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Gas insulated switchgear (GIS) is one of the most important equipment in the power system. Excessive
temperature of the GIS busbar conductor will lead to the loss of insulating gas performance and equipment
life. In the present paper, based on the finite element method, the temperature distribution and power loss
density of a 252 kV three-phase GIS busbar is numerically studied using electromagnetic-heat-flow coupling
model, and the structure parameters of the rotation angle, center distance and conductor thickness of the
busbar are optimized with Taguchi method. The results show that the conductor thickness has the greatest
influence on the maximum temperature and power loss, and the influence proportion is more than 70 %. When
the combination scheme of (A1, B5, C5) is adopted, the temperature rises and power loss performance of GIS
has been optimized. The maximum temperature is reduced by 9.56 K and the power loss is reduced by 21.7
%. In addition, according to the analysis of the gas breakdown margin, it is found that the SF6 gas still has a
good insulation performance after structure optimization. This study is of great significance to the heat transfer
and optimization design of three-phase GIS busbar.

1. Introduction

Gas insulated switchgear (GIS) is an important power equipment in the field of power transmission and
transformation engineering, its safety performance is related to the risk evaluation standard of International
Electro Technical Commission (IEC) (Leva et al., 2012). Accurately calculating and reducing the operating
temperature of the GIS busbar can improve the safety of the GIS in operation (Wu et al., 2020). And lower
busbar temperature means less power loss in GIS, which will reduce unnecessary energy waste.

Kim et al. (2005) earlier proposed a magnetic-thermal coupling finite element method to predict the
temperature rise of the busbar, took loss obtained from the magnetic field analysis as the heat source to
calculate the temperature of the busbar, and this method is proved reliable by experiment. Chen et al. (2016)
established a multi-physics coupled GIS busbar model based on the finite element method, changed the
conditions of load current, ambient temperature, solar radiation and wind speed to study the factors that affect
the temperature distribution. Lei et al. (2016) studied the thermal characteristics of the GIS busbar based on
the electromagnetic-flow-thermal coupling model, and analyzed the temperature rise of the busbar with
different conductor and enclosure diameters. Rebzani et al. (2016) proposed a method of changing the shape
of the busbar conductor and slotting on the conductor to enhance the heat transfer of the GIS, and finally the
maximum temperature of the conductor was reduced by 4 K. Based on the SF6 gas breakdown criterion, Wu
et al. (2017) proposed a new busbar design method to reduce the busbar conductor temperature within the
minimum breakdown margin.

The research based on the finite element method to obtain the temperature rise and temperature distribution
of the busbar under multi-physics coupling has been relatively mature, but the research on optimizing the
temperature rise of the busbar on this basis is still relatively few. In this paper, a finite element model of 252
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kV three-phase common box GIS busbar is established. After considering the skin effect, proximity effect,
eddy current induction and thermal radiation, the temperature, velocity and breakdown margin distribution of
the busbar are calculated under the coupling of electromagnetic-heat-flow multi physical field. And the Taguchi
method is used to optimize the rotation angle, center distance and conductor thickness of the busbar
conductor to achieve lower temperature rise and less power loss. This work can provide reference for GIS
heat transfer calculation with multi-physical field coupling and GIS busbar structure optimization design.

2. Physical model and calculation method
2.1 Physical model and geometric parameters

In this study, a 252 kV three-phase common box GIS busbar is selected as the research object (Jin et al.,
2013). This busbar structure is mainly composed of GIS enclosure, three busbar conductors and SF6
insulating gas. In order to simplify the calculation, the busbar is simplified into a two-dimensional model. Its
physical model and size are shown in Figure 1.
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Figure 1: Physical model of 252 kV three-phase GIS busbar

Some physical properties of SF6 gas and busbar conductors change with temperature. SF6 gas physical
properties are given by COMSOL finite element analysis software. The thermal conductivity and specific heat
capacity of SF6 gas are show in Eq(1)-(2) (Wang et al., 2019). Where cp, st (T) is the constant pressure heat
capacity of SF6 gas, J/(kg-K); Asie (T) is the thermal conductivity of SF6 gas, W/(m-K); T is temperature, K.
The ambient temperature Tenv is 290 K, the Sutherland constant S of SF6 gas is 110.55 K.

C,, 4(T)=—2x10"°xT?+2.4xT +1234 .

Aqo(T)=0.01206 % (T /T,,, ) x((T,o, +S)/ (T +5)) )

o (T) is the electrical conductivity of busbar conductors, S/m, as show in Eq(3).

o(T)=1/ p,(1+a(T -T,)) 3)
The electrical conductivity of conductors changes with temperature, the reference resistivity po is 3.3 x 108
Q-m, the resistivity temperature coefficient a is 4.0 x 102 1/K, and the reference temperature Tref is 293.15 K.

2.2 Control equations and calculation methods

The GIS model is divided into solid domain (conductors and enclosure) and fluid domain (SF6 gas). The
electromagnetic-heat coupling equations of the solid domain are show in Eq(4)-(6). The heat transfer equation
of conductors and enclosure Eq(4) and the electromagnetic filed equation Eq(6) are coupled by the magnetic
loss equation Eq(5).

V-(AT)VT)+Q,=0 (4)

Qe:Qm+Qm|=%Re(j«l?)+%Re(jw§-H—*) (5)
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The constitutive equations of electromagnetic field are show in Eq(7)-(10).

VxA=B (7)
E=—jwA (8)
B=uH 9)
J=0(T)E (10)

The coupled heat-flow equations of the fluid domain are show in Eq(11)-(13), the mass conservation equation
Eq(11), the heat transfer equation Eq(12) and the momentum conservation equation Eq(13) are coupled by
the thermal properties of SF6 gas (gas properties are given by COMSOL finite element analysis software).

wW=0 (11)
p(T)(V-VT):v-[(fiR+;‘t)-(VT)] (12)
P(T)V - V) =-Vp+V-[(u(T) + )V + (V) )]+ BT ~T,) (T )g (13)

Where A (T) is the thermal conductivity, W/(m-K); Qe is the total loss density of the busbar conductors and the
enclosure, Qm and Qm are the electrical loss density and magnetic loss density, W/m3; Re is the real part of

the imaginary number; J is the current density, A/m?; E and H are conjugate complex numbers of E and
H: Bis the magnetic induction, T; A is the magnetic vector potential, Wb/m; E is the electric field strength,

N/C; H is the magnetic field strength, A/m; j is an imaginary unit; w = 2T, is the phase angle; f is the electric
excitation frequency, 50 Hz; y is the dielectric constant, F/M; u is the permeability, H/m; o (T) is the electrical

conductivity, S/m; V is the speed vector of SF6 gas, m/s; p (T) is the SF6 gas density, kg/m?; ¢, (T) is the
constant pressure specific heat capacity of SF6 gas, J/(kg-K); pt is the turbulent viscosity of SF6 gas, kg/(m-s);
ot is the Prandtl number of the SF6 gas heat transfer equation; p is pressure, Pa; p (T) is the dynamic
viscosity of SF6 gas, kg/(m's); B is the volume expansion coefficient of SF6 gas; g is the gravitational
acceleration, m/s?; To is the reference temperature, K.

The boundary condition of the contact surface between the SF6 gas and GIS enclosure and busbar
conductors is fluid-solid coupling heat transfer boundary. The radiation heat transfer exists between the inner
surface of GIS enclosure and the outer surface of busbar conductors, and the radiant emissivity, both exand e
are 0.85. The heat transfer of the outer wall of GIS enclosure can be considered as natural convection heat
transfer outside a horizontal cylindrical wall, and the ambient temperature, Tenv is 290 K.

In the present study, the governing equations are solved with the finite element analysis software COMSOL
Multiphysics 5.2, and the MUMPS solver is employed for the computations (COMSOL Multiphysics 5.2, 2016).
The conservative interface flux conditions for mass, momentum, and heat transfer are adopted at the solid-
fluid interfaces. When the calculated residual is less than 103, the calculation is considered to have reached
convergence.

3. Grid independence test and model validations

The memory resources required for multi-physics direct coupling method are extremely large, too fine meshing
makes calculation impossible. In the current study, four sets of grids have been tested. The total number of
four sets of grids are 6000, 7754, 10064 and 13132 respectively. Set the rated current to 3150 A, and use the
maximal temperature at steady state as the basis for comparison. The results show that a grid-independent
solution is obtained when the number of grids is 10064. To save computer computing resources, we adopted
a grid division method with a grid number of 10064 for subsequent calculations.

In order to ensure the accuracy of simulation, it is necessary to verify the calculation model and method. The
three-phase common box GIS heat transfer model of Novak and Koller (2012) is used for verification. The
rated current is set as 3000 A and the alternating current frequency is 60 Hz. The model is calculated to the
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steady state, and then the maximum temperature of each GIS component under the stable operation condition
is compared with the experimental results (Novak and Koller, 2012). The simulation results of the maximum
temperature of the bus conductors, GIS enclosure and SF6 gas are 336.05 K, 310.85 K and 328.25 K
respectively, and the experimental results are 336.85 K, 307.35 K and 326.15 K respectively. The results
show that the calculation model and method used in this study are reliable.

4. Results and discussion

In this article, numerical simulation and Taguchi method are used to optimize the structure parameters of a
252 kV three-phase GIS busbar with a rated current of 3150 A. The optimized parameters are respectively the
angle (0) of the three conductors rotating clockwise around the center of the GIS at the same time, the
distance (do) between the center of the conductor and the center of the GIS, and the thickness (&) of the
conductors. For each optimized parameter, there are five different levels, as shown in Table 1. The targets
that need to be reduced are the maximum temperature (Tmax) and the power loss density (Qn) of the GIS at
steady-state operation.

Table 1: Optimized parameters and levels

Optimized  Symbol Levels

parameters 1 2 3 4 5

0 (°) A 0 30 45 60 90
do (mm) B 80 100 120 140 160
d (mm) C 9 12 15 18 21

If all the parameters are combined separately for research, the calculation amount is relatively large.
Therefore, the Taguchi method (Taguchi and konishi, 1987) is used to determine the numerical simulation
calculation. There are a total of 25 cases that need to be simulated. Extract the maximum temperature (Tmax)
and power loss density (Qn) in each case and convert them into the form of signal-to-noise ratio (SNR). Each
optimized parameter (6, do, 8) has a performance statistic value (PSi;), which represents the sum of the SNR
of all cases with the optimized parameter i and the level j. The PS;; of different optimized parameters at
different levels are shown in Table 2. According to the calculation formula of SNR, PSi; appears as a negative
number, and the larger the PSi;, the lower the maximum temperature or power loss. The contribution rate (CR))
represents the proportion of the influence of different optimized parameters on reducing the maximum
temperature and power loss, and the calculation formula is show in Eq(14)-(15).

R =max(PS;|j=1,2,34,5) / 5-min(PS,;|j=1.234,5)/5 (i=AB,C) (14)

CR=R /3R (15)
T (i=AB,C)

Table 2: Performance statistics and contribution rates of different optimized parameters (I=3150 A)

Targets Optimized PSi; Ri CRi
parameters Level 1 Level 2 Level 3 Level 4 Level 5

Tmax A (6) -253.53 -254.13 -253.65 -253.69 -253.68 0.12 8.3%
B (do) -254.83 -253.76 -253.47 -253.36 -253.26 0.31 21.5%
C (d) -256.81 -254.82 -253.00 -252.25 -251.78 1.01 70.2%

Qn A (8) -291.48 -294.64 -292.07 -292.41 -292.33 0.63 6.5%
B (do) -299.83 -292.57 -290.63 -290.06 -289.84 2.00 20.7%
C () -313.45 -300.88 -288.31 -282.02 -278.27 7.04 72.8%

According to Table 2, whether it is for the maximum temperature (Tmax) or power loss density (Qn), the
conductor thickness (8) has the largest contribution rate, which are 70.2 % and 72.8 %, respectively.
Therefore, when optimizing the structure of three-phase GIS busbar, we can focus on the influence of
conductor thickness. The center distance (do) also has a certain influence on reducing the maximum
temperature and power loss, which are 21.5 % and 20.7 %, respectively. It can be optimized according to the
actual situation. The change of the conductor rotation angle (8) has the smallest effect on temperature and
loss, both of which are below 10 %.
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When the optimization target is the maximum temperature (Tmax), level 1 of parameter A has the largest
performance statistics (-253.53), which indicates that when the rotation angle (8) is 0°, the maximum
temperature is the lowest. In the same way, the level 5 of parameter B and the level 5 of parameter C both
have the largest performance statistics. Therefore, using the combination scheme of (A1, B5, C5), the
maximum temperature of the GIS busbar can be reduced to the greatest extent within the research range.
Moreover, using the combination scheme of (A1, B5, C5), the power loss density can also be reduced to the
minimum within the research range, according to table 2. So we adopt the combination scheme of (A1, B5, C5)
to optimize the GIS busbar structure.

For the structure before optimization (6=0°, do=140 mm, 6=15 mm), the average velocity (Uave) of SF6 gas in
the GIS is 0.018 m/s, the maximum temperature (Tmax) of the busbar is 335.70 K, the minimum breakdown
margin (Emmin) (Wu et al., 2017) of SF6 gas calculated under 1050 kV lightning impulse withstand voltage (Cui
et al., 2014) is 7.97 kV/Imm, and the GIS power loss density (Qn) is 729.5 W/m?3, as shown in Table 3.
According to Figure 2, the following results can be obtained. (1) The flow field is symmetrically distributed in
the vertical direction, and the maximum velocity appears on both sides of the wall due to the effect of gravity
and the limitation of the enclosure. (2) The temperature field is also symmetrically distributed, and the
temperature of the busbar conductor A is the highest. (3) Under the influence of electric field intensity and SF6

gas flow, the breakdown margin in the accessory regions of the three busbar conductors is the smallest.
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Figure 2: Simulation results of GIS before structure optimization (6=0 °, d0=140 mm, =15 mm) of (a) velocity
distribution, (b) temperature distribution and (c) breakdown margin distribution

(c)

The numerical calculation results of the GIS busbar after structure optimization (6=0°, do=160 mm, =21 mm)

are shown in Figure 3 and Table 3.
m/s K kV/mm

()

Figure 3: Simulation results of GIS after structure optimization (6=0 °, d0=160 mm, 6=21 mm) of (a) velocity
distribution, (b) temperature distribution and (c) breakdown margin distribution

(a)

Compare the results after optimization with the results before optimization, the following results can be
obtained. (1) The distribution law of flow field, temperature field and breakdown margin has not changed. (2)
The average velocity (Uave) of SF6 gas changes 0.002 m/s, the maximum temperature (Tmax) of GIS
decreases by 9.56 K, and the power loss density (Qn) decreases by 158.42 W/m?3, with a percentage decrease
of 21.7 %. (3) The minimum breakdown margin (Emmin) is reduced by 1.96 kV/mm, but it is still greater than 0
kV/mm (6.01 kV/mm), so SF6 gas still has good insulation performance.


file:///F:/Dict/8.9.6.0/resultui/html/index.html#/javascript:;

1254

Table 3: Comparison of Uave, Tmax, Qh and Emmin before and after structure optimization of GIS busbar

Conditions Uave (m-s‘1) Tmax (K) Qn (W-m‘3) Emmin (kV-mm'1)
6=0 °, do=140 mm, 6=15mm 0.018 335.70 729.50 7.97
06=0 °, do=160 mm, 6=21 mm 0.016 326.14 571.08 6.01

5. Conclusions

The Taguchi method is used to optimize the structure of the three-phase GIS busbar, and the results after
structure optimization are compared with those before optimization. The main findings are as follows:

(1) The change of conductor thickness has the greatest influence on the maximum temperature and power
loss of the GIS, with a contribution rate of more than 70 %; the center distance has a certain influence on the
temperature rise and loss, with a contribution rate of about 20 %; the influence of the rotation angle is the
smallest, less than 10 % .

(2) When (A1, B5, C5) combination scheme is adopted, that is, the rotation angle is 0 °, the center distance is
160 mm, and the conductor thickness is 21 mm, the maximum temperature and power loss of GIS busbar all
can reach a lower value.

(3) With the optimized GIS busbar structure, the maximum temperature is reduced by 9.56 K, the power loss
density is reduced by 158.42 W/m3, with a percentage decrease of 21.7 %, and the minimum breakdown
margin of the GIS is reduced, but the SF6 gas still has good insulation performance.

This article has reference significance for the optimization design of the three-phase GIS busbar structure, but
due to the simplification of the physical model, the results in this article may deviate from the actual situation.
In the future, a three-dimensional GIS busbar model will be established to consider the influence of contact
resistance on the maximum temperature and power loss.
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