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Abstract [J Coupled thermo-electromagnetic problems have
to be considered in the simulation of realistic electromechanical
devices and electroheat installations. To handle this type of
problem, a shell program to co-ordinate the finite element
method (FEM) simulations and to perform intermediate
calculations, such as heat source evaluation, numerical
relaxation and mesh transitions, has been developed. The
approach and implementation of this program is presented,
together with a representative application of a coupled
magnetic/electr ostatic/thermal field problem. Here, the results
of athree phase power cable simulation are shown.

Index terms O Finite element methods, induction heating,
losses, eddy currents, dielectric losses, electrothermal effects

|.INTRODUCTION

Material data used to set-up eledromagnetic FEM-
problems are often strongly depending on the temperature.
Since material data parameters occur in many coefficients of
the dedromagnetic field equations, the alculation of the
eledrical and/or the magnetic field coupled to the thermal
field [1] is necessary. The heat generation caused by the
eledromagnetic field, results in a coupling of the source
term of the right-hand side of the thermal equation.

Independent of the application, to be smulated in a
coupled way, a number of common calculations and
operations are found in every problem. These are identified
and programmed in a general-purpose program operating as
ashell to m-ordinate the alculation processs.

11.COUPLING ALGORITHMS

The @mbined problem in the dedromagnetic and the
thermal domain is generally described by a set of non-linear
Helmholtz-like differential equations. The discretisation
leads to two o more sets of algebraic equations that have to
be wupled numerically: the dedric field and/or magnetic
field together with the thermal FEM-equations. In principle,
each of them can be extended with an algebraic set of circuit
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equations. These include cupling terms as well, eg. in
resistances.

The meshes on which the discretisations for the single
field problem are performed, do not have to be identical.
Sometimes, only a submesh has a physical meaning: e.g. air
carrying a magnetic leakage flux inside the magnetic FEM
mode is replaced by a convedion constraint in the thermal
model; the solid parts can be identical. Even the mesh on
areas with more than one @ntinuous degree of freedom can
be discretised with different overlapping geometrical meshes
and/or element types. Therefore, mesh transition operations
have to be defined in the shell structure aswell.
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Fig. 1. Genera flow chart of the cascade algorithm.

The groups of algebraic equations can be solved with a
cascade-coupled or afully-coupled strategy [2].

The most flexible method is the @scade wupled method
from which a variant is $own in Fig. 1. Both sets of
equations are solved sequentially [2] in an iteration loop. If
dedicated solvers developed for afast solution are used and if
appropriate relaxation is applied, the individual physica
fields, are solved efficiently. Mesh transtions, material
upcetes and heat source @lculations are necessry
intermediate steps. It is not necessry to linearise these
operations.

An dternative is the generation of a large system of non-
linear equations with bath types of FEM-equations, together
with the linearised coupling terms. However, this large



linear sysem may have unfavourable numerical properties
due to the different nature of the underlying physica
equations, resulting in a difficult to lve problem.

111 IMPLEMENTATION
A.Scripts

The developed shell program, called Hermes, is a part of
the Olympos in-house software package. It controls the
coupled calculation according to scripts written by the user.
This <ript describes the mesh-generation, the solvers with
thelr appropriate settings and the intermediate operations. It
consists of threeparts.

1) Set-up: In afirst part the initial meshes and starting
solutions are generated.

2) Iteration loop: The subproblems are iterated towards a
solution according to ane of the two described strategies,
along with intermediate actions and rel axations.

3) Termination: Withdrawal of the @mnverged solutions
and post-processng.

For standard type problems, such as induction heating or
the wupled calculation of motors, template scripts can be
used to set-up a solution procedure.

B.Objed oriented implementation of individud opeations

The distinguished steps in the processare implemented in
“objed oriented” code. For every exeatable script line, a
derived ‘job -objed is instantiated. The posshility to derive
new objeds, makes the extension of the program with more
advanced heat source @lculations posshle.

A further feature is the posshility to subtract a group of
the objeds in order to compile a spedalised shell program
suited for a cetain type of coupled problem, eg. of the
eledro-thermal or magneto-thermal type which can be buil d-
in in a user tod to moded a typical device like rod heating,
motor simulation, ...

The operations are divided in the foll owing groups:

Updaing d material properties [3]: The various
temperature dependent material data parameters are updated
with knowledge of the relaxed corredions whenever the
algorithm requires it. Therefore, various characteristics are
implemented.  These involve: dedrical conductivities,
thermal conductivities, permanent magnet material, thermal
conductivities and | osscoefficients and characteristics.

External process handing: Calls to exeaite eternal

FEM-solvers and mesh generators.

Iteration control: Process commands to control the flow
of the iterative loop and evaluation of stopping criteria
These aiteria can be based on absolute or relative residuals
or solution differences between two conseaitive weighted
solutions of the total problem or a subproblem respedively.

Fig. 2. Projedion of element related values by meansof Gausspaints.

Data transition comnmands. When different meshes or
different types of elements are used, mechanisms are
necessry to projed the field variables onto another mesh.
Basicaly, this is a per-node interpolation of the solution.
The projedion of the values associated with the dement’s
surface or volume, e.g. a calculated loss density, is not
straightforward. If the meshes do not differ very much, the
position of the centre of gravity of the dement to befilled in,
can be located in the other mesh (black dot in Fig. 2). The
corresponding element-related value @n then be wpied. If
the meshes differ much or if a higher order of acauracy is
desired, an average @n be generated by means of a
numerical integration using Gauss points (additional white
dotsin Fig. 2). One hasto take @re not to lose accuracy in
the projedion. This may happen if meshes with elements,
covering the same region, but severely differing in size are
used. If equally sized dements with different interpolation
orders ocaur, a similar loss in accuracy may ocaur.
However, local problem-spedfic mesh differences or
differences due to mesh quality should not be a prodem if
the solution fields are of compatible orders.

Adaptive relaxation o the mnvergence process In order
to prevent the non-linear iteration process from divergence
and to speead up the rate of convergence an appropriate
relaxation method is applied in which the damping factor
can be predefined acoording to a cetain function of the
iteration number or adaptively, based on the minimisation of
the total or partial (weighted) residual vedor [4].

TABLE 1
OVERVIEW OF MAIN HEAT SOURCES IN ELECTROMAGNETIC PROBLEMS.
Heat source oceursin formula application
Joulelosses Problemswith eledrical current 2 conductorsin machines, eddy currentsin
(perpendicular to or in aplane) djoule = ;ms induction heating
Ironlosses Nongtatic magnetic field problems _ 2L(2 magnetic materialswith a hysteress
= P Giron —(le +cpf }3( ) -~ vt

Dieledric loses Non-datic eledricfield problems

External heat sources & Various

sinks

ddiel = wleoey tand)E?
look-up table, ...

loop

capacitive heating, losesin isolating
materials

eg. ventilation, coding chanrels,
friction




Heat sources calculation: For the area covered by every
meaningful element, a heat source density can be @l culated
based on the dedric or magnetic field solution (Table 1).

IV.APRLICATION: COUPLED CALCULATION
OF A THREE-PHASE HV POWER CABLE

A.Congtruction and lbssmechanisns

Three phase power cables exist in many variations and
types [5], differing in conductor shape, material choice
conductor arrangement etc. They consist mainly of the
folowing parts, in which several of the previousy
mentioned lossmedhanisms are found:

Conductor, usualy made of copper, suffering from joule
losses caused by the high current.

Insulation layers and filling materials, loaded by an
aternating eledric field and therefore subjed to dieledric
losses.

Grounded lead sheath around the primary insulation,
shielding the dedric fied; due to its relative low
conductance internal eddy currents can develop.

Mecharical protedion (armour), sometimes made of
magnetic sted and therefore subjed to hysteresis and eddy
current losses.

B. Physical fields

The presence of bath, eledrically related and magnetically
related heat sources leads to a combined model consisting of
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threefield types calcul ated over a complete or a partial cross
section of the able and its surrounding:

1) Eledrical field, described by means of the scalar
potential V: This field is only of interest in the insulation
part loaded by an eedric field. Therefore, a mesh covering
this region is required to solve the satic dedric fied
equation.

2) Magretic field, calculated by means of a vedor
potential formulation A: The time-harmonic magnetic field
is calculated on alarger mesh, sinceit isonly partly shielded
by the medhanical protedion and thus a leakage field can
exist outside the model. This leakage flux is considered by
the region surrounding the @ble geometry; the far field is
modelled by a Kelvin transformed mesh. The losses consist
of joule losss in the mnducting regions, such as the lead,
sted and copper and posgble iron losses inside the sted.

3) Thermal field, represented by the temperature potential
T. The static thermal field consists of the @ble with the
surrounding sail, in which it is buried. From a cetain
distance the ground is modelled by means of a Kelvin
transformation and therefore assumed to be infinitely deep.
The ground surface is asaimed to be wded by a convedion
mechanism [6].

The losses calculated per element over the previous
meshes are projeded onto this thermal mesh. The etracted
temperatures are used to update the material properties in
the other fields. Basically, the dieledric permittivity and the
thermal conductivity depend on temperature, but this is an
effed of minor influence and not considered here. The
largest change is encountered in the nductivity of the
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Fig. 3. Finite elements meshes and internal relatiors.



copper.

This gives rise to a threedomain mesh, represented in
Fig. 4. The mesh for the dedric field contains 9943 first
triangular order elements, the magnetic field mesh 15378
elements and the thermal field mesh 15560 ements.

(a) Linesof equal rmsvalue of the eledricfield potential in theinsulation.

(b) Lines of equal rmsvalue of the magnetic field in and around the cable.

(c) Isothermal linesin the cable modél ed as buried in theground.

Fig. 4. Solutions of the different physical fields.

C. Results

The oupled calculation is exeated for a nomina
balanced current and voltage load on the mode of an
individually lead sheathed threecore @ble. Starting the
iteration from an initial thermal field of 20°C, a solution for
the overal coupled problem is found in 10 iteration steps
without damping and 6 iterations applying an adaptive
damping factor. The stopping criterion is based on the L,-
norm of the difference of the last two conseautive thermal
solutions. The different field solutions, after convergence of
the coupled problem are shown inFig. 4.

The temperature in the centre of a conductor amounts
84°C, which corresponds to reported measurements. Table 2
shows the value of the heat sources and their location. For
full current loading, the mpper losses are dominant, but for a
minor current loading, the dieledric loses beame reatively
important.

TABLE 2
RESULTS OF LOSSCALCULATIONS.
Location Lossmechansm Value [Wm?]
Copper conductors Ohmic 5,97.10°
Conductor insulation Dieledric 11710
Inter-conductor filli ng material Didledric 2,55.10°
Medanical protedion Ohmic + iron 1,2310°
CONCLUSION

The basic operations and their objed oriented
implementation in a shell program developed to solve
thermo-eledromagnetic coupled problems is presented. The
use of template scripts to control the iterative solution
process of the multi-field and multi-domain probems is
discussed.

The various aspeds are demonstrated by means of atriple
coupled eledric/magnetic/thermal field calculation of athree
phase power cable subjed to different lossmedhanisms.
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