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Preface

This book provides an overview of numerical field computational
methods. Particular attention is paid to the finite element method (FEM)
for the design of electrical machines and other magnetic devices.

It is based on the authors’ experience in teaching numerical
techniques to undergraduates, graduvates and doctoral students in courses
at their own and at various international universities, e.g. guest courses at
COPPE Universidade Federal do Rio de Janeiro (Brazil), Université de
Batna (Algeria) and the RWTH Aachen (Germany). The numerical
techniques are introduced to engineers from industry in an annual Shor?
Course in Magnetics organised at the Katholieke Universiteit Leuven.

This book is intended to be the basic reading material for such
courses on numerical field computations as given nowadays at the
Electrical Energy division in the Electrical Engineering Department of
the Katholieke Universiteit Leuven and as guest courses at other
universities,

The book describes the theory and techniques of modelling and
simulating electromagnetic devices. While its primary focus is on the
techniques applicable to the modelling of electrical machines and the
electromechanical energy transducers, it also illustrates the usefulness of
knowing the physical background of the specific problems. Accordingly,
the right problem definitions can be applied and computed results can be
interpreted and verified in a proper way.

Particular attention is paid to the FEM in designing electromagnetic
devices, such as motors, actuators and transformers. This means that only
frequencies below 10 kHz are considered. Several aspects of coupled
fields are discussed in sections where the physical problem urges
coupled solutions. The book has been written as a text book for
undergraduates, graduates and engineers in practice who want to learn
how to apply the fundamentals to solve electromagnetic design
problems. Selected examples to develop skills to define and solve a field
problem accurately are given at the end of this book. In parallel with the
text for this book, an in-house software package for two dimensional and



axisymmetrical FEM problems is developed to investigate the various
aspects of the numerical field computation and their usefulness.

Without the support of various people, this book would not appear
in this shape. In the first instance we should like to thank especially Dr.
U. Pahner for his contributions to the optimisation chapter. The texts
from section 7.3.1 to 7.3.3 are slightly adapted parts of his excellent
Ph.D. thesis.

The authors are pgrateful to all their Ph.D. students currently
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1 Introduction

An original design and the step by step optimisation of physical technical
devices is in practice often a trial and error process. During the design
and construction of a device several expensive prototypes have to be
built to monitor and check the mathematical approximations and the
physical reality. This procedure is time consuming and expensive.
Successful industrial developments demand shorter cycle times to fix or
improve the economical competition of particular companies. To
effectively compete in the market place nowadays, developed products of
higher quality, improved efficiency and better functionality are
recommended, leading to devices with very complex geometries.
Furthermore, custom designs are becoming very important. The added
value of standard massproduction devices is far lower. To solve the
techno-economical demands, the idea is to replace the expensive
prototyping by numerical simulations.

If an appropriate simulation model is found, various operating
points can be simulated on a computer. Even the behaviour of the device
for hazardous situations that cannot be measured inside a laboratory and
the use of arbitrary even future materials can be studied. The appropriate
choice of a calculation technique for an electromagnetic device is always
closely linked to the complexity of the problem.

To develop a technical product, parasitic effects such as:

e ferromagnetic saturation

¢ increased leakage flux

* high operating temperatures

* irreversible flux losses by using permanent magnet materials at

elevated temperatures

¢ coupling between different effects such as thermal-magnetic-

mechanical-flow field problems and

¢ induced currents due to motion effects
have to be considered in the calculations accounting for sufficient
accuracy. In devices with complex geometries, those effects can not be
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treated by a classical analytical approach. Results with a high accuracy
are required to predict the behaviour of the technical product. In this case
the simulation of the electromagnetic fields and their effects by
numerical models is suitable as an appropriate engineering tool. Using
computer models and the appropriate numerical algorithms solves the
physical problem. The numerical method has to fulfil specified demands
such as:

e reliability
robustness
application range
accuracy
performance.

To see where the numerical simulation finds its place in the analysis
of technical devices, Fig. 1.1 shows the links between the real technical
device, the classical physical theory and the numerical simulation. This
figure makes obvious that the numerical simulation is a connecting
element between reality, measurements, and theoretical predictions. As a
consequence, all numerical computations represent realistic activities in a
fictive laboratory. This means that simulation results should be
theoretically measurable in practice. The numerical simulation is in fact
an experiment performed on the computer as a fictitious laboratory,
where the engineer is using numerical tools to perform the experiments
instead of measurement devices such as current, voltage, power,
temperature and force meters.

computer almulation

comparison H comparison H
verificalion of the model verification of the model i
by simulation by theory !

ot

Fig. 1.1, Theory, experiment and simulation.




Introduction 3

The numerical simulation influences the analytical theory where
sometimes rough approximations or constants are used to consider
physical effects such as ferromagnetic saturation or hysteresis. The
verification of numerical solutions and results obtained by the analytical
theory can lead to improved analytical models and vice versa. Both
numerical simulation and analytical theory help to understand the
physical reality and to improve technical predictions.

1.1 Numerical solution process

In Fig. 1.2, the solution process for a system of partial differential
equations is outlined.

System of partial differential equations

| Choice of polentials, gauges, cuts l

| Choice of solution crilerion [

:

! Choice of discretisations, elemem

Fig. 1.2. Solution process for a system of partial differential equations.

The fields are described by differential equations. Assumptions
concerning boundary conditions, material properties such as isotropy,
dependencies in time, etc. have to be made before a computation of a
field can be performed. For example in magneto-static fields, the time
derivative is assumed to be zero and therefore no induced currents can be
considered.

The choice of the potentials is based on these simplifications. For
each problem type, the choice of an appropriate potential is different.
The choice of a gauge is necessary to obtain a regular system of
equations. Using the finite element method, the choice of the gauge also
determines the choice of the element type. However, the user of a CAD
program package that simulates magnetic, electric or thermal fields is
usually not involved in choosing for such basic numerical properties.

The numerical method to solve the partial differential equation is
understood as a solution criterion.
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The appropriate solution method depends on the type of equation,
such as parabolic, hyperbolic or elliptic.

For example, the choice of the elements for the finite element
method depends on the differential equation, the potential formulation,
and the solution method.

In a two-dimensional magnetostatic problem the unknowns are node
potentials. Here, the magnetic vector potential is chosen because the
nodal unknowns have only a single component A, In this two-

dimensional field problem, the Coulomb gauge is satisfied automatically.

The choice of method for solving a system of linear equations is
dependent of the differential problem and its formulation. For example
the magneto-static problem is an elliptic differential problem. The
Laplace operator is symmetrically adjoint and positive definite. A system
of equations with such properties can be solved by a conjugate gradient
method.

pre-processing ) To focus on the acti\"e parts
defiaition of geometry, et performed by an design engineer, in
L principle, field computation is

| mesh generation ] performed in three major steps: pre-

= E processing, processing and post-
= T ey ] processing. Fig. 1.3 shows a typical

{ modified
_ Newton-method

pattern for the FEM approach. The
’ S P first step consists of the definition of

—

SSOR-CG d

e rra— : the geometry of the electromagnetic

| estmaton | device. Material properties, electrical

prre o current densities and boundary
' mesh adapilon

| mene conditions are defined. All the
post-processing | activities have to be performed by the
design engineer. Therefore, the pre-
processing is time consuming. The
Fig. 1.3. Solution processes during ~ estimated time expenditure for a two-
a field computation session. dimensional problem is given in
Fig.1.3. The processing, ie. the
solution of a very large system of equations is automatically done in the
second step. Only parameters to control the solution process have to be
defined by the design engineer. In the last part of the FEM procedure, the
interesting field quantities are computed from the solution out of the
processing. If the geometrical data can be parameterised, the pre- and
post-processing can be automated as well. This represents an important
prerequisite for the possibility of the combination of field computation
and numerical optimisation.

L evalunilon J 30%
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For designing and constructing electromagnetic devices an accurate
knowledge of the field quantities inside the magnetic circuit is necessary.
In many cases the air gap is of particular importance (e.g. motors,
switches, relays, contactors, actuators). Here the conversion from
electrical to mechanical energy and vice versa takes place. In the air gap
the field quantities such as flux density and field strength have to be
calculated very accurately in order to be able correctly to asses the
operational behaviour of the device.

Although Maxwell equations have been known for more than a
century, in the past the task in calculating a magnetic circuit was to find
as many assumptions and simplifications as possible. Then, results could
be obtained with rather low numerical efforts. Using this approach, only
devices or problems with a strongly simplified geometry could be
studied. It was a design following simple rules, found empirically.
Physical effects were considered by correction factors applied to the
existing rules. In the following period of time this design through rules
has changed into another design philosophy: design analysis. Here,
computer models were used to solve the field problem. Analysis means
the treatment of the field problem by numerical simulation.

With the ongoing developments in computer hard- and software and
numerical research, difficulties conceming computational costs and
numerical problems are continuously moving to the background. Today,
efficient numerical solutions can be obtained for a wide range of
problems beyond the scope of analytical methods. In particular the
limitations imposed by the analytical methods, their restrictions to
homogeneous, linear and steady state problems can be overcome using
numerical methods,

In general, the procedure for analysing an electromagnetic device
can be divided into three steps:

® pre-processing

¢ processing and
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input data:
: geo(mzi]y input data: input data:
Lna er(; e error bound e evaluation locality for
= Doy e max. iteration sleps diagrams, colour plots, ...
conditions

0 v

processing [ — processing | = | processing

i i }

e discretisalion e mesh adaplation e optimisation
* agpproximation » num. melhad « further modelling
¢ parametrisalion » equation solver = lumped parameter
e coupling: s approximation of local field
= fields quantilies
= geometry « field coupling
= circuits
=> molion
= methods

Fig. 2.1. Field analysis steps.

« the post-processing.

In the first step, the field problem is defined and prepared to be
solved. The second step delivers the numerical solution of the physical
problem. During the post-processing, the obtained solution is prepared to
calculate the required field quantities or to evaluate forces and other
macroscopic quantities. This threefold approach of defining, solving and
evaluating is typical for every analysis procedure, numerical or
analytical. The different techniques, data structures or algorithms used in
the individual steps, influence and/or limit the overall procedure during
the analysis of a field problem (Fig. 2.1).

To define a field problem, the input data describing the geometry of
the domain of interest, the material representation and the boundary
conditions are always required. Even with enhanced CAD drawing
techniques, most of the analysis time will have to be spent on the pre-
processing. Given error bounds will support a desired accuracy of the
solution. Often, the user can not influence this step. During the post-
processing, the solution must be prepared to study the Jocal field effects.
The post-processing represents an open-ended process, because the user
of the analysis can evaluate the calculated solution in various ways for
different aspects.
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The methods and algorithms used in the single steps of the overall
procedure can form an efficient analysis or design tool and determine the
quality of the results of the analysis. For example a use of particular
internal data structure can enable very quick search routines to obtain an
efficient, fast and automated discretisation with parameterised
geometries and materials. The various possible coupling mechanisms of
different fields, circuit equations, methods such as FEM/BEM
combinations, motion term or geometries yield into an accurate
approximation of a realistic physical problem. The properties of the
coefficient matrix decide which equation solver or algorithms must be
used to solve the problem.

2.1 Finite element based CAD systems

CAD systems to treat two-dimensional field problems are in common use
nowadays. Developments in hard- and software have made it possible to
realise user-friendly and reliable systems running on different hardware
platforms such as UNIX and on PCs. Commercially available software is
oriented mainly to operate inside a PC Windows™ environment. A
reason for this can be seen in the price/performance development of the
PC market in the past years. Unix workstations remain more expensive
when compared to the PC competitor and the performance of standard
PCs is already comparable to UNIX workstations. A growing demand on
PC-CAD systems for magnetics can be noticed. This tendency in the
market can identify several reasons. The lifetime of hard- and software is
decreasing. Having user-friendly software available enables the user to
change the CAD system without large training efforts more quickly. It
turns out that software systems are becoming consumables. Observing
recent years, the CAD software price developments have been rather
calm, but the performance characteristics of the software, such as solver
speed and user-friendliness, are rapidly increasing. Using commercial
software can solve more and more complicated problems:

¢ complex geometries in 2D/3D

e complexity of the analysis increases

¢ external circuits including capacitances and inductivities, voltage
and current driven
motion effects
enhanced force computation, local field quantities
enhanced mesh adaptation
coupled field analysis.
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2.1.1 Components and modules
A regular CAD system for magnetics includes various components to be
able to solve the field problem in an appropriate way. To handle the
problem in the three steps of pre-processing, solving and post-processing,
modules such as:

o graphical drawing tool to generate the geometry
mesh generator
material library manager and modeller
problem definition tool
different solver modules for the various field types and
formulations

¢ post-processor tools

e visualisation modules to evaluate the solution and

« file manager tool for the data transfer to other software modules
are pre-requisites of a FEM CAD system. User interfaces are
recommended to have a maximum of process control for a minimum of
efforts during the analysis. To obtain a high quality field analysis tool,
the user-interfaces must allow sufficient interaction of the user with the
process steps. The influence of the interface on the mesh, problem
formulation and solution can be taken from Fig. 2.2. An open data base
interface allows further manipulations of the data by other software
products, for example to generate different graphical representations of
the solution or to analyse FEM models generated by another software
package.

user-interface user-interface user-interface
l/ h \l
pre-processor equation solver post-processor
" & ,:v | —— | R Tt J ’
; = ~ )
W i )
A s 3/ 3
N’ L Y
i v
[ | )
e 0, data byse X4
() )-,- 4K
b Ak
\ — ; 3
% roklem Asolut &4

Fig. 2.2, Process control of a field analysis.
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2.1.2  Graphical drawing tool for problem definition

To be able to model the technical device to be studied by field analysis, a
graphical interface is necessary to generate a technical drawing. This
user-interface must support primitives such as lines, arcs, circles and
points to describe the geometry properly. If different software packages
are used, interfaces to the other software should be available (IDEAS,
PATRAN, AutoCAD DXEF, ...). '

Using the generated technical drawing, boundary conditions are set
and domains with different material properties are defined. Various
labels represent the chosen material of particular domains and set edges
of the geometry to characterise the given boundary conditions there.
Commercial program packages are supporting libraries with various
grades of non-linear ferromagnetic and hardmagnetic materials (Fig.2.3).
To define own materials, special software modules can be used to
include such data. The defined data can be controlled visually after their
definition.
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Fig. 2.3. Typical material representations: a) non-linear ferromagnetic and b)
permanent magnet material characteristics.

If semi-automated mesh generators are used, mesh size definitions
have to be given in this step of problem preparation. Therefore, lines,
circles and arcs are selected and subdivided into several parts to form
edges of the finite elements to be generated in the next step.

2.1.3 Mesh generation in general

A mesh generation module must supply a numerical discretisation of
interior regions by the finite elements. Standard triangular elements are
in common use in two-dimensional models (Fig. 2.4) and tetrahedrons
are regularly used to model three-dimensional field problems.
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Fig. 2.4. Domain of interest of two conductors in air and the two-dimensional
FEM mesh.

The mesh generation is automated with a minimum of user
interaction. Several a-priori criteria can be employed to guarantee a
certain quality of the discretisation. The solution accuracy is strongly
dependent on this mesh. If the strategy of an automated mesh adaptation
is supported to enhance the quality of the discretisation in successive
computation steps, only a minimum discretisation is recommended in the
first mesh, More details can be found in the section on adaptive mesh
refinement.

The generation of three-dimensional FEM models is extremely time
consuming. Two different strategies can be followed:

» mesh extrusion (Fig. 2.5)

s solid modelling (Fig. 2.8).

The extrusion approach works with two-dimensional meshes
extruded in the third direction. Rotations of axis-symmetrical geometries
are possible to form the 3D model as well. A disadvantage is that not
every contour can be modelled realistically. For example, conical
surfaces represent a problem (Fig. 2.7). If the scalar potential formulation
is used, excitation coils and windings can be introduced into the model in
a following step (Fig. 2.6).

A solid modeller works mainly in two steps. First the surface of the
geometry is discretised, and after this the volume is meshed in a second
step. Various suggestions to generate solid meshes can be found in the
literature (Tsukerman & Plaks '),



Computer aided design in magnetics

mesh exmosion

three-dimensional mesh of the conduciors
(the mesh of the surrounding air is nol visible)

Fig. 2.5. Basic idea of the extrusion technique.
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Fig. 2.7, Comparison of a) extrusion based and b) solid modelling of a claw-pole

generator (sovrce: IEM RWTH-Aachen).






