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Abstract

Couped thermo-eledromagretic problems have to be cnsidered in the smulation d realistic
eledaromedhanical devices and eledroheat installations. To hande this type of problems, a shell
program to co-ordinate the finite dement method (FEM) simulations and to perform intermediate
calculations, such as heat source ewaluation, numerical relaxation andmesh transitions, has been
devdoped. The approach and implementation d this program is presented, together with a
representative apgication d a couged magretic/eledrostatic/thermal field problem. Here, the
results of a threephase power cable smulation are shown.

INTRODUCTION

Material data used to set-up FEM-problems are often heavily depending on the temperature. Since
material data parameters occur in many coefficients of the dedromagnetic field equations, the
cdculation of the dedricd and/or the magnetic field coupled to the thermal field [1] is necessary. The
hea generation of eledromagnetic nature results in a cougling of the source erm of the right-hand side
of the thermal equation.

Independent of the goplicaion to be smulated in a cupled way, a number of common cdculations and
operations is found in every problem. These ae identified and programmed in a general purpose
program operating as a shell to co-ordinate the calculation processs.

COUPLING ALGORITHMS

The combined problem in the dedromagnetic and the therma domain is generally described by
Helmholtz-like differential equations. The discretisation leads to two or more sets of agebraic
equations that have to be cupled numericdly: eledricd field and/or magnetic field together with the
thermal FEM-equations. In principal, ead of them can be extended with an algebraic set of circuit
equations. Theseinclude cougding terms aswell, e.g. in resistarnces.

The meshes on which the discretisations for the single field problem are performed, do not have to be
identicd. Sometimes, only a submesh has a physicd meaning: e.g. air carrying a magnetic leakage flux
is replacal by a onvedion constraint in the therma model; the solid parts can be identicd. Even the
mesh on areas with more than one @ntinuous degree of freedom can be discretised with different
overlapping geometricd meshes and/or element types, so mesh transtion operations have to be dfined
aswell.



The groups of agebraic equations can ke solved with a fully-coupled or with a cacade-coupled

strategy [2].

» The first approad consists of the generation of a large system of non- [ Preprocessing |
linea equations with both types of FEM-equations, together with the  r———f
coupling terms. The mesh transitions and hea source terms have to be Electromagnetic
written as lineaised algebraic functions. This large linea system may 1
have unfavourable numericd properties due to the different nature of the Evaluation of
underlying physical equations, resulting in a difficult to solve problem. I

* The second method (Fig. 1) sets up an iterative loop in which both sets cehermal
of equations are solved sequentially [2] by dedicated solvers developed 1
for the fast solution of the single physicd field. The mesh transitions and MatRSAng o
hea source céculations are necessary intermediate steps. These do not
necessxrily have to be lineaised. The relaxation of the non-linea

iteration hes to be performed by the shell program as well. This

approadh can be interpreted as a “decomposition” of the different fields

of unknowns. I Post Processing I

Figure 1: General flow chart

of the @ascade agorithm.
IMPLEMENTATION

Scripts

The developed shell program, cdled Hermes, is a part of the Olympaos in-house software padkage. It
controls the coupled cdculation acording to scripts written by the user. This <ript describes the
mesh-generation, the solvers with their appropriate settings and the intermediate operations. It consists
of threeparts.
1. Set-up: Inafirst part the initial meshes and initial solutions can be generated, necessary to start
up the numericd iteration.
2. lteration loop The subproblems are iterated towards a solution acwrding to one of the two
described strategies, along with intermediate adions and relaxati ons.
3. Termination: Withdrawa of the converged solutions.

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

Object oriented implementation of individual operations

The distinguished steps in the processare implemented in an objed oriented way. For every scriptline
aaion, aderived ‘job’ -objed isexeauted. The posshility to derive new objeds, makes the extenson of
the program with, for instance more alvanced heda source céculations possble. It is also possble to
subtrad a group of the objeds in order to compile aspedalised shell program suited for a cetain type
of coupled problem, e.g. of the dedro-thermal or magneto-thermal type.

The operations are divided in the following groups:

» Updaing d material properties [3]: The various temperature dependent material data parameters
are upceted whenever the dgorithm requiresit. Therefore, various characeristics areimplemented.
These involve: eledricd conductivities, thermal conductivities, permanent magnet material, thermal
conductivities and losscoefficients and charaderistics.

» Externa processhanding: Calsto exeaute exema FEM-solversand mesh generators.



The projedion of the values asciated with the dement’s surface

Iteration control: Process commands to control the flow of the iterative loop and evaluation of
stopping criteria. These criteria can be based on absolute a relative resduals or solution diff erences
between two conseautive weighted solutions of the total problem or a subproblem respedively.
Data transtion commands: When different meshes are used,
medanisms are necessary to projed the field variables onto
another mesh. Basicdly, this is a per-node interpolation of the
solution.

or volume, e.g. a cdculated lossdensity, is not straight-forward.
If the meshes do not differ very much, the position of the centre
of gravity of the dement to be filled in, can be locaed in the
other mesh (bladk dot in figure 2). The @rresponding element-
related value can then be mpied. If the meshes differ much or if
a higher order of acwracy is desred, an average can be
generated by means of a numericd integration using Gauss
points (additional white dotsin figure 2).

It can be stated that a large difference between the meshes is not ~ Figure 2: Projedion of element

advantageous. It would mean that the related physicd domains ~ rélatedvalues.

would not be cdculated with a orresponding acaracy.

However, mesh differences can arise due to loca mesh quality reasons.

Adaptive relaxation d the @nvergence process In order to prevent the non-linea iteration
processfrom divergence and to speal upthe rate of convergence an appropriate relaxation method
is applied in which the damping fador can be predefined acwording to a cetain function of the
iteration number or adaptively, based on a minimisation of the total or partia (weighted) residual
vedor [4].

Heat sources calculation: For the aea overed by every meaningful element, a hea source density
can be calculated based on the dedromagnetic solution (Talde 1).

Heat source occursin formula apgication

joule losses problemswith eledrical J2 conductorsin machines, eddy
current (perpendicular to or in Ujoge = o currentsin induction heating
aplane) o

iron losses non-static magnetic field _ 2\p 2 magnetic materialswith a
problems Qiron = (le *C,f )B hysteresisloop

didedric losss non-static dedric field — 2 capaciti ve heating, losssin
problems Quie = w(sf tan 6)E isolating materials

external heat various lock-uptable, ... e.g. ventilation, coding

sources & sinks channds, friction

Table 1: Overview of man heat sources in elecromagnetic problems.

APPLICATION : COUPLED CALCULATION OF A THREE-PHASE HV POWER CABLE

Construction and loss mechanisms

Three phase power cables exist in many variations and types [5], differing in conductor shape, material
choice conductor arrangement etc. (Figs. 3, 4). They consist mainly of the following parts, in which
severd of the previously mentioned lossmedhanisms are found:

» Conductor, usualy made of copper, suffering from joule losses caused by the high current.
» |solation layers and filli ng materials, loaded with an eledric field and therefore subjed to
dieledric losses.




* Grounced lead sheath around the primary isolation,
shielding the dedric field; due to its relative low
conductance, internal eddy currents can develop.

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

The presence of both, eledricdly related and magneticdly related

hea sources leads to a cmbined model consisting of threefield

types cdculated over a complete or a partia crosssedion of the
cable and its surrounding:

1. Eledrical field, described by means of the scdar potential V-

This field is only of interest in the isolation part loaded with an
eledricd field. Therefore, just a mesh covering that region is
required to solve the static eledricd field equation.

2. Magretic field, cdculated by means of a vedor potentia Figure 3: Photo of the power cable
formulation A:

The time-harmonic magnetic field is cdculated on a larger mesh, since it is only partly shielded by the
medhanicd protedion and thus a le&kage field can exist outside the model. This le&kage flux is
considered by the region surrounding the cdle geometry; the far field is modelled by a Kelvin
transformed mesh. The losses consist of joule losses in the conducting regions, such as the lea,
sted and copper and possbleiron lossesingde the sted.

3. Thermal field, represented by the temperature potentia T:

The static thermal field consists of the cdle with the surrounding soil, in which it is buried. From a
certain distance, the ground is modelled by means of a Kelvin transformation and therefore asumed
to beinfinitely degp. The ground surfaceis assumed to be coded by a convedion medianism [6].

The losses cdculated per element over the previous meshes are projeded onto this thermal mesh. The
extraded temperatures are used to update the material properties in the other fields. Basicdly the
dieledric loss fador and the thermal conductivity depend on temperature, but this is an effed of
minor influence. The largest change is encountered in the conductivity of the copper.

This gives rise to a three domain mesh, represented in figure 5. The mesh for the eledric field contains
994 3first trianguar order elenments, the magnetic field mesh 15378elenents and the thermd field mesh
15560elements.

RESULTS

The coupled cdculation is exeauted for a nominal balanced current
and voltage load on the model of an individualy lead sheahed
threecore cale. Starting the iteration from an initial thermal field
of 20°C, a solution for al the fields is found in 10 iterations
without damping and 6 iterations with an adaptive damping fador.
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 are shown in figure 6.

Figure 4: Geometry of a 3-phase
power cable.
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Figure 5: Discretisations used to compute the different physical fields.
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Figure 6: Solutions of the different physical fields.



The temperature in the cettre of a cnductor amounts 84°C, which corresponds to reported
measurements. Table 2 showsthe value of some hea sources and their location.

Location Lossmedchanism Value [W/m?|
copper conductors ohmic 5,97.10
conductor isolation digledric 1,17.10°
inter-conductor filli ng material didedric 2,55.107
medhanical protedion ohmic + iron 1,23.10°

Table 1: Overview of main heat sources in eledromagnetic problems.

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 problems is discussed. The various
aspeds are demonstrated by means of a triple aupled field cdculation of a three phase power cable
subjed to diff erent lossmechanisms.
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