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Chapter 1 Introduction 

 

1.1 HVDC Gas Insulated Power Equipment 

1.1.1 HVDC Power Transmission 

Nowadays, global electricity consumption has been increasing at a faster rate than 

energy consumption. In 2017, the world’s annual electricity consumption rose to 22.3 

trillion kWh from 13 trillion kWh in 2000. In 2018, the electricity sector holds 25.4% 

share of the total final energy consumption [1, 2]. On the other hand, along with the growth 

in economy, the electricity consumption tends to spread across regions within a country, 

though the main source of energy is generally localized. In many cases, the electricity is 

even traded among countries. Due to this growing necessity of electricity combined with 

the encouragement for affordable and clean energy from the Sustainable Development 

Goals (SDGs), power generations from renewable energy have been expanding in the last 

decades and are expected to accelerate in the future that require higher capacity of power 

delivery over long distances [3, 4]. 

As a solution to these problems, high voltage direct current (HVDC) technology has 

played the important role in long distance transmission, grid interconnection of AC 

systems, submarine power cables, and frequency converter [5–7]. HVDC provides 

advantages for those purposes, such as high-capacity transmission lines over long 

distance, low losses (higher efficiency), compact infrastructures (transmission tower size, 

number of conductors), no skin effect, and enabling asynchronous interconnections [8–10].  

Japan is a good example of a country that implements the technology for those various 

purposes, where there are 9 DC facilities in total, operating as HVDC interconnection 

(Japan’s first 500 kV-designed Kii Channel, two Hokkaido-Honshu submarine cable 

transmissions, and newly operating Hida-Shinano frequency converter), frequency 

converters between 50 Hz and 60 Hz (at Sakuma, Shin-Shinano 1 and 2, Higashi Shimizu), 

back-to-back (BTB) converter station (at Minami-Fukumitsu) [11, 12]. In China, ultra-high 

voltage (UHV) and UHVDC power transmission for voltage level 800 kV and above 

have been progressing to fulfill the demand on long distance transmission [13]. Many 
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HVDC links used as grid interconnections and power exchange within and between 

countries can be found in Europe, Russia, and North America, where they deliver vast 

amount of power from various renewable energy sources, such as hydro energy, solar 

energy in desert areas, and vast off-shore wind farms to the load centers [14, 15]. Current 

development comes from the German Network Extension Plan which builds 12 GW of 

HVDC links within Germany to connect offshore wind power in the northern part to the 

load hubs in southern Germany [16]. 

With the progressive development of HVDC power transmission in the world, more 

research and projects are happening to reinforce compact and reliable infrastructure and 

DC power apparatus. Particularly in this dissertation, the focus is the improvement of 

insulation performance and reduction of size and SF6 gas volume for DC gas-insulated 

switchgear (GIS) and gas-insulated transmission line (GIL). 

 

1.1.2 Technology of GIS/GIL 

The gas insulated equipment, such as GIS and GIL were initially established for AC 

transmission system since the 1960s, where problems regarding space or right-of-way 

occur in highly populated areas. The equipment has been favorable in the present power 

transmission system since it offers compactness, high reliability, ease of maintenance, 

less sensitive to environmental exposure, and safety for personnel [5, 17]. Up to now, there 

are AC GIS/GILs operating at rated voltages from 72.5 kV up to 1200 kV worldwide [18]
. 

As the application to AC system have been well-proven, the application to DC system 

started to be considered in 1980, and the history of DC GIS until recent days is shown in 

Fig. 1.1, where the number of bays connected to the DC GIS increase as more of the 

equipment with increased voltage level are put into operation [19]. Currently HVDC 

GIS/GILs for at least 550 kV rated voltage have been developed worldwide. For 

example, a 320 kV HVDC GIS which was built for offshore application allows space 

reduction up to 95% for the switchgear, and the total size reduction of the HVDC platform 

up to 10%, with typical configuration as shown in Fig. 1.2 [6, 8].   

Fig. 1.3 shows the (a) appearance, (b) constructions, and (c) single line diagram of 362 

kV, 63 kA GIS [20]. The power equipment, such as busbars, circuit breakers, line 

disconnector, current transformer, earthing switches are housed in metal tanks filled with  
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Fig. 1.1 DC GIS milestones [19]. 

 

Fig. 1.2 Typical configuration of 320 kV DC compact switchgear by Siemens [8]. 
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Fig. 1.3 (a) Appearance, (b) constructions, and (c) single line diagram of 362 kV, 63 kA 

GIS [20]. 
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gas at high pressures. In GIS, sulfur hexafluoride (SF6) gas is commonly used due to its 

excellent properties for arc extinguishing and electrical insulation, while in GIL SF6 or 

the mixture of SF6/N2 is used to provide excellent electrical insulation and global warning 

mitigation. Beside gas insulation, solid insulators are also contained in GIS/GIL in the 

forms of post-type, cone-type or disk-type insulators, also known as spacers, to hold 

steady the HV conductor in the center of GIS/GIL against the ground enclosure, and at 

the same time to separate the gas compartments in GIS/GIL, as shown in Fig. 1.4 [6, 21].   

As SF6 gas has been pronounced as an extremely potent greenhouse gas with GWP 

values of 23,500 [22], the investigation of alternative gases in order to replace SF6 gas is 

vigorously researched nowadays. In the meantime, it is required to utilize and at the same 

time to reduce the usage of SF6 gas for global warming mitigation. Downsizing the 

GIS/GIL is one of the effective ways that may reduce not only SF6 gas usage, but also 

cost, installation space, and manufacturing energy [23]. 

 

1.1.3 Challenges in Solid Insulator Development of HVDC GIS/GIL 

For both HVAC and HVDC equipment, downsizing the gas insulated equipment results 

in higher electric field stress in the insulation medium, hence it needs to be reduced or 

controlled in order to maintain the high reliability of the apparatus [24]. However, there are 

differences regarding electric field distribution in HVAC and HVDC equipment, so that 

we cannot simply apply the existing design of HVAC GIS/GIL and their components to 

the HVDC ones. First of all, the electric field distribution under AC voltage is determined 

by the permittivity of gas and spacer, whereas under DC voltage it is determined by the 

conductivity. Secondly, unlike permittivity, conductivity strongly depends on or varies 

with temperature [25]
. Furthermore, the shape of the spacer between the HV conductor and 

GND enclosure may cause electric field intensified, especially at the contacts where gas, 

spacer, and HV conductor/GND enclosure meet, also known as the triple junctions [26-27]. 

Fig. 1.5 shows how electric field distribution differs in GIS/GIL under (a) AC voltage, (b) 

DC voltage without temperature difference (ΔT = 0) between the HV conductor and the 

GND enclosure, and (c) DC voltage with temperature difference (ΔT > 0) [8, 28]. Under AC 

voltage (Fig. 1.5 (a)), high electric field stress is found on the surface of HV conductor. 

On the other hand, when DC voltage is applied and ΔT = 0 (Fig. 1.5 (b)), electric field is 
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Fig. 1.4 Types of solid insulators in (a) GIS, and (b) GIL [6,21]. 
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Fig. 1.5 Electric field distribution in GIS/GIL under (a) AC voltage, (b) DC voltage without 

temperature difference, and (c) DC voltage with temperature difference between HV 

conductor and GND enclosure [8,28]. 
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intensified around the triple junction near the HV side (HV-TJ), as well as on the 

spacer/HV conductor’s interface. In Fig. 1.5 (c) under DC voltage and ΔT > 0, high 

electric field stress is found on the spacer surface up to the triple junction near GND side 

(GND-TJ). Both triple junctions are critical areas in GIS/GIL, where breakdowns can 

easily occur if the high electric field stress is uncontrolled. Therefore, an innovative way 

is required to reduce the high electric field stress in the insulation system under DC 

voltage. 

 

1.2 Electric Field Grading 

Electric field grading or stress grading commonly implies to the methods to reduce the 

locally intensified electric field at one spot and distribute it more evenly to other areas 

within or around the insulation medium. The high electric field stress is usually 

unavoidable when there is large potential difference, e.g. at terminals of transmission 

equipment. Hence, it must be controlled so that partial discharges and breakdowns do not 

occur in the insulation medium, particularly in HV apparatus, where an overstressed weak 

spot can lead to insulation failures [27]. 

 

1.2.1 Capacitive and Resistive Electric Field Distributions 

The basic concept of electric field grading comes from the Ampere’s Law of Maxwell’s 

equation, where the total current density 𝐽 consists of the conduction current by moving 

charges 𝐽𝑐
⃗⃗ ⃗ and the displacement current 𝐽𝑑

⃗⃗⃗⃗  , as shown in equation (1.1).  

 𝐽 = 𝐽𝑐
⃗⃗ ⃗ + 𝐽𝑑

⃗⃗⃗⃗  (1.1) 

The conduction current of moving charges 𝐽𝑐 is defined by the electric field �⃗⃗� and the 

conductivity (σ) of the material, as in equation (1.2), 

 𝐽𝑐
⃗⃗ ⃗ = 𝜎�⃗⃗� (1.2) 

and the displacement current 𝐽𝑑
⃗⃗⃗⃗  is defined as the time-varying displacement field (�⃗⃗⃗�) and 

can be calculated by the permittivity () of the material and the time-dependent electric 

field as in equation (1.3). 

 
𝐽𝑑
⃗⃗⃗⃗ =

𝜕�⃗⃗⃗�

𝜕𝑡
= 𝜀

𝜕�⃗⃗�

𝜕𝑡
 (1.3) 

By substituting equations (1.2) and (1.3) to equation (1.1), the following equation (1.4)  
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of total current density is obtained. 

 
𝐽 = 𝜎�⃗⃗� + 𝜀

𝜕�⃗⃗�

𝜕𝑡
 (1.4) 

The conductivity σ and permittivity ε are the principal material properties that describes 

the response to the applied electric fields.  

From Maxwell-Ampere equation,  

 
∇ × �⃗⃗⃗� = 𝐽 = 𝜎�⃗⃗� + 𝜀

𝜕�⃗⃗�

𝜕𝑡
 (1.5) 

By applying divergence (vector’s identity) to equation (1.5), below derived equations 

are obtained. 

 ∇ ∙ (∇ × �⃗⃗⃗�) = ∇ ∙ 𝐽 = 0 (1.6) 

 
∇ ∙ (𝜎�⃗⃗� + 𝜀

𝜕�⃗⃗�

𝜕𝑡
) = 0 (1.7) 

 
∇ ∙ (𝜎 + 𝜀

𝜕

𝜕𝑡
) �⃗⃗� = 0 (1.8) 

Here, if the electric field E changes with , by applying Fourier transform, then the 

continuity equation becomes, 

 ∇ ∙ (𝜎 + 𝑗𝜔𝜀)�̇� = 0 (1.9) 

where �̇� is the complex electric field.  

As the electric field �⃗⃗� is related to the electric potential φ as follows, 

 �⃗⃗� = −grad𝜑 = −∇𝜑 (1.10) 

by substituting equation (1.10) to equation (1.9), the continuity equation is obtained as 

follows, 

 ∇ ∙ (𝜎 + 𝑗2𝜋𝑓𝜀)(−∇𝜑) = 0 (1.11) 

  ∇ ∙ (𝜀 − 𝑗
𝜎

2𝜋𝑓
) ∇𝜑 = 0  

 

(1.12) 

where f is assumed to be the frequency of the applied AC voltage. Therefore, when AC 

voltage is applied or immediately after DC voltage is applied (𝜀 ≫ 𝜎 𝑓⁄ ), the term related 

to permittivity  stands (in equation (1.12)), i.e. the displacement current 𝐽𝑑
⃗⃗⃗⃗  with decisive 

𝜀 is usually dominant. Here, the conduction current 𝐽𝑐
⃗⃗ ⃗ is ignored  

  ∇ ∙ (𝜀∇𝜑) = 0  
 

(1.13) 

On the other hand, for DC (resistive) fields, as long as it is under constant DC stress 

(at DC steady state, f=0), only the conduction current 𝐽𝑐
⃗⃗ ⃗ with σ of the material is needed 

to be considered, and therefore 𝐽𝑑
⃗⃗⃗⃗  is neglected. Hence, the equation below applies.  
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  ∇ ∙ (𝜎∇𝜑) = 0  
 

(1.14) 

Nevertheless, in case of time-varying voltage change under DC system, such as at DC-

on and DC polarity reversal, then AC or capacitive electric fields should be taken into 

account as well [27].  

 

1.2.2 Electric Field Grading Concept 

The purpose of electric field grading is to change the potential distribution smoothly 

along the interfaces (surface) or within the bulk (volume) of electrical insulation so that 

electric fields are distributed more uniformly and the field stress is kept below critical 

levels. By doing so, it allows us to scale down the size of the insulating material or operate 

the equipment at higher voltage. Table 1.1 shows the main types of electric field grading 

as well as the overviews of each concept [27]
. 

In geometric field grading, electric field distribution is influenced by adding 

conductive surfaces (electrodes) which are connected to certain potentials (usually HV or 

GND) so that the corresponding dielectric stress is within a tolerable limit. For example, 

in GIS/GIL, a shield electrode is added to control high electric field stress around HV-TJ. 

In capacitive field grading, conductive grading layers are formed between high voltage 

and potential, such as in condenser type bushing, where the graded potential distribution 

is created through capacitance between layers [29]. Surface field grading has aims to find 

a suitable potential distribution along a surface or interface between different materials to 

prevent surface discharges. It can be done by using embedded electrodes in the insulating 

material or by adding conductive layer on the insulating surface (resistive field control) 

[30].  

Fig. 1.6 shows the potential and electric field distribution inside GIS, in which there 

are examples of geometry field grading and surface field grading by adding shield 

electrode on HV side, spacer shape optimization and adding embedded electrode in the 

spacer near GND side [24]. However, structure modification can be a complicated process. 

Therefore, applying conductive layer on a GIS spacer can be an easier way to reduce 

electric field stress while maintaining the simple shape of the spacer, such as shown in 

Fig. 1.7. In Fig. 1.7 (a), high electric field stress is seen at the triple junction of HV 

conductor, SF6 gas and the conventional spacer with εr=6. On the other hand, Fig. 1.7 (b)  
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Table 1.1 Overview of electric field grading concepts [27]. 

Electric field grading concept 
Significant parameter for 

DC AC 

1) Geometry (bulk field grading) 

shape of electrode and 
total current density along 

electrodes 

2) Potential grading (capacitive/resistive field grading, bulk field grading) 

σ of layer 
between 
adjacent 

grading foils 

 of layer 
between 
adjacent 

grading foils 

3) Potential grading (surface field grading) 

σ σ and  

4) Nonlinear materials with field dependent conductivity/permittivity σ = f (E) 
 = f (E) 
σ = f (E) 

5) Continuous or stepwise discrete functionally graded materials 
σ = f (x, y, z,  
   E, 𝜗,… ) 

 = f (x, y, z,  
   E, 𝜗,… ) 
σ = f (x, y, z,   
   E, 𝜗,… ) 

Notes: red dashed lines = field lines, blue dashed lines = equipotential lines 

 

high potential 
electrode

low potential 
electrode



11 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Electric field distribution around GIS spacer [24]. 

Embedded electrode

                

Potential 
distribution

Electric field 
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Fig. 1.7 Electric field distribution around GIS spacer with and without conductive layer [30]. 

conductive 
layer

(a) conventional spacer

σ = 0 S/m, r = 6

(b) σ/-FGM

σ = 10-4–10-7 S/m, r = 30-6-30
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shows the suppressed electric field stress around that area due to application of conductive 

layer on the spacer surface with exponentially graded σ of 10-4 to 10-7 S/m, and 

parabolically graded εr which is applied to the spacer bulk (εr=30 at the spacer/HV 

conductor and spacer/GND tank interfaces, and εr=6 at the center of the spacer). This 

method was the first stage of research on functionally graded materials (FGM). 

Nonlinear materials have property that changes itself in a nonlinear manner when, for 

example, a certain field strength is exceeded (switching field). So far it is only nonlinear 

resistive field materials with electric field-dependent conductivity, such as microvaristors 

that are mixed into elastomer. Fig. 1.8 shows an application of SiR/ZnO microvaristor 

composites as field grading layer in a 500-kV cable termination [31]. 

 

1.2.3 Functionally Graded Materials (FGM) 

The last concept is the functionally graded materials (FGM), which becomes the focus 

in this research. FGM here differ from the previously mentioned nonlinear materials in a 

way that the material properties (conductivity and/or permittivity) change spatially within 

the solid insulator bulk in order to control resistive and/or capacitive fields. The following 

sections will discuss the details about the materials used, fabrication techniques, and the 

application of FGM to GIS/GIL spacers. 

 

1.3 Material and Fabrication 

1.3.1 Materials  

The materials used for field grading are divided into two categories, which are the  

matrix materials and the filler materials. The matrix materials can be glass, thermoplastic 

polymers (e.g. polyethylene (PE), polyvinyl chloride (PVC), and polypropylene (PP) for 

insulators or spacers), thermoset polymers (e.g. epoxy resin (EP) as cast resins, 

polyurethane (PUR), cross-linked polyethylene (XLPE) for cable insulations), and 

elastomers (e.g. silicone rubbers, ethylene propylene rubber (EPM), ethylene propylene 

diene rubber (EPDM) for cable accessories, suspension, and post insulators) [27]. 

Fillers are particles that added to a matrix in order to change its physical properties, 

such as the color and strength. In the case of electric field grading, it is to change the  
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Fig. 1.8 Application of SiR/ZnO microvaristor composite as field grading layer in a 500 kV 

cable termination [31]. 
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permittivity and conductivity. Spacers are made of epoxy resin filled with conventional  

fillers, such as alumina (Al2O3) or silica (SiO2) fillers. These fillers are added in order to 

improve the mechanical and thermal properties, as well as to minimize the shrinkage 

during casting [6]. In addition, there are conducting fillers (e.g. carbon black, carbon 

nanotubes (CNT)), semiconducting fillers (e.g. SiC, ZnO microvaristors, antimony-tin 

oxide (ATO – SnO2/Sb2O3)), and high permittivity particles (e.g. SrTiO3, TiO2, etc) [27]. 

Some of the common functional fillers that are used for electric field grading in DC 

devices are as follows. 

 

 1) Silicone Carbide (SiC) 

SiC is a semiconducting filler that has been commonly used due to its high thermal 

conductivity, low thermal expansion coefficient and high chemical stability. It has 

nonlinear property due to the contact interfaces between adjacent fillers, however the 

nonlinearity is rather unstable since it is easily influenced by filler parameters (size, 

doping ratio), and environmental factors (humidity, pressure, pollution, abrasion, etc), 

which in turns affect the whole electrical properties of the composite material [32]. The 

used SiC powder usually has a few micrometers to a few tens of micrometers in particle 

size. Fig. 1.9 shows the resistivity and permittivity characteristics of micro-grain 

SiC/EPDM composite for different particle size [33].  

In the past research of layered σ-FGM for AC application, SiC and Fe3O4 fillers that 

are used for electric field relaxation at the cable-end and the coil-end of the rotating 

machine [34-36], are investigated for its conductivity and permittivity characteristics, as 

shown in Fig. 1.10 [37]. Based on the conductivity range that they provide, and the stability 

of permittivity value against frequency, SiC fillers are then selected as the filler materials 

used in this research as well.  

 

 2) Zinc Oxide (ZnO) 

Pure ZnO usually has to be processed into ZnO microvaristors first in order to possess  

the nonlinear characteristics. Its nonlinear behavior is dominated by the double (back-to-

back) Schottky barrier over the adjacent ZnO grains inside each microvaristor particles 

[38]. Unlike SiC, the overall properties of ZnO-filled composite are affected by the 

treatment process, the matrix material, the packing arrangement of the particles, and the  
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Fig. 1.9 (a) Resistivity and (b) permittivity of 40 vol% green SiC/EPDM composite [33]. 

(a) DC Resistivity at E=2 kV/mm, and T=30 C. (b) Permittivity at 10 V and f = 46 Hz.

 

Fig. 1.10 (a) Conductivity and (b) permittivity of SiC and Fe3O4-filled epoxy composite [37]. 

(a) DC Resistivity at E=1 kV/mm (b) Permittivity at 1 Vrms
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contact between particles. Fig. 1.11 shows that it is possible to choose the nonlinear 

composite with certain switching field and nonlinear coefficient by adjusting the ZnO 

particle’s size and shape. Currently ZnO is not widely used as SiC for applications on 

GIS/GIL spacers, due to the sedimentary problem of ZnO fillers in the matrix material, 

and that it usually requires larger filler contents with several tens of micrometers particles 

which can lead to poor mechanical property [31,32]. Nonetheless, it is applicable for 

coatings on the inner side of enclosure and triple junction in GIS/GIL [39]. 

 

 3) Graphene Oxide (GO) 

GO for electric field grading material is used in the sheet forms with low dimension 

and hence, can form stable conduction paths at considerably lower concentrations. It has 

characteristics of high dielectric constant, small loss factor, adjustable switching fields 

and saturation conductivity. Fig. 1.12 shows the conductivity characteristics of doped 

GO/polydimethylsiloxane (PDMS) composites with nonlinearity properties that unlike 

other fillers, can reach saturation condition [32,40]. 

  

1.3.2 Fabrication Technology 

The use of nonlinear composite for electric field grading materials can be in the forms 

of surface coating or bulk doping. Several techniques regarding both forms will be shortly 

discussed as follows.  

 1) Dip coating method 

Du et al fabricated nano-graphene-filled epoxy (EP/GR) coated insulators with whole 

side surface covered in the coatings as shown in Fig. 1.13 (a). The experiment results 

show that 0.1 wt% EP/GR coated insulator can increase the flashover voltage from ~25.9 

kV (uncoated) to ~33.8 kV, as shown in Fig. 1.13 (b) [41].  

Oishi et al fabricated σ-FGM with conductive layer where they can control the coating 

layer thickness by controlling the pulling speed of the dip coater. Fig. 1.14 shows the  

illustration of the fabrication process, sample appearance, and the flashover experiment 

results of σ-FGM. Flashover voltage of σ-FGM is improved by 10.3% compared to the 

uncoated insulator [42,43].  
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Fig. 1.11 J(E) characteristics of 46.5 vol% ZnO/SiR composites with different filler shape 

and size [31]. 

 

Fig. 1.12 Conductivity characteristics of GO/PDMS composite with different loading at 

120 C [40]. 
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Fig. 1.13 (a) Surface coating process and (b) weibull distributions of flashover voltages of 

the uncoated and EP/GR coated insulators [41]. 

(a) (b) 

 

Fig. 1.14 (a) Dip coating process, (b) the sample appearance and (c) the flashover 

experiment results on SiC layered σ-FGM [42,43]. 

(a) 

(b) (c) 
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 2) Magnetron sputtering method 

Du et al then fabricated a surface functional gradient material (SFGM) using stratified  

magnetron sputtering to sputter ZnO onto the surface of GIS epoxy disk gasket, as shown 

in Fig. 1.15 [44]. 

 

 3) 3D printing 

3D printing method has been attempted to fabricate dielectric functionally graded 

insulation (d-FGI) using fused deposition modeling (FDM) technology which can use 

recyclable thermoplastic materials as printing raw materials and can produce almost any 

shape or geometry of objects [45]. Fig. 1.16 shows an example of spacer made of 

alumina/UV-cured resin composite by 3D printing [46]. However, it has a few 

disadvantages, e.g. voids are unavoidable to form which may lead to low mechanical 

strength, and there is maximum limit of filler contents for certain types of fillers that may 

result in weak or unoptimized electric field relaxation effect [45,47]. 

 

 4) Flexible mixture casting (FMC) method  

Ochiai et al fabricated a truncated cone-type and cone-type FGM spacers with 

continuously graded permittivity (-FGM) using flexible mixture casting (FMC) method. 

Fig. 1.17 shows the illustration of FMC method, the appearance of fabricated cone-type 

-FGM spacer, the permittivity distribution within the cone-type -FGM spacer. The 12% 

improvement rate of discharge inception voltage of the -FGM spacer is verified 

compared to the Uniform spacer [48,49]. 

 

1.4 FGM Application to GIS/GIL Spacers and Feasibility  

In the past works [50-52], application of -FGM to a 245 kV-class AC GIS cone-type 

spacer has been developed by FMC fabrication method, containing SrTiO3-filled epoxy 

composite as the high r composite and SiO2-filled epoxy composite as the low r 

composite that bring about graded r between 10 and 4, as shown in Fig. 1.18 [51]. Related 

to the downsizing of GIS, the target was to reduce the spacer diameter by 30% and the 

cross section by 50%. Fig. 1.19 (a) shows the electric field relaxation effect of -FGM 

spacer that can reduce the high electric field stress at the shield edges of both concave  
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Fig. 1.15 Diagram of magnetron sputtering device [44]. 

 

Fig. 1.16 Alumina/UV-cured resin composite conical spacer by stereolithographic 3D 

printing [46]. 
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Fig. 1.17 (a) FMC method illustration, (b) fabricated cone-type -FGM spacer, (c)  

distribution and injection rate program to syringe pumps, and (d) discharge inception 

voltage experiment results [48]. 

(a) 

(d) 

(c) 

(b) 
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and convex side, and distribute it to the middle parts of the spacer. The breakdown 

experiment results also show that the flashover voltages of -FGM spacer are verified to 

be higher than that of the conventional spacer by 28% at 0.6 MPa-abs of SF6 gas pressure, 

as shown in Fig. 1.19 (b) [52]. 

Early investigation was also conducted on σ-FGM for a 320 kV HVDC GIS cone-type 

spacer model, where a saddle shaped (or U-shaped) distribution of σ=10-15 – 10-14 S/m is 

formed longitudinally along the HV conductor, in comparison with the Uniform spacer 

with σ=10-15 S/m, as shown in Fig. 1.20 (a). Fig. 1.20 (b) shows the electric field strength 

around the HV electrode on the concave surface of σ-FGM spacer is relaxed, and the high 

electric field strength around the HV electrode on the convex surface is also shifted away 

to the middle part of the spacer, compared to that of the Uniform spacer. This is because 

the potential burden around the spacer part near the HV electrode is reduced due to the 

high σ at those area, and shared or distributed toward the middle part with the lower σ. 

Fig. 1.20 (c) also shows the electric field relaxation effect around the Uniform and σ-

FGM spacers when temperature distribution between HV conductor and GND enclosure 

(ΔT) is 0 and 70 K [53].   

Nevertheless, the above case applies only for electric field grading under DC steady 

state (DC-SS). As previously mentioned in Section 1.2.1, in DC system, there are not only 

constant resistive electric fields that occur under DC-SS, but also time-varying capacitive 

electric fields that occur during switching to different voltage, e.g. DC-on, polarity 

reversal. In the same way as in AC GIS, the capacitive fields in DC GIS are also 

determined by permittivity. Therefore, in order to be able to respond to both types of 

electric fields under various DC operating conditions, it is necessary to apply FGM with 

combination of grading permittivity and conductivity (ε/σ-FGM) to DC GIS spacer. 

 

1.5 Research Purpose and Thesis Structure 

Coming from the background in the previous section, it can be concluded that the 

effectiveness of ε-FGM application to HVAC GIS spacer for electric field relaxation as 

well as for breakdown strength improvement has already been proven, which leads to 

high possibility to downsize the GIS. Furthermore, it is also feasible to apply the FGM  

concept with permittivity and/or conductivity distributions to HVDC GIS/GIL spacer.  



23 

 

 

 

 

 

 

 

 

Fig. 1.18 Uniform and -FGM spacer for 245 kV-class AC GIS [51]. 

 

Fig. 1.19 (a) Electric field relaxation effect and (b) FOV and TDIV50 improvement of -

FGM spacer for 245 kV-class AC GIS [52]. 

Uniform spacer -FGM spacer

0 1
Electric field strength [a.u.]

(a) (b) 
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Fig. 1.20 (a) σ distribution of a HVDC GIS σ-FGM spacer model, (b) electric field strength 

along the spacer surfaces, and (c) electric field relaxation effect around the Uniform and 

σ-FGM spacers [53]. 

(a) (b) 

(i) ΔT= 0 K 

(ii) ΔT= 70 K 

(c) 

σ-FGM spacer Uniform spacer 

Convex surface Concave surface 
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However, more investigations are required to conduct, such as the insulation 

performance under various DC operating conditions, the nonlinear materials to be used, 

the fabrication method, the breakdown tests, and so on. For that reason, those 

investigations are carried out in this research and the results are reported and discussed in 

this thesis. 

Thus, the research purpose of this thesis is to evaluate the effectiveness of /-FGM 

under various DC operating conditions in consideration of temperature distributions.  

Based on the above research background and purpose, the outline of each chapter in 

this dissertation is described as follows. 

 

In Chapter 2, the concept of /-FGM is explained. Permittivity () as well as 

conductivity () characteristics of composite materials to be used in this research are 

discussed, including the sample fabrication methods, the  and the  measurement 

methods and the results. Multivariate analysis for different parameters, i.e. temperature, 

applied electric field strength, and filler contents is performed on the measurement data 

of  and  to obtain the characteristics of arbitrary composite material for /-FGM. 

 

In Chapter 3, fundamental simulation on electric field grading of /-FGM for 320 kV 

HVDC GIS spacer model are discussed. Some types of ε and σ distributions are given to 

obtain the effective ε/σ distribution for electric field relaxation under various DC 

operating conditions, i.e. DC steady state (DC-SS), DC polarity reversal (DC-PR), DC-

on, and superimposed positive and negative lightning impulse (LI) on DC-SS. In this 

simulation, the conductivity characteristics of ε/σ-FGM spacer were based on the 

reference data with temperature and electric field dependency of typical epoxy resin. 

Temperature effect is also investigated for each simulation condition. 

 

In Chapter 4, toward practical application, the actual measured ε characteristics of 

SrTiO3-filled epoxy composite and σ characteristics of SiC-filled epoxy composite in 

Chapter 2 are applied to ε/σ-FGM for a scaled model of HVDC GIS/GIL spacer. Then, 

electric field simulations are conducted for an independently controlled ε and σ 

distribution of ε/σ-FGM spacer, in comparison to the Uniform spacer, under various DC 
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operating conditions. Furthermore, Theoretical Discharge Inception Voltage (TDIV50) is 

also calculated based on the Volume-Time theory for positive lightning impulse voltage. 

TDIV50 of ε/σ-FGM spacer is compared with that of Uniform spacer under several values 

of SF6 gas pressures.  

 

Chapter 5 summarizes the results obtained in this research. 
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Chapter 2 Concept and Material Characteristics of 

Functionally Graded Materials (FGM) for DC 

Application 

 

2.1 Introduction 

After the successful applications of functionally graded materials with graded 

permittivity (-FGM) and with conductivity (σ-FGM) to AC GIS spacers [1-6], the idea has 

now started to expand to DC applications [7]. Some researchers have evaluated the 

insulation performance of field grading materials for DC applications in the form of bulk 

doping with fixed concentrations of conducting or semiconducting fillers [8-10]. However, 

research on functionally grading materials with continuously graded conductivity is still 

limited. Therefore, this dissertation proposes the concept of -FGM and evaluation 

method of insulation performance on HVDC GIS spacer. This chapter discusses the 

concept of -FGM and the preliminary steps of material characteristics investigation of 

the used composite, i.e. the permittivity and the conductivity characteristics of SiC- and 

SrTiO3-filled epoxy composites. 

 

2.2 -FGM Concept 

In Section 1.2.1, it has been discussed about capacitive and resistive field distribution 

and the derivation from Maxwell’s equations leading to the final equation (1.4). The 

equation suggests that in an insulation system, capacitive (AC) field distribution is 

determined by the insulating material’s permittivity (), while resistive (DC) field 

distribution is determined by the material’s conductivity (σ). Under AC applications 

where time-varying fields present, only permittivity of the material needs to be considered. 

Thus, controlling the electric distribution around AC GIS/GIL spacer can be done by 

modifying the permittivity distribution of the spacer’s bulk. 

Nevertheless, in DC operating voltages, both constant voltage stress as well as time-

varying voltage stress occur, as illustrated in Fig. 2.1. Hence, both capacitive and resistive 

field distributions also present within the insulation medium, depending on the operation 
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modes that take place. At the turn on of DC voltage, time-varying capacitive fields occur. 

As time passes, resistive fields take over toward DC steady state (DC-SS) at the same 

time capacitive fields diminish. Then, the presence of both capacitive and resistive fields 

at the same time can be found at DC polarity reversal (DC-PR) and turn off. Moreover, 

apart from the regular operating conditions, mixed electric fields also occur under 

superimposed lightning impulse (LI) voltage on DC-SS that can take place during 

operation or during tests before installation. 

Considering these phenomena, in order to control the electric field distributions in the 

insulation system of a HVDC GIS/GIL, the FGM application to the spacer should 

incorporate both ε and σ grading, which from now on will be called as ε/σ-FGM. An 

example of this scheme is also illustrated in Fig. 2.2. ε/σ-FGM is built by combining (in 

principle) two types of composites (the high  and σ composite and the low  and σ 

composite) in such a way that  and σ are graded spatially in certain types of distribution. 

For example, Fig 2.2 shows both U-type  and σ distributions of /σ-FGM spacer (b), in 

comparison with the Uniform spacer that has constant  and σ (a).  

In practical, the functional fillers with both high  and σ characteristics are rarely found. 

So, if two composites combination are sufficient for AC -FGM spacer, for DC /σ-FGM 

spacer we may have to mix three types of composites: the high  composite, the high σ 

composite, and the low  and σ composite. Moreover, combining three types of 

composites also allows us to have independent  and σ distribution, that can be realized 

by FMC fabrication method.  

 

2.3 Bulk Sample Fabrication 

Toward the practical application of /σ-FGM spacer to HVDC GIS/GIL, it is necessary 

to investigate the actual insulating material properties, which in this case are the 

permittivity and the electrical conductivity.  

 

2.3.1 Materials 

In order to investigate the effect of SiC filler contents to ε and σ characteristics, three 

types of SiO2-filled epoxy-based bulk samples, each containing 0, 5, and 10 vol% SiC 

filler, are fabricated, where the total filler contents of SiC and SiO2 is 50 vol% of the total   
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Fig. 2.1 Voltage pattern in HVDC power apparatus 
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Fig. 2.2 Electric field control by permittivity and conductivity distributions of the 

insulating material 

 

Base material Specific gravity [g/ml] Chemical structure 

Epoxy 1.17 Bisphenol-A resin 

Hardener 1.21 
3 or 4- methyl-1,2,3,6- 

tetrahydrophthalic anhydride 

Hardening accelerator 0.94 1-isobutil-2-methylimidazole 

 

Table 2.1 Material properties of epoxy resin 

 

Filler material Specific gravity [g/ml] Mean diameter [μm] 

SiC 3.16 3.71 

SiO2 2.21 9.98 

SrTiO3 5.13 1.00 – 1.50 

 

Table 2.2 Specifications of filler particles 
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epoxy-composite. Tables 2.1 and 2.2 show the material properties of the base epoxy 

resinand fillers. 

 

2.3.2 Fabrication Method 

First of all, bulk samples of different filler contents are fabricated according to the 

following steps. 

 a) Adding hardener and hardening accelerator to the base resin (epoxy), followed by 

mixing the resin using a planetary mixing machine for about 3 minutes, 

 b) Adding filler material to the epoxy resin in a), then stirring it using planetary mixing 

machine for about 10 minutes. Adding and mixing filler materials to the composite 

should be done one at a time for each different filler, to result in better dispersed fillers 

in the composite, 

 c) Degassing the composite in a vacuum chamber to remove air bubbles for about 10 

minutes, and 

 d) Curing the composite in an oven at constant temperature of 100  C for 6 hours.  

In order to measure the material properties of the prepared samples, the samples are 

prepared into thinner flat pieces. The thinner the sample’s thickness is, the wider range of 

electric field we get for investigating the conductivity characteristics, as electric field is 

determined by applied voltage divided by sample thickness (E=V/d). The bulk samples 

are prepared in two different ways, which are by bulk cutting method for permittivity 

measurement and by parallel glass pressing method for conductivity measurement.  

 

2.3.2.1 Bulk Cutting 

The after-curing bulk samples is sliced in the radial direction by cutting machine, as 

shown in Fig. 2.3, to a thickness of 0.5 mm. At current stage, setting the thickness target 

smaller than 0.5 mm would result in poor uniformity of thickness throughout the bulk 

sample. 

 

2.3.2.2 Parallel Glass Pressing 

This method uses two 10 x 10 cm square plate glasses that are put in parallel with the 

liquid composite (before curing) poured onto one of the glass surfaces beforehand. Fig. 
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2.4 shows the images of this process as also described in the following steps. 

 a) Attach adhesive PTFE or PI tapes with the desired thickness on the four edges of one 

glass (see Fig. 2.4 (a)),  

 b) Cover the glass surface including the taped parts, as well as one side of the other glass 

with mold releasing agent, then the glasses are dried in the oven at 100  C for 10 hours,  

 c) Pour a small amount of the degassed liquid composite onto the middle surface of the 

taped glass (see Fig. 2.4 (b)), 

 d) Put carefully another glass without tape onto the top of the glass with composite on it 

in parallel, as shown in Fig. 2.4 (c), until the composite liquid spread by itself forming 

a thin volume of composite. At this stage, if voids are clearly formed, we should 

immediately separate the glass, wipe the composite from the glass, clean the glass, 

and redo the steps all over again. 

 e) Secure the glasses in parallel with double clips at four sides, as shown in Fig. 2.4 (d). 

 f) Proceed to the curing process. 

The advantage of this method is that we can make thin samples up to 0.11 mm-thick 

following the tape’s thickness. However, it is difficult to control the voids that are formed 

during the glass pressing, so making several samples of the same type (same filler 

contents) at once is recommended. 

 

2.4 Conductivity Measurement of SiC-filled Epoxy Composite 

2.4.1 Conductivity Measurement Method 

The conductivity (σ) of insulating materials is dependent on the temperature (T) and 

the electric field strength (E), which can be expressed by equation (2.1) [11-12]: 

 
𝜎(𝑇, 𝐸) = 𝜎0 exp (−

𝑊

𝑘𝑇
) exp(𝑎𝐸) (2.1) 

where σ0 is the specific conductivity constant in S/m, k is the Boltzmann constant, and W 

and a are the temperature and electric field-dependency coefficients, respectively. 

In order to comply with equation (2.1), the conductivity of each sample is measured 

using double-ring electrode system of JIS C 2170 under varying applied voltages of 10 V, 

100 V, 500 V and 1000 V (E = 0 ~10 kV/mm) and at different temperatures (T = 303 K, 

333 K, and 353 K), according to JIS C2139-3-1-2018 or IEC 62631-3-4 [13-15]. Before  
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Fig. 2.3 Cutting machine 

 

Fig. 2.4 Images of sample fabrication using parallel glass pressing 
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measurement takes place, conductive Ag paste is painted on both sides of each sample`s 

surface and dried in the oven at 100 C for 5 minutes (for each side), as shown in Fig. 2.5, 

in order to fit the electrode system during measurement. Fig. 2.6 shows the electrode 

system as well as the measurement circuit. At each applied voltage, the measured current 

decreases over time, and until steady state is reached, the current values at 1, 10, 20, 30, 

40, and 50 minutes since voltage application are recorded. Afterward, the conductivity 

value is calculated by equation (2.2): 

 
𝜎 =

𝐼

𝑉
∙

𝑑

𝑆
   (2.2) 

where I is the steady state current flowing through the main electrode in A, V is the applied 

voltage in V, d is the sample thickness in m, and S is the area of the main electrode in m2.  

 

2.4.2 Conductivity Measurement and Multivariate Analysis Results 

Fig. 2.7 shows the temperature- and electric field-dependent conductivity 

measurement results of SiC-filled epoxy composite. The markers in Fig. 2.7 show σ 

measurement results of 0 vol% (black), 5 vol% (red), and 10 vol% (blue) SiC-filled epoxy 

composites at 303 K, 333 K, and 353 K (different marker types).  

Afterwards, multivariate analysis is performed to the σ measurements’ data with the 

associated E and T values according to equation (2.1), which then reveals the dependency  

 

 

 

Fig. 2.5 Bulk sample appearance: (a) before painted with Ag paste, (b) after painted 

with Ag paste (front side), and (c) after painted with Ag paste (back side) 
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of coefficients σ0, W, and a on SiC filler contents, as listed in Table 2.3, and shown in Fig. 

2.8. As the final result of multivariate analysis process, the curves in Fig. 2.7 indicate the 

conductivity (σ) characteristics of SiC-filled epoxy composite as a function of T, E, and 

SiC filler contents. 

 

 

 

 

Fig. 2.6 Conductivity measurement circuit 

 

SiC filler contents [vol%] σ0 [S/m] W [eV] a [mm/kV] 

0 1.67 × 10-6 0.629 0.01 

5 2.24 × 10-10 0.337 0.55 

10 1.75 × 10-11 0.17 1.42 

 

Table 2.3 σ0, W, and a coefficients’ values based on σ measurements’ data 
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Fig. 2.7 Conductivity (σ) characteristics of SiC-filled epoxy composite.  
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Fig. 2.8 (a) σ0, (b) W, and (c) a as functions of SiC filler contents 

(a) (b) 

(c) 

Multivariate analysis results

σ0, W, and a as a function of SiC vol%
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Based on Fig. 2.7, adding SiC filler particles by 5 to 10 vol% can increase the basic σ 

level by about 10 to 100 times of non-SiC-filled epoxy composite. Furthermore, SiC-

filled epoxy composite has higher electric field dependency which will further increase 

the σ at high electric field stress. On the contrary, the temperature dependency of SiC-

filled epoxy composite decreases with SiC filler contents as well as with electric field. It 

is expected that SiC filler addition can bring an effective electric field relaxation despite 

temperature changes.  

 

2.5 Permittivity Measurement of SiC-filled Epoxy Composite 

2.5.1 Permittivity Measurement Method 

The relative permittivity (εr) of each sample is obtained through the capacitance 

measurements by LCR meter at various frequency, where εr is calculated by equation 

(2.3): 

 
𝜀𝑟 =

𝐶

𝜀0
⋅

𝑑

𝐴
 (2.3) 

where C is the measured capacitance in F, 0 is the permittivity of the vacuum, and d is 

the sample’s thickness in m, and A is the cross-sectional area of the sample piece in m2. 

Fig. 2.9 shows the setup for capacitance measurement. 

 

2.5.2 Permittivity Measurement and Curve Fitting Results 

The εr measurement results of epoxy composites with different SiC filler contents at 

various frequency is shown in Fig. 2.10 (a), and as the representative value, Fig. 2.10 (b) 

shows εr at the frequency of 1 kHz, as well as the curve fitting result indicated by the 

curve.  

The measured εr of each 0, 5, and 10 vol% SiC-filled epoxy composite are 3.9, 5.3, 

and 7.0, respectively. The εr measurement results show relatively small difference in εr 

between 0 vol% and 10 vol% SiC-filled epoxy composites (∆𝜀𝑟~3), which is expected to 

be insufficient for effective electric field relaxation purpose under LI voltage. If ε/σ-FGM 

spacer is made of only one type of composite with a certain range of graded functional 

fillers, e.g. 0 to 10 vol% SiC-filled epoxy composite, then the ε and σ distributions are 

interdependent according to the SiC-filler distribution. On the one hand, the resulted ε  
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Fig. 2.9 Setup for capacitance measurement. 
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grading is not effective for capacitive field relaxation. On the other hand, if the range of 

SiC filler contents are widened in order to obtain sufficient ε grading for E relaxation, e.g. 

0 to 30 vol% SiC, the use of too high σ level may risk thermal runaway due to heat 

generation within the spacer [16].  

Thus, it is necessary to add another type of high εr composite, which will be described 

in the next subsection, so that we can create independently controlled ε and σ grading. 

 

2.6 Permittivity Characteristics of SrTiO3-filled Epoxy Composite 

For high ε composite, one of the options is the SrTiO3-filled epoxy composite, that are 

already used for AC ε-FGM in the past works and well proven for electric field relaxation 

under AC and LI voltages [17]. Fig. 2.11 shows the εr characteristics of SrTiO3-filled epoxy 

composite, while the specification of SrTiO3 filler is included in Table 2.2. Table 2.4 

shows the filler contents of the four types of SrTiO3/SiO2-filled epoxy composite bulk 

samples and their average εr measurement results at the frequency of 1 kHz. The samples 

were prepared by mixing two composites, which one of them contains 39.6 vol% SrTiO3 

and another one contains 41.7 vol% SiO2, and varying the ratio of both composites. The 

graph shows that εr of SrTiO3/SiO2-filled epoxy composite is determined by the SrTiO3 

filler loading. 

 

 

 

2.7 Conductivity Characteristics of SrTiO3-filled Epoxy Composite 

As mentioned in Section 2.5, where SrTiO3-filled epoxy composite is used to provide 

sufficient  grading at the same time SiC-filled epoxy composite is used for  grading, it 

is important to make sure that the  of SiC-filled epoxy composite and  of SrTiO3-filled 

epoxy composite remain dominant, i.e not to be overlapped by the other composite`s 

associated properties. The  of SiC-filled epoxy composite in the range of 0 to 10 vol% 

SiC (which will be used in the modelling of /-FGM application) is already confirmed 

SrTiO3 filler contents [vol%] SiO2 filler contents [vol%] r 

0.0 41.7 3.9 

9.9 31.3 6.2 

19.8 20.9 9.2 

26.9 13.4 12.7 

 

Table 2.4 Filler contents and average r of SrTiO3/SiO2-filled epoxy composites 
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as lower than that of 26.9 vol% SrTiO3-filled epoxy composite, i.e the high  composite 

which is used to fabricate AC -FGM spacer (see Sections 2.5.2 and 2.6). Therefore, it is 

also necessary to confirm that  of SrTiO3-filled epoxy composite does not affect SiC-

filled epoxy composite, assuming that SrTiO3 fillers are less conductive of a material than 

SiC fillers. 

Fig. 2.12 shows the  measurement results of high  composite, i.e. 26.9 vol% SrTiO3-

filled epoxy composite, which is displayed on  characteristics of SiC-filled epoxy 

composite in Fig. 2.7. From the figure, the  of SrTiO3-filled epoxy composite at T=303 

K has similar base conductivity as 5 vol% SiC-filled epoxy composite at T=333 K, i.e. 

about 10-15 S/m and a little higher than that of 5 vol% SiC-filled epoxy composite at the 

same low temperature of 303 K. However, as the applied electric field strength increases 

higher than 1 kV/mm, the  of 5 vol% SiC-filled epoxy composite both at T=303 and 333 

K starts to increase exponentially (the nonlinearity is activated), while the  of SrTiO3-

filled epoxy composite has comparably much lower increase, i.e much lower E-

dependency. Therefore, we can say that the  characteristics of SrTiO3-filled epoxy 

composite are less effective for  grading, compared to those of SiC-filled epoxy 

composite.  

 

2.8 Summary 

In this chapter, /-FGM concept for DC application that utilizes both permittivity and 

conductivity grading in order to gain electric field relaxation effects under various DC 

operating conditions are explained. The basic steps to obtain permittivity and conductivity 

characteristics of the nonlinear field grading material, i.e. SiC-filled epoxy composite 

from sample fabrication, measurement method, to measurement results are also discussed.  

The following results are obtained: 

 1) It is necessary to incorporate both permittivity and conductivity grading to control 

capacitive (AC) and resistive (DC) fields that occur under various DC operating 

conditions, 

 2) Conductivity profiles of SiC-filled epoxy composite as functions of temperature, 

electric field strength, and SiC filler contents were measured and their database was  

constructed by multivariate analysis.  
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Fig. 2.11 εr characteristics of SrTiO3-filled epoxy composite [17]. 

 

Fig. 2.12.  characteristics of SrTiO3-filled epoxy composite. 
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 3) Permittivity profiles of SiC-filled epoxy composite as a function of SiC filler content 

was also measured and the results show relatively small gap of ε of 0 to 10 vol% SiC-

filled epoxy composite, which is expected as not sufficient for capacitive field grading. 

 4) Permittivity characteristics of SrTiO3-filled epoxy composite will be adopted and 

incorporated to the implementation of ε/σ-FGM spacer for DC application. 
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Chapter 3 Electric Field Simulation of 320 kV HVDC ε/σ-

FGM Spacer under Various DC Operating 

Conditions 

 

3.1 Introduction 

As mentioned in Section 2.2, it is important to evaluate the applicability of ε/σ-FGM 

with graded permittivity and/or conductivity to a GIS/GIL spacer under various DC 

operating conditions in order to verify the designed FGM spacer can handle both 

capacitive (AC) and resistive (DC) fields. For the initial stage, this chapter discusses the 

electric field calculation results of 320 kV HVDC ε/σ-FGM spacer model under DC 

steady state (DC-SS), DC polarity reversal (DC-PR), DC-on, and superimposed positive 

and negative LI voltage on DC-SS in comparison to those of the Uniform model without 

graded ε and σ. The simulation is conducted using COMSOL Multiphysics® software by 

finite element method. In the simulation, we apply the material properties (ε and σ) 

directly to each domain that represent different mediums and/or materials, e.g. gas, spacer, 

conductors. The ε and σ can be a constant value (as in the Uniform spacer) or a variable 

that changes with space coordinates so that different properties present at different parts 

of the material structure (as in ε/σ-FGM spacer). Potential value is also applied to the 

boundary of HV and GND electrodes. COMSOL then internally applies the ε and σ values 

to mesh in each different material and calculate the potential and electric field at each 

mesh of the whole simulation model. The final solutions are presented as potential and 

electric field distributions. 

 

3.2 Calculation Method and Conditions 

The electric field analysis is performed using finite element method (FEM) by 

COMSOL Multiphysics® software. The electric field distribution around the GIS spacer 

model is calculated by considering the conduction process between the spacer material 

(epoxy composite) and the surrounding gas (SF6), which is characterized by their volume 

conductivities.  
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In calculating electric field, first the potential value φ of each element can be calculated 

by the following differential equation.  

  
∇2𝜑 =

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝜑

𝜕𝑟
) +

1

𝑟2

𝜕2𝜑

𝜕𝜃2
+

𝜕2𝜑

𝜕𝑧
  

 

(3.1) 

According to Poisson’s equation  

  
∇2𝜑 =

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝜑

𝜕𝑟
) +

1

𝑟2

𝜕2𝜑

𝜕𝜃2
+

𝜕2𝜑

𝜕𝑧
= −

𝜌𝑉

𝜀
  

 

(3.2) 

with 𝜌𝑉 is space charge density and  is permittivity. Then, the relationship between E 

and φ is shown as in equation (3.3) 

  𝐸 = −𝑔𝑟𝑎𝑑φ = −∇𝜑  
 

(3.3) 

On the other hand, the temperature distribution in this electric field simulation is 

obtained by heat equation analysis which is derived from energy balance equation in a 

volume of a material (domain D) as shown in equation (3.4). 

  
∫ 𝜌

𝑑𝐸𝑖

𝑑𝑡𝐷

𝑑𝑉 + ∫ (𝒒 ∙ 𝒏)
𝐷

𝑑𝑆 = ∫ 𝑄
𝐷

𝑑𝑉.  

 

(3.4) 

with  

 𝐸𝑖 = 𝐶𝑝 ∙ 𝑇 (3.5) 

 𝒒 = −(𝜅∇𝑇) (3.6) 

The first term of equation (3.4) shows the total accumulated energy rate in D with 𝜌 is 

density in kg/m3, Ei is the total internal energy in D in J/kg, t is time in s, V is the volume 

of D in m3, Cp is the specific heat capacity at constant pressure in J/(kg.K), and T is 

absolute temperature in K. The second term of equation (3.4) refers to net energy transfer 

to and out of D, which in this case is defined by conduction heat flux q in W/m2 and n is 

the normal vector on the boundary of D.  is the thermal conductivity in W/(m.K). Then, 

the term on the right side of equation (3.4) refer to heat source, with Q is heat generated 

by a heat source in W/m3. 

By applying divergence and substituting equations (3.5) and (3.6) to equation (3.4), 

the following equation (3.7) is obtained, 

  
𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ ∇ ∙ −(𝜅∇𝑇) = 𝑄  

 

(3.7) 

In the current simulation, the heat generation Q within the spacer is assumed to be so 

small, hence neglected. Therefore, the heat equation becomes, 

  
𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ ∇ ∙ −(𝜅∇𝑇) = 0  

 

(3.8) 

where for a steady state simulation, the first term with time derivatives disappears.  

For further details, Table 3.1 shows the equations used in this simulation as well as the 

boundary conditions.  
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Table 3.1 Equations used and boundary conditions in electric field simulation. 

Electric field 
distribution 

Steady state  
∇ ∙ 𝑱 = 𝟎 

 
𝑱 

 
: 

 
current density [A/m2] 

 𝑱 = 𝜎𝑬 𝜎 : conductivity [S/m] 
 𝑬 = −grad𝜑 = −∇𝜑  𝐸 : electric field [V/m] 
 ∇ ∙ (𝜎∇𝜑) = 0 𝜑 : potential [V] 
     
 Boundary conditions on the interfaces.    
 𝜎1𝐸1 − 𝜎2𝐸2 = 0 𝜀 : permittivity [F/m] 
 𝜀1𝐸1 − 𝜀2𝐸2 = 𝜌𝑠 𝜌𝑠 : surface charge density [C/m2] 
     
 Time-dependent (DC-on, DCLI)    

 ∇ ∙ 𝑱 = 𝟎 𝑫 : Displacement field [C/m2] 
 

𝑱 = 𝜎𝑬 +
𝜕𝑫

𝜕𝑡
 

𝜀0 : permittivity in vacuum [F/m] 

 𝑫 = 𝜀0𝜀𝑟𝑬 𝜀𝑟 : relative permittivity 
 ∇ ∙ (𝜀 − 𝑗

𝜎

2𝜋𝑓
) ∇𝜑 = 0 𝑓 : frequency [Hz] 

     
 DC-on    
 Boundary conditions on the interfaces.    
 𝜀1𝐸1 − 𝜀2𝐸2 = 0    
     
 DC-PR    
 |𝑬𝑷𝑹| = |2𝑬𝑨𝑪 − 𝑬𝑫𝑪| 𝑬𝑷𝑹 : E at DC-PR [V/m] 
  𝑬𝑨𝑪 : capacitive field [V/m] 
  𝑬𝑫𝑪 : resistive field [V/m] 
     

Voltage 
application 

HV conductor surface :  
𝜑 = 𝑉0 

 
 

  

 DC-SS : 𝑉0 = 320 kV    
 DC-on  : 𝑉0 = 0 to 320 kV (switching time ts=0.01 s) 
 DCLI  : 𝑉0 = 320 kV  1175 kVpeak    

  
GND inner tank :  

𝜑 = 0 [V] 

   

     

Temperature 
distribution 

Steady-state :  
∇ ∙ 𝒒 = 0 

 
𝒒 

 
: 

 
heat flux  

 Time-dependent :  𝜅 : thermal conductivity [W/(m.K)] 
 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ ∇ ∙ 𝒒 = 0 

𝜌 
𝐶𝑝 

: 
: 

density [kg/m3] 
heat capacity [J/(kg.K)] 

 𝒒 = −𝜅∇𝑇 𝑇 : temperature [K] 

     

Temperature 
on boundary 

HV conductor surface :  
THV = 300 – 370 K (Tstep=10 K) 
 

   

 GND inner tank : 
TGND= 300 K 
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In Table 3.1, under DC-PR voltage application, according to [9], the electric field (EPR) 

in SF6 gas at DC-PR can be calculated by Equation (3.9): 

 𝐸𝑃𝑅 = |2𝐸𝐴𝐶 − 𝐸𝐷𝐶| (3.9) 

where EAC and EDC are the capacitive and resistive field, respectively. This calculation 

can be illustrated by the voltage waveform in Fig. 3.1. 

 

3.3 ε and σ Distributions of 320 kV HVDC ε/σ-FGM Model and Simulation 

Conditions 

3.3.1 σ model for ε/σ-FGM 

The idea of electric field grading in gas in this gas/solid composite system is by 

controlling the σ of the spacer bulk, i.e. by setting higher σ at the spacer parts around the 

area with locally enhanced electric field, such as interfaces and triple junctions, so that 

electric field stress around that area is suppressed and the potential burden is distributed 

to areas around the spacer parts with lower σ. Thus, smooth grading of material properties 

(ε and/or σ) of the spacer is necessary to result in more evenly distributed electric field in 

gas around the spacer.  

Common spacer’s material for GIS/GIL is made of epoxy resin, with conductivity that 

can be expressed by equation (3.10) [1,2]. 

 
𝜎(𝑇, 𝐸) = 𝜎0 exp (−

𝑊

𝑘𝑇
) exp(𝑎𝐸) (3.10) 

where σ0 is the specific conductivity constant in S/m, k is Boltzmann constant in eV/K, 

W = 0.95 eV and a = 0.08 mm/kV [1-3] are the thermal activation energy and electric field 

dependency coefficient of epoxy insulating material. Fig. 3.2 shows σ characteristics of 

epoxy insulating material with relatively larger T-dependency compared to the smaller E-

dependency [4]. 

 

3.3.2 320 kV HVDC GIS spacer simulation model 

 Fig. 3.3 shows the simulation model of a 320 kV DC GIS cone-type spacer [5, 6] with 

graded permittivity and/or conductivity distributions (ε/σ-FGM) in comparison with the 

Uniform spacer with constant  and . There are two types of  grading, i.e U-shaped and 

grading-to-higher conductivity (GHC), and one type of  grading, i.e U-shaped, each  
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Fig. 3.1 Voltage application at DC-PR and illustration of EPR calculation. 

EDC

EPR

 

Fig. 3.2 E- and T-dependency characteristics of epoxy resin’s conductivity [4] 
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Fig. 3.3 (a) 320 kV DC FGM cone-type spacer simulation model with (b) conductivity 

distribution types at T=300 K and E=1 kV/mm, and (c) permittivity distribution types 
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combination of which are simulated in this work. These ε and σ gradings are supposed to 

be formed within the spacer bulk longitudinally along z axis by controlling the density of 

the filler with high ε and σ through flexible mixture casting (FMC) method [7]. This 

method allows the composite mixture to be accumulated in a spacer mold from z = 0 up 

to z = 280 mm, so that the ε and σ values change gradually in z direction. 

The conductivity distribution of (U) with U-type  grading and (GHC) with 

grading-to-higher-conductivity has the lowest  value of 10-15 S/m [7], i.e the minimum σ 

level of unfilled epoxy resin, which is at the same level of the Uniform spacer, and the 

highest  value of 10-14 S/m (10 times of (Uniform)) [3], assuming the temperature (T) 

is 300 K and the electric field strength (E) is 1 kV/mm. The difference between (U) and 

(GHC) is the spacer parts that have higher  value, i.e. at both interfaces with the high 

voltage (HV) and the ground (GND) sides for (U)-FGM spacer. (U) grading is 

expected to be able to reduce high electric field stress in the vicinity of the concave surface 

of the spacer near the HV side (the triple junction of HV side, HV-TJ) and in the vicinity 

of the convex surface of the spacer near the GND side (GND-TJ). Hence, electric field in 

SF6 gas is more uniformly distributed around the middle part of the spacer with lower . 

On the other hand, (GHC) with higher  value contained only at the spacer/GND 

interface, is considered for electric field relaxation at DC polarity reversal (DC-PR). 

Following equation (3.9), the spacer with σ(U) has higher σ near HV-TJ which can reduce 

EDC component at HV-TJ, hence, the EPR increases. For this purpose, σ(GHC) is more 

likely to lead to better results, as it has low σ around HV-TJ up to the middle part of the 

spacer, resulting in enhanced EDC component around that area. Thus, EPR is reduced. 

Additionally, due to EAC occurrence under DC-PR or other conditions with 

superimposed voltages, ε grading in U-type where the spacer parts at the interface with 

HV and GND sides have high ε (εr = 12) and the middle part of the spacer has low ε (εr = 

4) is expected to reduce high electric field in SF6 gas around HV electrode/ spacer and 

GND electrode/spacer interfaces [10]. 

 

3.3.3 Electric field simulation conditions 

Some combinations of ε and σ distributions as mentioned in the previous section are 

applied to the cone-type spacer model in Fig. 3.2 under four voltage application 
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conditions given in Table 3.2. Based on the electric field simulation results under DC 

steady state and polarity reversal, the most effective ε and σ distributions of FGM spacer 

model to the electric field grading will be selected and compared with the Uniform spacer 

under DC-on and superimposed LI on DC steady state. 

As shown in Equation (3.10), DC conductivity depends on temperature. Thus, the 

temperature effect is examined by changing the temperature of the high voltage conductor 

as 𝑇0+Δ𝑇 from the lowest temperature of 300 K to the possible maximum temperature in 

GIS during operation, which is 370 K (Δ𝑇 = 0–70 K) [2], while keeping the temperature 

of the ground tank at T0 = 300 K.  

 

 

3.4 Electric Field Simulation Results 

3.4.1 DC Steady State 

In DC steady state simulation, 320 kV DC voltage is applied to the HV conductor. 

Then, the electric field distribution and the maximum electric field strength (Emax) in gas 

around the uniform and each type of FGM spacers is calculated with increasing Δ𝑇 from 

0–70 K. Fig. 3.4 shows the electric field distribution around (a) Uniform, (b) σ(U)-FGM, 

and (c) (U)/σ(GHC)-FGM spacers when Δ𝑇=0, 30, and 60 K. In order to explain further 

about the differences in Fig, 3.4, temperature distribution and conductivity distribution at 

 

Applied Voltage 
Uniform FGM 

ε/σ distribution σ distribution  distribution 

DC steady state 

uniform 

(εr = 4, σ = 10-15 

S/m) 

uniform U-type 

U-type constant 

U-type U-type 

GHC U-type 

DC polarity reversal 

uniform U-type 

U-type constant 

U-type U-type 

GHC U-type 

DC-on GHC U-type 

Superimposed LI 

on DC steady state 
GHC U-type 

 

Table 3.2 Electric field simulation conditions. 
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each condition are shown in Figs. 3.5 and 3.6, respectively. The black circle on each figure 

in Fig 3.4 show Emax location in SF6 gas, whereas in Fig. 3.6 it shows σmax in the spacer.  

Fig. 3.4 (a) shows that when ΔT=0 K, Emax around the Uniform spacer is located at 

HV-TJ, and as ΔT increases, Emax location is shifted toward GND-TJ with larger 

magnitude. This is because when ΔT>0 K, σ of Uniform spacer is enhanced with 

temperature increase as shown in Figs. 3.5 (b), 3.5 (c), and 3.6 (a), where σ of the spacer 

at HV-TJ is about 10-14 and 10-12
 when ΔT=30 and 60 K, respectively. Hence, the 

equipotential lines are pushed toward area with lower σ. When ΔT=30 K, the σ of half 

upper part of the spacer is enhanced while the σ of half lower part of the spacer is still 

low (Fig. 3.6 (a) middle), hence Emax location is shifted toward spacer surface near GND-

TJ (Fig. 3.4 (a) middle). When ΔT=70 K, almost ¾ parts of the spacer have σ enhanced 

(Fig. 3.6 (a) lower), causing E in those parts reduced and E magnitude at GND-TJ is 

further increased (Fig. 3.4 (a) lower). Therefore, Emax around the Uniform spacer is the 

largest when ΔT=70 K at GND-TJ. 

However, for σ(U)-FGM spacer, the σ of spacer parts near HV-TJ and GND-TJ of 

about 10-14 S/m is already higher than that of the Uniform spacer (Fig. 3.6 (b) upper). 

Thus, when ΔT=0 K, Emax location is already shifted away from HV-TJ along the 

conductor surface, hence Emax magnitude is reduced, as shown in the upper figure of Fig. 

3.4 (b). As ΔT increases, the σ of σ(U)-FGM spacer parts near HV-TJ is further increased 

10 to 1000 times (Fig. 3.6 (b) middle and lower), causing Emax location shifted along the 

spacer’s concave surface where σ is lower (Fig. 3.4 (b) middle and lower). Despite more 

volume of the spacer’s σ is enhanced when ΔT=70 K, the σ of spacer’s part near 

spacer/GND enclosure interface is also high (~10-14 S/m, higher than that of the Uniform 

spacer). Thus, Emax location remains at the spacer’s concave surface and does not reach 

GND-TJ. Additionally, Emax magnitude is also lower than that of the Uniform spacer, as 

shown in Fig. 3.4 (b).  

On the other hand, E distribution around (U)/σ(GHC)-FGM spacer has higher E stress 

at HV-TJ compared to σ(U)-FGM and the Uniform spacers when ΔT=0 K, as shown in 

the upper figure of Fig. 3.4 (c). It is because (U)/σ(GHC)-FGM spacer has higher σ only 

at spacer/GND enclosure interface (Fig. 3.6 (c) upper), so electric field stress around that 

area is reduced due to higher σ of 10-14 S/m. Therefore, potential distribution is shared to  
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Fig. 3.4 Electric field distribution around spacers under DC steady state. 
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Fig. 3.5 Temperature distribution in electric field simulation model when ΔT is  

(a) 0 K, (b) 30 K, and (c) 60 K 
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Fig. 3.6 Conductivity distribution within spacers under DC steady state. 

 

(a) Uniform (b) σ(U)-FGM (c)  (U)/σ(GHC)-FGM 
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Fig. 3.7 Maximum electric field strength in gas around the spacer under DC steady state. 
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the spacer parts near HV-TJ which have lower σ (~10-15 S/m). As ΔT increases, Fig.3.6 

(c) show that the σ of spacer at spacer/HV conductor interface is enhanced in similar 

magnitude with that of the Uniform spacer, but the σ of spacer part at spacer/GND 

interface is similar with those of the σ(U)-FGM spacer, i.e. σ of (U)/σ(GHC)-FGM is 

enhanced in a slower rate compared to σ(U)-FGM spacer. Thus, when ΔT=70 K, potential 

burden is pushed toward spacer’s concave surface near GND side, with lower Emax 

magnitude than that of σ(U)-FGM spacer, as shown in Fig. 3.4 (c).  

In order to compare electric field reduction effect, Fig. 3.7 shows the trend of Emax in 

SF6 gas against ΔT for different types of spacers. The graph reveals that Emax around the 

Uniform spacer at each Δ𝑇 is the same as that around ε(U)-FGM spacer. Similarly, Emax 

around σ(U)-FGM spacer is the same as that around ε(U)/σ(U)-FGM spacer. This result 

proves that under DC steady state condition, whether it is graded or not, ε of the spacer 

does not contribute to electric field distribution in the insulation system, because ε is not 

decisive under DC steady state. Only the FGM spacers with graded σ can suppress Emax 

despite the increase in Δ𝑇. Emax reduction of σ(U)-FGM and ε(U)/σ(GHC)-FGM spacers 

reaches 43% at Δ𝑇 = 70 K. 

 

3.4.2 DC Polarity Reversal 

At DC-PR, there is a sudden change in the voltage magnitude from positive 320 kV to 

negative 320 kV over a short switching time of 0.02 s, as described in Fig 3.1. Therefore, 

both ε and σ are decisive on electric field distribution. Since EPR in this simulation is 

calculated according to Equation (3.9), E+DC, EAC, and EPR distribution around the 

Uniform and various FGM spacers at Δ𝑇=20 K are presented in Figs. 3.8, 3.9, and 3.10, 

respectively. 

Figs. 3.8(a) and 3.8(b) show that electric field distribution around the Uniform spacer 

is similar to that of ε(U)-FGM spacer, which proves that ε grading without σ grading in 

an FGM spacer does not affect electric field distribution under DC steady state condition, 

i.e. the resistive field. On the other hand, Figs. 3.8(c), 3.8(d), and 3.8(e) show that electric 

field distribution around FGM spacers with graded σ, regardless of the ε grading, is 

different from that around the Uniform spacer. The high electric field stress within the 

HV-TJ and GND-TJ are clearly reduced due to the higher σ of the spacer parts near those 



60 

 

 

 

Fig. 3.8 Electric field distribution under DC steady state (E+DC) at ΔT=20 K. 
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Fig. 3.9 Electric field distribution under AC steady state (EAC) at ΔT=20 K. 
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locations, i.e EA is reduced from 0.9 kV/mm (Figs. 3.8(a) and (b)) to 0.4 kV/mm (Figs. 

3.8(c) and (d)), and EB is reduced from 2.1 kV/mm (Figs. 3.8(a) and (b)) to 0.8-0.9 kV/mm 

(Figs. 3.8(c), (d), and (e)). 

The opposite phenomena can be seen in Fig. 3.9, which illustrates the capacitive field 

(EAC) distribution. The FGM spacers with graded ε (Figs. 3.9(b), 3.9(d), and 3.9(e)) have 

lower EAC around HV-TJ (EA=2.3 kV/mm) compared to those of uniform and σ(U)-FGM 

spacers (EA=2.9 kV/mm), owing to the higher ε of the spacer at the spacer/HV conductor 

interface. 

Those EDC and EAC distributions around each spacer determine the electric field 

distribution at DC-PR (EPR), as shown in Fig. 3.10, where Emax is found around the HV-

TJ. Fig. 3.10(c) reveals that σ(U)-FGM spacer, which is effective in reducing Emax under 

DC steady state, shows, on the contrary, higher electric field stress (EPR
max=5.4 kV/mm) 

compared to the Uniform spacer at DC-PR. This is because EAC around uniform and σ(U)-

FGM spacers remain the same (Emax=EA=2.9 kV/mm in Figs. 3.9(a) and 3.9(c)) and EDC 

of σ(U)-FGM spacer at that point is greatly reduced (EA=0.4 kV/mm in Fig. 3.8 (c)). As 

a result, EPR
max of σ(U)-FGM spacer is higher than that of the Uniform spacer. 

Meanwhile, the FGM spacers with graded ε have suppressed EPR (EPR
max=3.9, 4.4, 3.6 

kV/mm in Figs. 3.10(b), 3.10(d), and 3.10(e), respectively) compared to the Uniform 

spacer (EPR
max=4.9 kV/mm in Fig. 3.10 (a)). Referring to Equation (3.9), the effect of EAC 

is more dominant than EDC under PR condition. Therefore, ε grading can reduce EAC 

component, hence, EPR is also lower than that of the Uniform or σ(U)-FGM spacers. 

Particularly, ε(U)/σ(GHC)-FGM spacer results in the lowest maximum electric field 

strength at polarity reversal (EPR
max=3.6 kV/mm in Fig. 3.10 (e)) among all other ε/σ-

FGM spacers. This is due to the fact that higher σ in the spacer part near the ground side 

causes potential burden from the ground side shifted toward the middle and upper part of 

the spacer (near HV side) and slightly increases EDC around those parts with lower σ (EA= 

1.1 kV/mm in Fig. 3.8 (e)). Therefore, the resulted EPR near the HV-TJ of ε(U)/σ(GHC)-

FGM spacer (EA=3.5 kV/mm in Fig. 3.10(e)) is also reduced a little bit more compared 

to ε(U)-FGM or ε(U)/σ(U)-FGM spacers (EA=3.8 and 4.3 kV/mm in Figs. 3.10(b) and 

(d), respectively). 

Another way to understand that at DC-PR the capacitive field or EAC is more dominant  
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Fig. 3.10 Electric field distribution under DC-PR (EPR) at ΔT=20 K. 
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Fig. 3.11 (a) Current density J, (b) Displacement current density Jd, and (c) Conduction 

current density Jc distribution at DC-PR around Uniform spacer at ΔT=20 and 70 K. 
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than the resistive field or EDC is by monitoring the current density distribution. Fig. 3.11 

shows (a) current density J, (b) displacement current density Jd, and (c) conduction 

current density Jc distribution within the Uniform spacer at ΔT=20 and 70 K when EPR
max 

is reached. The same current distributions within the spacer in Fig. 3.11 (a) and (b) show 

that the overall current at DC-PR mostly consists of displacement current which affects 

the capacitive field. In addition, difference in temperature distribution does not have effect 

on the displacement current. On the other hand, Fig. 3.11(c) shows much smaller 

conduction current density compared to the displacement current density, but the effect 

of ΔT can be seen from the figure where the area with higher Jc within the spacer increase, 

as well as Jc
max. This is because Jc increases with σ which is influenced by temperature. 

Fig. 3.12 shows time-varying J, Jd, and Jc at the Uniform spacer’s concave surface near 

HV-TJ (Point C in Fig. 3.11 (a)) during DC-PR, since positive DC voltage is reversed 

until it reaches DC-SS (from +320 kV at t=106 s in Fig. 3.1). The graph in Fig. 3.12 (a) 

shows that at the beginning of DC-PR (t=0.001 s) to about t=105 s, J is almost equal with 

Jd. After t > 105 s, Jd keeps decreasing, while Jc increases, hence J approximately equals 

with Jc until it reaches DC-SS. This transition between displacement current to 

conduction current can also represent the transition between capacitive field to resistive 

field in electric field distribution.  

Finally, in order to compare the effect of each FGM spacer, Fig. 3.13 shows EPR
max 

against Δ𝑇 between HV and GND conductors. It can be concluded that at DC-PR, the 

largest reduction of EPR
max at each Δ𝑇 is given by ε(U)/σ(GHC)-FGM spacer. The 

maximum EPR reduction of ε(U)/σ(GHC)-FGM spacer is achieved by 30% at Δ𝑇 = 10 K 

compared to the Uniform spacer. Based on this result, for the next two simulation 

conditions (DC-on and superimposed lightning impulse on DC steady state), only the 

electric field analysis around ε(U)/σ(GHC)-FGM spacer, with comparison to the Uniform 

spacer, will be evaluated. 

 

3.4.3 DC-On 

The electric field analysis under DC-on condition is performed through time dependent 

simulation where positive 320 kV DC voltage is applied to the HV conductor within 0.01 

s switching time. The electric field distribution and Emax are then evaluated over time until  
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Fig. 3.12 Current density J, displacement current density Jd, and conduction current density 

Jc distribution at DC-PR at point C of Uniform spacer at ΔT=20 and 70 K with (a) linear time 

axis, (b) log time axis 

(a) Time in log x-axis 

(b) Time in linear x-axis 
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Fig. 3.13 Emax under DC-PR (EPR
max) against temperature difference ΔT 
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it reaches DC steady state, particularly at points A and B, which are the critical points 

located at HV-TJ and GND-TJ, as illustrated in Fig. 3.3. 

Figs. 3.14 and 3.15 show the E distribution around (a) uniform and (b) ε(U)/σ(GHC)- 

FGM spacers at different times for Δ𝑇 = 20 K and 70 K, respectively. At lower Δ𝑇 (Δ𝑇 = 

20 K), the high E at early stage of the temporal transition (t = 102 s) since the voltage is 

applied, is concentrated near the HV-TJ (point A) and along the HV conductor surface for  

both spacers. As time passes, for the Uniform spacer, the high electric field stress is shifted 

toward point B at t = 106 s where the DC steady state has been already reached. However, 

for ε(U)/σ(GHC)-FGM spacer, the high electric field stress is concentrated on the middle 

part of the spacer at that time, so point B during DC steady state remains clear of high 

electric field stress. 

The same situation also applies at higher Δ𝑇 (Δ𝑇=70 K), as shown in Fig. 3.15. The 

high temperature enhances the σ of both spacers near the warm HV side, pushing the 

potential burden from the HV side toward the GND side. However, the higher σ of 

ε(U)/σ(GHC)-FGM spacer near the GND side is further enhanced with the temperature 

rise, causing the high electric field stress around point B reduced. 

The electric field strength at both points A and B are more clearly distinguished in Fig. 

3.16. At Δ𝑇 = 20 K (Fig. 3.16 (a)), as soon as DC voltage is applied, electric field strength 

of ε(U)/σ(GHC)-FGM spacer at point A is already lower than that of uniform spacer. This 

electric field reduction is caused by graded ε that has effect on EAC. As time passes, 

electric field strength at point A decreases until it reaches the steady state. On the contrary, 

electric field strength at point B around the uniform spacer increases over time due to the 

displacement of field concentrations from the HV to the GND side. Nevertheless, electric 

field strength at point B around ε(U)/σ(GHC)-FGM spacer remains the same right from 

the beginning owing to the higher σ of the spacer near point B. 

At Δ𝑇 = 70 K (Fig. 3.16 (b)), the time-varying electric field at points A and B evolves 

the same way as that at Δ𝑇 = 20 K, with higher increase of electric field strength at point 

B as the temperature increases. The transition time required for EAC to shift into EDC 

during DC-on can also be distinguished from the figures. As Δ𝑇 increases, this capacitive-

resistive transition time of ε(U)/σ(GHC)-FGM spacer gets shorter.  

Fig. 3.17 shows the time-varying Emax in gas around the (a) Uniform spacer and (b)  
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Fig. 3.14 Electric field distribution around (a) the Uniform spacer and (b)  (U)/σ(GHC)-FGM 

spacer during DC-on at ΔT=20 K 

(a) Uniform (b)  (U)/σ(GHC)-FGM 
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Fig. 3.15 Electric field distribution around (a) the Uniform spacer and (b)  (U)/σ(GHC)-FGM 

spacer during DC-on at ΔT=70 K 

(i) t = 102 s

(ii) t = 104 s

(iii) t = 106 s

(i) t = 102 s

(ii) t = 104 s

(iii) t = 106 s
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Fig. 3.16 Time varying electric field strength at point A near HV-TJ and at point B near 

GND-TJ of the Uniform and  (U)/σ(GHC)-FGM spacers at: (a) ΔT=20 K, and (b) ΔT=70 K 

(a) ΔT=20 K 

(b) ΔT=70 K 

 

Fig. 3.17 Time-varying Emax in SF6 gas around (a) Uniform and (b)  (U)/σ(GHC)-FGM 

spacers  

(b)  (U)/σ(GHC)-FGM (a) Uniform 
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ε(U)/σ(GHC)-FGM spacers for different Δ𝑇 from 0–70 K. It is understood that both EAC 

and EDC of ε(U)/σ(GHC)-FGM spacer are relaxed than those of the Uniform spacer at 

each Δ𝑇, which is indicated by the Emax location transition from point A to B. The Emax 

reduction is by 43% at Δ𝑇= 70 K, which is consistent with that under DC steady state in 

the sub chapter 3.4.1. 

 

3.4.4 Superimposed Lightning Impulse (LI) Voltage on DC Steady State 

The electric field simulation under superimposed lightning impulse (LI) voltage on DC 

steady state is performed through time-dependent simulation, i.e., 320 kV DC voltage 

applied to the HV conductor until DC steady state is reached, then 1175 kV [11] positive 

and negative LI voltages are superimposed, as illustrated in Fig. 3.18. 

Figs. 3.19 and 3.20 show electric field distribution around (a) the Uniform and (b) 

ε(U)/σ(GHC)-FGM spacers under superimposed standard positive and negative LI of 

1175 kVpeak on 320 kV DC steady state condition, respectively. According to the figures, 

under both superimposed positive or negative LI voltage on DC steady state, and with or 

without Δ𝑇, ε(U)/σ(GHC)-FGM can reduce the electric field stress around the HV-TJ and 

shift the Emax location away from the HV-TJ along the HV conductor surface. 

In order to obtain the picture quantitatively, Fig. 3.21 (a) indicates the electric field 

strength at point A under different Δ𝑇. Under both superimposed positive and negative LI 

voltages on DC steady state, the electric field strength at point A of ε(U)/σ(GHC)-FGM 

spacer is constantly lower than that of uniform spacer even with the higher Δ𝑇. The 

electric field strength reduction is 1.6 kV/mm and 2.0 kV/mm under superimposed 

positive and negative LI, respectively. 

Fig. 3.21(b) shows Emax under superimposed positive (E+Imp) and negative (E-Imp) LI 

voltage on DC steady state against Δ𝑇. The maximum reduction of E+Imp around 

ε(U)/σ(GHC)-FGM spacer is 7% at Δ𝑇= 0 K. The decrease is due to graded ε of 

ε(U)/σ(GHC)-FGM spacer that reduces EAC around HV-TJ. Meanwhile, the high σ at the 

GND side of the ε(U)/σ(GHC)-FGM spacer causes potential burden from GND side 

shifted toward HV side and increases EDC around HV side. Consequently, the E+Imp 

reduction by this FGM model is relatively small. When Δ𝑇 increases, Emax around either 

the Uniform or ε(U)/σ(GHC)-FGM spacers converges at approximately 11.9 kV/mm.  
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Fig. 3.18 Superimposed LI voltage on DC-SS. 

 

Fig. 3.19 E distribution under superimposed positive LI on DC-SS 

(a) Uniform (b)  (U)/σ(GHC)-FGM 
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Fig. 3.20 E distribution under superimposed negative LI on DC-SS 

(a) Uniform (b)  (U)/σ(GHC)-FGM 

(i) ΔT = 0 K (i) ΔT = 0 K

(ii) ΔT = 70 K (ii) ΔT = 70 K

(a) Uniform (b) (U)/ (GHC)-FGM
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Fig. 3.21 (a) E at point A, and (b) Emax in gas under superimposed positive and negative LI 

on DC-SS 

(a) E at point A (b) Emax in gas 
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This value is consistent with the theoretical value of Emax at inner conductor of an infinite 

coaxial cylinder electrodes. 

Similar to the case of DC-PR, E-Imp around ε(U)/σ(GHC)-FGM spacer is constantly 

reduced despite the increase in Δ𝑇. The highest E-Imp reduction by ε(U)/σ(GHC)-FGM 

application is 20% at Δ𝑇 = 10 K. 

 

3.5 Summary 

FGM application with graded ε and σ in a DC GIS spacer has been proposed and the 

effectiveness in electric field relaxation has been evaluated under various DC operating 

conditions. Through electric field simulation, the following results are revealed: 

1. FGM application with graded σ is effective for electric field relaxation under DC 

steady state operation. σ(U)-FGM and ε(U)/σ(GHC)-FGM spacers can reduce the 

Emax by 43% at Δ𝑇 of 70 K, compared to the Uniform spacer. 

2. FGM application with both graded ε and σ is effective to reduce both resistive and 

capacitive field during other DC operating conditions with rapid voltage change over 

time, such as polarity reversal, DC-on, and superimposed positive and negative 

lightning impulse voltage on DC steady state. The new idea of ε(U)/σ(GHC)-FGM 

with low σ distribution near HV side of the spacer is currently evaluated as the most 

effective ε/σ distribution in reducing the Emax in gas compared to uniform spacer, 

particularly at DC-PR. It is validated through electric field simulations with Emax 

reduction of 30%, 43%, 7% and 20%, respectively, for each DC operating condition. 
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Chapter 4 Electric Field Relaxation and Breakdown Voltage 

Improvement on DC GIS/GIL Spacer with ε/σ-

FGM 

 

4.1 Introduction 

In Chapter 3, the preliminary study of /-FGM effectiveness on a 320 kV HVDC GIS 

spacer model [1,2] is discussed based on electric field simulation results. In those 

simulations, the conductivity model is based on the reference data [3,4] of epoxy insulating 

material which has relatively higher temperature dependency (W=0.95 eV) and lower 

electric field dependency (a=0.08 mm/kV). However, the conductivity measurement 

results of SiC-filled epoxy composite which are considered as materials for FGM spacers 

show that the temperature and electric field dependency change with SiC filler contents. 

The σ measurement results have shown that T-dependence coefficient (W) decrease with 

SiC filler contents, while E-dependence coefficient (a) increase with SiC filler contents. 

W of non-SiC-filled epoxy composite itself is 0.63 eV, which is lower than the typical W 

value of epoxy resin (0.95 eV). The difference between these values can be due to SiO2 

filler contents which are contained in the bulk samples in this research, while the reference 

value of W does not mention whether the epoxy resin is filled with conventional fillers or 

not. Another possibility is that the σ measurement in this research have not yet reached 

the actual end value of steady state (measurement time is 50-70 minutes). Nevertheless, 

according to [5], the steady-state end value of conductivity at room temperatures can be 

identified only after very long times of several hours, days, or even weeks, while at higher 

temperatures, it can be identified earlier. It could mean that the actual σ of non-SiC-filled 

epoxy composite at T=303 K is much lower than the currently measured value, hence 

higher W value. 

On the other hand, E-dependence coefficient (a) which also shows the nonlinearity of 

the material’s conductivity increase with SiC filler contents. Based on percolation theory, 

filler particles in a matrix can form a conductive network once the filler concentration is 

large enough. Composite with higher SiC filler content has more conduction paths formed 

inside the bulk sample, and the distance between adjacent SiC particles decrease as well. 
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This leads to larger current flow at the same or lower electric field strength (high 

nonlinearity, lower switching field). Therefore, a increases with SiC filler contents [6, 7].    

 The different characteristics between σ obtained from measurement in Chapter 2 and 

σ based on reference papers in Chapter 3 may lead to different results in E relaxation 

effects. Therefore, in this chapter, the feasibility of /-FGM spacer is evaluated based 

on actual measured ε and σ characteristics of SrTiO3-filled and SiC-filled epoxy 

composites, respectively. In addition, for future fabrication and experimental verification 

of ε/σ-FGM spacer, electric field simulations are performed on a scaled model DC 

GIS/GIL cone type spacer [8] to reveal the insulation performance of /-FGM spacers in 

σ-controlled resistive fields under DC steady state (DC-SS), both σ and ε-controlled fields 

under DC-PR and superimposed lightning impulse (LI) on DC-SS, and ε-controlled 

capacitive fields under LI voltage applications in addition to those at DC-on.  

Furthermore, in order to make sure that thermal runaway do not occur due to internal 

heating in /-FGM spacer, the temperature increase and maximum level of SiC filler 

contents are investigated. Then finally, to estimate the breakdown voltage, the theoretical 

discharge inception voltage (TDIV) of ε/σ-FGM spacer is also calculated under LI voltage 

in comparison with the Uniform spacer with constant ε and σ. 

 

4.2 ε and σ Distributions of Scaled ε/σ-FGM Spacer Model 

Fig. 4.1 shows the scaled model of DC GIS/GIL cone type spacer with the same 

configuration and size as those of 1/4-scaled 245 kV AC GIS model [8], in which the ε 

characteristics of SrTiO3-filled epoxy composite and σ characteristics of SiC-filled epoxy 

composite are implemented. The Flexible Mixture Casting (FMC) method which has been 

used to fabricate AC -FGM spacer in the past research works allows us to control ε and 

σ distributions independently, where grading to lower permittivity (GLP)-type ε 

distribution and U-shaped σ distribution are applied to ε/σ-FGM spacer, as illustrated in 

Figs. 4.1 (b) and (c), respectively.  

Fig. 4.1 (b) shows that εr is graded from εr(max) of 12.7 at the HV conductor/spacer 

interface, to εr(min) of 4.0 at the GND/spacer interface [5,6]. Table 4.1 shows the 

compositions of SrTiO3 and SiO2 filler contents in comparison to the total volume of 

epoxy composite, in order to result in high and low εr composites of 12.7 and 4.0, 
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respectively, according to Fig. 2.10 (in Section 2.6) as the εr characteristics of SrTiO3-

filled epoxy composite as a function of SrTiO3 filler contents. The GLP-type ε distribution 

is considered in order to effectively suppress the capacitive electric field around the edge 

of shield electrode in the concave side owing to the higher εr of the spacer around that 

area. In this case, εr characteristics of SiC-filled epoxy composite can be neglected, since 

it is smaller than that of SrTiO3-filled epoxy composite (see Sections 2.5.2 and 2.6). 

Table 4.1 shows the compositions of SrTiO3 and SiO2 filler contents in comparison to 

the total volume of epoxy composite, in order to result in high and low εr composites of 

12.7 and 4.0, respectively, according to Fig. 2.10 (in Section 2.6) as the εr characteristics 

of SrTiO3-filled epoxy composite as a function of SrTiO3 filler contents. The GLP-type ε 

distribution is considered in order to effectively suppress the capacitive electric field 

around the edge of shield electrode in the concave side owing to the higher εr of the spacer 

around that area. In this case, εr characteristics of SiC-filled epoxy composite can be 

neglected, since it is smaller than that of SrTiO3-filled epoxy composite (see Sections 

2.5.2 and 2.6). 

Similarly, U-type σ distribution (Fig. 4.1 (c)), which is given by U-type distribution of 

5 to 10 vol% SiC-filled epoxy composite (Fig. 4.1 (d)), has the higher σ around the HV 

conductor/spacer interface, so that the resistive electric field is distributed more uniformly 

to the area with the lower σ. However, in σ distribution, it is equally important to increase 

σ of the spacer at the GND/spacer interface, because with the presence of temperature 

distribution in the spacer, the equipotential lines are more likely to concentrate around the 

GND side. Keeping σ high at both ends of the spacer, i.e., U-type σ distribution will make 

the potential burden settled in the middle part of the spacer with lower σ [10]. 

Despite the results in Chapter 3 showing that GHC-type σ distribution as more 

effective for E relaxation, particularly at DC-PR, σ(GHC)-FGM spacer still has higher 

Emax values under DC-SS at lower ΔT compared to σ(U)-FGM and Uniform spacers (Fig. 

3.7). However, in the current E simulation, by applying σ characteristics of 5 to 10 vol% 

SiC-filled epoxy composite, the base σ level of /σ-FGM spacer is almost 100 times 

higher than that of the Uniform spacer (Fig. 4.1 (c)) and the T-dependency is low. It is 

expected that σ(U)-FGM can result in significant E reduction at any voltage application, 

including DC-PR, and at any given ΔT.  
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Fig. 4.1 (a) Scaled model of HVDC GIS spacer with (b)  r distribution, (c) σ distribution 

(at T=300 K and E=1 kV/mm) and the respective (d) SiC filler contents distribution of 

 /σ-FGM and the Uniform spacers 

SF6 gas
(σgas=10-18 S/m)

(T = T0 + ΔT [K])

(T0 = 300 K)

(a)

(b)

(c) (d)

Z

Table 4.1 Composition of epoxy composite for  grading 

Relative permittivity r SrTiO3 filler contents [vol%] SiO2 filler contents [vol%] 

12.7 26.9 13.4 

4.0 0 41.7 
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In addition, σ characteristics of SrTiO3-filled epoxy composite have also been 

measured and confirmed to be less effective than those of SiC-filled epoxy composite 

(see section 2.7), hence they are not considered in this electric field simulation. 

The simulation method, equations, and voltage application types are the same as those 

in Table 3.1 and section 3.2. However, due to the different spacer size, the voltage levels 

from 320 kV HVDC GIS spacer (320 kV for DC-SS and 1175 kVpeak for superimposed 

LI voltage) are scaled down following the ratio of spacer size (distance between HV 

electrode surface to inner surface of GND enclosure) of the 320 kV DC GIS spacer and 

the current scaled model. Then, 27 kV for DC-SS and 100 kVpeak for superimposed LI 

voltage are obtained to correspond approximately to the electric field strength to that of 

320 kV HVDC GIS spacer [11]. 

 

4.3 Electric Field Simulation Results 

4.3.1 DC Steady State 

Under DC-SS condition, 27 kV DC-SS is applied on the HV conductor. Then electric 

field distribution and Emax around the spacer are monitored with changing temperature 

difference (ΔT) between HV and GND conductors from 0 to 70 K. Fig. 4.2 shows electric 

field distribution images around the Uniform and ε/σ-FGM spacers at ΔT of 0 K, 40 K, 

and 70 K. The black dot in the figures show the Emax locations in gas. Together with graph 

in Fig. 4.3 that shows Emax trend against ΔT, the following phenomena are explained. 

Emax of the Uniform spacer first decreases at ΔT=0 to 20 K, but then gradually increases 

at ΔT=30 to 70 K. The first decline is caused by the temperature rise around the HV 

conductor/spacer interface that enhances σ of the spacer there, causing Emax location on 

the shield edge at ΔT=0 K (point A in Fig. 4.2 (a)) to be slightly pushed aside from the 

shield edge at ΔT=10 K (point B in Fig. 4.2 (a)), and pushed away onto the curved area 

of the spacer’s convex surface at ΔT=20 K (point C in Fig. 4.2(a)). As the electric field 

strength declines with increased distance from the HV conductor, Emax around the 

Uniform spacer at ΔT=10 to 20 K is smaller than that at ΔT=0 K. Then, Emax location is 

shifted to point D near the GND/spacer interface with increasing magnitude as ΔT 

increases from 30 K to 70 K, as shown in Fig. 4.2 (a) center and bottom images. 

The significant change of electric field distribution with ΔT around the Uniform spacer  
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Fig. 4.2 Electric field distribution around (a) Uniform and (b)  /σ-FGM spacers under 27 

kV DC-SS at ΔT=0, 40, and 70 K. 

(a) Uniform spacer b)  /σ-FGM spacer 
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Fig. 4.3 Emax in gas under DC-SS with varying ΔT. 

ΔEmax= 
- 46%
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is consistent with higher T-dependent σ characteristics at 0 vol% SiC-filled epoxy 

composite in Fig. 2.7 (Section 2.4.2). As ΔT increases, more volume of the Uniform 

spacer near the HV side has enhanced σ, causing potential burden pushed toward the 

spacer part near the GND side with lower σ (Fig. 4.2 (a)). On the other hand, ε/σ-FGM 

spacer has almost constant suppression of Emax around ε/σ-FGM spacer owing to higher 

σ at the spacer part near the HV and GND conductors. Even the middle part of the spacer 

has higher σ than the Uniform spacer (Fig. 4.1 (c)). Consequently, Emax location of ε/σ-

FGM spacer appears on the spacer’s convex surface with lower σ, that shifts slightly 

toward the middle as ΔT increases, hence the magnitude of Emax is also reduced (Fig. 4.2 

(b)). The largest Emax reduction around the ε/σ-FGM spacer is 46%, compared to the 

Uniform spacer, which is reached at ΔT=70 K. 

 Fig. 4.3 shows that Emax in gas around ε/σ-FGM spacer are constantly decreasing with 

the increase of ΔT, compared to Emax in gas around the Uniform spacer that tend to 

increase at ΔT > 20 K. The electric field grading of ε(GLP)/σ(U)-FGM spacer compared 

to the Uniform spacer in Fig. 4.1 shows even better results than that of ε(U)/σ(U)-FGM 

spacer in Fig. 3.7 (see Section 3.4.1). It is because the current ε(GLP)/σ(U)-FGM spacer 

model has higher σ at all spacer’s part compared to the Uniform spacer, given by 5 to 10 

vol% SiC-filled epoxy composite (Fig. 4.1 (c)). Meanwhile, the ε(U)/σ(U)-FGM model 

in Fig.3.3 has the same base σ level as the Uniform spacer, as well as higher T-dependency.  

 

4.3.2 DC Polarity Reversal 

Fig. 4.4 shows the electric field distribution around the Uniform and ε/σ-FGM spacers 

at ΔT of 0, 40, and 70 K. First, at DC-PR both capacitive fields (EAC) and resistive fields 

(EDC) present. The GLP-type ε distribution has an advantage compared to the U-type or 

the constant one (Uniform), because GLP-type has high εr of 12.7 maintained from the 

spacer/HV conductor’s interface until the middle part of the spacer. Consequently, EAC 

component around the concave surface of HV side is largely reduced, shifting the EPR
max 

location to the concave surface of GND side, as can be seen in the upper figure of Fig. 

4.4 (b). On the contrary, the EPR
max is found at the shield edge around the Uniform spacer, 

due to low  throughout the spacer, allowing the potential burden concentrated around the 

concave surface near HV conductor. As ΔT increases, EDC component around both spacers’ 
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part near HV conductor are further reduced due to higher σ, although the reduction for 

ε/σ-FGM spacer is not as large as the Uniform spacer because of the lower T-dependency. 

This EDC reduction is indicated by the deep blue color in Fig. 4.4 (a), (b) around the HV 

conductor. In the PR case, EDC has inverse polarity with 2×EAC. As a result, EPR around 

the spacer of HV side increases with ΔT, as shown in Fig. 4.4.  

The EPR
max location is always at the shield edge near concave surface of the Uniform 

spacer. However, for ε/σ-FGM spacer, at ΔT =0 to 20 K, the EPR
max location is on the 

convex surface near GND enclosure, due to reduced EAC component around the 

spacer/HV interface up to the middle part of the spacer. EDC component slightly increases 

with ΔT, hence the magnitude of EPR is reduced. However, as ΔT is further increased from 

30 K to 70 K, the potential burden driven by conductivity is shifted more toward the GND 

side, leaving EDC component around HV conductor keep on decreasing. Therefore, EPR 

becomes larger in the HV side, with EPR
max location is back to the shield edge (Fig. 4.4 

(b) middle and lower figures).  

Fig. 4.5 shows the maximum electric field strength in gas (EPR
max) at DC-PR against 

increasing ΔT around the Uniform and ε/σ-FGM spacers, which is obtained from equation 

(3.9) (See Section 3.2). In the previous DC-PR simulation (Section 3.4.2), all of the 

Uniform and ε/σ-FGM spacers with different ε/σ distribution show significant increase of 

EPR
max with increasing ΔT, where the most effective ε(U)/σ(GHC)-FGM spacer has 2.3 

kV/mm increase in EPR
max from ΔT=0 K to ΔT=70 K. Meanwhile, in the current 

ε(GLP)/σ(U)-FGM spacer, EPR
max shows only a small change with varying ΔT, with 

average EPR
max

 of 2.9  0.3 kV/mm. It is possible due to effective combination of ε/σ 

characteristics of SrTiO3-filled epoxy composite and SiC-filled epoxy composite, which 

will be discussed in detail as follows. The EPR
max of ε/σ-FGM spacer is reduced by 11 to 

47% compared to that of Uniform spacer.  

 

4.3.2 DC-On 

The electric field distribution at DC-on is obtained by time-dependent simulation 

where the applied voltage on HV conductor rises from 0 to 27 kV in the time span of 0.01 

s. Fig. 4.6 shows the time-varying Emax in gas around (a) Uniform spacer, and (b) ε/σ-

FGM spacer at various ΔT. At DC-on, there are only EAC present around the medium. As  
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Fig. 4.4 Electric field distribution around (a) Uniform and (b)  /σ-FGM spacers under at 

DC Polarity Reversal when ΔT=0, 40, and 70 K. 

(a) Uniform spacer (b)  /σ-FGM spacer 
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Fig. 4.5 Emax in gas at DC-PR with varying ΔT. 

ΔEmax= 
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Fig. 4.6 Emax in gas after DC-on with varying ΔT. 

(a) Uniform spacer 

(b)  /σ-FGM spacer 
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can be seen from the figure, Emax of ε/σ-FGM spacer (2.53 kV/mm) is already relaxed 

compared to that of the Uniform spacer (3.35 kV/mm). It is because of the high εr of 12.7 

that is provided by SrTiO3-filled epoxy composite, compared to the Uniform spacer that 

only has εr of 4.0 by SiO2-filled epoxy composite. The high εr at the spacer parts near HV 

conductor causes potential burden shifted to the spacer parts with lower εr, hence electric 

field stress around the spacer parts with higher εr is reduced.  

As time passes, EDC also occur toward steady state. That is why in Fig. 4.6 (a), the Emax 

near steady state varies with ΔT, as the conductivity depends on the temperature. However,  

the variation of Emax around ε/σ-FGM spacer is small as it gets closer to DC-SS, due to 

the high σ of σ(U) distribution and low T-dependency given by SiC-filled epoxy 

composite. It can also be seen that the time required for the electric field transition from 

ε-dependent to σ-dependent for ε/σ-FGM spacer is shorter than that of the Uniform spacer. 

It is due to the conductivity of ε/σ-FGM spacer that is higher than the Uniform spacer. 

Hence, the time constant which is defined by permittivity over conductivity decreases. 

 

4.3.4 Superimposed LI voltage on DC-SS 

From the last simulation condition, after the time-varying electric field reaches DC-SS 

under 27 kV voltage application on the HV conductor, positive and negative 100 kV LI 

voltage is superimposed. Electric field distribution as well as Emax location is monitored 

with varying time and temperature distributions. Figs. 4.7 and 4.8 show the electric field 

distribution and Emax around the Uniform and ε/σ-FGM spacers under superimposed 

positive LI voltage on DC-SS, while Figs. 4.9 and 4.10 show those under superimposed 

negative LI voltage on DC-SS. 

Under superimposed positive LI on DC-SS, Emax decreases with ΔT for both Uniform 

and ε/σ-FGM spacers, although in the case of ε/σ-FGM spacer, it slightly decreases. 

Under superimposed LI on DC-SS, both capacitive and resistive fields present in the 

medium. As capacitive field is not affected by the change in temperature, so it is resistive 

field distributions that cause decrease in Emax, despite the EAC component is larger in 

magnitude than EDC component due to the LI voltage magnitude. With the increase of ΔT, 

σ of the spacer’s part near spacer/HV interface is enhanced, suppressing the electric field 

around that area and distribute the equipotential lines to other areas with lower σ. Thus, 
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Fig. 4.7 Electric field distribution around (a) Uniform and (b)  /σ-FGM spacers under 

DC+LI at ΔT=0, 40, and 70 K. 

(a) Uniform spacer (b)  /σ-FGM spacer 

0 kV/mm 14 kV/mm

Maximum electric field in gas Emax [kV/mm]

HV (DC+LI, ΔT=0 K)

GND

HV (DC+LI, ΔT=40 K)

GND

HV (DC+LI, ΔT=70 K)

GND

HV (DC+LI, ΔT=0 K)

GND

HV (DC+LI, ΔT=40 K)

GND

HV (DC+LI, ΔT=70 K)

GND
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11.5

11.5

15.7
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13.1

 

Fig. 4.8 Emax in gas under DC+LI with varying ΔT. 

ΔEmax= 
- 23%
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Fig. 4.9 Electric field distribution around (a) Uniform and (b)  /σ-FGM spacers under 

DC-LI at ΔT=0, 40, and 70 K. 

(a) Uniform spacer (b)  /σ-FGM spacer 

0 kV/mm 10 kV/mm

Maximum electric field in gas Emax [kV/mm]

HV (DC+LI, ΔT=0 K)

GND

HV (DC+LI, ΔT=40 K)

GND

HV (DC+LI, ΔT=70 K)

GND

HV (DC+LI, ΔT=0 K)

GND

HV (DC+LI, ΔT=40 K)

GND

HV (DC+LI, ΔT=70 K)

GND

6.9

7.2

7.6

9.1

11.0

11.7

 

Fig. 4.10 Emax in gas under DC-LI with varying ΔT. 

ΔEmax= 
- 36%
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the Emax magnitude at HV shield edge is reduced (Fig 4.9).  

Similar occurrence is also experienced by ε/σ-FGM spacer, however the starting point 

of σ is already 104 higher than that of the Uniform spacer (see Fig. 4.1 (c)). Therefore, 

Emax is already suppressed by large gap (23%) since ΔT= 0 K. This is what distinguish the 

current simulation results from the previous simulation results in Section 3.4.4, where 

GHC-type σ distribution has the same level of σ with the Uniform spacer at the spacer/HV 

conductor interface, and only higher σ at the spacer/GND enclosure interface. 

Consequently, the Emax reduction only reaches 7% at ΔT= 0 K (Fig. 3.21 in Section 3.4.4). 

For superimposed negative LI on DC-SS, EAC and EDC component oppose each other, 

similar to the occurrence at DC-PR. Thus, Emax increases with ΔT. The Emax locations of 

both Uniform and ε/σ-FGM spacers are also the same as those under DC-PR at each 

different ΔT, as shown in Fig. 4.9. The Emax reduction under superimposed negative LI on 

DC-SS reaches 36% at ΔT=70 K. 

 

4.4 Evaluation on Leakage Current and Temperature Rise Due to Internal 

Heating of ε/σ-FGM Spacer Model 

4.4.1 Heat Conduction Analysis 

In ε/σ-FGM concept, it is important to keep the σ level at some parts of the spacer high 

enough for field grading, but not too high that it can cause large leakage current flow in 

the spacer which leads to internal heating and eventually thermal runaway [12]. The 

previous electric field simulation steps have not included heat generation within the 

spacer due to leakage current. For that reason, in this Section, the temperature distribution, 

leakage current, and heat generation within ε/σ-FGM spacer is evaluated under DC-SS, 

in order to discuss the maximum σ level as well as the maximum SiC filler contents that 

are safe for ε/σ-FGM spacer not to cause thermal runaway.  

 Similar with the E simulation in Chapter 3, the heat conduction analysis is calculated 

by equation (4.1) below which is also derived from energy balance equation in the same 

way in section 3.2 [13, 14]. However, this time the spacer behaves as a heat source with Q 

is the heat generated within the spacer due to leakage current, and is calculated by 

equation (4.2). 
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In vector form, equation (4.3) can be written as follows, 

 −∇ ∙ (𝜅∇𝑇) = 𝑄 (4.4) 

 

and Q is calculated by  

 𝑄 = 𝑱. 𝑬 (4.5) 

where T is temperature in K, t is time in s,  is thermal conductivity in W/(m.K), ρ is 

density in kg/m3, Cp is the specific heat capacity at constant pressure in J/(kg.K), Q is 

total heat dissipation density in spacer in W/m3
 , J is vector current density in A/m2, E is 

vector electric field in V/m, and r, , z are the cylindrical coordinates of any point in the 

domain. Table 4.2 shows the values of , ρ, and Cp that are used in this simulation [15-18]. 

Here, the thermal conductivity  is assumed to be constant.  

The conductivity model which is applied in the spacer is obtained from equations in 

Fig. 2.8, and can be plot as a function of SiC filler contents as shown in Fig. 4.11. 

 

 

4.4.2 Temperature Rise and Leakage Current in ε/σ-FGM Spacer  

Fig. 4.12 shows the maximum temperature (Tmax) within the σ(U)-FGM spacer without 

ε grading, as a function of the lower level (x) of SiC filler contents, e.g x = 5 means σ(U)-

FGM made of 5 to 10 vol% SiC-filled epoxy composite, x = 10 means σ(U)-FGM made 

of 10 to 15 vol% SiC-filled epoxy composite, and so on, with the fixed SiC filler content 

difference of 5 vol%. The simulation is conducted for two temperature differences 

between HV and GND conductors, which are ΔT=0 K and ΔT=70 K.  

As can be seen in the figure, the simulated model of σ(U)-FGM composed of 5 to 10 

vol% SiC-filled epoxy composite has Tmax of 300 K when ΔT=0 K and 370 K at the  

 

Table 4.2 Heat conduction parameters  

Material  [W/(m.K)] ρ [kg/m3] Cp [J/(kg.K)] 

Gas 0.014 23.43 0.065 

Spacer 0.2 1500 1000 

Conductor 155 2730 893 
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Fig. 4.11 Conductivity of spacer as a function of SiC filler contents at T=300 K and  

E=1 kV/mm 

 

Fig. 4.12 Maximum temperature (Tmax) in spacer due to internal heating. 

THV = 300 K

THV = 370 K

T starts to increase 
above 300 K

T starts to increase 
above 370 K

(1)

(2)

(3)

Thermal   
runaway

Tmax>T (class B)

(4)
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spacer/HV conductor interface when ΔT=70 K. This means no heat generation within the 

spacer due to leakage current under DC-SS. The temperature distribution within the 

spacers follows the temperature gradient between the HV/GND conductors, as shown in 

Fig. 4.13. At this state, the leakage current (ILC) is 0.89 pA to 2.59 pA for ΔT of 0 to 70 

K (in the order of a few pA, as shown in Fig. 4.14). Then, the same Tmax values and T 

distribution are still obtained until σ(U)-FGM with 20 to 25 vol% SiC-filled epoxy 

composite, with ILC level that increases up to a few nA. 

Afterward, when ΔT=0 K, Tmax starts to increase above 300 K within σ(U)-FGM spacer 

with 21 to 26 vol% SiC-filled epoxy composite, as shown at (2) in Fig. 4.12 and in Fig. 

4.15 (i). And when ΔT=70 K, Tmax starts to increase above 370 K within σ(U)-FGM spacer 

with 27 to 32 vol% SiC-filled epoxy composite, as shown at (3) in Fig. 4.12 and in Fig. 

4.15 (ii). At this stage, internal heating within spacer has started and is indicated by Tmax 

> THV, where heat is generated by larger ILC in the order of hundreds of nA up to tens of 

μA (Fig. 4.14(b)).  

The exponential increase of Tmax in Fig. 4.12 above 27 to 32 vol% SiC-filled epoxy 

composite level indicates the occurrence of thermal runaway. In this research, a condition 

is called as thermal runaway when the maximum temperature within spacer exceeds the 

maximum permissible temperature of epoxy resin (spacer) (insulation class B, T=130 C 

(403 K)) [19, 20]. Fig. 4.15 (iii) shows how the temperature distribution looks like at thermal 

runaway ((4) in Fig. 4.12). The area within the most inner red contour line (T=370 K) 

indicates the area with temperature over 370 K, and almost all of the spacer parts are in 

that area. The dark brown area around the middle part of the spacer indicates the area with 

temperature around 800 K, with Tmax of 852 K and 873 K in the center of the spacer at 

ΔT=0 K and 70 K, respectively. Fig. 4.14 (a) also shows the catastrophic increase of ILC 

in the order of hundreds of μA. 

Fig. 4.16 shows the average heat generated within the spacer due to leakage current. 

According to the graph, temperature rises within the spacer (other than given by 

surrounding ΔT) when Q is more than 1 kW/m3
.  Finally, we can find the level of 

maximum σ in Fig. 4.16. Spacer’s internal heating starts when σmax within the spacer 

reaches above 4x10-9 S/m. In the case of this simulation model under DC-SS, it is 

equivalent with σ(U)-FGM with the lower level of SiC filler contents of 21 vol%. Based 

on these results, it can be concluded that the ε/σ-FGM spacer with 5 to 10 vol% SiC-filled 

epoxy composite in this thesis will have no problem for internal heating or thermal 

runaway.  

 

 



92 

 

 

 

 

 

 

 

 

 

Fig. 4.13 Normal temperature distribution on σ(U)-FGM spacer with SiC 5-10 vol% at (a) 

ΔT=0 K, and (b) ΔT=70 K. 

(a) (b) 
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Fig. 4.14 Leakage current in the spacer in (a) linear axis, (b) log axis. 
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Fig. 4.15 Temperature rises in σ(U)-FGM spacer with (i) SiC 21-26 vol%, (ii) SiC 27-32 

vol%, (iii) SiC 32-37 vol% at (a) ΔT=0 K, and (b) ΔT=70 K. 

(a) ΔT=0 K 

(i) SiC 21-26 vol% 

(ii) SiC 27-32 vol% 

(iii) SiC 32-37 vol% 

(b) ΔT=70 K 
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Fig. 4.16 Average heat generated within the spacer due to leakage current 
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Fig. 4.17 Maximum conductivity within the spacer as a result of SiC filler addition. 
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4.5 Theoretical Discharge Inception Voltage (TDIV) Calculation of ε/σ-FGM 

Spacer 

4.5.1 Volume-Time Theory 

Breakdown test is an ultimate method to evaluate performances of the insulating 

materials. The electric field relaxation effect of ε/σ-FGM spacer which has been disclosed 

through simulation should contribute to the breakdown voltage improvement. The 

Volume-Time theory allows us to calculate the discharge inception probability at a given 

applied voltage which is suggested by the generation of initial electrons in high electric 

field volume in SF6 gas, as expressed in equation (4.6) [21, 22], 

 

𝑃 = 1 − exp [− ∫ ∫
𝑑𝑛𝑒

𝑑𝑡
(1 −

𝑛

𝛼
) 𝑑𝑉𝑑𝑡

𝑉𝑐𝑟𝑡

] (4.6) 

where P is the generation probability of initial electrons, 𝑑𝑛e/𝑑𝑡 is the number of electrons 

desorbed from SF6
- ions per unit time and per unit volume, α and η are the ionization and 

attachment coefficients. Vcr is the critical volume which satisfies a condition where 𝛼 > 𝜂 

and when streamer is formed, according to Schumann’s formula, as in equation (4.7),

 ∫ (𝛼 − 𝜂)
𝑥𝑐𝑟

𝑑𝑥 = 𝐾 (4.7) 

where K equals 18 for SF6 gas and xcr is the critical path along electric lines of force. The 

term (𝛼 − 𝜂) for SF6 gas is expressed in equation (4.8), 

 𝛼 − 𝜂

𝑝
= 27 (

𝐸

𝑝
− 87.75) (4.8) 

where E is the electric field strength in kV/mm and p is the absolute pressure of SF6 gas 

in MPa. 

 

4.5.2 Electric Field Distribution of ε/σ-FGM Spacer under Lightning Impulse (LI) 

Voltage 

The electric field distribution images in Fig. 4.18 are obtained through time-dependent 

electric field simulation under 100 kVpeak LI voltage without temperature gap. As can be 

seen in the figure, Emax is found at the shield edge in the concave side for both of the 

Uniform and ε/σ-FGM spacers. However, the magnitude of Emax of ε/σ-FGM spacer is 
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reduced by 25% compared to that of the Uniform spacer, as shown in Fig. 4.19. 

Under 100 kVpeak LI voltage, the capacitive fields are dominant, hence ε distribution 

within the spacer influences the electric field distribution. The constantly low ε 

distribution (εr = 4) of the Uniform spacer has higher electric field strength around the 

shield edge in the concave side of the spacer (indicated by red area in Fig. 4.18 (a)). On 

the other hand, ε/σ-FGM spacer has higher ε from the spacer/HV conductor interface until 

the middle part of the spacer (εr = 12.7). Thus, Emax at the shield edge is reduced, and the 

area with higher electric field strength on the spacer’s concave surface (indicated by red 

ellipse) shows that potential burden is distributed uniformly around the middle part of the 

spacer. 

Fig. 4.19 shows time varying Emax in SF6 gas under LI 100 kVpeak, around the spacers 

without ε/σ grading (Uniform), with only GLP-type ε grading (ε(GLP)/σ(Uniform)-

FGM), and with GLP-type ε grading combined with U-type σ grading (ε(GLP)/σ(U)-

FGM, Fig. 4.1). The graph reveals that Emax around ε(GLP)/σ(Uniform)-FGM and 

ε(GLP)/σ(U)-FGM spacers are the same, confirming that the 25% Emax reduction effect 

under LI voltage is due to the ε grading. In this case, there is no temperature dependence 

on Emax. These electric field data under LI 100 kV are then used to calculate TDIV50 with 

the following results. 

 

4.5.3 TDIV50 Calculation Results 

TDIV50 refers to the applied voltage level at which the probability (P) of the discharge 

inception in equation (4.3) is 50%. Here, TDIV50 is calculated under standard LI voltage 

at varying SF6 gas pressure from 0.1 to 0.5 MPa-abs, with results as presented in Fig. 4.20. 

The graph shows TDIV50 improvement of ε/σ-FGM spacer by at least 19% at 0.1 MPa-

abs and at most 26% at 0.5 MPa-abs, compared to the Uniform spacer. This TDIV 

improvement is achieved due to the electric field relaxation effect which is contributed 

by ε grading, rather than σ grading, because mainly capacitive fields exist under time-

varying LI voltage, as described in Fig. 4.19. With these results, it is verified that ε/σ-

FGM spacer with GLP-type ε distribution and U-type σ distribution can give electric field 

relaxation effect, and hence TDIV improvement in DC GIS insulation system. 
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Fig. 4.18 Emax in gas under DC-SS with varying ΔT. 

(a) Uniform spacer 

(b)  /σ-FGM spacer 

HV (LI 100 kVpeak)

GND

Emax= 12.4

0 kV/mm 12 kV/mm

Maximum electric field in gas Emax [kV/mm]

HV (LI 100 kVpeak)

GND

Emax= 9.4

 

Fig. 4.19 Emax in SF6 gas around the Uniform and  (GLP)-FGM spacers with and without 

σ grading under LI 100 kVpeak. 

-25%
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Fig. 4.20 TDIV50 of the Uniform and  /σ-FGM spacers under LI voltage and at varying 

SF6 gas pressure. 

ΔTDIV50 =
+26%
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4.6 Summary 

In this chapter, toward future experimental verification, electric field relaxation effect 

of a scaled model ε/σ-FGM DC GIS spacer with actual measured ε/σ characteristics of 

functionally graded materials are evaluated under various DC operating conditions. In 

addition, theoretical discharge inception voltage (TDIV50) of ε/σ-FGM spacer is 

calculated at various values of SF6 gas pressure. The following results are obtained: 

 1) ε/σ-FGM spacer with GLP-type ε distribution (εr=12.7 to 4) containing 0 to 26.9 vol% 

SrTiO3-filled epoxy composite and U-shaped σ distribution (σ=10-15 to 10-13 S/m at 

T=300 K and E=1 kV/mm) containing 5 to 10 vol% SiC-filled epoxy composite 

resulted in better E relaxation effect than expected ε/σ-FGM spacer with ε/σ 

characteristics of typical epoxy resin. The maximum Emax reduction compared to the 

Uniform spacer obtained from the E calculations are 46%, 47%, 23%, and 36% under 

DC-SS, DC-PR, superimposed positive and negative LI on DC-SS, respectively. 

 2) The designed ε(GLP)/σ(U)-FGM spacer is estimated to have leakage current of about 

0.89 pA to 2.59 pA at ΔT = 0 to 70 K, and no temperature rise occurs within the spacer 

due to internal heating. 

 3) TDIV50 under LI applied voltage can be improved by 19 to 26% at SF6 gas pressure 

of 0.1 to 0.5 MPa-abs, compared to the Uniform spacer. 

 4) σ(U) distribution in ε/σ-FGM spacer contributes more to the reduction of resistive 

fields under DC-SS, DC-PR, and superimposed LI on DC-SS. The high σ given by 5 

to 10 vol% SiC-filled epoxy composite has smaller T-dependency, allowing almost  

constant field relaxation despite the increase in the temperature. 

 5) ε(GLP) distribution in ε/σ-FGM spacer contributes to the reduction of capacitive 

fields under DC-PR, DC-on, and LI applied voltages. Hence, TDIV50 is improved. 

Based on the above results, the following /σ-FGM specification in Table 4.3 is 

proposed for the ¼-scaled model of 245 kV AC GIS spacer or 1/12-scaled model of 320 

kV DC GIS spacer.  
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Chapter 5 Conclusions 

 

5.1 Conclusions 

The effectiveness of application of functionally graded materials (-FGM) on HVAC 

GIS/GIL spacers for electric field relaxation and hence, the downsizing of GIS/GIL have 

been long proven. However, the knowledge about its feasible application for HVDC 

GIS/GIL spacer is still unclear, and the research working on this particular topic are still 

limited. Therefore, it is important to investigate the feasibility of applications and 

insulation performances of FGM spacers with graded permittivity and conductivity (/σ-

FGM) for HVDC GIS/GIL spacers. 

This thesis elaborates the basic of DC-FGM concepts, the investigations on  and σ 

characteristics of the used functionally graded epoxy composites, and the evaluation on 

insulation performance of /σ-FGM spacers in terms of electric field relaxation effect 

through electric field simulations, thermal conduction analysis, and breakdown 

probability improvement through theoretical discharge inception voltage (TDIV) 

calculations, with understanding of the electromagnetic theory, heat transfer analysis, and 

charge phenomena in GIS/GIL. 

The outline of each chapter in this thesis as well as the results of this research are 

summarized below. 

 

Chapter 2 discusses the concept of DC-FGM and the preliminary steps of material 

characteristics investigation of the used nonlinear composites, i.e. the permittivity and the 

conductivity characteristics of SiC- and SrTiO3-filled epoxy composites. Bulk samples of 

SiC-filled epoxy composite with varying filler contents are fabricated using bulk cutting 

method and parallel glass pressing method. Then, the permittivity of each sample is 

measured by direct capacitance measurement, while the conductivity of each sample is 

measured using double-ring electrode method at varying applied voltages (applied field 

E= 1 to 10 kV/mm) and varying temperatures (T=303 K, 333 K, 353 K). Afterwards, 

multivariate analysis is performed on the σ measurement data to obtain σ characteristics 
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as a function of T, E, and SiC filler contents.  

The σ profiles of 0 to 10 vol% SiC-filled epoxy composite are obtained, however the 

 profiles of the same range of filler contents show relatively small gap that is expected 

as not sufficient for capacitive field grading. Therefore,  characteristics of SrTiO3-filled 

epoxy composite which is already used for AC FGM spacer, is adopted here and 

incorporated to the implementation of ε/σ-FGM spacer for DC application. 

 

Chapter 3 discusses the electric field analysis results of ε/σ-FGM application on a 320 

kV HVDC GIS cone-type spacer model under various DC operating conditions: DC 

steady-state (DC-SS), DC polarity reversal (DC-PR), DC-on, and superimposed positive 

and negative LI voltage on DC-SS. The simulation is conducted using COMSOL 

Multiphysics® software by finite element method. In this simulation several types of ε 

and σ distribution shapes are applied on the ε/σ-FGM spacer model, such as U-type and 

grading-to-higher conductivity (GHC)-type, and each E relaxation effect are evaluated by 

also taking into account the temperature distribution effect. In this simulation, the ε/σ 

characteristics have not considered the actual measured SiC-filled epoxy composite, but 

rather the ε/σ characteristics of typical epoxy resin. 

The results show that the effectiveness of FGM with graded σ for E relaxation under 

DC-SS is confirmed, where σ(U)-FGM and ε(U)/σ(GHC)-FGM spacers can reduce the 

Emax by 43% at Δ𝑇 of 70 K, compared to the Uniform spacer. The ε(U)/σ(GHC)-FGM 

spacer is evaluated as the most effective ε/σ distribution in reducing the Emax in gas 

compared to the Uniform spacer with constant ε and σ. The Emax reduction of at most 

30%, 43%, 7% and 20% are achieved at DC-PR, DC-on, superimposed positive and 

negative LI voltage on DC-SS, respectively. 

 

In Chapter 4, toward future fabrication and experimental verification of ε/σ-FGM 

spacer, similar electric field simulations to those in Chapter 3 are performed on a scaled 

model DC GIS cone type spacer and by implementing the actual measured ε and σ 

characteristics of SrTiO3-filled and SiC-filled epoxy composites. Moreover, in order to 

make sure thermal runaway do not occur, the maximum level of SiC filler contents in 

FGM spacer at which temperature of the spacer does not increase due to internal heating 

is also investigated. Furthermore, the theoretical discharge inception voltage (TDIV) of 
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ε/σ-FGM spacer is calculated under LI voltage to estimate the breakdown probability. 

The results show that ε/σ-FGM spacer with GLP-type ε distribution (εr=12.7 to 4) 

containing 0 to 26.9 vol% SrTiO3-filled epoxy composite and U-shaped σ distribution 

(σ=10-15 to 10-7 S/m) containing 5 to 10 vol% SiC-filled epoxy composite resulted in even 

better E relaxation effect than those in Chapter 3, with maximum Emax reduction compared 

to the Uniform spacer obtained from the E calculations are 45%, 48%, 22%, and 36% 

under DC-SS, DC-PR, superimposed positive and negative LI on DC-SS, respectively. It 

is due to high σ given by 5 to 10 vol% SiC-filled epoxy composite has smaller T-

dependency, allowing almost constant field relaxation despite the increase in the 

temperature. 

 The heat conduction analysis results suggest that temperature rise will not occur due 

to internal heating within the designed ε/σ-FGM spacer. Finally, the TDIV50 calculation 

results under LI voltage show 19 to 26% improvement at SF6 gas pressure of 0.1 to 0.5 

MPa-abs, compared to the Uniform spacer. The ε(GLP) distribution here contributes to 

the reduction of capacitive fields under DC-PR, DC-on, and LI applied voltages. Hence, 

TDIV50 is improved. 

 

5.2 Future Problems 

The feasibility of ε/σ-FGM application to HVDC GIS/GIL spacer has been analytically 

investigated with promising results. However, the ε/σ distribution specified in this paper 

is merely one example which is currently evaluated as the effective distribution for 

electric field relaxation on the current model of DC GIS/GIL spacer. The ε/σ distribution 

shapes may change depending on the size and shape of spacer and can be optimized 

through inverse analysis [1], which can be our future works.  

More practically, the ε/σ-FGM spacer sample fabrication through Flexible Mixture 

Casting (FMC) method is required to be conducted so that we can evaluate if the 

combination using three types of different composites can result in independent  and σ 

distributions as expected. Verification of  and/or σ distribution in the fabricated ε/σ-FGM 

samples by non-destructive method, e.g. X-ray CT scanning method, is expected [2]. Then, 

experimental verification on the insulation performance of the fabricated ε/σ-FGM spacer 

is needed by conducting breakdown test under positive and negative LI voltage. The 
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results are then to be compared with the already calculated TDIV50. For further 

applications, the compatibility of ε/σ-FGM spacers of DC GIS/GIL with SF6 gas 

alternatives can also be expected for global warming mitigation.  
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