1

20

40

80

Gas (εr=1)

Gas (εr=1)

40 60 80 100

40

60

80

100

z [mm]

HV electrode

GND electrode

Spacer

R
el

at
iv

e 
pe

rm
itt

iv
ity

1

20

40

80

r [
m

m
]

522


	Binder1.pdf
	Binder1.pdf
	01-02-012 Gulski -e.pdf
	01-02-012 Gulski -e.pdf
	Partial Discharge Diagnosis of Stator Insulation Using Dampe
	Index Terms  —  stator insulation, partial discharges, diele
	I. introduction
	II. oscillating wave test system
	III. measurement set-up
	IV. laboratory investigations
	V. on-site investigations
	VI. conclusions and recomendations
	references




	01-04-066 Petite -e.pdf
	Introduction
	Principle of the method
	Practical implementation
	Practical advices
	Some applications
	Manufacturing control
	Aggressive cleaning verification

	Conclusion

	02-01-204 Hampton -e.pdf
	Abstract - The electrical breakdown performance, either unag
	IV.   PRACTICAL CONSEQUENCES

	02-03-081 Robinson-e.pdf
	I.   INTRODUCTION
	A.   Current Practice

	II.   DIGITAL IMAGING HARDWARE
	III.   IMAGE CORRECTION AND IMPROVEMENT
	A.  Ramp Removal

	IV.   INCLUSION DETECTION
	A.   Detection of Inclusions Using Distinct Distributions

	V.   VOID DECTION
	A.   Locating the Centres of Voids
	B.   Locating the Edges of Voids

	VI.   RESULTS
	VII.   CONCLUSIONS
	REFERENCES

	02-04-105 Guastavino -e.pdf
	II.     SPECIMENS
	III.     PRELIMINARY TESTS
	A.    Results of the preliminary tests

	IV.   FINAL TESTS
	A.    Setup for the BDV measurements
	B.    BDV measurements in air (300 K)
	C.    BDV measurements in LN2  (77 K)
	D.  Partial Discharges (PD) Inception Voltage measurements
	E.    Electrical aging tests
	F.    Comments
	V.    CONCLUSIONS
	ACKNOWLEDGMENT

	04-03-171 Hosier -e.pdf
	A novel optical diagnostic tool for condition assessment of 
	I. L. Hosier1, A. S. Vaughan1 and S. J. Sutton2
	I. INTRODUCTION
	II. EXPERIMENTAL
	III. AGEING OF DODECYLBENZENE
	C. Acid number measurements
	D. Dielectric spectroscopy


	IV. AGEING OF MINERAL OILS
	V. CONCLUSIONS
	REFERENCES







	04-06-195 Mitchinson -e.pdf
	An Experiment to Evaluate the Benefits of Processing Aged Tr
	P. M. Mitchinson1, I. L. Hosier1, P. L. Lewin1, A. S. Vaugha
	I.  INTRODUCTION
	II.  EXPERIMENTAL
	III.  CONTROLLED LABORATORY AGEING
	A.  UV/Vis spectroscopy
	IV.  IN-SERVICE AGED OIL AND RECONDITIONING
	V.  CONCLUSIONS
	REFERENCES







	05-02-075  Wendel -e.pdf
	A.   Visual inspection of the tracking channels
	B.   Change of electrical characteristics
	C.   Prediction of rest life

	05-03-064 Contin -e.pdf
	A.    Behavior of statistical indexes
	B.    Identification index selection

	06-01-049-Cavallini-e.pdf
	Introduction
	Experimental procedure
	Tests with constant pollution level (20 g/liter)
	A. Insulator clean, dry and wet
	B. Insulator with top surface wet, sprayed with 20 g/liter s
	C. Insulator with bottom surface wet, sprayed with 20 g/lite
	D. Insulator with both top and bottom surface wet, sprayed w
	E. Physical interpretation of experimental evidence

	Tests at different pollution levels
	Discussion
	Conclusion
	References

	06-03-127-Belec-e.pdf
	NQN-

	06-04-130 Oliveira -e.pdf
	REFERENCES

	06-05-052 Cheng-e.pdf
	A.    Defect at HV Part
	B.    Defect at Middle Part
	A.    Defect at HV Part
	B.    Defect at Middle Part
	A.    Defect at HV Part
	B.    Defect at Middle Part

	06-06-159 Arora -e.pdf
	Ravindra Arora, Manoj Rai and Satyendra Kumar Yadav
	II. THE TROUBLED TRANSMISSION LINE
	III.  EXPERIMENTAL INVESTIGATIONS WITH SIMULATED POLLUTION
	Simulation of Pollution Conditions in Use
	Measurement of Applied Test Voltage

	IV.  EXPERIMENTAL INVESTIGATONS WITH RTV COATING
	The performance of these insulator discs was also investigat
	For the discs provided with RTV coating, it can be observed 
	V.  CONCLUSIONS
	REFERENCES





	07-02-090 Haq-e.pdf
	INTRODUCTION
	Test Specimens and Experimental Set-up
	Stator Bar Specimens Preparation
	Detection of PD Inception Level in Stator Bar Specimens
	Voltage Endurance Test Circuits

	Multi-stress Aging
	Identification of Failure
	Weibull Distribution

	Test Results and Discussion
	Breakdown Strength Measurement
	Life Modeling
	Damaged Areas in Stator Bar Specimens
	Visual Examination of Degraded Areas in Stator Bars

	Conclusion

	07-03-104 Guastavino -e.pdf
	I.    INTRODUCTION
	II.    EXPERIMENTALS
	III.    WAVEFORMS
	IV.    PD ACQUISITIONS
	Fig. 3.  Sketch of low frequency PD coupling device
	V.    RESULTS
	TABLE I
	PWM-like
	PWM+peaks



	(4)
	VI.    COMMENTS
	PWM-like


	VII.    CONCLUSIONS
	ACKNOWLEDGEMENT

	REFERENCES


	07-05-189 Yadong -e.pdf
	A.    Sudden Short-Circuit Current When Open-Loaded
	B.    Copper Loss
	A.    Simulation Model And Basic Assumptions
	C.   Decision of  Coefficients of Heat Emission
	1)  Back  plane of iron yoke:

	07-09-082 Ciuprina-e.pdf
	Control of Water Tree Length and Density in Cable Insulation
	Abstract- The goal of this paper is to study the influence o
	The data show that there are differences in both the water t
	INTRODUCTION
	EXPERIMENTAL

	The water treeing tests were performed on samples of three m
	Water trees were grown in cells assembled by attaching the s
	The initiation sites for water trees were created by pressin
	RESULTS
	CONCLUSIONS
	This work has shown that both crosslinking using organic per
	REFERENCES





	07-10-106 Guastavino -e.pdf
	I.    INTRODUCTION
	II.    SPECIMENS AND SET UPS FOR PRELIMINARY DIELECTRIC BREA
	Test

	TABLE II
	[1] F. J. Wyant, S. P. Nowlen “Cable Insulation Resistance M
	[2] CEI EN 50200 “Method of test for resistance to fire of u

	07-13-128 Stancu -e.pdf
	Electric Field Computation in Water Treed Polyethylene with 
	Abstract- Electrical degradation of the insulating systems o
	INTRODUCTION
	EXPERIMENTAL
	CONCLUSIONS
	The water trees effect consists of an increase of the electr
	REFERENCES




	07-15-123 Zhao-e.pdf
	A.  Test Set Up
	B.  Temperature Control Method

	07-21-194 Mitchinson -e.pdf
	P. M. Mitchinson1, P. L. Lewin1, G. C. Chen1 and P. Jarman2
	I.  INTRODUCTION
	IV.  RESULTS
	V.  CONCLUSIONS
	REFERENCES





	07-25-044 Wang (B)-e.pdf
	20The Influence of Mobile Signal in UHF PD Monitoring and Ou
	A.   Substation in Wild


	07-34-164 Meshkatoddini -e.pdf
	Mohammad R. Meshkatoddini
	Steven Boggs
	I. INTRODUCTION
	III. Discussion
	IV. Conclusion



	07-36-154 Qi -e.pdf
	INTRODUCTION
	ABSORPTION CURRENT
	CHARACTERIZATION BY DESORPTION CURRENT
	CONCLUSIONS
	REFERENCES

	08-01-206 Montanari -e.pdf
	Introduction
	Enhancing PD detection and analysis tools
	Detection and clustering tools
	Analysis tools

	On-field applications
	Cable systems
	Rotating machines
	Transformers

	Conclusions
	References

	08-04-071 Abdel-Galil-e.pdf
	III.   PROPOSED DE-NOISING SCHEME

	08-06-047 Contin -e.pdf
	A.    The Correlation Index
	B.    The Classification Algorithm

	08-07-193 Schwarz -e.pdf
	Introduction
	Basics
	Fundamental Appearance
	Measurement Techniques

	Investigations
	Test Results
	Partial Discharge under AC
	Partial discharge under DC

	Conclusion
	References

	09-01-202 Bodea-e.pdf
	I.   ELECTRICAL ARC – HIGH CURRENT

	09-03-142 Meshkatoddini -e.pdf
	Mohammad R.Meshkatoddini
	A. Electric Potential around and outside the arrester
	B. Electric field lines inside and around the arrester
	D. Effect of the dielectric constant of the varistors on the
	E. Effect of the length of the housing sheds on the electric
	F. Effect of the dielectric constant of the varistor surface
	G. Influence of the thickness of the fiberglass layer on the
	H. Effect of the absorbed humidity on the maximum field inte




	09-06-097 Qu -e.pdf
	C.    Pulse polarity discrimination units

	10-02-124 -Omranipour -e.pdf
	Wetting Test
	Taping and Handling Characteristics
	Compatibility Tests
	Accelerated Aging Test

	12-01-163 Campbell -e.pdf
	Investigations Into the Use of Temperature Detectors as Stat
	1 Westside Drive, Unit 2

	Introduction
	Measuring PD Using RTDs
	Pulse Injection Measurements
	12 MW Standby Generator
	2000 HP Motor Stator
	TABLE I


	High Voltage PD Tests
	12 MW Standby Generator
	TABLE II
	PD Inception and Extinction Voltages
	2000 HP Motor Stator
	Refinery Motors


	TABLE III
	PD results from In-service Test
	Hydrogenerator Stators




	Coupling Of PD Signals Into As RTD
	TABLE IV
	Measured magnitude form RTDs


	CONCLUSIONS
	References

	12-06-169 Gronowski -e.pdf
	II-1.    Test Instrument Requirements
	II-2.   Alternative Test Parameter

	III-1.   General
	III-2.   Test Instrument and Settings
	III-3.   Test Parameters

	13-01-013-Tumiatti-e.pdf
	Introduction
	Transformer Failures
	Method for corrosive sulphur detection
	Concluding remarks

	13-02-093 Gasser-e.pdf
	A. Materials
	B. Test equipment
	C. Test procedure
	D. Test methods
	A. Observations during aging experiment
	B. Visual inspection of specimens and equipment
	C. Properties of the solids after aging
	D. Oil properties after aging
	B. Chemical properties of the oil

	13-07-182 Fuhr -e.pdf
	C.    PD-measurement

	15-01-192 Lick -e.pdf
	Fig. 7 shows slight better values for the coefficient of var
	Fig. 8: Breakdown field (vertical scale) versus particles co

	16-03-151 An -e.pdf
	Energy Storage in Polymer Films with High Dielectric Constan
	INTRODUCTION
	GEOMETRY
	RESULTS AND ANALYSIS
	CONCLUSIONS
	FUTURE WORK


	16-05-092 Meyer -e.pdf
	I.    INTRODUCTION
	II.     EXPERIMENTAL
	III.     TEST SAMPLES AND PROCEDURES
	IV.     RESULTS
	V.     DISCUSSION
	VI.     CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES

	16-06-103 Guastavino -e.pdf
	INTRODUCTION
	Specimens and test cell
	The nano-composites morphology

	TABLE II
	MORPHOLOGY AND INTER-LAYER SPACING
	EXPERIMENTAL
	TABLE III
	RESULTS OF WEIBULL ANALYSIS ON  TIV AND BDV DATA
	ACKNOWLEDGEMENT



	19-05-042 Krause-e.pdf
	A. Laminated Pressboard (T IV high density)
	B.     High-density Pressboard sheet (T IV)
	D.   Crepe Paper wrap






