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Abstract—In this study we design a modified busbar structure which can reduce the use of SF6 and enhance the dielectric strength. 
The simulation and optimization of electric field distributions in the improved busbar structure has been investigated by employing 
both the Finite Element Method (FEM) and Response Surface Method (RSM). The electric field distribution in the optimal busbar 
structure was found to be superior to that in the original structure. Under a relative gas pressure of 0.9 MPa, the busbar 
manufactured based on the optimal model performed successfully. Such improvement enhances the dielectric strength of the 
busbar and reduces production cost and, equally importantly, the pollution of SF6 is reduced greatly. 
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I. INTRODUCTION 

 
With the rapid economic development, the demand for 

electricity has increased, especially in cities. The power 
supply will soon be inadequate for the electricity demand. To 
meet the urgent demand of increasing electricity, circuit 
transformation should be conducted, and new power supply 
circuits should be added.  

Compressed SF6 gas insulated sub-stations offer a 
compact, effective, reliable and maintenance-free alternative 
to the conventional air insulated sub-station systems. 
However, the use of SF6 gas insulation equipment, due to 
the leakage of SF6 gas, caused serious pollution. Therefore, 
at present, the reduction of the use of SF6 gas has become a 
hot research topic in the insulation devices. In this paper, the 
use of SF6 gas is reduced by the improvement of busbar 
structure as the busbar volume is limited and dielectric 
strength should be satisfied. 

To reduce the use of SF6 gas, a modified branch busbar 
structure is proposed for the busbar alteration of gas-
insulated metal-enclosed switchgear. In order to increase 
economical efficiency of modified busbar, unnecessary 
handling and other redundant processes are reduced by the 
structural optimization. The altered structure is optimized 
and its electric field is calculated by using Finite Element 
Method (FEM) and Response Surface Method (RSM). 
Finally, the reliability of improvement is proved by testing 
the insulation capacity of the busbar. 

 
II. SIMULATION OF BUSBAR 

 
A. Structure of Busbar 

 

The original structure of the branch busbar within gas-
insulated metal-enclosed switchgear, as shown in Figure 1 
has been subjected to a type test with 0.95 MPa. In Figure 1, 
the branch busbar is composed of a shielding ring, a 
conductor, a shell, a shielding cover, a electrical contact, a 
contact seat, a shielding cover seat, and other parts. 

From the view of the structure shown in Figure 1, 
component (6) is connected with the cone isolator inside 
busbar, where transition part (7) is added. If remove 
component (7), and reconstruct component (6), the 
component (7) could be saved, and the production cost will 
be reduced consequently. Moreover, the cost for 
manufacturing the casting shields (4) and (1) is much higher. 
While, spinning made shield will consume less materials and 
lower costs. Considering this idea, the improved busbar 
structure is developed as shown in Figure 2. Further more, 
the structure shown in Figure 2 is also optimized based on 
the RSM and FEM. The differences between Figure 1 and 
Figure 2 are shown as following:  

 In Figure 1, the shielding ring (1) is replaced with a 
spinning shielding cover, the shielding cover (4) is replaced 
with another spinning shielding cover, the shielding cover 
(4) is directly fixed on the contact seat (6), the appearance of 
the contact seat (6) is modified, and the shielding cover seat 
(7) is removed.  

 In the modified structure the number of contact surface 
has reduced from 2 to 1, because of the removal of the 
shielding cover seat (7). According to the design and actual 
measurement of circuit resistance, reducing number of 
contact surface can effectively reduce the circuit resistance 
and is conducive to increase current carrying capacity. 

Taking overview of the above-mentioned modifications, 
it can be seen that the production process of component (7) is 
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directly removed. According to the statistics of actual 
manufacture activities, due to the decrease of components 
and parts during the production process, and thanks to the 
modification of shield manufacturing process and reduction 
of assembly procedure.After the new busbar structure is 
adopted, millions can be saved. Besides, from the subsequent 
calculation and test verification, it is known that, the new 
structural busbar reduces the gas filling pressure, which will 
save large amount of money, and more meaningfully, the 
pollution of SF6 will also be significantly reduced. 

 

 
Figure 1. Schematic diagram of busbar before modification 

 1-shielding ring, 2-conductor, 3-shell, 4-shielding cover, 5-electrical 
contact, 6-contact seat, and 7-shielding cover seat. 

 

 
Figure 2. Schematic diagram of busbar after modificatio  

1-spinning shielding cover, 2-conductor, 3-shell, 4-spinning shielding 
cover, 5-electrical contact, and 6-contact seat. 

 

B. Electric Field Distributions 
 
The FEM is widely used in the calculation and analysis 

of electric field distributions to verify the effectiveness of the 
structural design in high-voltage electrical appliances [1]-[2]. 
Because of constructional symmetry of the busbar, electric 
field calculations are two-dimensional (2D) axisymmetric 
problem. The configurations of the busbar are shown in 
Figure 1 and Figure 2. The mathematical model of electric 
field is established as: 
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where,   is the electric potential, 0  is the boundary 
condition. By adopting a cylindrical reference system with 
the z-axis coincident with the axis of the conductor, the 
corresponding functional form is shown as: 
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where,  is the relative permittivity. By minimizing (2) and 
considering (3), the corresponding finite element equation is 
deduced as. 
 ( ) ( ) K Φ P  (4) 
 
where, ( )K  is the stiffness coefficient matrix, Φ  is the 
column array of the nodal potentials, and ( )P  is the column 
array produced by dealing with Dirichlet boundary 
conditions and produced by equivalent charge density.  

 

 
Figure 3. Electric field distribution of branch busbar with original 

structure  
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Figure 4. Electric field distribution of branch busbar with modified 

structure. 
 

In the design of GIS insulation structure, calculation is 
often based on the peak of the lightning impulse voltage. In 
the calculation and analysis of the electric field, the variation 
of the permittivity caused by frequency variation, the voltage 
drop of the electric conductor caused by the resistance of the 
conductor, and the leakage current caused by the resistance 
of the insulation material are disregarded. The electric field 
is analyzed based on the electrostatic field. In addition, 
because currently used standards have high requirements for 
insulation, the boundary conditions in the calculation and 
analysis are set. The rest are applied to the Neumann 
condition. The relative permittivity of the SF6 gas is set and 
the relative permittivity of the insulation material is set. The 
electric field distributions of the branch busbars with the 
original and modified design are shown in Figure 3 and 
Figure 4, respectively. 

 
III. OPTIMIZATION BY USING RSM 

 
The RSM is frequently used for design optimization in 

engineering process, although originally used for statistical 
purpose mainly comprise design of experiments, the 
modeling of RSM and the optimization [3].In the design of 
experiments, which is to find the set of experiments, the 
modeling, there are several types. Among them, the central 
composite design is more effective than the full factorial 
design. 

The second is the model of RSM. According to the input 
and output, the model can be built up. The following matrix 
form can express the relationship between the input and 
output. 

 
 y X     (5) 
 
where, 1( , , )T

Ny y y is the 1N   response vector, 

0 1 12 1, 11( , , , , , , , , , , , )T
p ij p p pp           β is the 

2(2 1 ( ) / 2) 1p p p     regression coefficient vector, and 

1( , , )T
N  ε  is the 1N   error vector. X  is the 

2(2 1 ( ) / 2)N p p p     model matrix as follows. 
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The third step is the optimization of the model. There are 

many optimization methods, such as Conjugate Gradient 
Method and Genetic Algorithms, etc. 

The shape design optimization mathematical equations of 
busbar model can be described as follows: 

 
 1 maxmin ( , , )nf x x E  (7) 
 
where maxE  is the maximal electric field strength value, 1x  

and nx  represent the design parameters. 
In Figure 5, several design variables D, L, R1, R2, R3, 

R4, and R5, which may influence on the electric field 
distribution, are depicted. 

 

 
Figure 5. Model of spinning shielding cover 

 
The optimal electric field distribution shown in Figure 6 

can be found by using the RSM. Table I lists the 
computational analysis results of the branch busbar with the 
original structure and the optimal structure. Table II lists the 
field strength of each part when 950 kV is applied to the 
original conductor based on the calculation and analysis of 
the FEM. 
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Figure 6. Electric field distribution of branch busbar with optimal 

structure  

 
The rated filling and alarm pressures of the branch busbar 

of the gas-insulated metal-enclosed switchgear are 1.0 and 
0.95 MPa respectively[4]–[9].  

 
 

TABLE I CALCULATED AND ALLOWABLEFIELD STRENGTH OF EACH 

PLACE  FOR  CONDUCTOR (KV/MM)  
        Item 

Serial No.  
Shielding 

part 
Insulating 

part 
Insulating 

surface 
Shell 

surface 

1 
Design 

reference 
36.5 5 23 24.9 

2 
Original 
structure 

36.9 4.8 22.8 24.6 

3 
Optimal 
structure 

35.6 4.6 22.5 24.8 

4 
Original 
Sturcture 

34.9 4.3 21.8 22.6 

5 
Original 
Sturcture 

34.5 4.1 21.4 22.3 

5 
Original 
Sturcture 

34.1 4.0 21.7 22.1 

 
In Table I and Figure 3, it can be seen that the maximum 

field strength in the original structure has been increased on 
the outer surface of the shielding ring (1) in Figure 1, when 
the testing lightning impulse voltage was increased 
according to the standards. The calculated value has 
exceeded the allowable field strength value. In another sense, 
the original structure can not meet the requirements due to 
the revision of the standard. However, in the improved 
design, the maximum field strength has been decreased after 
optimization, which was less than the allowable field 
strength value. This demonstrated the effectiveness of the 
optimization method and the feasibility of reducing 
production costs through design improvement. 

 
IV. VERIFICATION EXPERIMENTS 

 
Because of the revision of the standard [10], 15 

experiments have been performed on the original branch 
busbar, whose filling pressure was 0.95 MPa. The insulation 

failures under negative voltage repeated five times and four 
times under positive voltage. This result reveals that the 
structure before optimization does not meet the standard 
requirements. The surface discharge of a basin-type electrical 
insulator discovered after opening.  

Power frequency voltage withstand experiments are 
carried out on the branch busbar with optimal structure at an 
SF6 gas filling pressure of 0.9 MPa. A lightning impulse 
experiment is also performed for verification. Some positive 
and negative voltage impulses were applied according to the 
standards. No flashover was found. The voltage waveforms 
in the lightning impulse voltage test were made.the tooling 
structure diagram used in the power frequency voltage 
withstand test and lightning impulse test of the branch 
busbar. 
 

 
Figure7. Voltage withstand tooling of  branch busbar 

 1-tooling, 2-improved branch busbar, and 3-dish head of tooling 

 
The experimental results reveal that the structure before 

optimization cannot meet the requirements of the currently 
used standards but the optimal structure can meet the 
standard requirements. In addition, the optimal structure is a 
more cost efficient solution. Meanwhile, the verification 
experiment of insulation is carried out under a pressure of 
0.9 MPa. The filling pressure of the busbar can be reduced to 
the rated value of 0.90 MPa. This reduction can decrease the 
gas usage of SF6 and protect the atmospheric environment. 
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V. CONCLUSION 
 
The structure of the branch busbar is optimized, and the 

electric field of original and improved structure is calculated 
and analyzed by using FEM. The electric field distribution of 
the modified busbar structure is optimized based on RSM, 
which is superior to original structure. In addition, the 
numbers of electrical contact surface are reduced, thereby the 
circuit resistance is decreased and the circuit carrying 
capacity of the conductive circuit is increased. The results of 
the insulation experiments verify that the revised structure 
has a greater insulation strength, which increases insulation 
reliability. In addition, the removal of the processing of the 
shielding cover seat in the improvement of the structure 
reduces the production costs, the filling pressure, and the 
atmospheric pollution caused by SF6. Therefore, the revised 
structure reduces costs, improves the competitiveness of 
enterprises.  
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