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Abstract

Electric field concentration in solid insulation is a critical issue because it can accelerate dielectric degradation, reduce
insulation reliability, and increase the possibility of local electrical stress in high-voltage applications. Functionally graded
material (FGM) has been widely investigated as an effective method for electric field grading through controlled spatial
permittivity distribution. This study aims to optimize the electric field characteristics of FGM solid insulators using a numerical
simulation approach. A cylindrical coaxial insulator model consisting of a central high-voltage conductor and five concentric
dielectric layers was analyzed under three relative permittivity configurations, namely homogeneous, small-big (SB), and big-
small (BS). The simulation was carried out at an applied voltage of 150 kV, and the performance of each configuration was
evaluated using the maximum electric field, minimum electric field, average electric field, and electric field grading index. The
results show that the permittivity distribution significantly affects the radial electric field profile and local field enhancement
in critical regions. The BS-type FGM exhibited the best performance, with the lowest maximum electric field of 3.741 kV/mm
and the highest electric field grading index of 81.25%, compared with 5.099 kV/mm and 58.85% for the homogeneous insulator,
and 6.921 kV/mm and 42.78% for the SB-type FGM. These findings confirm that numerical simulation is effective for identifying
suitable FGM configurations to reduce electric field concentration and improve field grading performance in solid insulators.

Keywords: FGM Solid Insulator, Electric Field Distribution, Numerical Simulation, Electric Field Grading, Permittivity
Optimization

1. Introduction

The continuous development of high-voltage power equipment has led to increasing demands for compact
insulation structures that can operate safely under higher electric stress. In such systems, solid insulators play a
critical role because their electrical performance strongly influences insulation reliability and service life. In gas—
solid insulation structures, electric field concentration around the spacer remains one of the main design
challenges, especially near the interface between the conductor, solid insulator, and surrounding gas [1], [2].

A major problem in solid insulation design is the non-uniform electric field distribution that causes local stress
enhancement in critical regions. In GIS-type configurations, field intensification is commonly observed near the
high-voltage triple junction, where the spacer, gas medium, and electrode meet. This region is often regarded as
the weakest point of the insulation system because excessive local electric stress may accelerate insulation
degradation and reduce breakdown strength. Conventional approaches for field control, such as spacer shape
modification, additional shielding, and geometric optimization, can reduce field distortion, but they usually
increase structural complexity and manufacturing cost [6], [9].

To overcome these limitations, many researchers have proposed the use of Functionally Graded Material (FGM)
as an alternative electric field grading technique. FGM is characterized by a spatial distribution of dielectric
permittivity and, in some cases, conductivity, allowing the electric field to be redistributed inside and around the
solid insulation. This concept enables the reduction of electric field concentration while maintaining a relatively
simple insulator geometry. Earlier studies have shown that FGM can be applied to GIS spacers, cone-type
insulators, disk-type insulators, and other gas-insulated apparatus through numerical simulation and material
engineering approaches [1], [3], [13].
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The effectiveness of permittivity-graded materials has been demonstrated in both simulation and fabrication
studies. Kurimoto et al. showed that suitable permittivity grading can reduce electric stress on electrode surfaces
and improve long-term insulation performance, while Ishiguro et al. reported that a coaxial disk-type FGM could
reduce the maximum electric field at the HV-electrode/spacer interface compared with a uniform insulator [7], [6].
In addition, practical fabrication methods such as flexible mixture casting have been developed to realize e-FGM
structures with controlled permittivity distributions, indicating that field grading by material design is not only
theoretically attractive but also manufacturable [8], [13], [15].

Further studies also revealed that electric field relaxation by FGM is closely related to insulation performance
improvement. Cone-type and truncated cone-type e-FGM spacers fabricated for gas-insulated applications showed
reduced electric field intensity and improved discharge inception or breakdown voltage in SF6 gas [4], [8], [13].
These findings confirm that suppressing the maximum electric field in critical regions is a practical and meaningful
indicator for evaluating insulation design.

Besides AC and impulse applications, recent studies have extended the FGM concept to DC insulation systems by
introducing combinations of graded permittivity and conductivity. These works indicate that electric field control
depends on the dominant material property under each operating condition: permittivity under AC or impulse
stress, conductivity under DC steady state, and both properties under transient DC conditions [1], [3]. Although
the present study focuses on electric field optimization under a numerical electrostatic framework, these previous
findings further support the broader relevance of FGM as a field grading strategy for advanced insulation systems.

In practical design, numerical simulation has become one of the most effective tools for analyzing electric field
behavior in solid insulation. The Finite Element Method (FEM) is widely used because it can handle complex
geometries, multi-layer dielectric arrangements, and electric field evaluation along critical paths. Previous FGM
spacer studies have successfully employed FEM-based simulation to compare different permittivity distributions
and to identify configurations that produce lower peak electric stress and more uniform field profiles [9], [10],
[12]. This makes simulation-based optimization highly suitable for the preliminary design and evaluation of FGM
solid insulators.

Although the existing literature has clearly established the potential of FGM for electric field grading, the optimal
behavior of discrete radial permittivity arrangements in a cylindrical coaxial solid insulator still deserves further
investigation. In particular, a direct comparison among a homogeneous insulator and stepwise FGM arrangements
such as small-big (SB) and big-small (BS) distributions is important to clarify how the direction of permittivity
grading influences the maximum electric field, the average field level, and the field uniformity along the radial
path. This issue is especially relevant for simple multilayer FGM structures that are easier to model and potentially
easier to fabricate than fully continuous gradients [5], [11], [15].

Therefore, this study aims to optimize the electric field characteristics of an FGM solid insulator by numerical
simulation. A cylindrical coaxial model with five concentric dielectric layers is used to compare three
configurations, namely homogeneous insulation, SB-type FGM, and BS-type FGM. The evaluation is carried out
based on the maximum electric field, minimum electric field, average electric field, and electric field grading
index. The main contribution of this work is to provide a clear comparative analysis of how discrete permittivity
grading affects electric field concentration in critical regions and to identify the most effective FGM configuration
for improving field uniformity in solid insulators.

2. Research Methods

This study employed a numerical simulation approach to evaluate the electric field characteristics of a solid
insulator based on Functionally Graded Material (FGM). The main objective was to identify the permittivity
distribution configuration that can reduce the maximum electric field in critical regions and improve the overall
electric field uniformity. Numerical simulation was selected because it is widely used for analyzing electric field
behavior in multilayer insulation structures and for comparing alternative dielectric designs before fabrication [9],
[10], [12].

2.1. Geometry of the Solid Insulator Model

The solid insulator was modeled using a cylindrical coaxial geometry. In this configuration, the high-voltage
conductor was located at the center of the insulator structure, while the outer boundary represented the grounded
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region. The inner diameter of the insulator was 60 mm and the outer diameter was 160 mm, resulting in a total
radial insulation thickness of 100 mm. To implement the FGM concept, the dielectric region was divided into five
concentric layers of equal thickness. Each layer had a radial thickness of 10 mm, forming a five-layer discrete
permittivity grading structure.

Figure 1 presents the cylindrical coaxial geometry of the discrete permittivity-graded FGM solid insulator used in
the numerical simulation. The model comprises a central HV conductor and five concentric dielectric layers with
different relative permittivities, forming a symmetrical radial grading structure. The critical regions near the triple
junctions, denoted as TJ-HV and TJ-GND, are also identified because they are associated with electric field
concentration.

TJ- TJ-HV TJ-GN
‘/JGND ‘/JH\ JGD\

£ [y |8y HV B8 | &) &
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Figure 1. Geometry of the discrete permittivity-graded FGM solid insulator: (a) side view and (b) top view.

The cylindrical coaxial geometry was selected because it provides a clear radial electric field profile and allows
direct comparison of electric field redistribution under different dielectric arrangements. This geometry is also
relevant for spacer-type solid insulation systems used in gas-insulated structures [2], [6], [10].

2.2. Permittivity Distribution Configurations

Three dielectric configurations were investigated in this study, namely homogeneous insulation, small-big (SB)-
type FGM, and big-small (BS)-type FGM. In the homogeneous configuration, all dielectric layers were assigned
the same relative permittivity. In contrast, the FGM configurations employed stepwise permittivity variation across
the five concentric layers.

Table 1 summarizes the relative permittivity distribution used for each dielectric configuration. In the
homogeneous model, all five layers were assigned the same relative permittivity of 3.5. In contrast, the BS-type
FGM employed a decreasing permittivity distribution from 7.5 to 3.5 along the radial direction, whereas the SB-
type FGM used an increasing distribution from 3.5 to 7.5. These stepwise arrangements were defined to examine
how the direction of permittivity grading affects electric field redistribution and field concentration in the solid
insulator.
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Table 1. Relative permittivity distribution for the homogeneous and FGM solid insulator configurations.

Configuration €1 € €3 €4 €5
Homogeneous 35 35 | 35 | 35 |35
BS-type FGM 7.5 6.5 55 | 45 | 35
SB-type FGM 35 4.5 5.5 65 | 7.5

In the SB-type FGM, the relative permittivity increased gradually from the inner region near the high-voltage
conductor toward the outer region. In the BS-type FGM, the relative permittivity decreased gradually from the
inner region toward the outer region. These two grading schemes were selected to evaluate the influence of grading
direction on electric field redistribution and field concentration reduction. Previous studies have shown that the
arrangement of permittivity gradients strongly affects the field intensity near high-stress regions and determines
the effectiveness of field grading [1], [3], [7].

2.3. Simulation Condition

The numerical simulation in this study was carried out based on the electrostatic field formulation. The electric
field intensity, E, was obtained from the negative gradient of the electric potential, V, as expressed in (1).
Meanwhile, the electric potential distribution in the dielectric region was governed by Gauss’s law for
electrostatics, as given in (2), where €0 is the vacuum permittivity, er is the relative permittivity of the material,
and pv is the volume charge density. These equations were used as the fundamental basis for evaluating the electric
field distribution in the multilayer FGM solid insulator model.

E=-W @
V- (eo&r E)=py 2

The electric field simulation was carried out under an applied voltage of 150 kV. The electric field magnitude
along the radial direction of the insulator was extracted as the main simulation output. The radial observation path
extended from the inner side of the solid insulator near the high-voltage conductor to the outer side near the
grounded region. The simulation results were expressed in kV/mm for easier engineering interpretation. This unit
was selected because it allows direct comparison with common dielectric strength references of gaseous insulation
media, such as air and SFe.

2.4. Electric Field Evaluation Parameters

The performance of each dielectric configuration was evaluated using four main parameters, namely the maximum
electric field (Emax), minimum electric field (Emin), average electric field (Eavg), and electric field grading index

m).

The maximum electric field represents the highest local electric stress along the radial path and is used as the main
indicator of field concentration in the critical region. The minimum electric field represents the lowest electric
stress within the evaluated region. The average electric field was obtained from the radial electric field profile to
describe the overall field level in the insulator.

N = (Eavg / Emax) X 100% ®)

A higher value of 1 indicates a more uniform electric field distribution. Therefore, this parameter was used to
compare the effectiveness of the homogeneous, SB-type, and BS-type configurations in achieving electric field
leveling [6], [9].
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2.5. Data Processing and Comparative Analysis

The electric field data obtained from the simulation were processed into two forms of result presentation. First, the
radial electric field profiles of the three configurations were plotted in a graph of electric field magnitude versus
radial distance. This graph was used to visualize the difference in field concentration behavior among the
homogeneous, SB-type FGM, and BS-type FGM structures. Second, the characteristic parameters Emax, Emin,
Eavg, and n were summarized in a comparison table to support quantitative analysis.

The homogeneous insulator was used as the reference configuration. The SB-type and BS-type FGM
configurations were then compared with the homogeneous model in terms of their ability to reduce the maximum
electric field and improve the field grading index. The optimum FGM configuration was identified based on the
lowest Emax and the highest ).

3. Results and Discussions
3.1. Electric Field Characteristics of the Homogeneous Insulator

The homogeneous solid insulator was used as the reference configuration to evaluate the effectiveness of the FGM-
based field grading approach. Under the applied voltage of 150 kV, the electric field distribution along the radial
direction was found to be non-uniform, with the highest electric field occurring near the inner side of the insulator
adjacent to the high-voltage conductor. This result indicates that the homogeneous dielectric structure is unable to
redistribute the electric field effectively, leading to field concentration in the critical region.

Based on the simulation result, the homogeneous insulator produced a maximum electric field of 5.099 kV/mm, a
minimum electric field of 1.911 kV/mm, and an average electric field of 3.000 k\V/mm. The corresponding electric
field grading index was 58.85%. These values show that although the homogeneous structure provides a moderate
electric field profile, the field distribution is still insufficiently uniform, and the peak field remains relatively high.
Therefore, the homogeneous insulator serves as an appropriate baseline for assessing the improvement achieved
by the FGM configurations.

3.2. Comparison of Electric Field Distribution Profiles

Figure 2 shows the radial electric field distribution of the homogeneous insulator, SB-type FGM, and BS-type
FGM under the applied voltage of 150 kV. The graph clearly indicates that the three dielectric configurations
produce different electric field profiles. The SB-type FGM exhibits the highest electric field peak near the inner
radial region, followed by the homogeneous insulator, while the BS-type FGM shows the lowest peak electric field
among all configurations. This result confirms that the direction of permittivity grading strongly influences the
redistribution of electric field intensity inside the insulator.

In the SB-type configuration, the electric field sharply increases near the high-voltage side, indicating that the
adopted grading direction is unfavorable for suppressing field concentration. In contrast, the BS-type FGM
produces a flatter radial field profile, indicating a more effective redistribution of the electric field from the highly
stressed region to the surrounding dielectric layers.

Electnic field distribution of homogencous and FGM spacers ot 150 kV
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Figure 2. Electric field distribution of homogeneous and FGM solid insulators at 150 kV.
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To further examine the field enhancement behavior in the critical regions, two pairwise comparisons were prepared
between the homogeneous spacer and each FGM configuration. These plots provide a clearer view of the electric
field redistribution at the inner triple-junction near the high-voltage conductor (TJ-HV) and at the outer triple-
junction near the grounded side (TJ-GND).

Electric field distnbution: homogeneous spacer vs BS-type FGM

— HOMOGENEOLUS '
- BS-type FGM

Electric field, E (kV/mm|}

(=]

0 10 20 30 40 50
Radial distance of spacer {mm)

Figure 3. Comparison of radial electric field distribution between the homogeneous spacer and the BS-type FGM spacer at 150 kV.

Figure 3 shows that the BS-type FGM significantly suppresses local field enhancement in the TJ-HV region. At
the inner critical region, the electric field decreases from 5.099 kV/mm for the homogeneous spacer to 3.741
kV/mm for the BS-type FGM, corresponding to a reduction of approximately 26.63%. In contrast, at the outer
region near TJ-GND, the electric field increases from 1.911 kV/mm to 3.004 kVV/mm. This behavior indicates that
the BS-type permittivity grading redistributes the electric field away from the highly stressed TJ-HV region toward
the outer dielectric region, resulting in a flatter radial profile and improved field grading performance.

Electric field distribution: homogeneous spacer vs SB-type FGM
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Figure 4. Comparison of radial electric field distribution between the homogeneous spacer and the SB-type FGM spacer at 150 kV.
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Figure 4 indicates that the SB-type FGM intensifies local field enhancement in the TJ-HV region. The electric
field at TJ-HV increases from 5.099 kV/mm for the homogeneous spacer to 6.921 k\V/mm for the SB-type FGM,
which corresponds to an increase of about 35.74%. Meanwhile, the electric field near TJ-GND decreases from
1.911 kV/mm to 1.210 kV/mm. This result confirms that the SB-type permittivity arrangement shifts the electric
field concentration toward the inner critical region instead of reducing it. Therefore, the SB-type FGM is
unfavorable for electric field leveling because it intensifies the local electric stress at TJ-HV.

These pairwise comparisons confirm that the direction of permittivity grading strongly affects the local field
enhancement behavior. The BS-type FGM mitigates the field enhancement at TJ-HV and redistributes the electric
field more evenly toward the outer region, whereas the SB-type FGM causes excessive field concentration near
the high-voltage side.

3.3. Characteristic Parameters of Electric Field Distribution

To quantify the differences among the three configurations, the characteristic parameters of electric field
distribution are summarized in Table 2.

Table 2. Electric field characteristic parameters of homogeneous and FGM solid insulators.

Insulator Type Emax Emin Eavg Grading
(kV/mm) (kV/mm) (kV/mm) Index, n (%)
Homogeneous 5.099 1911 3.000 58.85
SB-type FGM 6.921 1.210 2.960 42.78
BS-type FGM 3.741 2.630 3.039 81.25

From Table 2, it can be observed that the BS-type FGM achieved the best performance. The maximum electric
field of the BS-type FGM was 3.741 kV/mm, which is significantly lower than that of the homogeneous insulator
at 5.099 kV/mm and the SB-type FGM at 6.921 kV/mm. This means that the BS-type configuration successfully
reduced the peak electric field by approximately 26.63% compared with the homogeneous insulator.

Meanwhile, the SB-type FGM produced the worst result, with the highest maximum electric field among all
configurations. Compared with the homogeneous insulator, the maximum electric field of the SB-type increased
by approximately 35.74%. This indicates that not all permittivity grading arrangements are beneficial, and the
effectiveness of FGM strongly depends on the direction of dielectric grading.

3.4. Electric Field Grading Performance

The electric field grading index, n, was used to evaluate the uniformity of the electric field distribution. A larger
value of n indicates that the average electric field is closer to the maximum electric field, which means the field
distribution is more uniform.

The BS-type FGM achieved the highest grading index of 81.25%, followed by the homogeneous insulator with
58.85%, and the SB-type FGM with 42.78%. These results show that the BS-type FGM provided the most uniform
electric field distribution, whereas the SB-type FGM resulted in the poorest field uniformity. Therefore, from the
viewpoint of electric field grading performance, the BS-type FGM can be considered the optimum configuration
among the three models investigated in this study.

3.5. Implications for Insulation Performance

The reduction of maximum electric field in the critical region is important because high local electric stress is
closely associated with insulation deterioration and the initiation of local electrical discharges. In practical
applications, a lower Emax implies a better electrical margin and a lower probability of stress-induced insulation
failure.

When the simulation results are compared with common dielectric strength references, the homogeneous insulator
and the SB-type FGM produce electric field peaks above 3 kV/mm, which is often used as a general reference for
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air insulation. The BS-type FGM also remains slightly above this value, but it still provides the lowest electric
field severity among all configurations. For SF6-based insulation, using a general dielectric strength reference of
8.9 kV/mm, all three configurations remain below the limit. Therefore, although this study does not include direct
partial discharge or breakdown testing, the numerical results indicate that the BS-type FGM has the greatest
potential for improving insulation performance by suppressing electric field concentration in critical regions.

4, Conclusion

This study investigated the electric field characteristics of homogeneous and functionally graded material (FGM)
solid insulators using a numerical simulation approach. Three dielectric configurations were evaluated, namely
homogeneous insulation, SB-type FGM, and BS-type FGM, in a cylindrical coaxial geometry under an applied
voltage of 150 kV. The results demonstrated that the permittivity distribution has a significant effect on electric
field behavior inside the solid insulator. Among the investigated configurations, the BS-type FGM showed the
best performance by producing the lowest maximum electric field of 3.741 kV/mm and the highest electric field
grading index of 81.25%. In contrast, the SB-type FGM resulted in the highest field concentration and the lowest
grading performance. These findings indicate that the BS-type permittivity arrangement is the most effective
configuration for reducing electric field concentration and improving field uniformity in critical regions.
Therefore, numerical simulation can be considered an effective approach for optimizing the design of FGM solid
insulators and for identifying dielectric grading schemes with better insulation performance.
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