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A Study on the Overheating of the Power Cable Tray

Hyung-Joo Choi *, and Heung-Ho Lee **

Abstract — This paper includes the results of the electromagnetic finite element analysis with
regard to overheating problem of the power cable tray due to asymmetric magnetic flux
density. This phenomenon was experienced in the utility power plant, Korea. The influences
of the power cable arrangements and material of the tray were analyzed to find the best
solutions using the eddy current-thermal coupled analysis.
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1. Introduction
1.1 Overheating of the power cable tray

The four power cables per phase have been installed on
the tray between the Auxiliary Transformer and the
medium voltage (6.9kV) metal-clad switchgear bus as
illustrated in Fig. 1.
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Fig. 1. Overheating location of the power cable tray

(a) Temperature on the Tray (b) Current of ground wire
Fig. 2. Overheating on the tray and current of ground wire

An overheating problem up to 70 degrees Celsius on the
ladder rung of tray has been identified using a thermal
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camera. Also, the induced current has been measured up to
270A at end of the bared ground wire. Its magnitude is
increased in proportional to the distance of power cables in
parallel.

1.2 Power cable arrangement

In general, three-phase power cables on the tray should
be aligned with either Flat type or Trefoil type [1]-[3].
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Fig. 3. Various types of power cable arrangement

All of the power cables were installed with the Trefoil
type in the utility power plant. However, some power
cables in overheating area were randomly aligned with the
Flat type within approximately 20m from the switchgear as
shown in Fig. 4. So it is necessary to analyze the
relationship between asymmetric magnetic flux and core
loss of cable tray.
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Fig. 4. Installation of the three-phase power cables
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2. Electromagnetic Finite Element Analysis
2.1 Simulation Condition

When the magnetic materials are exposed to a time-
varying field, the induced voltages from the time-varying
field cause currents as known eddy currents to flow in the
conductors. The currents will be concentrated near the
surface of the conductors decaying rapidly past the skin
depth. It is defined as the depth at which the current density
decays to 1/e of its maximum value, as much as 86% of the
current flows within the outer surface of materials equal to
the skin depth. Induced currents allow magnetic fields to
penetrate conductors only to a certain depth, which is
approximated in equation (1).

5= |—— @

Where

& : Standard depth of penetration  (m)

o : Angular frequency, which is equal to (27zf)

f : Frequency at witch source currents and voltages
o : Conductor’s conductivity (s/m)

u, - Permeability of free space (4,,X 107 H /m)

u, - Relative permeability

The skin depth of the iron material can be calculated 0.32
mm at the fundamental frequency 60Hz whereas that of the
aluminum as non-magnetic materials is 10.54 mm as shown
in the following Table 1. The length and thickness of the
tray were assumed to be 1.25 m, 2 mm respectively. The
630 mm2 power cable consists of the 53 stranded copper
conductors but the insulation and shields of the power
cables are ignored in order to avoid complex boundary
conditions.

Table 1. Parameter of materials

Materials of the tray
Section

Copper Iron Aluminum
Relative  Permittivity 1 4 E+03 1.000021
(A/m)
Bulk Conductivity
(simens/m) 5.80 E+07 1.03 E+07 3.80 E+07
Skin Depth (mm) 8.53 0.32 10.54
Temperature
Coefficient (r) 0.004 0.006 0.0043

The Triangular-shaped meshes of the materials can be
generated on the basis of the skin-depth of materials in the

Electromagnetic Finite Element Analysis, Software
Maxwell V16.0, and its surface was set to a finer mesh with
2 layers as shown in Fig. 5.
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Fig. 5. Mesh status of the tray and conductor

All conductors are energized by voltage source 4.157kV,
2KA per phase with 60Hz (fundamental positive sequence),
180Hz (zero sequence) and 300Hz (negative sequence).
The winding can be configured easily using an external
circuit with 5% 3rd, 3% 5th harmonics in phase and
balanced inductive loads. A uniform current density is
assumed throughout the stranded conductor without
computing eddy currents and displacement currents.
However, the current flowing through individual
conductors in the parallel group is unconstrained and its
value is computed during the solution.
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Fig. 6. External three-phase voltage source with harmonics
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Fig. 7. Voltage waveform of the conductors
2.2 Current distribution analysis

An impedance matrix can represent the relationship
between AC woltages and AC currents in multi-conductor
system.

Va Zaa Zab Zac Ia
Vi l=1Zoa Zoo Lo || I ©)
Vc an Zcb ch Ic

Where
Z,. =R, + jol,, : self-impedance of a-phase.
Z,, =R, + jol,, - mutual impedance between a-b phase.
Z,.=R,. + jol,, : mutual impedance between a-c phase.
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(@) Flat type (b) Trefoil type
Fig. 8. Comparison of impedance between the align types

The inductance to be given to each phase can be
computed by means of equation (4).

L:0.2In£(;(Mst [mH /km] (4)

where
s : axial spacing [mm|

K : 1 for trefoil arrangement, 1.26 for flat laying, It can
be confirmed by means of the Geometrical Mean
Distance among conductor centers,

GMD =3/S,,-S,;-S,5

GMR : Geometrical mean radius of the phase conductor

Total phase current | and [|. can be expressed

A’ IB

in relation to loop currents | and | in their

ai ! Ihi
corresponding phases.

I\ :ize:i]vai g :anzl;ilvbi e = Zn:Z;VCi ©
i=L i=L =

It is found that the currents of conductors are distributed
evenly in the Flat (2) type and the Trefoil (2) types under
symmetrical excitation currents as shown in Fig 9. In case
the power cables are arranged in random such as the Flat (3)
type and the Trefoil (3) type, the current flowing through
the conductors is concentrated on some conductors.
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Fig. 9. Current distribution in Flat cable arrangement

2.3 Losses analysis

Both the solid loss and the stranded loss of an object
represent the resistive loss in a volume and it is calculated

integrating current density (9) over a volume using the
equation (6).

p-l [azav(w) (6)

o vol

The stranded loss is always associated with conduction
current distribution in conductors which are not perfect.
Thus the resistivity of conductors is responsible for the
power loss when current flows in such conductors. As
depicted in figure bellow, the current unbalance
significantly increases in the Flat (3) type and Trefoil (3)
type.
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Fig. 10. Current unbalance and stranded loss of conductors
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The resistive loss of the iron tray is proportional to the
magnetic flux density. The electric field (g) is equal to the

magnetic flux rate (B) as noted in the Maxwell’s equation
in the differential form vxg=-oB/at [4].
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Fig. 11. Resistive losses versus magnetic flux density

Under sinusoidal flux conditions, core loss ) is
computed in the frequency domain as the following [5].

Pv:I:)h_"l:)c_"l:)e:kthri'i_kc(me)z+ke(me)L5 U]
=K,B2 +K,B;*
K, =k, f+k f* K,=kf*° (8)

Where
B, :Maximum flux density

, - Hysteresis core loss coefficient

k
k :eddy-current core loss coefficient
k, :excess core loss coefficient

c

e
The eddy-current loss, which is often referred as classical
loss, can be estimated with a constant value coefficient

_ 2 _q2
k. =7'00°/6 \nere o is the electrical

conductivity and d s the thickness of the material. For
extracting the hysteresis and excess loss coefficients, a
curve regression algorithmis used.

calculated as

f(Kl,Kz)z_nZi[Pvi ~(K,B% +K,BY )| =min (9

Parameters Bmand P are usually provided by the

manufacturer. By minimizing the function the coefficient

Ki and Keare derived, then the hysteresis and excess loss

_ _ 2
coefficient can be obtained as kh_(Kl ko )/ fo

_ 15
ke =K/ g where fo is the testing frequency. In this case,

the coefficients of the hysteresis, eddy-current, and excess
core losses are defined a particular values as shown in
Table 2 regarding to sheet iron material per meter cube.

Table 2. Core loss coefficients

Section k k k,

c e

Coefficient 4,526 5.819 10.05

The results of the finite element analysis show that the
magnetic flux densities of the conductors and the current
densities on the tray are distributed on the its surfaces.
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Fig. 12. Magnetic flux and current densities

The magnetic flux densities are described with contour
lines at the front and bottom of the tray as shown in Fig 13-
14. If the Trefoil type is used for power cable arrangement,
the magnetic flux density is higher than the Flat types under
symmetry and asymmetry excitation current conditions.
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Fig. 13. Magnetic flux density at the front of the tray
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Fig. 14. Magnetic flux density on the bottom of tray

€1

The equivalent elliptical loop (EEL) method is used for
core loss calculations in time domain. In three dimensional
finite element transient analysis, the scalar model of the
equation (7) for soft materials is modified by equation (10)-
(13) with a typical value of hysteresis loss parameter
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p=2 and C,=8.76336[6].
B
’ dB % dB Al
R.t)=1H, B | B g, 9Bl (10)
dt dt dt

Pc(t)=%kc{(dij2+[di] {dijz} )
2 dt dt dt
> (dB,) (dB,Y " (12)
(% (%]}

(13)

dB,
dt

C,=(2x)* %'[O% cos** a6

The three components of the core loss can be calculated
with its own coefficient as shown in Fig. 15.
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Fig. 15. Three components of the core loss

The simulation results show that the eddy-current, excess
and hysteresis loss are occupied approximately 93%, 5%,
and 2% respectively of core loss.
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Fig. 16. Distribution of core loss in various cases
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The mean value of the magnetic flux density is reduced
under excitation current with harmonics but the peak value
of the core loss is very higher because of resultant flux
densities at different relative phase angles of the third- and
fifth harmonics.
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Fig. 17. Comparison of the peak value of core loss

The following figure shows the deviation between the
peak values of core loss with/without harmonics. To reduce
the peak value of the core loss associated with hot-spot
temperature of tray, the Flat types are more effective than
the others.
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Fig. 18. Deviation between the peak values of core losses

The following illustration as a result of the curve fit in
various measurements, the core loss is exponentially
proportional to the magnetic flux density under 0.5pu and
1.0 pu excitation current as shown in Fig. 19.
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Fig. 19. Core loss versus Magnetic flux density

3. Thermal-eddy current coupled analysis

Temperature on the tray caused by the eddy-currents can
be calculated refer to the equation (14).

q=h AdT (14)

g : Heat transfer per unit time ()
h. : Convective heat transfer coefficient W /m’K)

A : Surface area for heat transfer (m?)
dT : Temp difference between surface and fluid (k)

The property of the materials and simulation conditions
are applied as shown Table 3. In this case, It is assumed
that the radiation heat transfer emissivity coefficient of
copper and iron is applied 0.78, 0.95 respectively and the
convective heat transfer coefficient is 25 for free
convection of air cooling. Ambient temperature
surrounding the power cable trays installed in the closed
structure applied 25 degrees Celsius.

Table 3. Conditions of coupled analysis
Property of the materials
Cooper Iron Al

Sections

Thermal Conductivity
(\N/mzK)

Radiation heat transfer
emissivity coefficient
Convective heat transfer
coefficient (W /mK)
Ambient
temperature (o)

385 79.5 205

0.78 0.87~0.95 | 0.2

5~25

25

The results of thermal-eddy current coupled analysis
indicate that the hot-spot temperature in a variety of the
power cable arrangements is proportional to the magnetic
flux density.
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Fig. 20. Hot-spot temperature versus magnetic flux density

In order to secure the maximum transmission power to the
load, both the Flat (2) and Trefoil (2) types are beneficial
compare to the other types. Where a large amount of
current being supplied to the load, the use of non-magnetic
materials such as aluminum steel is required to eliminate
the hot-spot temperature of the tray.
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Fig 21. Hot-spot temperature of magnetic materials

4. Conclusion

An excessively high temperature deterioration of the
power cable insulation is directly related to excessively
high temperatures. To analyze the nonspecific such as
overheating problems on the cable tray, electromagnetic
finite element analysis under a variety of cable
arrangements has been conducted by eddy-current and
thermal coupled solver of the Maxwell and Ansys
Mechanical Software. Its simulation results show main
factors causing the problems and practical method available
for power cable arrangements through analyzes of the
effects of harmonics, the impact of asymmetric flux,
decomposition of three components in the core loss and
current distribution of the conductors. In particular, the
analysis of core loss components is important factors to
ensure the performance and to select the appropriate
materials of all electrical equipment. The coefficient of
eddy-current, hysteresis and excess loss can be calculated
easily from core loss curve provided by manufacturer or
experimental data.

The hot spot temperature has been significantly reduced
by maintaining symmetry magnetic flux on the basis of the
analysis results. This electromagnetic finite element method
and thermal-eddy current coupled analysis would be helpful
not only to solve the similar problems caused by
electromagnetic phenomena such as overheating of the
metal conduit and isolated phase buses of the generator but
also to maximize the transmit power considering high order
harmonics in the field.
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