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Abstract-Functionally Graded Materials (FGMs) present a
solution to control electrical stresses in high voltage applications.
In this paper, a concise review is presented on the FGMs for
spacers in gas-insulated systems. FGMs offer the possibility of a
more even electric field distribution and thus a viable solution for
industrial applications. FGMs are investigated here primarily as
materials for permittivity control. Some aspects of FGMs are
discussed as well as some thoughts on future challenges.
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1. INTRODUCTION

Electric stress control is a major challenge in high voltage
engineering applications. Excessive electric stress may lead to
the breakdown of insulation and definite deterioration of high
voltage equipment [1]. Electric field stress control has been
dealt with in some detail before, such as field distortions by
conducting particles, field distortions by electrode asperities as
well as field distortions due to multi-dielectric insulating
arrangements [2]. Sandwiched multi-layer insulating systems
can cause problems if the layers are of different dielectric
constant. However, such insulating systems — if made up from
very thin layers — can be of advantage since they usually
present fewer defects than thicker insulation slabs [2, 3]. As has
been pointed out, sharp edges, small radius elements and
needle points must be avoided in insulation design [4, 5].

Elaborating further the question of multiple layer insulation,
it was reported that the effect of multiple layers is particularly
marked for materials where there is a wide spread in values of
dielectric strength measured at different points on the surface.
The main factor in this phenomenon is the loss of energy from
the discharge at the interfaces. As has been mentioned some
decades ago, a partial discharge having penetrated one layer
cannot enter the next layer of the insulating material until the
spot on the interface, which is centered on the discharge
channel, has been charged to a potential which could produce a
field comparable with that of the discharge channel at the level
in question [6].
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Interfaces play a most important role in high voltage
engineering applications. In traditional insulating materials,
interfaces must be avoided or they must be treated in a way that
they do not cause additional problems to the insulating system.
As has been pointed out before, irrespectively of the theory put
forward to explain pre-breakdown and breakdown phenomena,
either electrode imperfections or mismatch of dielectric
materials in a composite insulating system result in electric
field intensifications that may lead to ultimate failure. It goes
without saying that interfaces are the root of a variety of
problems regarding the insulating systems [7]. A way out of
such problems is the better matching between dielectric
materials (in case of an insulating system), or an alleviation of
the applied electric field in the case of an insulating material in
direct contact with an electrode [8, 9]. Another way is the use
of Functionally Graded Materials (FGMs), which are materials
characterized by gradual variation in composition and structure
over volume, which may result in a more even distribution of
the electric field. According to [10], FGMs are novel materials,
the properties of which change gradually with respect to their
dimensions. It is the advanced development of hitherto used
composite materials, consisting of two or more materials, in
order to achieve the desired properties according to the
application where an FGM can be used. Expressed in a slightly
different way, FGMs are very advanced engineering materials
designed for a specific property or function, in which spatial
gradations in the structure (and possibly in the composition)
provide them with the desired characteristics [11]. The present
paper aims to offer a concise review of the aforementioned
materials with an emphasis on spacers in gas insulated systems.

II.  FUNCTIONALLY GRADED MATERIALS

In various high voltage applications, many electric field
distortions may be observed. Such distortions are caused by the
shape of electrodes and/or spacers and to the mismatch of the
insulating materials. Distortions (or intensifications) of this
kind may lower the electrical performance of insulating
systems and of high voltage equipment. In other words, field
intensifications may lead to Partial Discharges (PDs) and
electrical treeing. If not detected, these phenomena may lead to
complete failure of the insulating systems [12-15]. Thorough
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analyses of field distortions are described in [1, 2, 4, 16]. A
possible remedy to field intensifications would be a smoothing
out of problematic electrodes and the — as far as possible —
better matching of the insulating materials in case of a
composite insulating system.

An alternative to the above approaches is the application of
FGMs, which with the well-controlled spatial distribution of
dielectric constants inside would offer a more even electric
field distribution [17, 18]. Although such materials were
studied regarding their homogenization, heat transfer, stress,
stability, and dynamic analysis and fracture [19], what is of
interest for us is the application of such materials in high
voltage engineering [20]. FGMs — as far as high voltage
applications are concerned — consist of insulating materials
with a certain filler concentration in order to vary one basic
physical property, so that they can alleviate electric field
intensifications [21]. In other words, FGMs replace the sharp
transition of properties with smooth and gradually changing
properties of the materials such as physical, chemical,
mechanical or electrical [11].

FGMs do not encompass all possible high voltage
applications. Among them, FGMs are applicable to spacers for
gas-insulated power apparatus, cable joints, insulators and
bushings, stator coils, and electrical insulation for power
electronic modules [21, 22]. In the context of the present paper,
a concise review will be given wr.t. FGMs regarding the
spacers in gas insulated systems. In other words, the review
will be confined in the aforementioned application.

III. FGMS FOR SPACERS AND GAS-INSULATED EQUIPMENT

Spacers are an indispensable part of gas-insulated
switchgear [1, 23]. As was noted in [1], spacer flashover is the
most probable breakdown mechanism in a compressed gas
insulated system as any contamination of the space surface may
produce flashover at a voltage (sometimes well) below the gas
breakdown strength. Epoxy resin is primarily the insulating
material used for spacers [8]. As is noted in [24], triple
junctions present an important problem for spacers since at
those points high electric field intensifications may be
observed. By building FGMs with higher permittivities at both
cathode and anode surfaces compared with other intermediate
parts of the spacer, ie. by having a U-distribution of
permittivity, a relaxation of the electric field is obtained.
According to [24], the maximum electric field was reduced by
about 10% at the triple junction — in case of a foreign particle
adhered to spacer - with the application of a U-shape FGM (in
this case epoxy resin). Also in [24], it was reported that the
electric field was relaxed by about 30% at both high
voltage/spacer and ground/spacer interfaces by applying a U-
shape FGM. Regarding the presence of foreign particles
adhered to the spacer, an earlier study also indicated that their
shape and location may influence the performance of FGM
[25].

In [26], further discussions ensued w.r.t. the spacers with
Graded Low FGM (GL-FGM), Graded High FGM (GH-FGM),
and Graded U FGM (GU-FGM). This work was mainly a
computer analysis of the various aforementioned FGMs in
reference to a three-phase insulated gas bus duct. One of the

conclusions was that the GL-FGM results in rather high electric
field stresses. Such conclusions are not at variance with earlier
research which showed that GL-FGM gives a field relaxation
in a rather narrow range of permittivities whereas GH-FGM
offers a field relaxation in a much wider range of permittivities
[27]. Authors in [28, 29] did not deviate from the main
conclusions of [26], pointing out that the main problem in such
structures is the triple point. In [26, 30], similar conclusions
were reached regarding the GH-FGM, GU-FGM, and GL-
FGM. The authors of [30] indicated that the highest percentage
reduction of electric field stress is observed for GH-FGM and
GU-FGM gradings. In the same paper, it was remarked that it
is preferable to prepare FGMs by applying centrifugal forces,
incorporating thus fillers of different diameters in order to
obtain permittivity distribution for uniform field distribution
rather than three dimensional (3D) printing, since it is the first
method that is more efficient. Such views on the preparation
method of FGMs are also shared by other researchers [31, 32].
The authors of [11] take a more cautious approach w.r.t. the
aforementioned preparation techniques by pointing out that the
controllability of the centrifugation method is not always the
desired one and that one of the obstacles of the 3D printing
technology, among others, is the limitation of printing materials
(another preparation method, namely the flexible mixture
casting method, has as main drawback the forming of many
interfaces of the composing resins). The centrifugation method
seems to be also preferred in [33], although the authors
remarked that a more flexible fabrication method is urgently
required. However, a different view regarding the 3D printing
technology was offered in [34], where satisfactory flashover
characteristics were obtained for insulators at both SFs and
vacuum under DC voltages with the Fused Deposition
Modeling (FDM) manufacturing process.

Further criticism of the above preparation methods was also
put forward in [35], where another method was proposed,
besides the aforementioned approaches with FGMs, namely to
apply FGM to the spacer surface in order to form thickness (d)
gradient surface layers of high permittivity (d-SFGM). This
was done by the magnetron sputtering technique. The optimum
layer thickness was found to be between 8 and 10 um. The
authors of [35], experimenting with d-SFGM, observed that
electric field distribution is further homogenized, the maximum
electric field strength at the HV ftriple junction is further
reduced, and the AC flashover voltage was very satisfactory.
Relevant to [35] is the work by the same research group with
FGMs having spatial distribution of conductivity ¢ (c-FGM)
[36]. Such materials were fabricated with the surface
fluorination of the insulating material. Such materials are more
orientated to DC applications, where significant improvements
were observed w.r.t. the flashover voltage as well as to the
homogenization of electric field distribution. The authors of
[37] approached the whole question of FGMs from another
point of view, namely that of the behavior of FGM spacers in
the presence of spherical conducting particles in gas-insulated
systems. They also noticed the beneficial effect of the FGMs in
this case, pointing out that the influence of the FGM spacer
material may vary depending on the positioning and the size of
the spherical particle w.r.t. the high voltage electrode and/or the
ground electrode. FGM spacers seem to have a better overall
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performance with adhering spherical particle than conventional
materials.

Experimenting with e-grading to the lower permittivity by
fabricating FGMs (GLP-FGM), it was found that the maximum
electric field strength of a fabricated coaxial disc-type GLP-
FGM spacer at the HV-electrode/spacer interface can be
reduced by 12% in comparison with the one of a conventional
spacer with uniform permittivity [38]. In contradistinction to
the centrifugation method, the Flexible Mixture Casting (FMC)
method [39], produced &FGMs of a wide range of
permittivities giving a relaxation of electric stress on the spacer
surface by 64% in SF¢ gas and an improvement of discharge
inception voltage by 70% in SFs gas at 0.4 MPa. A more
unified approach to the question of spacers was dealt with in
[40], where there was a simultaneous change of both electrode
shape and insulating material for optimum electric field
distribution. Thus, the cathode shape was modified by rounding
the cathode radius near the triple junction. The maximum
electric field was efficiently reduced through the application of
the FGM spacer. When compared to the uniform permittivity
spacer model, a 26.5% decrease in the maximum electric field
was obtained with the optimal FGM spacer configuration.
FGMs as solution for a more balanced distribution of electrical
fields was also presented in [41], mentioning the research on
post-type and truncated-cone-type solid insulators for gas-
insulated switchgear, which were developed using the
centrifugation technique to distribute the fillers and, therefore,
permittivity. The authors of [41] present an example of a U-
shape permittivity grading, which reduces the electric field
stress between 10 to 20 times. Moreover, in the same paper,
they propose the use of FGMs as a viable solution of great
importance  (along, among others, with  polymer
nanocomposites, high temperature materials, charging control
dielectrics and nonlinear dielectrics).

Emphasis on the centrifugal method was given in [42]. This
method was successful in obtaining the fabrication of e-FGM
materials, for which both the packing fraction and size of the
dispersed fillers were graded. According to the authors of [42],
the fillers depending on their sizes play different roles in order
to determine the profiles of the packing fraction and the
resultant permittivity profiles in e-FGM materials. Among the
small (with a diameter between 0.1 — 10 pm), medium (with a
diameter between 10-100 pm), and larger fillers (with a
diameter between 100 um - 1000 pm), the small and medium
size fillers determine the gradient of permittivity in the
dispersion layers whereas the larger fillers predominantly
determine the permittivity in the fully packed area. The same
group of researchers in an earlier paper rightly wrote that —
w.r.t. the centrifugal method - the proper choice of the process
parameters such that of operational time, of the angular
velocity and the statistical distribution of the filler size may
lead to the desired profile of permittivities [43]. The authors in
[44] proposed a multi-layer FGM approach, according to which
different kinds of grading processes are applied and, by so
doing, the non-homogeneous dispersion of nanoparticles is
achieved between each layer, which in turn creates a smooth
grading action and improves the electrical properties of the
samples. An improvement in dielectric strength was noted. A
comprehensive theoretical analysis of multi-layered FGMs was

offered in [45], where computational estimates of permittivity
and conductivity gave results much closer to the experimental
data than well-known models (Maxwell-Garnett’s model,
Bruggeman’s model, the coherent potential model, and
Lichtenecker’s model [46]). As was noted in [44], the
theoretical estimates of permittivity and conductivity based on
the models of [46] tend to deviate from the respective
experimental values when filler loadings exceed the 10% of the
volume, whereas this is not observed with the proposed
computational model which is based on the Representative
Volume Element (RVE) approach.

IV. PROPOSALS FOR FURTHER RESEARCH

FGMs contribute to the better distribution of electric fields
in certain applications. A possibility for further research can be
the exploration of these materials regarding their behavior in
voltages at or just below the inception level. Previous work
with conventional insulating materials has shown that
deteriorating phenomena can be observed at voltage levels
below the inception level. Past work compared the by-products
emanating from deterioration above inception with the by-
products produced below inception. The by-products on both
occasions were very similar [47-49]. Moreover, charge
injection and extraction may relate to a tree initiation
mechanism that does not involve partial discharges [50, 51].
Work done with polymer nanocomposites [52], also tends to
confirm the conclusions of [47-49, 53, 54]. It would be
interesting to see whether with the FGMs one can get some
experimental data at and below inception level, since charging
phenomena below inception voltage seem to be important
although not much attention has been paid to them.
Furthermore, with the advent of recent research, another
possibility would be the use of FGMs in high voltage
applications having together micro-fillers as well as nano-
fillers [55].

Another interesting possibility can be the application of
such materials to high voltage applications requiring very thin
layers. It is well known that considerable effort has been taken
in order to improve the electrical performance of traditional
high voltage insulators (glass/porcelain) with RTV coatings
[56, 57]. It would be challenging from the fabrication point of
view to find whether FGMs can be applied to small
thicknesses, such as the thicknesses of the RTV coatings.

V. CONCLUSIONS

In this short review, an attempt was made to present some
aspects of FGMs. These materials seem to be very promising in
alleviating the electric field stress in spacers for gas insulated
systems. FGMs — in the context of this short review — were
approached primarily as materials for permittivity control. The
experimental data show that there is an important diminution of
electric stress in the triple junction point, which tends to be
most crucial for spacers.

REFERENCES
[1] T.J. Gallagher and A. J. Pearmain, High voltage : measurement, testing,
and design. New York, NY, USA: Wiley, 1983.

[2] E. Kuffel, W. S. Zaengl, and J. Kuffel, High Voltage Engineering
Fundamentals, 2nd Edition. Oxford, UK: Elsevier, 2000.

www.etasr.com

Wong & Danikas: Functionally Graded Materials (FGM) for Spacers in Gas Insulated Systems ...



Engineering, Technology & Applied Science Research

Vol. 11, No. 6, 2021, 7887-7891

7890

(3]

(4]

(3]

(6]

(7

(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

J. Staight, "Properties and applications of solid/liquid composites," in
Electrical Insulation, A. Bradwell, Ed. London, UK: Peter Peregrinus
Ltd, 1983, pp. 147-163.

C. L. Wadhwa, High Voltage Engineering, 3rd ed. New Delhi, India:
New Age Science, 2010.

A. Al-Gheilani, W. Rowe, Y. Li, and K. L. Wong, "Stress Control
Methods on a High Voltage Insulator: A Review," Energy Procedia, vol.
110, pp. 95-100, Mar. 2017, https://doi.org/10.1016/j.egypro.2017.
03.112.

N. Parkman, "Breakdown in composites," in Electrical Insulation,
London, UK: Peter Peregrinus Ltd, 1983.

M. G. Danikas and R. Sarathi, "Interfaces in High Voltage Engineering:
A Most Important Question for Conventional Solid Insulating Materials
as well as for Nanocomposite Polymers," Funktechnikplus # Journal,
vol. 1, pp. 7-31, Mar. 2014.

D. Kind and H. Karner, High-Voltage Insulation
Braunschweig, Germany: Springer, 1985.

Technology.

K. Moeller and D. Meurer, "Auswirkungen von Teilentladungen auf
elektrischen Isolierstoffe," in Teilentladungen in Betriebsmitteln der
Energietechnik, D. Koenig and Y. N. Rao, Eds. Berlin, Germany: VDE-
Verlag GmBH, 1993, pp. 85-104.

N. Zhang, T. Khan, H. Guo, S. Shi, W. Zhong, and W. Zhang,
"Functionally Graded Materials: An Overview of Stability, Buckling,
and Free Vibration Analysis," Advances in Materials Science and
Engineering, vol. 2019, Feb. 2019, Art. no. 1354150, https://doi.org/
10.1155/2019/1354150.

J. Li, H. Liang, Y. Chen, and B. Du, "Promising functional graded
materials for compact gaseous insulated switchgears/pipelines," High
Voltage, vol. 5, no. 3, pp. 231-240, 2020, https://doi.org/10.1049/hve.
2019.0327.

J. H. Mason, "Disharges," IEEE Transactions on Electrical Insulation,
vol. EI-13, no. 4, pp. 211-238, Aug. 1978, https://doi.org/10.1109/TEL
1978.298074.

K. C. Kao and D. M. Tu, "Formation of electrical treeing in
polyethylene," in Conference on Electrical Insulation & Dielectric
Phenomena - Annual Report, Amherst, MA, USA, Oct. 1982, pp. 598—
603, https://doi.org/10.1109/CEIDP.1982.7726585.

T. Tanaka and A. Greenwood, Advanced power cable technology.
Volume I. Basic concepts and testing. Florida, USA: CRC Press, 1983.

M. G. Danikas, "Small partial discharges and their role in insulation
deterioration," [EEE Transactions on Dielectrics and Electrical
Insulation, vol. 4, no. 6, pp. 863-867, Dec. 1997, https://doi.org/
10.1109/94.654733.

M. S. Naidu and V. Kamaraju, High-Voltage Engineering. New Delhi,
India: McGraw-Hill, 2000.

M. Kurimoto, K. Kato, M. Hanai, Y. Hoshina, M. Takei, and H. Okubo,
"Application of functionally graded material for reducing electric field
on electrode and spacer interface," IEEE Transactions on Dielectrics
and Electrical Insulation, vol. 17, no. 1, pp. 256-263, Feb. 2010,
https://doi.org/10.1109/TDEIL.2010.5412025.

Y.-F. Zhang et al., "Simulation of Functionally Graded Material (FGM)
for Cable Joint in AC and DC Field Optimization," in [EEE
International Conference on High Voltage Engineering and Application,
Beijing, China, Sep. 2020, pp. 1-4, https://doi.org/10.1109/
ICHVE49031.2020.9280030.

V. Birman and L. W. Byrd, "Modeling and Analysis of Functionally
Graded Materials and Structures," Applied Mechanics Reviews, vol. 60,
no. 5, pp. 195-216, Sep. 2007, https://doi.org/10.1115/1.2777164.

H. Okubo, K. Kato, N. Hayakawa, M. Hanai, and M. Takei,
"Functionally Graded Materials and their Application to High Electric
Field Power Equipment," in Performance of conventional and new
materials for high voltage apparatus CIGRE SC D1 — COLLOQUIUM
IN HUNGARY BUDAPEST 2009, Hungary, Budapest, 2009.

X. Yang, X. Zhao, J. Hu, and J. He, "Grading electric field in high
voltage insulation using composite materials," [EEE Electrical
Insulation Magazine, vol. 34, no. 1, pp. 15-25, Jan. 2018, https://doi.org/
10.1109/ME1.2018.8246118.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

S. Diaham, Z. V. Nava, L. Leveque, T. T. Le, L. Laudebat, and T.
Lebey, "An original in-situ way to build field grading materials (FGM)
with permittivity gradient using electrophoresis," in 2nd International
Conference on Dielectrics, Budapest, Hungary, Jul. 2018, pp. 1-4,
https://doi.org/10.1109/ICD.2018.8514572.

A. P. Purnomoadi, A. Rodrigo Mor, and J. J. Smit, "Spacer flashover in
Gas Insulated Switchgear (GIS) with humid SF6 under different
electrical stresses," International Journal of Electrical Power & Energy
Systems, vol. 116, Mar. 2020, Art. no. 105559, https://doi.org/10.1016/
j-ijepes.2019.105559.

S. A. Ward, M. A. A. Allah, and A. A. Youssef, "Effect of Functionally
Graded Material of Spacer with Contaminating Particle on Breakdown
Voltage inside Gas Insulated Bus Duct," International Journal of
Scientific & Engineering Research, vol. 5, no. 1, pp. 756-762, 2014.

S. Ganga, K. Dwarakanath, A. A. Natarajan, M. G. VijayaRaghavan, L.
Ohri, and R. Vaikundh, "A study on suitability of functionally graded
material for spacer application," in IEEE International Conference on
Solid Dielectrics, Toulouse, France, Jul. 2004, vol. 2, pp. 521-524,
https://doi.org/10.1109/ICSD.2004.1350483.

P. Janaki, N. Karthick, and G. V. N. Kumar, "Design and analysis of
FGM post type spacer in a three phase common enclosure gas insulated
busduct under delamination," Electric Power Systems Research, vol.
190, Jan. 2021, Art. no. 106834, https://doi.org/10.1016/j.epsr.2020.
106834.

H. Shumiya, K. Kato, and H. Okubo, "Application feasibility of
permittivity graded FGM (functionally graded materials) for gas-
insulated equipment," Electrical Engineering in Japan, vol. 162, no. 2,
pp. 3945, 2008, https://doi.org/10.1002/eej.20363.

A. Rukmananda, G. V. N. Kumar, M. A. Bharathi, and S. K. Bali,
"Insulation integrity of grading high insulating spacer with functionally
graded material in a Gas Insulated Busduct," AIP Conference
Proceedings, vol. 2269, no. 1, Oct. 2020, Art. no. 030039,
https://doi.org/10.1063/5.0019505.

N. C. Dathu, G. V. N. Kumar, M. A. Bharathi, and S. K. Bali, "Field
stress control of a post type grading low insulating spacer with
functionally graded material in a gas insulated bus duct," AIP
Conference Proceedings, vol. 2269, no. 1, Oct. 2020, Art. no. 030045,
https://doi.org/10.1063/5.0019504.

J. Pakalapati, V. N. K. Gundavarapu, D. C. Duvvada, and S. K. Bali,
"Study of electric field stress on the surface contour and at the triple
junction in three phase GIS with FGM spacer under the depression
defect," International Journal of Emerging Electric Power Systems, vol.
21, no. 5, Oct. 2020, https://doi.org/10.1515/ijeeps-2020-0080.

M. Yoshitaka, K. Hiroki, K. Katsumi, and H. Naoki, "Fabrication of GIS
Spacer Model with &-FGM (Functionally Graded Materials) and
Theoretical Estimation of its Breakdown Voltage in SFs Gas," IEEJ
Transactions on Fundamentals and Materials, vol. 138, no. 4, pp. 155-
162,2018.

H. Okubo, J. Shimomura, Y. Fujii, N. Hayakawa, M. Hanai, and K.
Kato, "Fabrication and simulation techniques of permittivity graded
materials for gas insulated power equipment," in XVII International
Symposium on High Voltage Engineering, Hannover, Germany, Aug.
2011, p. 5.

K. A. Naidu, G. V. N. Kumar, K. J. Ram, and D. D. Chowdary, "Electric
Field Stress mitigation in a Gas Insulated Substation under delamination
defect," International Journal of Pure and Applied Mathematics, vol.
114, no. 8, pp. 131-141, 2017.

X.-R. Li et al., "3D printing fabrication of conductivity non-uniform
insulator for surface flashover mitigation," IEEE Transactions on
Dielectrics and Electrical Insulation, vol. 26, no. 4, pp. 1172-1180,
Aug. 2019, https://doi.org/10.1109/TDE1.2019.007938.

H. Yao, B. Du, J. Li, and Z. Wang, "Surface Functionally Graded
Insulator for High Voltage Gas Insulated Apparatus," in Polymer
Insulation Applied for HVDC Transmission, B. Du, Ed. Berlin,
Germany: Springer, 2020, pp. 549-568.

B. X. Du, Z. Y. Ran, J. Li, and H. C. Liang, "Novel insulator with
interfacial 6-FGM for DC compact gaseous insulated pipeline," /EEE

Transactions on Dielectrics and Electrical Insulation, vol. 26, no. 3, pp.
818-825, Jun. 2019, https://doi.org/10.1109/TDEI.2019.007778.

www.etasr.com

Wong & Danikas: Functionally Graded Materials (FGM) for Spacers in Gas Insulated Systems ...



Engineering, Technology & Applied Science Research

Vol. 11, No. 6, 2021, 7887-7891

7891

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

M. Talaat, A. El-Zein, and M. Amin, "Electric field simulation for
uniform and FGM cone type spacer with adhering spherical conducting
particle in GIS," IEEE Transactions on Dielectrics and Electrical
Insulation, vol. 25, no. 1, pp. 339-351, Feb. 2018, https://doi.org/
10.1109/TDEL2018.006980.

J. Ishiguro, M. Kurimoto, H. Kojima, K. Kato, H. Okubo, and N.
Hayakawa, "Electric field control in coaxial disk-type solid insulator by
functionally graded materials (FGM)," in I[EEE Conference on Electrical
Insulation and Dielectric Phenomena, Des Moines, 1A, USA, Oct. 2014,
pp. 663-666, https://doi.org/10.1109/CEIDP.2014.6995799.

N. Hayakawa, Y. Miyaji, H. Kojima, and K. Kato, "Simulation on
discharge inception voltage improvement of GIS spacer with
permittivity graded materials (e-FGM) using flexible mixture casting
method," IEEE Transactions on Dielectrics and Electrical Insulation,
vol. 25, no. 4, pp. 1318-1323, Aug. 2018, https://doi.org/10.1109/TDEL
2018.007236.

H.-J. Ju, B. Kim, and K.-C. Ko, "Optimal design of an elliptically graded
permittivity spacer configuration in gas insulated switchgear," [EEE

Transactions on Dielectrics and Electrical Insulation, vol. 18, no. 4, pp.
1268-1273, Aug. 2011, https://doi.org/10.1109/TDEIL.2011.5976126.

H. Okubo and A. Beroual, "Recent trend and future perspectives in
electrical insulation techniques in relation to sulfur hexafluoride (SF6)
substitutes for high voltage electric power equipment," [EEE Electrical
Insulation Magazine, vol. 27, mno. 2, pp. 34-42, Mar. 2011,
https://doi.org/10.1109/MEIL.2011.5739421.

N. Hayashi, S. Tsuru, T. Onoda, Y. Sakamoto, and M. Hara,
"Fabrication of Functionally Graded Epoxy Resin with Alumina Fillers
and its Simulation by Using a Centrifugal Method," I[EEJ
Transactionson Fundamentals and Materials, vol. 124, no. 7, pp. 598—
606, 2004, https://doi.org/10.1541/ieejfms.124.598.

N. Hayashi, T. Onoda, Y. Sakamoto, S. Tsuru, T. Kawabe, and M. Hara,
"Fabrication of Permittivity Graded Epoxy Resin with Non-Uniform
Dispersion of Alumina Fillers by a Centrifugal Procedure," Materials
Science Forum, vol. 492-493, Pp- 501-506, 2005,
https://doi.org/10.4028/www.scientific.net/MSF.492-493.501.

A. Al-Gheilani, Y. Li, K. L. Wong, and W. S. T. Rowe, "Electric Field
Reduction by Multi-layer Functionally Graded Material with Controlled
Permittivity and Conductivity Distribution," in IEEE Conference on
Electrical Insulation and Dielectric Phenomena, Richland, WA, USA,
Oct. 2019, pp. 86-89, https://doi.org/10.1109/CEIDP47102.2019.
9009929.

S. A. Qasim and N. Gupta, "Computation of Effective Properties of
Graded and Layered Dielectrics," IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 28, no. 2, pp. 460-467, Apr. 2021,
https://doi.org/10.1109/TDEIL.2020.009206.

Y. V. Serdyuk, A. D. Podoltsev, and S. M. Gubanski, "Numerical
simulations and experimental study of frequency-dependent dielectric
properties of composite material with stochastic structure," [EEE
Transactions on Dielectrics and Electrical Insulation, vol. 11, no. 3, pp.
379-392, Jun. 2004, https://doi.org/10.1109/TDEIL.2004.1306717.

A. M. Bruning, D. G. Kasture, F. J. Campbell, and N. H. Turner, "Effect
of cavity sub-corona current on polymer insulation life," IEEE
Transactions on Electrical Insulation, vol. 26, no. 4, pp. 826-836, Aug.
1991, https://doi.org/10.1109/14.83709.

N. H. Turner, F. J. Campbell, A. M. Bruning, and D. G. Kasture,
"Surface chemical changes of polymer cavities with currents above and
below corona inception voltage," in Annual Report: Conference on

Electrical Insulation and Dielectric Phenomena, Victoria, BC, Canada,
Oct. 1992, pp. 687-693, https://doi.org/10.1109/CEIDP.1992.283139.

A. M. Bruning and M. G. Danikas, "Experiments on polymer cavity
currents above and below CIV," in Annual Report: Conference on
Electrical Insulation and Dielectric Phenomena, Victoria, BC, Canada,
Oct. 1992, pp. 735-740, https://doi.org/10.1109/CEIDP.1992.283132.

B. Bernstein, Personal communication with one of authors (MGD), 14th
December 2009

G. E. Vardakis, M. Danikas, and A. Nterekas, "Partial Discharges in
Cavities and their Connection with Dipoles, Space Charges, and Some
Phenomena Below Inception Voltage," Engineering, Technology &

[52]

[53]

[54]

[55]

[56]

[57]

Applied Science Research, vol. 10, no. 4, pp. 5869-5874, Aug. 2020,
https://doi.org/10.48084/etasr.3593.

G. Melissinos and M. Danikas, "On Polymers Nanocomposites:
Electrical Treeing, Breakdown models and Related Simulations,"
Engineering, Technology & Applied Science Research, vol. 8, no. 2, pp.
2627-2632, Apr. 2018, https://doi.org/10.48084/etasr.1726.

Y. Zhang, M. G. Danikas, X. Zhao, and Y. Cheng, "Preliminary
experimental work on nanocomposite polymers: Small partial discharges
at inception voltage, the existence of possible charging mechanisms
below inception voltage and the problem of definitions," Journal of
Electrical Engineering, vol. 63, mno. 2, pp. 109-114, 2012,
https://doi.org/10.2478/v10187-012-0016-8.

Y. Zang et al, "Charging phenomena below the inception voltage:
Effects of nanofillers on epoxy," Malaysian Polymer Journal, vol. 7, no.
2, pp. 68-73,2012.

S. Li, S. Yu, and Y. Feng, "Progress in and prospects for electrical
insulating materials," High Voltage, vol. 1, no. 3, pp. 122-129, 2016,
https://doi.org/10.1049/hve.2016.0034.

K. K. Siderakis, D. Pylarinos, E. Thalassinakis, 1. Vitellas, and E.
Pyrgioti, "Pollution Maintenance Techniques in Coastal High Voltage
Installations," Engineering, Technology & Applied Science Research,
vol. 1, no. 1, pp. 1-7, Feb. 2011, https://doi.org/10.48084/etasr.6.

M. Dimitropoulou, D. Pylarinos, K. Siderakis, E. Thalassinakis, and M.
Danikas, "Comparative Investigation of Pollution Accumulation and
Natural Cleaning for Different HV Insulators," Engineering, Technology
& Applied Science Research, vol. 5, no. 2, pp. 764-774, Apr. 2015,
https://doi.org/10.48084/etasr.545.

www.etasr.com

Wong & Danikas: Functionally Graded Materials (FGM) for Spacers in Gas Insulated Systems ...



