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Bushing is an indispensable component in high voltage direct current (HVDC)

transmission project. As the main insulating material possesses poor thermal

conductivity and negative temperature coefficient (NTC) electrical resistivity,

HVDC bushing suffers from the distortion of electro-thermal-coupled fields.

Therefore, it is urgent to reveal the influence of electrical resistivity-

temperature characteristic and thermal conductivity on the DC electric field

distribution within bushing insulation, guiding the design and application

advanced insulating materials. Here, the simulation of temperature and DC

electric field distribution within a 400 kV bushing are carried out. The results

show that the optimization of NTC effect and thermal conductivity of an

insulating material is able to obtain a more uniform electric field distribution

through homogenizing the electric resistivity distribution within bushing

insulation. The activation energy of the insulating material has a similar

variation trend with the maximum electric field within bushing insulation,

which has a potential to represent the temperature dependence of electrical

resistivity of insulating materials. It also shows that the reduction of DC electric

field by increasing the thermal conductivity has a saturation feature. As a result,

the suppression of the NTC effect should be considered together to obtain a

smaller electric field within HVDC bushing. The research study provides a new

idea to regulate the DC electric field distribution, which is beneficial to the

design of advanced insulating materials.
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Introduction

High voltage direct current (HVDC) transmission is a key

means of consumption and optimal resource allocation of

renewable energy (Xiao et al., 2021; Wei et al., 2022). Bushing

is an indispensable component of HVDC transmission projects

that enables conductors to pass through and are insulated from

the transformer tank, the wall of converter valve hall, and other

partitions (Setayeshmehr et al., 2006). In recent years, epoxy

resin-impregnated paper (RIP)-insulated bushing has developed

rapidly by virtue of their non-flammable characteristics

compared with oil-impregnated paper-insulated bushing

(Wang et al., 2017a). During operation, Joule heat generated

by a current-carrying conductor causes a temperature gradient

distribution within bushing insulation due to the poor thermal

conductivity of RIP (Du et al., 2021). As HVDC transmission is

characterized by large current, the heating and the temperature

gradient problem within bushing insulation is more severe. It is

known that the electrical resistivity of RIP decreases with

temperature, denoted as the negative temperature coefficient

(NTC) effect, and the distribution of electrical resistivity is

uneven within insulation due to the gradient temperature

distribution (Cao et al., 2013). Unlike the AC electric field

distribution, the DC electric field distribution is mainly

influenced by the electrical resistivity distribution. As a result,

the electric field is distorted by the uneven temperature

distribution, which results in the failures of bushings in

converter stations (Liu et al., 2020). Therefore, suppressing the

distortion of electro-thermal coupling fields is vital for the safety

operation of HVDC RIP bushing.

The enhancement of thermal conductivity of insulating

materials is able to suppress the distortion of the DC electric

field. Researchers dope AlN, BN, Si3N4, Al2O3, and other

insulating fillers possessed with high thermal conductivity into

the insulating materials (Zhang et al., 2018; Chen et al., 2019; Zou

et al., 2019). As the heat-releasing ability improves, both the

hotspot temperature and the temperature gradient decrease

within bushing insulation. Indirectly, the electrical resistivity

distribution and thus the electric field distribution becomes

uniform. It is known that as the doping content of these

fillers increases; the insulating performance of composite

materials is always weakened (Li et al., 2020), which means

that the doping content should be controlled below a certain

value. However, whether this doping content has a sufficient

effect on the optimization of electric field distribution has not

been clearly revealed. Therefore, it is necessary to analyze the

relationship between thermal conductivity and electric field

distribution within bushing insulation, which is important for

the accurate design of the insulating material.

In recent years, researchers have begun to realize that

regulating the electrical resistivity-temperature characteristic of

insulating materials is also an effective method to suppress the

distortion of local electro-thermal-coupled fields. The doping of

PTC, GO, SiO2, and other functional fillers into polymeric matrix

is able to reduce the temperature dependence of electrical

resistivity, obtaining a more uniform electric field distribution

within bushing insulation even under a large temperature

gradient (Zhang et al., 2014; Du et al., 2020; Teng et al.,

2021). A question is then raised: is it possible to suppress the

distortion of electric field further through the synergistic

regulation of both thermal conductivity and electrical

resistivity of insulating materials? If the answer is yes, what

would be the optimal parameter? However, there is still a lack of

research on the related content.

In this article, the temperature distribution and electric field

distribution within a simplified 400-kV bushing insulated with

epoxy composites was simulated. The thermal conductivity and

electrical resistivity-temperature characteristic of epoxy

composites was set as the variables. Then, the individual and

collective effect of insulation properties on the electric field

distribution was studied. In addition, the regulation strategy

aimed at electro-thermal-coupled fields problem was also

discussed.

The Experimental method section describes the geometrical

model, parameters, equations, and other key information about

the simulation. In the Results and discussions section, the

influence of temperature gradient, thermal conductivity, and

electrical resistivity-temperature characteristic of epoxy

composites on the temperature distribution and electric field

distribution within bushing insulation is revealed. Finally,

conclusion and prospect are given in the Conclusion section.

Experimental method

COMSOL Multiphysics FEM software was used to conduct

the simulation. The simulation model of the RIP valve-side

FIGURE 1
Geometrical model for simulation.
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bushing of a 400-kV converter transformer was constructed to

study the temperature distribution and DC electric field

distribution within insulation (Zhang et al., 2017). The main

body of the model is a coaxial cylindrical structure, including a

current-carrying conductor, an outer conductor, and an

insulation layer, which can be seen in Figure 1.

When the current passes through the conductor of bushing,

heat is generated and then transferred to the outside, which

satisfies the following heat balance formula (Sadiku, 2007):

ρC
zT

zt
+ ρCμ∇T − ∇ · (k∇T) � Q (1)

where ρ is the solid density, C is the solid heat capacity at a

constant pressure, k is the solid thermal conductivity, μ is the

velocity field, T is the temperature, andQ is the heat source. Since

the temperature rise within bushing insulation is mainly

generated from the current-carrying conductor (Li et al.,

2018), the dielectric loss of insulation is ignored. The heat

source Q was set as the power loss of the current-carrying

conductor.

Since the valve-side bushing connects the valve hall to the

valve-side winding of the converter transformer and also passes

through the BOXIN, there are three temperature boundaries. The

heat will flow out through these boundaries by natural

convection, which leads to a temperature gradient distribution

inside the insulation governed by the following equation

(Bergman et al., 2011):

q0 � h · (Text − T) (2)
where q0 is a heat flux that enters the domain and h is the heat

transfer coefficient. Considering the ambient temperature and

heating loss during the temperature rise test, the heat source

power of the current-carrying conductor was set to 1,500 W,

the external ambient temperature was set to 50°C, and the

transformer tank temperature was set to 90°C (Wang et al., 2017b).

The electric field distribution within bushing insulation is

governed by the following equations (Pawar et al., 2012):

∇ · J � 0 (3)
J � σE + Je (4)
E � −∇V (5)

where J is the current density, σ is electrical conductivity, Je is

injected current density, E is the electric field, and V is the

potential. According to the DC withstand voltage test of valve-

side bushing, the voltage is selected as 746 kV (Wang et al., 2017a).

As the electrical conductivity is governed by temperature,

there is a coupling relationship between the electric field and

temperature, through the following equation (Hjerrild et al.,

2001):

γ� A1 exp(−φekbT
) sinh(B∣∣∣∣ _E∣∣∣∣)∣∣∣∣ _E∣∣∣∣ (6)

where A1 is a constant value, φ is the activation energy, e is the

charge quantity of carriers, kB is the Boltzmann constant, T is the

temperature, and B is the electric field constant.

The simulation variables are the thermal conductivity and

electrical resistivity-temperature characteristics of insulating

materials. The former indirectly changes the electrical

resistivity distribution within the insulation by modifying the

temperature distribution inside the insulation. The latter directly

changes the electric field distribution within the bushing

insulation by influencing the electrical resistivity distribution.

Results and discussion

Effect of temperature gradient

Figure 2 shows the temperature distribution and electric

field distribution within bushing insulation with different

power losses of the current-carrying conductor. As is seen in

Figure 2A, since there is no heat generated from the conductor,

the temperature is uniformly distributed when the power loss is

0 W. In this case, the electric field inside the bushing insulation

is higher than the outside, which is a typical electric field

distribution of coaxial cylindrical electrical equipment

(Marzzanti and Marzinotto, 2013). It can be observed that

the maximum electric field is 9.0 kV/mm. When the power

loss of the current-carrying conductor increases, a temperature

gradient distribution is formed due to the combined effect of

power loss heating and heat dissipation to the ambient

environment. Meanwhile, the electrical resistivity inside the

bushing insulation becomes lower than the outside due to the

change in temperature distribution, causing the “inversion”

phenomenon of the DC electric field distribution in Figure 2B.

More severely, the DC electric field distortion becomes more

serious, as the temperature gradient enlarges.

The power loss of the RIP valve-side bushing of a ±400-kV

converter transformer is about 1,500 W. At this level of heat

generation, the maximum electric field reaches to 12.3 kV/mm

near the end shielding of bushing, which increases the risk of

failure in this vulnerable area. With the development of the

transmission power, this thermal issue will become more serious,

which needs to be solved urgently to ensure the economical and

reliable operation of HVDC bushings.

Effect of electrical resistivity-temperature
characteristic of insulation

It has been proved that the addition of PTC particles into the

polymeric insulation material is able to reduce the temperature

dependence of electrical resistivity (Teng et al., 2020). As the

thermal stability of electrical resistivity increases, the electrical

resistivity distribution within bushing insulation becomes
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uniform, even when subjected to a large temperature gradient.

Table 1 gives the parameter of a fitted curve of electrical

conductivity-temperature characteristic, which is the inverse of

electrical resistivity and is the input of simulation. The values

used in this article were obtained from our previous research

(Teng et al., 2022).

According to the Arrhenius theory, the activation energy can

be used to evaluate the temperature dependence of electrical

conductivity for insulating materials, which is a function of

temperature at a certain electric field:

σ(T)∝ exp( φ

kBT
) (7)

where φ is the activation energy, T is the temperature in Kelvin,

and kB is the Boltzmann constant. It is known that the lower the

activation energy, the weaker the temperature dependence of

electrical resistivity (Huang et al., 2014). As shown in Figure 3,

FIGURE 2
Effect of temperature gradient on electric field distribution within bushing insulation: (A) temperature distribution and (B) electric field
distribution.

TABLE 1 Parameter of the fitted curve of electrical conductivity-
temperature characteristic.

Fitted function: γ = Aexp (B/T)

Group A B

A 9.83 x 10−10 −6543.5

B 7.76 x 10−11 −5643.4

C 1.21 x 10−11 −5018.6

D 5.01 x 10−12 −4711.4

E 1.78 x 10−13 −3519.5

FIGURE 3
Activation energy of samples.

FIGURE 4
Relationship between the maximum electric field and
activation energy.
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group E has the lowest thermal activation energy of 0.30 eV

compared to group A of 0.56 eV, which is consistent with the

measured electrical resistivity-temperature characteristic,

namely, the electrical resistivity of group E has a narrower

range as the temperature rises.

Figure 4 shows the relationship between the maximum

electric field within bushing insulation and the activation

energy of the insulating material. When the NTC effect of

insulating material is suppressed, it can be observed that the

maximum electric field decreases. Therefore, the regulation of

electrical resistivity-temperature characteristic of insulating

materials is essential for the safety and economical operation

of HVDC bushings.

More importantly, the trend of the activation energy and the

maximum electric field remain essentially the same according to

Figure 4. Although the activation energy is often used to

characterize dielectric materials, it is usually an ambiguous

conception. At the same time, fewer studies have been carried

out for the quantitative evaluation indicators of electrical

resistivity-temperature characteristic of the insulating material,

and thus, the DC electric field. Therefore, it can be considered to

use the activation energy to characterize the variability of electric

field characteristic within insulation.

As group A is the reference group, Table 2 gives the

maximum electric field and activation energy ratio of other

groups to group A. It can be observed that the change in the

values of the maximum electric field and activation energy is

generally consistent when represented by ratio. For example, the

maximum electric field of group E decreases by 47% compared

with that of group A, while the activation energy decreases by

46%. Therefore, it can be concluded that the activation energy of

insulating materials has a potential to represent the electrical

resistivity-temperature characteristic of the insulating material

and so does the electric field characteristic within bushing

insulation.

Effect of thermal conductivity of insulation

It is known that the current-carrying conductor is a huge

heat source due to large-flowing current. This heat dissipates

to the outside mainly through the insulating material,

indicating that the thermal conductivity of the insulating

material is an important property for the temperature

distribution within bushing insulation. As the thermal

conductivity of polymeric materials is poor, many

researchers solved this issue by the doping of high-thermal

conductivity material, which is able to mitigate the distortion

of the DC electric field indirectly. However, these methods

usually reduce the insulating performance, which is still hard

to satisfy the requirement for engineering application. Based

on the abovementioned discussion, it comes up with a problem

whether the higher the thermal conductivity, the better the DC

electric field distribution within bushing insulation. Therefore,

the DC electric field distribution was simulated to

reveal the effect of thermal conductivity of the insulating

material.

According to Zhao et al. (2018), the thermal conductivity of

RIP is about 0.29W/m K, which was selected as the reference and

denoted as group A. The thermal conductivity of the optimized

groups is shown in Table 3. The percentage listed in Table 3 is the

thermal conductivity ratio of the optimized groups to group A.

Then, the DC electric field distribution within insulation with

different thermal conductivity was simulated using the same

electrical resistivity-temperature characteristic.

TABLE 2 Maximum electric field and activation energy ratio of other groups to group A.

Group Percentage of the maximum
electric field

Percentage of activation
energy (%)

A 100 100

B 86 88

C 74 77

D 71 73

E 53 54

TABLE 3 Thermal conductivity of insulating materials used in
simulation.

Group Thermal conductivity (W/m·K) Percentage (%)

A 0.29 100

B 0.32 110

C 0.37 130

D 0.43 150

E 0.57 200

F 0.86 300

G 1.43 500

H 2.86 1,000

I 5.73 2,000
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Figure 5 shows the relationship between the thermal

conductivity of insulating material and the simulated hotspot

temperature within bushing insulation. In general, it can be

found that the hotspot temperature decreases gradually as

thermal conductivity increases. However, the rate of decline

slowed as the thermal conductivity reaches a certain value,

which indicates that regulation efficiency decreases with

thermal conductivity. When the hotspot temperature is

reduced from 156 to 106°C, the thermal conductivity of the

insulating material needs to be increased from 0.29 to 0.86W/m

K, which is the 300% of the neat RIP material. Meanwhile, when

the hotspot temperature is reduced from 106 to 87°C, the thermal

conductivity of the insulating material needs to be increased from

0.86 to 5.73W/mK, which is the 2,000% of the neat RIP material.

Boron nitride (BN) particles combine high thermal

conductivity and excellent insulating performance, attracting

extensive attentions in the field of dielectric materials. High

doping content is still unavoidable to obtain a high thermal

conductivity of the polymeric material even doping BN particles.

For example, 40wt% h-BN microparticles is needed to obtain a

thermal conductivity of 0.97W/m K in epoxy composites (Wang

et al., 2011). However, researchers also found that the DC

breakdown strength decreases by 34.2%, when the doping

mass fraction of micron BN particles reaches 15 wt% (Ma

et al., 2019). It can be seen that a further increase in thermal

conductivity not only has a lower regulating efficiency of hotspot

temperature but also has a serious negative effect on the dielectric

strength of insulating materials. Therefore, it is an appropriate

doping content for the optimal regulation of both the properties.

Figure 6 illustrates the relationship between the thermal

conductivity of insulating material and the maximum electric

field within bushing insulation. When the thermal conductivity is

below 1.5 W/m K, the maximum electric field decreases with

thermal conductivity due to the suppression of temperature

gradient and thus the uniform distribution of electrical

resistivity. As the thermal conductivity increases further, the

smaller temperature gradient within bushing insulation has little

influence on the electric field distribution within bushing

insulation.

It can be seen in Figure 2B that the electric field distribution

within the coaxial cylindrical electrical equipment is nonuniform

when the temperature distribution is uniform, in which the

electric field inside is higher than the outside. As a result, the

electric field distribution is returning to a situation without

suffering the temperature gradient as the thermal conductivity

increases. As the reversal of electric field distribution disappears

gradually, the maximum electric field within bushing insulation

increases. Therefore, it should consider the reversal of electric

field distribution when regulating the thermal conductivity of

insulating materials.

Synergistic effect on the DC electric field
distribution

It shows that the reduction of the DC electric field, within

insulation regulated by thermal conductivity, has a saturation

feature, which means that the increase of thermal

conductivity blindly is not an optimal method to

suppress the distortion of electric field further. As a result,

the synergetic suppression of NTC effect and increase of

thermal conductivity should be considered to suppress the

FIGURE 5
Influence of thermal conductivity on the hotspot
temperature within bushing insulation.

FIGURE 6
Influence of thermal conductivity on the maximum electric
field within bushing insulation.
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distortion of electric field within HVDC bushing. Thus, it is

important to reveal the electric field distribution

characteristic affected by these factors to serve as a

reference for the structural design of advanced insulating

materials.

Figure 7 shows the maximumDC electric field within bushing

insulation, simulated with different thermal conductivity and

optimized electrical resistivity-temperature characteristic. It can

be seen that the maximum DC electric field is further reduced,

coupled with an optimized electrical resistivity-temperature

characteristic of the insulating material. The minimum electric

field occurs when the thermal conductivity of the insulating

material is 200% that of the unmodified RIP, while the thermal

conductivity needs to be increased to 500% of the unmodified RIP

without being coupled with the regulation of electrical resistivity-

temperature. In that case, the maximum electric field is only

5.2 kV/mm, which is about 42% insulated with unmodified RIP

and is also lower than the situation when thermal conductivity is

regulated individually (59%). Meanwhile, the radial electric field

distribution is almost a straight line, which is beneficial to the

safety operation of insulation. According to the abovementioned

analysis, it is recommended to suppress the distortion of the DC

electric field through the synergistic regulation of both the thermal

conductivity and electrical resistivity-temperature characteristic.

On the other hand, it can also be found in Figure 7 that the

turning point appears at the position with a lower thermal

conductivity, when the insulating material undergoes

synergistic regulation, which means that electric field

distribution becomes less influenced by temperature

distribution. As the flowed current and ambient temperature

is variational, the electric field distribution within bushing

insulation will become more stable in operation after

appropriate design of thermal conductivity and electrical

resistivity-temperature characteristic.

Conclusion

In this article, the individual and collective effect of thermal

conductivity and the electrical resistivity-temperature

characteristic of the insulating material on temperature

distribution and DC electric field distribution was studied

through the simulation, which has a guiding role in the design

of advanced insulating materials. The conclusions are as follows:

1) The temperature gradient causes the distortion of the DC

electric field, while suppressing the negative temperature

coefficient of electrical resistivity and increasing the thermal

conductivity of the insulatingmaterial are able to obtain amore

uniform DC electric field distribution through homogenizing

the distribution of electric resistivity within bushing insulation.

2) The activation energy has a similar variation trend with the

maximum electric field within bushing insulation, which has

a potential to characterize the temperature

dependence of electrical resistivity of insulating materials

quantitatively.

3) As the thermal conductivity of insulating material increases,

the hotspot temperature within bushing insulation decreases

and the descent rate drops, while the maximum electric field

declines at the beginning and then rises up later.

4) The synergistic regulation of both the thermal conductivity

and the electrical resistivity-temperature characteristic of the

insulating material has a better suppression effect of electric

field distortion.

5) The simulation of temperature distribution and electric field

distribution within electrical equipment is necessary to be

conducted to determine the regulation goal of the insulating

material, which is important to the efficient and economy

design and operation of the insulating material. Further

investigations on the design of composite material

FIGURE 7
Influence of synergistic regulation on the maximum electric field within bushing insulation. (A) maximum electric field; (B) electric field
distribution.
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according to the principle proposed in this article are

encouraged.
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