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Abstract. Equal margin design method based on the classic analytic formula is widely used in 
development of extra-high voltage bushing products, and its effectiveness and practicality have been fully 
validated. However, model and temperature factors have significant impact on internal E-field distribution 
of UHVAC and UHVDC bushing condenser, which traditional analytic formula is difficult to evaluate 
quantitatively, so it’s necessary to improve traditional equal margin design method. Firstly, basic principles 
of equal margin design method and its software package were briefly described, and the laws of model and 
temperature factors influencing on condenser E-field were investigated on FEM (finite element method) 
computing platform. Based on these, mathematical model of improved equal margin design method for 
bushing condenser was established, and flow chart of optimization process combining FEM electro-thermal 
coupling calculation with genetic algorithm was presented. The improved method was applied to design of 
UHV RIP oil-gas prototype to realize uniform axial E-field distribution along bushing condenser and equal 
partial discharge margin between adjacent foils. Bushing condenser was fabricated according to above 
optimized design structure, and has passed all type tests. In the paper, the FEM electro-thermal coupling 
calculation method was applied to the inner insulation optimization design to make bushing condenser’s 
design more suitable. The paper can provide some theoretical guidelines for research and development of 
other bushings in UHV level. 

1 Introduction 

Capacitive bushing is a common type of bushing in 
UHV/UHV power system at present: a capacitor core is 
added between the central guide rod and the flange as the 
internal insulation, and there are multi-layer metal plates 
in the capacitor core to control the electric field 
uniformity inside and on the surface of the bushing. The 
inner insulation of the capacitor bushing, i.e. capacitor 
core, is the key component in the electrical design and 
calculation. The design of capacitor core should follow 
the following principles: ① no harmful partial discharge 
under the maximum working voltage; ②  no axial 
flashover at the end of bushing under the rated power 
frequency breakdown voltage (1.2 times dry withstand 
voltage). The traditional design method of equal step and 
equal capacitance is simple in principle, but the overall 
electrical performance of the bushing core needs to be 
improved due to the uneven axial field strength. In the 
1980s, in order to reduce the structure size of bushing 
core, a design method of equal thickness and unequal 
step was proposed. The key is to determine the step 
length of each layer of electrode plate to make the axial 
field strength as uniform as possible, but the adjustment 
process is rather complicated. In the 1990s, new design 

method of capacitor core, equal margin design method 
was proposed in reference[1]. It was proved theoretically 
that this method can effectively improve the initial partial 
discharge voltage of bushing core compared with the 
traditional method, and the theoretical results were 
verified by experiments. Furthermore, in reference[2], 
the equal margin method is developed as software 
package for the optimal design of capacitor core of high 
voltage capacitive bushing. The software package has 
been used up to now, and has successfully designed 
capacitive bushing products under various voltage levels. 
At present, the rapid development of AC/DC UHV 
transmission in China puts forward higher requirements 
for the design and development of UHV capacitive 
bushing. Therefore, it is an urgent problem to be solved 
whether the current design software package of bushing 
capacitor core needs to be further improved under UHV 
voltage level. 

It is necessary to improve the design program of 
bushing capacitance core in following two aspects: ①
calculate the radial and axial field strength distribution 
inside bushing core as accurately as possible; ②couple 
the temperature field distribution of the core into the 
electric field design. The capacitance core is the main 
capacitance part of the bushing, and the radial and axial 
electric field distribution is mainly affected by the size 
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and relative position of the electrode plate, but the stray 
capacitance will also be introduced into the metal parts 
such as the bushing center guide rod, the connecting 
sleeve and the equalizing ball, which will affect the 
internal electric field distribution of the core[3-6]. On the 
other hand, under the rated operation conditions of the 
AC/DC bushing, the temperature gradient inside and 
outside the core, the radial and axial electric field 
distribution will be established. The traditional 
optimization design software package of bushing 
capacitor core can not take the above two factors into 
account in the design process. Now these two factors are 
referred to as model influence factor and temperature 
influence factor respectively. On the basis of the 
traditional analytical design of the existing software 
package, calculation method of electro-thermal coupling 
field should be found. 

In engineering practice, it is usually very difficult to 
get the exact analytical solution of the problem. 
According to the specific situation, the boundary and 
initial conditions can be given, and the numerical 
solution can be obtained by numerical method. The finite 
element method is one of the most effective and widely 
used numerical calculation methods. Now the advent of 
large capacity computer also lays the foundation for the 
high-precision and efficient electromagnetic numerical 
calculation. Taking the design of high-voltage capacitive 
bushing core as an example, the classical analytical 
formula can be deduced to calculate the field strength 
value accurately and complete the design of electrode 
plate size and relative position when bushing core is 
considered alone. However, if the model and temperature 
are considered, it is difficult to obtain the analytical 
expression of the internal electric field of the bushing 
core. In view of this, this paper uses the finite element 
numerical calculation method to obtain the full thickness 
of the bushing. The core structure optimization process 
based on the finite element electro-thermal coupling 
calculation and the genetic algorithm is introduced. 
Considering the influence factors of temperature and 
model, basic requirements of bushing core design are 
realized: the radial field strength meets the control 
requirements, and the axial field strength and partial 
discharge margin between plates are evenly distributed. 
The improved equal margin design method is applied to 
the optimization design of inner insulation of AC 
1100kV dry oil and gas bushing core, and the prototype 
has passed all type tests. 

 
 
 
 
 
 
 
 
 
 

2 Equal margin design method of 
traditional bushing core and its 
software package implementation 

2.1. The design method of the traditional 
bushing capacitor core equal margin 

 
(a) Core material object   (b) Layout of inner plate of core 

Fig.1  Photo of bushing condenser and foil arrangement 

The layout of the bushing capacitor core and its internal 
plate and the characterization of relevant parameters are 
shown in Figure 1. Assuming that the bushing capacitor 
core contains n layers of plates, the initial voltage of PD 
between layers can be expressed by (1)[7-9]: 

0.5
iU Kd                           (1) 

Where K is the coefficient, for oil paper bushing, the 
harmful partial discharge coefficient can be 4.5, and the 
flash-over discharge coefficient can be 13.5. For the 
epoxy impregnated paper dry bushing, its value needs to 
be further studied and determined. d is the thickness of 

insulating layer between two plates (mm). iU is the 

initial partial discharge voltage (kV) of insulating layer. 
If the design method of equal capacitance is adopted, the 
initial partial discharge voltage of the whole bushing core 
is: 

0.5
miniU nKd                       (2) 

In the above formula, dmin is the minimum insulation 
thickness between plates (mm). Ui is the initial partial 
discharge voltage of bushing (kV). If the number of 
internal layers n, the distribution of axial electric field Ea 
and the overall size of the core remain unchanged, and 
the insulation thickness between the layers is properly 
adjusted, the inter layer margin /iU U   can be equal. 

At this time, the initial partial discharge voltage of 
bushing is: 

' 0.5

1 1

n n

i ik k
k k

U U K d
 

             (3) 

Among them, '
iU  is the initial partial discharge 

voltage of bushing core in the case of equal margin 
design. Compared with formula (2) ~ (3), it can be seen 
that the initial voltage of partial discharge is higher than 
Ui, so equal margin design can effectively improve the 
initial voltage of partial discharge. The equal margin 
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method can be carried out on the basis of equal step and 
equal capacitance design. In fact, the distribution of the 
radial electric field is independent of the thickness DK of 
the insulation layer between the plates[10,11]. Therefore, 
it can be assumed that the radial electric field Erk at each 
plate is approximately equal to the radial electric field 
strength under the design of equal step and equal 
capacitance. In equal margin design, the ratio of the 
initial partial discharge voltage of each insulation layer to 
the voltage distributed on the layer should be equal to a 
constant: 

0.5( )ik ik k

k rk rk

U E K d
A

U E E


  


        (4) 

It is obtained that the insulation thickness dk of layer 
k is: 
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And because: 
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According to this, we can get the following 
conclusions: 
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Thus, the following iterative scheme can be formed, 
in which the calculated value of the first iteration is 
expressed by superscript (1): 
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Then the voltage of layer k can be obtained as follows: 
(1)
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In this way, the length of the upper and lower steps of 
the bushing core can be determined: 

(1)
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On the basis of equal margin design, the design of 
capacitor core and plate can be carried out. In this design, 
a number of small plates are inserted between the main 

plates, and the edge breakdown of the core is avoided by 
using the strengthening effect of the thin dielectric layer. 
Generally, XJ1 small plates are inserted between the main 
plates of DJ1 layer near the center guide rod side, XJ3 
small plates are inserted between the main plates of DJ3 
layer near the flange side, and XJ2 small plates are 
inserted between the main plates of DJ2 layer in the 
middle of the core: 

1 2 3N DJ DJ DJ                         (14) 

The size and position of the N main plates can be 
determined by the equal margin design method, and the 
small plates are designed according to the equal step and 
equal capacitance. Therefore, the starting voltage of 
partial discharge between main plates can be calculated 
by formula (15): 

0.5( 1)( )
1

k
ii i

i

D
U K XJ

XJ
 


(i=1,2,3)    (15) 

In the above formula, K is the same as in formula (1), 
and Dk is the thickness between main plates. According 
to the size of the outer contour of the core and the 
operating voltage, the respective number of the large and 
the small plates is determined. According to the equal 
margin design method, the thickness dk of the insulation 
layer between the plates when the total number of plates 
is calculated, where n is calculated by formula (16): 

3

1

( 1)i i
i

n DJ XJ


                     (16) 

Then, according to dk, the thickness Di of the 
insulation layer between the main plates is determined. 
The calculation method is shown in equations (17)-(19), 
where h is the thickness of the single layer corrugated 
paper: 
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(i=DJ1+1,…, DJ1+DJ2)                           (18) 
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(i=DJ1+DJ2+1,…,N)                               (19) 
 

In the above formula, int() is the rounding function, 
PIT5 is the parameter introduced for rounding, and the 
value is 0.5 when rounding. After calculating the 
insulation layer thickness Di between main plates, the 
radius Ri between main plates can be calculated by using 
formula (9), and then the length Li of n-layer main plates 
can be determined according to formula (10). The 
voltage between plates, radial field strength and axial 
field strength of upper and lower parts can be calculated 
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according to the above equal margin design, and the 
initial partial discharge voltage between main plates 
should be calculated according to formula (15). 

2.2. Software package implementation of the 
traditional bushing capacitor core equal margin 
design method 

The length and the position of the plates in each layer of 
the core can be determined by the above theoretical 

formula after finite cycle calculation, and the partial 
discharge margin and the axial field strength between the 
plates can be evenly distributed[12,13]. A software 
package is developed based on the equal margin design 
method for internal insulation of high voltage capacitive 
bushing. The interface of the software package is shown 
in Figure 2. 
 

 

 

Fig.2  Packages for HV bushing condenser design 

The existing core materials mainly include oil 
impregnated paper and epoxy impregnated paper. The 
material parameters need to be determined through 
specific tests, and the test voltage and design size 
parameters are determined according to the type of 
bushing. After the relevant parameters are set, the 
traditional equal capacitance method, equal thickness 
method, equal margin method and large and small plate 
method can be selected to design the structure parameters 
of bushing capacitor core. Through the above theoretical 
analysis, it can be seen that the premise of equal margin 
method to achieve equal partial discharge margin 
between plates and uniform distribution of axial field 
strength is that the electric field between plates of 
bushing core meets the theoretical calculation formula of 
coaxial cylindrical structure with linear medium. 
However, considering the model and temperature factors, 
the theoretical formula is not suitable for the calculation 
of the electric field between the plates of high voltage 
bushing. It is difficult to obtain ideal design results of the 
core by using the traditional high voltage capacitive 
bushing internal insulation optimization design software. 
It is necessary to further improve traditional high voltage 
bushing internal insulation optimization design program. 

3 Influence of high voltage bushing 
model and temperature on electric field 
distribution of core 

 

Fig.3  HV condenser bushing and FEM calculation model 

In this paper, the large-scale finite element analysis is 
used as the analysis platform to further study the effect of 
the high-voltage bushing model and temperature factors 
on the core electric field distribution. Taking high 
voltage capacitive bushing as an example, the rated 
operating voltage and current of the bushing are 800kV 
and 3800A respectively. The physical and finite element 
models of the bushing are shown in Fig. 3, and design 
parameters of the outer contour of the capacitor core are 
listed in Table 1. 

Tab.1  Structure parameters of bushing condenser 

Structural 
parameters 

L0(mm) Ln(mm) D0(mm) Dn(mm) n 

Numerical 
value 

9344 3346 135 526 93 

 

 

Fig.4  E-field distribution of bushing condenser with FEM 

In Table 1, L0, D0 are the length and diameter of the 
zero layer plate, Ln, Dn are the length and diameter of the 
nth layer plate, and n is the total number of plates in the 
bushing core. The above design parameters are input into 
the high voltage capacitive bushing internal insulation 
optimization design software package, and the large plate 
type and equal margin design methods are adopted. The 
radial field strength of the core under the highest 
operating voltage is Er, the axial field strength under one 
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minute power frequency withstand voltage is Ea, and the 
partial discharge margin between plates is Ydm. In order 
to verify the correctness of the finite element calculation 
method in the electric field calculation of high voltage 
bushing capacitor core, the finite element calculation 
model of single capacitor core is established according to 
the structural parameters of the core output by the 
traditional bushing internal insulation optimization 
design software package calculation environment. The 
grid is divided and the electric potential load is applied 
for electric field simulation. The radial and axial electric 
field distribution is shown in Figure 4.  

At the same time, the output field strength values of 
traditional optimization design software package for the 
bushing internal insulation are compared with the finite 
element calculation results in Fig.5, including the radial 
field strength of the core, the axial field strength and the 
partial discharge margin between the plates. The figure 
shows that the results of the software package are 
basically consistent with those of the finite element 

method, which proves the accuracy of the finite element 
method in calculating the internal electric field 
distribution of the bushing core. The results show that the 
radial electric field distribution of the bushing core 
presents U-shaped distribution of high at both ends and 
low in the middle, and the maximum electric field 
strength of the center guide rod side is higher than that of 
the flange side. The axial electric field strength of the 
core and the partial discharge margin between the plates 
fluctuate in a certain range, but the overall distribution 
tends to be uniform. The comparison results of the above 
core electric field distribution show that: 1) using the 
traditional optimization design software package to 
design the bushing core can basically meet the design 
concept of axial field strength and uniform distribution of 
the partial discharge margin between plates; 2) the 
software package compiled according to the theoretical 
formula can be developed, and the calculation results are 
accurate. 

 

Fig.5  Comparison between packages and FEM  

 

Fig.6  Relationship between model and temperature factors with E-field inside bushing condenser 

Compared with the traditional theoretical formula, 
the finite element method has more advantages: 1) the 
traditional theoretical formula only takes into account the 
influence of the main capacitance in the bushing core on 
the electric field distribution, which can not 
quantitatively express the distortion effect of stray 
capacitance on the electric field caused by the central 
guide rod, external flange, transformer tank and other 
metal parts. 2) the temperature gradient will appear in the 
core of high voltage bushing under the actual operation 
conditions of full voltage and full current. The 
distribution of electric field intensity will change 
obviously, and traditional theoretical formula can not 
describe it quantitatively. The effect of the above two 
factors on the electric field distribution of the bushing 
core is shown in Fig. 6. It can be seen that the model and 
temperature have significant effects on the internal 
electric field of the core: the model factor makes the 

radial electric field strength and axial electric field 
strength of the center guide rod side increase, the partial 
discharge margin value decrease, and the change trend of 
the three parameters of the flange side is opposite. The 
temperature factor makes the radial electric field strength 
and axial electric field strength of the center guide rod 
side increase when the electric field strength decreases, 
the partial discharge margin increases, and the change 
trend of the three parameters on flange side is opposite. 
Therefore, it is necessary to improve the traditional high 
voltage bushing insulation optimization design software 
package under the condition of finite element calculation, 
that is, to realize the uniform distribution of axial field 
strength and partial discharge margin of capacitor core 
when considering the model and temperature influence 
factors. 
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4 Application example of improved 
equal margin design method for internal 
insulation of high voltage bushing 

4.1. Optimization design of structural 
parameters of UHV dry oil and gas bushing core 

The principle and algorithm flow of improved equal 
margin design method for the internal insulation of HV 
bushing were introduced in detail. The optimization 
design method is applied to the internal insulation design 
of UHV 1100kV epoxy impregnated dry Oil-SF6 
bushing. The external outline of the initial design of the 
bushing is shown in Figure 7. The two ends of the core 
are respectively placed in the transformer oil tank and 
GIS pipeline gas chamber, and the central guide rod is 
connected. The electric field is shielded by the pressure 
equalizing cover. The length and diameter L0 and D0 of 
the zero layer plate are 4410 mm and 150 mm 
respectively, the length and radius Ln, Dn of the nth layer 
plate are 1040 mm and 640 mm respectively, and the 
total number of plates n in the bushing core is 95. The 
rated working voltage of bushing is 635kV and the rated 
current carrying capacity is 3150A. 

 

Fig.7  Outlet of UHV oil-gas bushings 

In the calculation of temperature field, the Joule 
heating P1 of core insulating medium and the eddy 
current heating P2 of the central guide rod should be 
considered simultaneously, and the temperature 
boundary, convection and radiation conditions should be 
set[16].  

2
1 2 tanP U fC                     (20) 

In above formula, U is the highest working phase 
voltage of the bushing, f is the voltage frequency, C is 

the main capacitance value of the bushing core, and
tan is the tangent value of the insulation dielectric 
loss angle of the core. The eddy current heating of the 
center guide rod is calculated by formula (21): 

2 0 1 0 1
2

1 1 1 1

2 ( ) ( ) ( ) ( )
( )

2 ( ) ( ) ( ) ( )

i f I ka K kb K ka I kb
P I real

a I ka K kb K ka I kb

 






 

(21) 

 
(a) E-field distribution   (b) Temperature distribution 

Fig.8  Temperature and E-field distribution under full model of 
UHV oil-gas bushings 

 

Fig.9  Optimized bushing condenser structure under different calculation conditions 

In the above formula, real() is the real part function, 
a, b are the outer radius and inner radius of the central 
guide rod, and  ,  are the conductivity and 

permeability of the guide rod material, and Ii, Ki(i=0,1) 
are the first and the second Bessel functions respectively. 
The full model electric field and temperature distribution 
of UHV oil and gas bushing in rated operation under 
calculation environment is shown in Figure 8. 

Figure 9 shows that the high field strength area of 
bushing is mainly concentrated in the inner core and the 

surface of the pressure equalizing cover, and the hottest 
spot is about 95 ℃, which is located near the interface 
between the center guide rod and the core. The 
optimization design of UHV oil and gas bushing core is 
carried out under the condition of full model and electric 
heating coupling calculation by using the method of 
equal margin design of high pressure bushing inner 
insulation improvement. The optimization results of plate 
length ALi, plate spacing DDi and lower step length 
SDL2i(i=1~n) are compared as shown in Figure 10. 
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Fig.10 Optimized electric parameters results under different calculation conditions 

Figure 9 shows that under the three calculation 
environments of traditional design, full model and electro 
thermal coupling, the optimized structural parameters 
obtained by using the improved internal insulation 
margin design method of high voltage bushing have 
obvious differences. In the three cases mentioned above, 
the length of the plate ALi decreases from the innermost 
layer (center guide rod side) to the outermost layer 
(flange side), the length of the plate is the longest in the 
full model condition, the shortest in the electrothermal 
coupling condition, and the middle in the traditional 
design condition; the plate spacing DDi in the traditional 
design and full model design conditions, the thickest 
dielectric layer is located in the middle of the core, but in 
the electrothermal coupling condition, The results show 
that the distance between plates decreases gradually, that 
is, the distance near the center guide rod is the largest, 
and the distance near the flange is the smallest. Figure 10 
shows the comparison between the optimized electric 
field parameters of the bushing core under the condition 
of full model and electrothermal coupling and the 
traditional design. It can be seen that under the traditional 
design, the axial field strength of the bushing core 
fluctuates in the strip area, and the partial discharge 
margin fluctuates greatly. The minimum value of partial 
discharge margin between the innermost plates (center 
guide rod side) is 0.925. Because the initial partial 
discharge voltage of the whole bushing core is 
determined by the minimum value of partial discharge 
margin between the plates, the traditional design is not 
conducive to the long-term safe and stable operation of 
the bushing core. By using the improved equal margin 
method, the axial field strength of the bushing core and 
the partial discharge margin between the plates can be 
evenly distributed. Under the condition of the whole 
model, the PD margin between plates is 1.155. 
Theoretically, the initial PD voltage of the whole core is 
increased from 587kV to 733kV, and the axial field 
intensity is evenly distributed, which reduces the 
possibility of flashover at the end of the core. Under the 
condition of power frequency AC, the influence of model 
factors on the core electric field distribution is greater 
than that of temperature factors. Therefore, the core 
structure parameters optimized under the full model 

conditions are used for rolling, pouring and curing. The 
prototype is shown in Figure 11. 

 

Fig.11  Prototype of UHV oil-gas bushings 

5 Conclusion  

In this paper, an improved design method of the equal 
margin for internal insulation of high-voltage capacitive 
bushing is realized by combining electrothermal coupling 
calculation and genetic algorithm in finite element 
calculation environment, and a prototype of UHV oil and 
gas bushing is successfully developed by using this 
method: 

1) Considering the structure and isothermal condition 
of the bushing capacitance core, the electric field 
distribution inside the core calculated by the traditional 
design software package is consistent with that 
calculated by the finite element method, which proves 
the effectiveness of the finite element method in 
calculating the electric field distribution inside the 
bushing core. 

2) The model and temperature factors have a 
significant influence on the electric field distribution in 
the bushing core. In the finite element calculation 
environment, electrothermal coupling calculation method 
can be used to quantitatively describe the influence law. 
On this basis, the traditional equal margin design method 
is improved to realize the uniform distribution of axial 
field strength of bushing core and partial discharge 
margin between plates. 

3) The improved equal margin design method is 
applied to the core structure optimization design of UHV 
oil and gas bushing prototype. The developed prototype 
has passed all type tests, which proves the effectiveness 
and rationality of the improved equal margin design 
method. 

4) The improved equal margin design method 
proposed in this paper has certain theoretical guidance 
value for other types of UHV AC/DC bushing core 
design. 
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