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Abstract

CrossMark

The coupled field, Magnetic-thermal-structural analysis has been carried out for 230 kV bare and
nano Fe coated busbar. The integrated coupled field analytical equations were developed by
using electrical parameters to predetermine the temperature rise and mechanical stress. The finite
element method software ANSYS APDL commercial package has been used for simulation
analysis with magneto-thermal-structural sequential weak coupling methods. The 6061-T6

hollow aluminium busbar size of 1 m length and 8 mm thickness with the load current of 1000 A
was modelled and the magnetic field effect was analysed through magnetostatic solver. From the
analysis, it was inferred that the nano iron coated busbar diminishes the magnetic field around
80% in the vicinity areas. The magnetic field reduction is achieved by high conductivity and high
permeability of the material. It also reduces the rise of temperature by 4 °C with the property of
high thermal conductivity, thus reduces the thermal flux by 50 W m 2. Thermal dependent
mechanical stress is decreased by 35% for coated conductor compare with the bare conductor.
Due to the thermal expansion coefficient, the coated material aid to protect the busbar against the
mechanical stress. The simulation results were analyzed and compared with the analytical
results. The nano coated conductor exhibit the low electromagnetic pollution in the environment
by reducing the electromagnetic field and temperature rise.

Supplementary material for this article is available online
Keywords: busbars, coupled field, sequential finite element method, substations, nano Fe coating

(Some figures may appear in colour only in the online journal)

1. Introduction

Nowadays electric field (EF) and magnetic field (MF) pollu-
tion are constantly increasing in the vicinity areas around
substation and Transmission lines [1]. Manmade EF and MF
are mutely growing in the world. Humans are continuously
exposed to the electromagnetic environment from the
domestic appliance and industrial equipment [2]. The EF and
MF exposure to the human body results in energy absorption
and internal body currents [3]. According to World Health
Organization (WHO), the electromagnetic field from power
system causes short term and long term health problems. So
the studies of electromagnetic field impact in the living sys-
tem are required.

0031-8949,/20,/045703+10$33.00

Due to populace growth, the high voltage substation
keeps increasing in the rural area. The modernization in the
power system, escalate the highly complex and intricate
network [1, 4]. The primary and secondary equipment in the
substation is act as the source and victim of the electro-
magnetic environment [3-5]. It causes a higher amount of
emission through MF, EF, and heat flux (HF) which seriously
affect the substation equipment and living things (human,
plants and animals) in the ecosystem. Currently, researchers
focused on the extra high voltage (EHV)/ultra high voltage
(UHV) substation electromagnetic smog [6—10]. The stan-
dards are provided by many international organization and
several countries [5, 8—11]. There is no universal standard for
substation electromagnetic environment. The ICNIRP has set
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the public and occupation exposure limit for EF, MF and HF
to human being [3].

In a substation, the busbar plays a vital role in trans-
porting the current and voltage from incoming feeder to
outgoing feeder. The busbar is the primary candidate to dis-
tribute the energy and supply in and around the substation.
The busbar makes the electrical energy distribution more
flexible and less expensive [12]. It is mostly used in high
voltage applications. The busbar should be withstood against
transient conditions and temperature rise for high voltage and
high current without having a mechanical failure.

The temperature has to be considered as a crucial factor
in deciding the busbar diameter, surface area and current
carrying capacity. These are the essential parameter to design
the busbar. The degree of mechanical flexibility must be
higher to withstand the short circuit conditions. In short cir-
cuit conditions, the magnetic force and temperature will rise
sharply [13, 14]. The hollow busbars are commonly used to
dissipate more heat through the large cross-sectional area.
More literature shows the detailed analysis for the rectangular
and gas insulated substation (GIS) busbars [12-15].

In this article, the extremely low frequency (ELF)
magnetic field reduction technique was proposed [16]. The
high frequency electromagnetic field (EMF) reduction tech-
niques are available commercially [17-20]. But power fre-
quency (50/60 Hz) MF shielding is still in research [20-25].
This paper proposed the power frequency magnetic field
mitigation technique by using ferromagnetic material. The
nano iron is used to mitigate the magnetic field. The magnetic
shielding is achieved by nano coating on the busbar. The
shielding material is described in chapter 2.

In this modelling, integrated coupled field equation was
developed. The coupled field analysis will enhance the
integrity of real-time scenario [26-32]. The multiphysics
analysis can eliminate the real-world product failure. In
this work, we used magneto-thermal-structural (M-T-S)
[26-28, 32] and magneto-structural (M-S) analysis. In
ANSYS, sequential finite element method (FEM) is executed
as unidirectional flow.

The magnetic field intensity (H), magnetic flux density
(B), magnetic force (MF), temperature rise (7), Thermal
gradient (TG), Thermal flux (HF), Stress and Strain have been
determined by using analytical formula and simulation. The
values of magnetic field effect are given as input for thermal
analysis. Further, the thermal results are given as input for the
structural analysis [13-15, 30, 31]. It is illustrated in chapter
3. The sequential FEM results were compared with analytical
values.

2. Application of soft magnetic alloys for field
reduction

Soft magnetic materials are generally used for magnetic shield-
ing. It is easily magnetized and demagnetized. The temperature
rise and current capacity will decide the shape and size of the
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Figure 1. Coupled field sequential FEM analysis of busbar.

busbar [11-13, 32]. The insulation coating for busbar will
reduce the current carrying capacity of the busbar [14]. So the
high permeability and high conductivity material is used for
shielding to reduce the magnetic field [17-20]. Commercially
available soft magnetic alloys are NANOPERM, NANOPERN,
VITROVAC, FINEMET, VITROPERM, PERMALLOY and
MUMETAL [19]. These are the combination of Fe—Cu-Nb-B—
P-Si-Mo—Ni alloy in different proportion. Those are used for
high frequency magnetic shielding. But for low frequency tin—
lead, copper alloy, super conductivity material [23] and silver
coatings are used.

In this study, nano Fe coating is used as power frequency
(50 Hz) magnetic shielding. Because ferromagnetic alloys
having high permeability and low coercivity compare with
other alloys [18-20]. The nano crystalline iron based alloys
have higher saturation magnetization. It is less expensive and
abundantly available on the earth. Iron based metallic alloys
increase the magnetic properties and thermal properties. It has
the unique property of superparamagnetic in nature. It will
occur only in small grain size iron based metals. The iron
based alloys enhance the thermal properties and structural
properties. NANOPERM soft magnetic alloy also has the
magnetic shielding properties at power frequency [20].

3. Integrated coupled-field formulation

Coupled-Field generally used in multiphysics problems and it
infers more realistic output for real-life scenarios. To avoid the
severe effect of Magnetic Field and Temperature levitation in
the eco-system, it has to be predicted by design engineers for
establishing the high voltage substation [10-13, 33].

In this paper, load transfer coupled physics mechanism is
used for the magnetic, thermal and mechanical effect. The
load is transferred between the different physics environment.
The unidirectional load transfer method is utilized for M-T-S
analysis. The thermal and mechanical analysis is derived from
magnetic field analysis. The pictorial representation is shown
in figure 1.

The analytical formula for coupled field analysis is
established to obtain the relation between temperature rise and
structural deformation concerning input current and shape of
the material. This formula will provide a direct solution for
heterogeneous materials which will be helpful to safeguard
the neighbouring equipment in the substation.
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The magnetic flux density (B) is calculated from

2
B:“_()IXW—M. (1)

2 (12— rP)

I—Input current to the busbar in A
r—inner radius of the busbar in mm
ro—outer radius of the busbar in mm.
The magnetic force is calculated from

F = Bli sin 6, 2)

where /[—length of the conductor.

The temperature rise is obtained from I°R loss of the
busbar by referring equations (3) and (4).

For 2D Analysis,

I’Rt = M x Cp x AT. 3)
For 3D Analysis,
I’Rt = p x Cp x AT. 4)

M—Mass of the busbar in Kg
p—Density of the material kg mm™
Cp —Specific heat of the material
AT = (T, -T))
T,—Temperature rise in the busbar in Kelvin
T:—Ambient temperature in the busbar in Kelvin.
The thermal flux and thermal gradient are calculated from
following analytical equations (5) and (6).
L -1

Thermal Flux or Heat Flux = KA(T) (®)]

3

Thermal gradient = u, (6)
dx

where K = thermal conductivity in W/mm k

A = area of the surface in mm*

d = inner wall thickness in mm

T, = ambient temperature in busbar in Kelvin

T, = Temperature rise in busbar in Kelvin.

dX = distance measured between the two points of
thermal radiation.

The structural deformation is calculated from thermal
stress and strain using equation (7)—(9). The change in length
also calculated from strain equation. The mechanical analysis
is beneficial in the prediction of structural deformation due to
short circuit conditions

stress (f) = E X a x AT. @)

From equation (7)
strain (¢) = % =a x AT, ®)
Al=a x AT x 1 )

E—Young’s modulus of the material
a—Coefficient of thermal expansion
Al = (L — 1)
F—Force on the area
l,—length increment in mm due to thermal stress
[;—Initial length of the busbar in mm.

Figure 2. 230 kV Switchyard busbar model and meshing.

Figure 3. Front view of the busbar with the coating material.

4, Simulation modeling

The 230kV aluminium busbar has been modelled and
meshed in 3D structure by using ANSYS package shown in
figure 2. The inner radius and outer radius of the busbar are
37.5 and 45.5 mm. The length of the busbar is 1 m. Numerical
methods have come into the frame for more complex pro-
blems like different materials. The 6061-T6 Aluminium Alloy
has taken for simulation modelling. It has higher mechanical
strength and electrical properties.

In the bare and nano coated busbar, the M-T-S and M-S
analysis have been done in the sequential FEM coupling
manner. The material selection magnetic, thermal, structural
properties and Proper Boundary Conditions (BC) are con-
sidered as inputs with air boundary with referring to IEEE std.
738-2012 [32]. The busbar both ends are fixed. In modelling
after meshing, the whole model has 68766 elements and the
conductor has 27670 elements.

Figure 3 shows the busbar, coated with nano Fe powder
in 0.1 mm thickness. The M-T-S analysis has done for bare
and coated busbar in static conditions. The magnetic, Thermal
and structural results are compared for bare and nano coated
busbars. The outcome simulation results are shown from the
average minimum value to the average maximum value.



Phys. Scr. 95 (2020) 045703

S Victoria Mary and C Pugazhendhi Sugumaran

ANSYS

R15.0
ocT 24 2018
17:39:16

VECTOR
srEp=1
sus =1
TIME=1
B

.2212-03

.316E-06 -S56E-04 111e-03 -166E-03
2 -194E-03 -245E-03

.279E-04 -832E-04 ’ -138E-03

ANSYS
RI5.0

ocT 25 2018
16:16:16

VECTOR
STEP=1
suB =1
TIME=1

.096164 -144133

.192102
-024211 .07218 .120149 .168117 .216086

A) B)
Figure 4. Magnetic flux density (A) bare busbar (B) coated busbar.
Table 1. Material properties.

Properties Aluminum Air Nano Fe
Magnetic properties = Magnetic permeability 1.0022 1 5500

Resistivity (Q mm) 265 %107 33e+19 9.7 x107°
Thermal properties Thermal conductivity (W mm™"' K) 0.205 0.24 x 107* 0.024

Specific heat J Kg™' K™ 900 1004 135
Structural properties  Young’s modulus (N mm™>) 69000 0.101 13000

Poisson’s ratio 0.32 0.1 0.33

Table 1 shows the physical parameters of the material which
are used in the simulation.

4.1. Magnetic analysis

The 1000 A current rating is assigned for input to obtain the
results of magnetic field, magnetic flux density and magnetic
force. The magnetic field is governed by Maxwell’s govern-
ing equations (10) and (11)

V2A = —pul,

1[8 (8A) ) (aA) 0 (6A)] B

—N ==t ==+ ===
| Ox\ Ox oy \ 9y 0z\ 0z

where, A = magnetic field vector

1 = permeability of material

J = current density.

The results are obtained from the magnetic analysis
shows the magnetic field effect in the environment and
magnetic force in the busbar displays in figures 4—6. The
maximum values of magnetic flux density, magnetic field
intensity and magnetic force are 0.35 x 10 °Wbmm 2,
198 Amm™"' and 1.44 N A~ mm in bare conductor shows in
figures 4(A), figure 5(A), figure 6(A) respectively. Table 2

(10)

(1)

shows the permissible value for the magnetic field at power
frequency. These values are compared with simulated values.

In the coated busbar, the magnetic field effect has got
reduced due to the high permeability and high conductivity
material. The composite permeability plays a major role in the
magnetic shielding of the busbar. The shielding provides a
low resistance path to the magnetic flux lines. Due to high
permeability, the magnetic flux density increases more in the
coating area than in the atmosphere explain in figure 4(B).
The magnetic field intensity is 16 Amm ' shows in
figure 5(B). It proves that the magnetic field exposure to the
human being is reduced after shielding. It will be beneficial
for working persons in the substation for a long time.

The magnetic force is the mechanical force experienced
by the current carrying conductor in a magnetic field. In the
bare conductor, the high magnetic force is encounter in the
surface of the busbar. In figure 6(B), the FEM model shows
the minimum magnetic force 0.235 x 10 in the surface of
the busbar. At the busbar ends, the Lorentz force acting in the
longitudinal direction. The magnetic lines of force are passing
through the coating material. When the magnetic field
strength is reduced in the busbar, the magnetic force on the
surface has got reduced. Hence the mechanical stress is
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Figure 5. Magnetic field intensity (A) bare busbar (B) coated busbar.
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Figure 6. Magnetic force (A) bare busbar (B) coated busbar.

Table 2. ICNIRP guidelines for magnetic field at power
frequency (50 Hz).

Magnetic field

0.1 mT
0.5mT

Public exposure
Occupational exposure

reduced in the busbar. The magnetic force is a vital parameter
in the short circuit analysis.

4.2. Thermal analysis

In thermal analysis temperature rise, thermal gradient and
thermal flux results are obtained through magnetic analysis
results. The temperature rise shows the heat loss [29] in the

busbar. It is initiated by applying the maximum current. The
magneto-thermal is the weak coupling mechanism.

The busbar temperature will not exceed 30 °C from the
ambient temperature. The working temperature of the busbar
is maintaining below 75 °C. This working temperature of the
busbar will not lead to thermal expansion in the aluminium
and iron. If current carrying capacity is increased, the cross
sectional area of the busbar is increased. So the interface
between the aluminium and iron will not lead to thermal
stress.

The ohmic losses are calculated from this analysis. It
includes heat dissipation and temperature rise of the busbar.
Heat dissipation mainly depends on the thermal conductivity
of the material. The heat balance equation (12) describes the
principle of conservation of energy derived from the first law
of thermodynamics.



Phys. Scr. 95 (2020) 045703

S Victoria Mary and C Pugazhendhi Sugumaran

1

NODAL SOLUTION AN%IYSSO
aTERL .
gy T 26 2018
endge) 13:33:27
TEMR (AVG)

RIY5=0

ol =303

e =320.985

303 306.997 10.993 14.99 318.987
304.998 308.995 312,992 316.988 320.985

Figure 7. Temperature rise (A) bare busbar (B) coated busbar.
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Figure 8. Thermal flux (A) bare busbar (B) coated busbar.

The thermal governing equation is

- - 3

a/ox ke[ 21 ) |+

| \0x/]

[ (or)] aT
/0yl ol ZL| |+ —,0lT). a2
/y_kyay_ ; pp(at) (12)
o/0: ke[ L) | + 0tx. 3. 2)

| \0z /]

where g is heat generation, p is the density of the material, C,
is the Specific heat of the material and ¢ is the time.

The results exhibit in figures 7(A), 8(A), 9(A) reveal the
average values of temperature, thermal flux and thermal gradient
as 320.985K, 022 x 10°Wmm > and 0.73668 Kmm '
respectively of the bare conductor. Due to the high thermal
conductivity of the coating material, thermal flux and temper-
ature are decreased after magnetic shielding. It illustrates in

figures 7(B) and 8(B). Figure 9(B) explains the thermal gradient
which is related to the heat flux vector using Fourier’s law.

The thermal radiation is influenced by electromagnetic
waves. The convective and radiative thermal energy directly
proportional to the rise in temperature of the busbar. Thermal
conductivity of the shielding material influences the Heat
dissipation on the outer surface area of the busbar. The
intensity of the thermal radiation depends upon the temper-
ature of the emitting surface. Due to the surface temperature
reduction, the radiant heat emission from nano coated busbar
is considerably reduced as 50 W m™2.

4.3. Structural analysis

Mechanical stress and strain are vital parameters for the elec-
trical equipment in the substation. In steady-state condition,
temperature rise leads to mechanical stress. In M-T-S analysis,
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Figure 9. Thermal gradient (A) bare busbar (B) coated busbar.
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Figure 10. Deformation Structure (A) bare busbar (B) coated busbara.

thermal stress is feed as input for structural deformation. The
governing equation (13) is used to reveal the displacement
structure due to thermal expansion or contractions

0%u 0%u
EA + +—1=
where

Ox?

E = young’s modulus of the material

A = area of cross section

F = force exerted

u = displacement of structure.

The busbar both ends are fixed. In figure 10(A),
demonstrates the mechanical tension due to temperature
effect. In the substation, high current is passing throughout
the day in electrical equipment. The temperature rise is

0%u

13)

directly proportional to thermal radiation and mechanical
stress. The mechanical stress is reduced by 35% for the coated
busbar which is disclosed in figure 10(B). If the rate of
temperature rise (AT) is reduced, the busbar will be prevented
from deformation. If the busbar is subjected to high
mechanical tension continuously, the changes in the right of
way (ROW) and degradation are possible. It should be
avoided while designing substation. Then the ageing of the
busbar is also decreased due to low mechanical stress and
thermal stress.

4.4. Magneto-structural analysis

The M-S analysis explains the structural deformation due to
magnetic force. In governing equation (13), the force is
representing as the magnetic force which is obtained from the
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Figure 11. Deformation structure.

Table 3. Comparison of deformation structure due to temperature
rise and magnetic force.

Magnetic-thermal- Magnetic-
Property structural structural
Deformation (mm) 0.669 0.18 x10™°

magnetic analysis. The magnetic force is directly provided as
input to the structural analysis.

[[K] (0] ]{{A}} _ {J}

[0] [M] {u} N {Fmech + Fmag}

K, M—Magnetic and mechanical stiffness matrices
A—Magnetic vector potential from magnetic analysis
u—Displacement vector potential
J—Current density
Finech and Fr,,e—Mechanical force and magnetic force.
In weak coupling, the equation (14) is used for coupled

field analysis. For M-S analysis, the Fy,, is only considered

to derive mechanical stress. In table 3 the deformation results
are compared with the M-T-S sequential coupling.

Figure 11 explains the mechanical stress due to magnetic
force. The value of deformation from the magnetic force is
very low in comparison with thermal stress. The stress due to
magnetic effect can be eliminated at the steady-state condi-
tion. It is concluded that thermal effects are contributing to the
maximum deformation. This result derived should be utilized
for minimizing the temperature rise at steady-state conditions
to reduce the effect of heat flux. But in short circuit condition,
the electromagnetic force is high and mechanical stress could
worsen by high current. The M-S analysis should be con-
sidered at short circuit scenario.

The analytical values are calculated from equations (1)—(9)
and compared with simulated values acquired from FEM
analysis in table 4 and shown in figure 12. The magnetic,
thermal and structural parameter of bare and nano coated
busbar are compared. It exhibits a significant reduction in the

(14)

magnetic field and thermal radiation in the ecosystem which is
hazardous to the human being and global warming. The
magnetic and thermal properties of the shielding material take
part in the vital role. The shielding material is also economical
compared with other soft magnetic alloys. Table 4 shows the
less error percentage between the analytical and simulated
values. From the integrated formula, the thermal and
mechanical strain is calculated for higher current or voltage
values.

5. Conclusion

A detailed investigation was carried out to determine the
magnetic, thermal and mechanical parameters by using elec-
trical input. This work proposes the magnetic shielding at
power frequency. The integrated coupled formula was derived
for analytical analysis is compared with the FEM simulation
of M-T-S multiphysics analysis. The multiphysics analysis
was effectively utilized for both bare and nano iron coated
busbar. The obtained simulation results were compared with
the analytical values. The outcome of the magnetic, thermal
and structural analysis will be helpful for effective design of
the high voltage busbar.

From the M-T-S analysis, comparing the coated busbar
with the bare busbar, the magnetic field, Thermal flux and
mechanical stress were significantly reduced. Due to the high
permeability of the shielding material, the magnetic flux
density is increased in the coating area. So the Magnetic field
pollution is reduced in the environment by 80%. The magn-
etic field intensity and the magnetic force are also diminished.
The magnetic force in the surface of the bare and coated
busbar is 0.I6NA™' mm and 023 x 10 °NA~' mm
respectively. The magnetic force in the coated busbar is
reduced due to low magnetic field strength. It will reduce the
magnetic stress in the conductor.

The thermal analysis shows the temperature rise and
thermal radiation in the busbar. The rise in temperature
against the amount of current is relying on the geometry and
material selection of the busbar. In this 230 kV busbar, the
temperature rise is reduced by 4 °C in the coated conductor.
The thermal radiation is directly proportional to the temper-
ature difference (7, — T;). Subsequently, the temperature
reduction leads to low thermal flux. Heat flux in the coated
busbar is considerably decreased by 50 W m 2.

From structural analysis, Mechanical stress is obtained
for both bare and nano coated busbar. In the shielded busbar,
the deformation is reduced by 35%. From M-T-S analysis, the
temperature rise is the root cause for the structural deforma-
tion at the steady-state condition. The thermal stress followed
by structural deformation will enhance the ageing of the
electrical equipment. The M-S coupled field analysis shows
up at short circuit condition. Electromagnetic elimination
from the environment is not possible but shielding achieved
the reduction in electromagnetic and thermal stress. This
analysis is being extended for NANOPERM (FeNbB) at
power frequency magnetic shielding in the substation under
steady-state and short circuit conditions.
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Figure 12. M-T-S analysis comparison between bare and coated conductor.

Table 4. Comparison between simulated and analytical results for bare and nano coated busbar conductor.

Without coating (WOC)

With coating (WC)

Properties
Simulated results (SR)  Analytical results (AR)  Simulated results (SR)  Analytical results (AR)
Magnetic flux density (B) 031 x 107° 0.22 x 107° 022 x 1073 1.34 x 1077
(Wb mm™?)
Magnetic field intensity (H) 198.151 175 16.37 11.45
(Amm Y
Magnetic force (MF) (N/A mm) 0.16 0.22 0.23 x 10°° 0.18 x 10°°
Temperature (7) (K) 320.985 303.004 316.42 305.008
Thermal flux (HF) (W mm?) 022 x 1072 1.34 x 1073 0.079 x 107* 0.0961 x 10~*
Deformation (Af) (mm) 0.669 0.75 0.438 0.56
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