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A 3-D Study of Eddy Current Field and Temperature
Rises in a Compact Bus Duct System
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In this paper, a three-dimensional eddy-current field model for calculating the eddy-current losses in a compact bus duct system is
proposed. The temperature rises in the compact bus duct system, including both the long linear section and connecting unit, are evaluated
using finite-element method when solving the governing thermal equations. The contact resistance between copper conductors and the
corresponding temperature rises are measured in the test also. The computations are validated by test results and the results confirm

the proposed algorithm is accurate and practical.

Index Terms—Bus duct system, eddy-current loss, temperature rise.

1. INTRODUCTION

US DUCT systems (BDSs) instead of cables are com-

monly used in low voltage power distribution systems.
They are installed in indoor power substations, tall buildings
and factories [1]. Most BDS are air insulated with large size. Re-
cently a new compact BDS, in which the space between two ad-
jacent copper busbars is only 1 to 2 mm, is emerging in industry.
The current carrying capacity of these compact BDS is gener-
ally larger than conventional ones and the enclosures of these
BDS are made of aluminum alloy with excellent heat transfer
characteristics. For BDS to be commercially viable, problems
arising from induced magnetic heating and induced eddy-cur-
rent in the enclosure as well as in the neutral (N) and protective
earth (PE) busbars due to the heavy current that flows in modern
BDS systems [1]-[3] must be addressed.

The most common design and computation method hitherto
is to use lumped circuits together with empirical curves. Re-
cently, the two-dimensional (2-D) finite-element method (FEM)
has been used to calculate and analyze the magnetic field distri-
bution in air insulated BDS [3]-[5], compact BDS [1], [2], [6]
and single or 3-phase busbars without shielding [7], [8]. A 2-D
hybrid FE-boundary-element formulation has also been applied
in the magnetic field analysis of a four-conductor device with
ac supply [7]. In some studies, the electromagnetic field is com-
puted using FEM with the assumption that the exciting current
is equal to the peak value of the steady-state ac current, however
the eddy-current in the conductors is not taken into account in
those studies [8]. In all the above-mentioned researches, only the
long linear section of the BDS is modeled and analyzed. Nev-
ertheless, an accurate BDS design requires a three-dimensional
(3-D) study of the eddy-current field, induced magnetic heating
and thermal behavior of the busbars. The analysis must also in-
clude both the linear section of BDS as well as the connecting
units. A thorough investigation of the problem is thus of para-
mount importance in industry.
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In this paper, a 3-D eddy-current field model to calculate
the eddy-current losses is described. The temperature rises of
copper busbars and enclosures in the compact BDS are deter-
mined by solving the thermal equations. A 2-kA compact BDS,
including its long linear section and connecting unit, is studied
and described. The measured contact resistance and temperature
rise in the contact areas between copper conductors are incorpo-
rated in the computation. The results of computation and tests
show good agreement.

II. FORMULATION

A. The 3-D Eddy Current Field Model

A typical compact BDS structure is shown in Fig. 1. To ana-
lyze the losses and to study the thermal problem in the compact
BDS, the 3-D open boundary eddy-current field satisfying the
following equations has to be evaluated first.

Using Maxwell’s equation in which the magnetic vector po-
tential and the electric scalar potential are introduced, the eddy-
current field equations can be written as [9], [10]
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where V5 is the area with source current, V4 is the other area
without source current, V is the whole solved area.
The boundary conditions are
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Fig. 1. The schematic structure of a compact BDS (a) The basic compact BDS,

(b) Measurement points in the temperature rise test.

Introducing the boundary condition, the weighted residue
equation can be written as

/ (W XN;-VXA+0vV-N;V-A + jwoN; - A
+0oN;-Vh—N;-J)dv=0inV (6)

VN; - (jwoA +oVd)dv =0 inV, (7)
JVy
where N; is the weighted function. In this model the uniqueness
condition can be satisfied and the boundary condition and the
source current can be treated easily. By solving the equations,
the magnetic flux, eddy-current and losses can be computed.

B. Thermal Equations

At steady-state, the thermal problem of the compact BDS sat-
isfies the following thermal equilibrium equations:

Pr + Py = Qkp + Qkr €]

where Py; and Pk are the power losses in Joule, respectively,
in the phase busbars and the enclosure. Qkp and Qkr are, re-
spectively, the heat loss from the enclosure to the surrounding
air by radiation and convection.

Assuming the losses of the copper busbars and enclosures
are dissipated as heat in a compact BDS, their corresponding
temperature rises can be computed using FEM to solve the fol-
lowing thermal equations:

Q:V-AVh =g,
Fl 10 = HC
o0
Dy AST = kr(fy — ) ©)

where (2 is the solved area, I' is the boundary, A is the coefficient
of heat conductivity, q is the heat power per unit volume, the
heat transfer coffieint kt is determined experiementally to take
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into account of the heat transfer due to conduction, convection
and radiation. 6 is the temperature, fs is the ambient tempera-
ture.

In the computation, the ambient temperature is set to
19.8 °C which is the actual air temperature at the time of the
test. The losses in the copper busbars and enclosures are taken
as the source of heat power in a compact BDS. The heat transfer
coefficient is an empirical parameter that incorporates the heat
transfer relationship and the nature of the air flow pattern near
the surface, the air properties and the geometry of the outside
surfaces based on the nondimensional parameters that include
the Grashof (Gr), Prandtl (Pr), Rayleigh (Ra) and Nusselt (Nu)
numbers [1], [3]. With such assumptions, the heat transfer flux
exchanged between the outside surfaces of the BDS and the sur-
rounding air can then be quantified in the model as described
below.

The Nusselt number can be represented by a power law

Nu = C(Gr - Pr)". (10)
The Grashof number is defined by the following:
ATL?
v

where « is the gravitational acceleration, /3 is the coefficient of
thermal expansion, AT is the temperature difference, L is the
equivalent linear dimension, v is the kinematic viscosity.
The Prandtl number is given by
Pr=—
o
where « is the thermal conductivity of the fluid (air in here),
C and n in (10) are dimensionless constants dependent on the
system, and for the case being studied n equals to 0.25. Cis equal
to 0.59 for the vertical surfaces, 0.54 for the upper horizontal
surface and 0.27 for the lower horizontal surface [3].
Note that the Nusselt number is a nondimensional heat trans-
mission coefficient defined by the following equation (appli-
cable at steady-state) [1]:

12)

heL
of
where h. gives a measure of the heat energy transferred per unit
time and per unit area to the outside busbar surfaces. For the
system being studied, the coefficient h. (W/m? K) is 6.39 for
the vertical surfaces, 5.32 for the upper horizontal surface and
2.66 for the bottom surface.

Nu (13)

III. CALCULATIONS AND TEST OF A 2-kA COMPACT BDS

A 2-kA compact BDS structure has been designed and
built. Its eddy-current field, losses and temperatures are com-
puted using the proposed algorithm. In the computation of the
eddy-current field, the rated source current is 2 kA. The 3-phase
source currents are assumed to be —1.414 + j2.449 kA in phase
A, 2.828 4+ j0 kA in phase B and —1.414 — j2.449 kA in phase
C. Table I gives the losses of the busbar and enclosure in the
scheme.

It is found from simulation that the eddy-current and losses
are induced in the N-phase and PE-busbars as well as in the en-
closures. The total losses of the compact BDS is 205.9 W/m.
That includes 185.28 W/m in the A-, B-, and C-phase busbars
and 20.6 W/m in the enclosure, N-phase and PE-busbars. It can
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TABLE 1
LOSSES IN THE BUSBARS AND ENCLOSURES IN A 2-kA COMPACT BDS (W/m)

TABLE 1II
TEST AND CALCULATED RESULTS OF TEMPERATURE RISE (K)

N-phase  A-phase  B-phase = C-phase PE-phase Enclosure
busbar busbar busbar busbar busbar
10.32 61.76 61.78 61.76 10.39 0.65

Fig. 2. 'The field on a cross section of the compact BDS.
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Fig. 3. Distribution of the eddy-current density in the compact BDS.

be seen that the eddy-current loss is about 10% of the total loss
in the BDS. Because the resistivity of the copper busbars and
the convective heat transfer coefficient are temperature depen-
dent, their effects must be considered in the field and thermal
calculations. Here, an initial temperature of copper conductors
and the enclosure are assumed, an iterative method is used sub-
sequently to calculate the losses and the thermal field.

Fig. 2 shows the field on a cross section of the compact BDS
and Fig. 3 illustrates the distribution of the eddy-current density
in the compact BDS. It can be seen that the maximum current
in the N-/PE-busbars and in the side plate of the enclosure are,
respectively, 0.98 MA/m? and 0.21 MA/m?.

In order to check whether the compact BDS complies with the
design, a test is carried out. In the test, the temperature of a hor-
izontal busbar with the vertical copper conductors located at a
distance of 200 mm from the ground is measured. The conduc-
tors are fed from one side with a low voltage 3-phase supply.
The other sides of the busbars are short circuited. The N- and
PE-phases are not connected. The temperature measurements
are taken using thermocouples. Results of the test indicate that
the temperature rises in the measured points on the busbar are
in good agreement with the computed results. Table II gives the

Positions Tested Calculated Error (%)
1 38.8 373 -3.86
2 43.2 41.1 -4.86
3 395 37.2 -5.82
4 23.6 25.1 6.35
5 23.1 249 7.8
6 19.1 20.3 6.3
7 18.9 20.4 79
8 14.2 15.2 7.04
9 14.6 15.3 4.8

-

Fig. 4. The temperature rise of the enclosure.

TABLE 1II
MEASURED CONTACT RESISTANCE OF TWO CONDUCTORS (€2)

1 2 3 4 5 6 7 8  Average
Aphase 1.7 22 14 21 23 09 18 27 1.89
Bphase 22 16 18 23 30 21 23 19 2.15
Cphase 28 26 20 28 23 18 19 27 224

test and computed temperature rise results [with the measure-
ment positions as shown in Fig. 1(b)]. The maximum tempera-
ture rise limit of the hottest spot in the enclosure and busbar is
30 and 70 K, respectively.

Fig. 4 shows the distribution of the temperature rise in the
enclosure of the compact BDS. It can be seen that the maximum
temperature rise are at the two side plates of the enclosure.

Sections of busbars in BDS are usually bolted together elec-
trically. The contact resistance of the connecting parts is one of
the main factors influencing the thermal performance of BDS
because contact resistance could have significant bearings upon
the thermal characteristics of busbars. Indeed, the temperature
rise at the contact is generally higher than that in other sections,
such as the long linear sections, in most BDS. Obviously, the
contact resistance is governed by factors such as the material
characteristics, contact condition, contact pressing force and the
degree of oxidization or state of sulfuration on the contact sur-
faces of the copper conductors. Thus accurate computation of
the contact resistance is difficult. Therefore some tests are car-
ried out to measure the contact resistance between two sections
of the busbars as well as the temperature rises at the connecting
sections of the BDS. Table III shows the contact resistances,
which is the average of 8 measurements, in the 3-phase copper
conductors. Table IV shows the temperature rise in the con-
necting sections of the BDS. It can be seen that there is very
little difference between the temperature rises at the measuring
positions in the same phase.
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TABLE IV
MEASURED TEMPERATURE RISE IN THE CONNECTING SECTIONS (K)

Leading in Contact Contact Leading out
sections sections 1 sections 2 sections

A phase 43.1 434 45.1 429

B phase 47.7 48.0 50.0 47.6

C phase 424 432 442 423
235K

|
Side plate of
enclosure
— . —

7.0 9.0 11 13 15 17 19 21 23 25

Fig. 5. Temperature rise of the L-type connecting unit.
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Fig. 6. Temperature rise of the copper conductor in the B-phase.

There are different types of connecting units in the BDS, such
as the L-type unit, T-type unit and so on. Unlike normal long
linear busbars, the temperature profile in the connecting units
is 3-D in nature. Fig. 5 shows the temperature distribution in
an L-type unit. Its temperature rise is 43.5 K in the B-phase
copper conductor and is higher than the corresponding figures
of 40.5 and 40.6 K, respectively, in the A- and C-phase copper
conductors. The corresponding temperature rises in the neutral
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busbar, vertical enclosures and up cover are 25,23.5,and 17.1 K,
respectively.

The influence of the thickness of the insulation material upon
the temperature rise of busbars have also been investigated. In
the study the insulation thickness is changed from 0.5 to 2 mm
whereas the current ratings and busbar sizes are assumed con-
stant and the corresponding temperature rise of the copper con-
ductor in the B-phase are shown in Fig. 6. It can be seen that
the busbar temperature increases linearly with corresponding in-
creases in the insulation material thickness. However the tem-
perature rises in the enclosures are hardly affected. Upon careful
consideration of the thermal and electric factors, the thickness
of the insulation is chosen as 1 mm.

IV. CONCLUSION

Unlike other research results presented before, a 3-D
eddy-current field method is described for calculating the
eddy-current losses in a compact BDS in this paper. By solving
the thermal equations, the temperature rises of the busbars as
well as in the enclosure, the long linear section, the connecting
section and the L-type connecting units in the BDS are all
determined and analyzed. The calculated and tested results
show good agreement.
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