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Numerical techniques for electrical machines:

In the last thivty years, fast developments of the numerical techniques for the particular questions concerning electrical
machinery can be noticed. This development can be seen in parallel with the efforts and success of the sofi- and hardware
computer industry in producing powerful tools 1o treat realistic numerical models of technical relevance.

A very rough figure can be drawn in sayving that this development of numerical methods for electrical machines started
with the finite difference method which quickly was followed and further overtaken from the finite element method.

With the first numerical models of electrical machines, in the 70s, electromagnetic fields c’()nsidermg imposed current
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sources could be simulated !/‘“/ up,’).’ymgﬁr?t order tri angu lar elements [1’] Further de v&u)l')lu(,lul of ine /uvur erement me

lead via the definition of external circuits 1o problem formulations with imposed voltage sources, which where more accurate
models with respect to the realistic machine that is operated by a voltage. Today’s developments are direcied to all aspects of
coupled fields. There are the thermal/magnetic problems or structure dynamic field problems coupled to the electromagnetic
field: e.g. acoustic noise in transformers and rotating machines excited by electromagnetic forces.

Parallel with the deve/()pmenrs of the finite element method first attempts to numericaily optimise the finite element
models where made. Optimisations of realistic machine models where first pcr/brmed in the lare 80s and early 90s. Various
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deterministic and heuristic methods have been applied and can be found in the conference proceedings e.g. COMPUMAG and
CEFC of that time.

This paper is intended to give a more detailed overview of some particular methods and their applications for the
simulation of electrical machinery than given in the rough view in this abstract. It must be seen s an incomplete and personal

view of the author because the importance of the various techniques and methods depends always on a particular point of view.

My electrical engineering life staried with the finite difference method, which I used during my time as development engineer at
the Robert Bosch GmbH in Schwieberdingen, in Germany and beside other duties there where permanent magnet excited
synchronous machines to develop. Al that time Dr.-ing. G. Henneberger was the head of the development departments and 1
worked in one of his divisions. Therefore, all Jor me important methods where ar that time related 1o electrical machines and
actuators.

1. INTRODUCTION More and more powerful computer hardware
cnables the simulation of more and more
complicated field problems in two- and three-
dimensions. Figure la shows the exponential
increase in circuit integration respectively in clock
frequency (Fig. 1b), which indicates the enormous
growth in the computer hardware development.
The figure displays Moore’s law, which says that
the computer power will double each 18 months.
The development of numerical algorithms and
methods can be seen in parallel to this. This

Laplace transformations applied to such models op porlp nity Witb resp ect'to hard-, softv_va.r ¢ and
makes it possible to analyse the machine for the numerical techmques. delivered the posmb_lhty to
dynamic behaviour. The refinements of the 1D develop novel technical products. By using the

models yield the technique of magnetic equivalent n}Lllmerlc‘e‘ﬂ_ simulation ,91. tech'mcal devices, @
circuit models. shorter “time to market™ is realised. The cost for

prototyping can be minimised as well. Due to

Al the time, when not too many computers
where available yet, the design of electrical
machines was performed in the classical way, by
using one-dimensional models. Particular electro-
magnetic parts of the electrical machine are
considered to form a homogenous element in a
magnetic circuit approach. In this approach the
knowledge of particular “design” factors is
assumed. Such modcls enabled the calculation of
specific stationary working points of the machine.
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ig. 1. Moore’s law - Exponentiai increase in (a) circuit
integration and (b) clock frequency |2].

now possible to develop
uch as high dynamic motor

ward-, floppy and CD-ROM

simulations it s

d ves for
applications in a very much faster way. An
increase in  the rdtlo power/weight of the
electromagnetic energy transduccrs, the actuators,
is a result of these opportunities. If we plotted this
ratio for e.g. electrical generators, we could sce a
comparable growth for the development of such
electrical machines.

To have a brief look to the future of the
developments in numerical techniques, in Table 1
the predicted hardware developments are collected.
It seems that the Moor’s law will still be
applicable.

With the ongoing developments in computer
hard- and software and numerical research,
difficulties concerning computational costs and
numerical problems are continuously moving to
the background. Today, efficient numerical
solutions can be obtained for a wide

range of

Table 1. 2000 and beyond [3].
1999 2002 2014

Technology (nm) 180 130 35
Wafer diameter (imm) 300 300 450
Memory size (bns) 1G 4G 1T
Transistors/cm’ 62 M 18 M 360 M
Wiring levels 6-7 7 10
Clock speed (MH z) 1250 2100 10000
Chip size (mm~ \ 340 430 901
Power supply 1.5-1.8 1.2-1.5 0.37-0.42
Maximum power (W) 90 130 18
Nimmher af ning 700 957 ; \)
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problems beyond the scope of analytical methods.
In particular the limitations imposed by the
analytical  methods, their  restrictions  to
nomogcncous lmear and steady state problems can
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Lommermally available to helpmj to design
electrical machines. Complicated gecometries, non-
linear material properties can be studied by using
such software. The question, addressed by the

machine producing and material manufacturing
industry, asks for the ap“‘rropr}atc material for the

roducts can amallv give the answer to 11119 issue.

Research groups at universities have code
available that goes further in modelling. For
example, it can consider external electrical circuits
with power electronic components operating the
machine model. Such models are consuming a lot
of computational time. However, research directed
to accelerate the numerical solvers is going on as
well.

But after all developments of numerical
techniques around the electrical machine analysis,
it must be noticed that the classical approach, the
enormous expertise and knowledge to model the
various electromagnetic effects accurately, can not
be replaced by the numerical models. The
modelling/solving/post-processing  of numerical
motor models still requires some engineering time
and cannot replace the quick and correct answer of
an exercised motor design engineer. Both experts,
probably in one person, numerical modelling and
electromagnetic motor design engincer, are
required for successful novel developments in this
engineering discipline.
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2. COMPUTER AIDED DESIGN IN
MAGNETICS

For designing and constructing electromagnetic
devices an accurate knowledge of the ficld
quantities inside the magnetic circuit is necessary.
In many cases the air gap is of particular
importance (e.e. motors, switches, relays,
-ontactors, actuators). Tere the conversion from
1
1

1

ical to n Cb}lalllLal cnergy and vice versa
fal
w

€ ] air gap the field quantitics such
as ﬂux den51tv and field strength have to be

calculated very accuratcly in order to be able
correctly to asses the operational behaviour of the
device.
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results could be obtamed 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
es, found emplrlcally Physical effects were
i d by rrection factors applied to the
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dcmgn phllosophv dcslgn analvsl Here,
computer models were used to solve the field
problem. Analysis means the treatment of the field
problem by numerical simulation.

In general, the procedurc for analysing an
clectromagnetic device can be divided into three
steps of pre-processing, processing and 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
quantitics. This threefold approach of defining
solving and evaluating is typical for every analysxs
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).
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Fig. 2. Field analysis steps.

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 techniqucs, most of the
analysis time will have to be snent on the nre-

processing. Given error bounds will support a
desired accuracy of the solution. Often. the user
cannot influence this step. During the post-
processing, the solution must be prepared to study

the local field effects. The post-proces%mg

in various ways for different aspects.

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 scarch routines to obtain an efficient, fast
and automated discrctisation 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. Design strategies using numerical methods

The development and design of electromagnetic
devices reflects a complex process. Originating
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from an initial idea, the construction runs through
different phases. This procedure is terminated
when a final concept is sclected and considered to
be designed, subject to various targets  and
constraints. As a whole, the task ¢ ion
engineer is to {find solutions for technical
problems. On the way to the latter physical and
technical product, certain aspects have to be
considered. 'I'echnological and material-dependent
questions as well as cost effectiveness and

ecological constraints have to be taken into
consideration. A cut-set of the mentioned boundary
conditions controls the ‘:-Sib'lny of the final
design. With emphasi electromagnetic devices,

1S 0
Fig. 3. shows a SJmphIlcd
interdependencies of targets and constraints. This
simple pattern clarifies that the design process is

strongly dependent on the experience of the
engineer and reflects an optimisation procedure
with often contradictory aims Tue:efore, the
necessity of a systematic and strategic design with
engineering tools is obvxous. Herc, solution

strategies using modern numerical methods to
accelerate and ensurc a high-standard technical
product in an overall design process are discussed.
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Fig. 3. Interdependencies in the design of
electromagnetic devices.

Designing electromagnetic devices includes the
calculation and analysis of the electromagnetic
field distribution. From the local field quantities
forces, torques and losses can be derived to make
predictions concerning global quantities such as
converted power and efficiency. For complicated
geometries analytical ficld solutions are non-
existent or very hard to obtain. Using numerical
field computation techniques of a general
application range, the microscopic field solution

schcme of

leads via a lumped parameter approach to the
desired time-dependent behaviour of the device
The microscopic field solution itself delivers

important knowledgc rega‘rding the material
utilisation. Such results offer the opportunity to
reduce material, weight and the costs of the latter
product. To accelerate development, extensive

f'e]d computations with various types of material
can be performed avoiding expensive prototyping.
It is even possible to predict system behaviour
before new materials are actually available on the
market. With tn Knowledgc the dcsxén cng,ma.er

M R N O |
Y nanutfacturer or, vice versa, 1f{}1 > materiat
sunplier uses quch nut (_al tools lc can Suggeg{

particular device.

2.2. Knowledge based design
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overall funcllon bv investigatin ng
and their mutual mteractlons In thxs way overall
links between various principles of the partial
functions are found.

In Tig. 4, a structured and knowledge-based

devclopment process is illustrated in a simplified
scheme. In this example, the final technical

product has to be designed, able 1o fulfil threc
partial functions. Those individual functions to be
connected to the overall task of the product are a
lincar motion, a continuous rotation and some
reverse operation. After the analysis phase, in the
synthesis step different physical working principles
are selected and evaluated. The selection process is
governed by simple qualitative rules. In this way
the partial functions arc evaluated with regard to

their feasibility with respect to the given
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Fig. 4. Knowledge-based and structured design.
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constraints and limitations. In this step, the feasible
principles are ranked qualitatively by weighted
constraints and limitations.

The process of synthesis leads from qualitative
decisions to quantitative statements in a Iollowmg

design step. The whole process is accompanied by
the consultation of experts and expert knowledge
A detailed investigation and ranking, ie. the

precise calculation of the operating conditions,
leads by a comparison to the final technical
product. In this loop of iterations, between

validation and the performance of detailed
predictions of qualified concepts, a numerical
optimisation combined with field computation
methods is found as”an important and powerful
engineering tool for the design of electromagnetic
devices

The quantification and ranking of the working
principles is g,overncd by the choice ofmattrials or

drstmgurshed into an object and a rule vorld The
various, for instance ferromagnetic, permanent

magnet conductive or dielectric materials, and
respectively components such as the electronic
hardware have, considered inside an object world,
particular properties and characteristics. To
employ such object propemcs in order to obtam a

whe
P

both object and rule world, constraints are found to
govern a decision to consider the principle further
in the ranking or to reject it. Numerical techniques
can help to employ the rules accurately to the
studied object.

3. MAXWELL’S EQUATIONS AND
POTENTIALS

It all starts with Maxwell’s equations (Table 11).
Every electromagnetic phenomenon can be
attributed to the seven basic equations, the four
Maxwell equations of the electrodynamic and
those equations of the materials. The latter can be
isotropic or an-isotropic. linear or non-linear,
homogenous or non-homogenous.

The Maxwell equations are linked by interface
conditions. Together with the material equations

Table II. Maxwell’s equations.

differential form Integral form

O oB - d
VnE = J5. ar=-2
ot 2 dr
(i) VxH=J ({H‘dr:,
(,'7
(iii) V-B=0 CJ-B-dS:O
<
\1v) ‘\7.37/;, qfl)dstp
A}
{v) B=,H
(vi) D =:E
(vii) J=J,+J_=J,+0F

they form the complete set of equations describing
the fields completely. ® is the magnetic flux, / the
conducted current, O the charge, C indicates the
contour integral and S the surface integral.

The seven equations describe the behaviour of
the electromagnetic field in every point of a field
domain. All electric and magnetic field vectors E,
D, B, H, and J and the distance r are in gencral
functions of time and space. The conducting
current density can be distinguished by a
matcrial/ficld dependent part J. and by an
impressed and given value Jy. It is assumed that
the physical properties of the material’s permitivity
g, permeability u and conductivity o are
independent of the time. Furthermore it is assumed
that those quantities are piccewisc homogenous.

The Maxwell equations represent the physical
properties of the fields. To solve them, mainly the
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differential  form of the equations  and
mathematical functions, the potentials, satisfying
the Maxwell equations, are used. The proper

choice of a potential depends on the type of field
problem.
potential

The clectric  vector potenti
displacement current density will not be introduced
here, because it is only important  for the
calculation of fields in charge-free and current-free
regnons sucn as hollow wave-guides or in
sofl mennas

=}
el
—+
[
=
v

feld problcm between contmuous and discrete
space. Using these artificial field quantities reduces
the number of differential equations. Considering a

plUDle aescrmed by n dlﬁcrcnllal equanons, a

to n—] equations.

It is distinguished between magnetic and
eiecmc vector rcspectlvcly scalar potentials (Table
¢ potentials are the basis of the finite

p pplying such pot umals to
Maxwell’
vields the dlscrcte equatlo [4] The
of finite elements, e.g. 2D-triangular, 2D -rectangle
or 3D-tetrahedron determines the final sys
equations to be solved.

Table 111. Potentials.

scalar vector
clectric OA J=VxT
E=-VV-——
ot
magnetic H:T—ng B=VxA
H=-V¢

4. FINITE ELEMENT MODELLING

In this section, the modelling of particular
electrical machine problems with the finite element
method will be discussed. Particular attention is

paid to the modelling of the ferromagnetic
material.

4.1. Eddy currents in laminated ferro-magnetic
steel

High permeable steel laminations are usually
used for the design of clectrical machines. This is
because unfortunately the material has very good
magnchc properties, but is also a wvery good

~ conductor. As a result of this,
¢ considered. To lower
eddy current Ichs in AC fields several iron

Ot}

are applled. The coatmg mater 1al 18 Icss <vonductive
and less permeable than the iron, preventing
excessive eddy current losses but at the expense of
a higher reiuctancu of the global magnetic flux

(Iig. 6

™~

p|
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Fig. 6. Ferromagnetic lamination.

[n analysing electrical machines, usually a 2D-
FEM electrodynamic model is built, which lies in
the plane of the flux. For this case, no eddy
currents, as shown in Fig.6 for the laminated steel.
in the x-plane can be considered. To be able to
simulate the eddy currents in laminations, the
model has to be built in the xy-plane and the flux is
perpendicular to it. To obtain a solution for this
case, an electrodynamic in-plane formulation using
the electric vector potential T is chosen:

VxT=1J, (1)
this yields the time-harmonic formulation
o or. V
Pt joul =~ jou-" . 2
apr o | Ieu jou I (2)

p is the resistivity, p the permeability, jo is the
angular frequency, Vi, thc magnetomotive force
and I, the length of the problem in z-direction.
With this model it is possible to determine the
losses for single sheets and for multiple layer
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arrangements of ferromagnetic lamination (Fig.7).
For the simulation of multiple layers an FEM
approach with external magnetic circuits for the
{lux in z-direction has to be chosen [9].
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Fig. 7. Losses in a ferromagnetic steel (a) single sheet
and (b) in a multiple layer arrangement.

The model consisting of multiple iron laminates
with coating material on both surfaces is drawn in
Fig.8. Semi-analytical simulations consider the
losses in a single laminatc and neglect the
conductivity and permeability of the coating
material. The model presented here deals with
coating material with a finite resistivity. As a
consequence, the closing path of the current may
cross the coating layers. The eddy current losses
are completely different from the simplified
analytical model. As an external condition, the
total magnetic flux through the model has to equal
the applied flux. The magnetic equivalent circuit
represents the parallel connection of all domains in

4
Fig. 8. 2D clectrodynamic model of a laminated material
of various layers combined with a magnetic equivalent
circuit [9].
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y using this hybrid modelling technique, the
coupled FEM and magnetic equivalent circuit
model, dependencies of the eddy current losses can
be studied with respect to the frequency and the

tmrrema e mee 0 ~em T o s O 1 Y J | . P
number of iron layers (Fig. 9a, b, ¢). Such results
can further be employed to simulate the material

machines at

e.g. an induction machine these simulated results
have to be transformed in such a way that they can
be used in the 2D model of a realistic electrical
machine.

The second, something more technical example,
in which this approach is illustrated, is a dielectric
heating device (Fig.10). A cylindrical dielectric is
placed between two circular electrodes, both
constructed from ferromagnetic material. Both,
diclectric and conductive heating effects are
considered [6]. The geometry and the excitation
arc modelled by an axisymmetric model in this
case. As a consequence, the magnetic equivalent
consists of the short-circuit connection of all
magnetic paths. In contrast to the discussed
lamination model, the excitation is of electric
nature and is therefore applied as a difference in
electric vector potential. The combination of
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Flg. 9, Eddy current

current deasity distribution for a field at
{a) 50 Hz, (b) at 500 Hz and (¢) for comparison,
multiplc laminations at a frequency of 50 Hz [9].

conductive and dielectric effects involves a
complex valued resistivity in the potential
formulation of this problem type.

4.2. Eddy current losses and harmonics

The figures 9 and 10 show already simulated
current distributions in the lamination used in
clectrical machines. These simulations where
performed assuming a single frequency for the
FEM electrodynamic models. In  this time
harmonic  approach, only the fundamental
magnetic field frequency component is considered
[7]. Losses can be considered by an elliptic
approximation of the magnetic BH-characteristic
[8]. However, in reality various harmonics have to
be considered. The multi-harmonic and the
harmonic-balance approach are possible
alternatives to solve this type of problem. For the

shart-circuis sloctrade |

connection Aralacivicig,
i

line of s\mmur'/'ﬂ
]
i
i

Fig. 10. Heating device as axis-symmetrical hybrid
model [9].

multi-harmonic first approack, it is assumed that
the magnetic field is dominated by the fundamental
frequency component, it can further be assumed
thal the D(’—saturation level is dominat«’d by this

magnetic device connected to a strong sinusoidal
power grid operating a non-lincar load. which is
generating the current harmonics. The total

magnetic field can then be computed by means of
an uncoupled sel of equations. First the harmonic
problem at fundamental frequency is solved and in
further steps the problem is solved at the harmonic
frequencies. The level of the ferromagnetic
saturation is determined by the element-wise
constant permeability obtained from the solution of
the problem at fundamental frequency.

In many cases, however. the field harmonics are
important, c¢.g. when the device’s supplying
voltage is non-sinusoidal and contains higher
harmonics and the device is not highly saturated.
Therefore, in the multi-harmonics second
approach, all of the harmonics have to be
considered to obtain the D(C-saturation. It is
assumed that the field components do not mutually
interact directly. Therefore, all the equations are
non-linearly coupled. In the multi-harmonics
second approach, the different equations are solved
for a particular operating point, in which the
saturation level is temporarily kept constant.

The harmonic-balance approach considers the
mutual  intcractions  between the  various
harmonics, which are caused by the saturation. The
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different equations become intensely coupled [10].
Therefore, an entire harmonic-balance is required.
Both, harmonics in the field as well as in the
material series are considered. FFT algorlthms can

hio nomnm linmane o]y
lClleLl\’lL)

In general the multi-harmonic second approach
secems to overestimate the saturation effects when
compared to multi-harmonic first approach. Multi-
harmonic first approach works accurate in the case

of a dominant Iunaament Irequency it 1s

harmonic-balance can account for the time-local
occurrence of saturation up to a pre-set maximum
frequency and delivers the best approximation.
However, it results in longer computation times.
Figure 11 shows the field plots of some simulation
results obtained by the harmonic balance approach.

P
4
x

a} ( by : e)
Fig. 11. Field for a single-phase transformer model

(a) fundamental, (b) 3 rd and (¢) 5 th harmonic
frequency {i1].

5. NUMERICAL OPTIMISATION OF FINITE
ELEMENT MODELS

The design process of electromagnetic devices
reflects an  optimisation  procedure.  The
construction and step-by-step optimisation of
technical systems in practice is a trial and error-
process. This design procedure may lead to sub-
optimal solutions because its success and effort
strongly depends on the experience of the design
engineer. To avoid such individual parameters and
thus to achieve faster design cycles, it is desirable
to simulate the physical behaviour of the system by
numerical methods such as the finite element
method. In order to get an automated optimal
design, numerical optimisation is recommended to
achicve a well-defined optimum. Optimisation of
electro-magnetic devices turns out to be a task of
increasing significance in the field of electrical

engineering. The term of Automated Optimal
Design  (AOD) describes a  self-controlled
numerical process in the design of technical

products. Recent developments in numerical
Aalamvithoonce amAd smamen mmtrrantiil arisasmritasee ~ffae tha
Al OLIUUTS and 1io1e puweliug ULHPULClS il e
onnortunity 1o attack realistic oproblems of
opportunity 1o attack realistic problems ¢

technical importance.

In general, the development of numerical
optimisation algorithms can be distinguished
their evolution into threc generations:

e irst ,gencralion' Direct evaluation of a quality
function; end 80s and early 90s.

¢ Second generation: Evaluation of a polynomial
annravimation of the analitv fiinetion: aronnd
approximation of the quality function; around
96s.

¢ Upcoming third generation: The unknown
quality function 15 constructed by using
artificial intelligence, such as Neurofuzzy
models.

The two first generations of numerical
optimi%ation a]gorit}nn"‘ with known objective
function can be distinguished in deterministic
(aradieni meothode linear mnroorammino)  and
\Elaul\alll LHVHIIVULD, uLal lJl ’ED‘ QGiiliiiiig / CLLINL
stochastic ~ approaches  (genetic  algorithms,

rr \ o 2
evolution strategy, simulated annealing). A

prerequisite of the deterministic approach is the
availability of derivatives, which is for the
optimisation of FEM models mainly not the case.
Their advantages can be scen in its efficient

idommdiey

iterative secarch. such 'a}gOi
easily be trapped in local minima.

Stochastic  search methods do not use
derivatives, are robust in identifying the global
optimum but have the disadvantage of very large
computational costs. This can be partly overcome
by searching the optimisation space in parallel.

A hybrid optimisation can be obtained by
identifying a global optimum by stochastic
methods  that are further evaluated by a
deterministic search to extract the global
minimum. These combined algorithms have the
advantage of a higher accuracy and are more
efficient regarding computational cxpenses.

The distinctive feature of an electromagnetic
optimisation problem is its complexity, which
results from a high number of design parameters, a
complicated dependence of the quality on design
parameters and various constraints. Often the

TT w3738 e
rowcevcel,
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direct relation of the desired quality of the
technical product on the objective variables is

unknown. Stochastic optimisation methods in
combination  with  general numerical field
computation techniques such as the finite element
method (FEM) offer the most universal approach
in AOD.

To be able to select the appropriate optimisation
algorithms to form an overall design tool together
with  the numencal field computation, the
uromag:neuc opurmsauon

the fo llowm,(z cates_orle%
e constrained
e problem type:
parameter- or static optimisation,
Jf(x)—> min.
LI trajectory, or dynamic problem,
F(X,x) —> min.
¢ non-linear objective function
e design variables:

e multi-objective n
e interdependencies of the
the design variables are

derivative information available

s the quality function is disturbed by stochastic
errors caused by the truncation errors of the
numerical field computation method.

In  reality electromagnetic  optimisation
problems are constrained due to the various
reasons  mentioned  (Fig.  3).  Nowadays
optimisations are performed mainly as static
problems. Numerical optimisations require huge
amounts of computation time. Therefore, the
optimisation as aimed at here, combined with the
FEM, of the dynamic system with time-derivative
X is not yet commonly performed. For transient
problems an evaluation of the quality function by
numerical methods (FEM) is still too time
consuming. Considering mixed real/integer design
variables results in long computation times as well.
The tick boxes in the list, which are not marked,
represent  future developments. In  general,
optimisation means to find the best solution for a
problem under the consideration of given

quality function and

unknown; no

constraints and it does not mean to select the best
out of a number of given solutions.

The application of an optimisation using

evolution strategy dnd the FEM is demonstrated by

the optimisation of a small DC motor [4].
The objective is to minimise the overall material
expenditure, determined by permanent magnet-,

copper- and iron volume subject to a given torque
of the example motor.

'+ penalty - min.  (3)

Z()c) =10 CO% fnag
The use of penalty term in the form:
('lr;imr—i'(,r)]
T PPN I
pena[/y = ﬁ L </ . U (4)

\7 =7, :1
allows the evaluation of the objective function
even if the torque constraint is violated.
The tor que is con iputed by i

Maxwell stres t

S e air
motor. Flux d nsity dependent iron losses
rpm and subtracted from the air gap torquf, to form
the resulting output torque.

‘The overall dimensions and the slot geometry of
the DC motor are described by 15 free design

~ e rn dm e tma o maacy ey aein To s an /Y o
paramcters. The free parameters are the n/2 edges
of the polygon describing the rotor slot contour

and the outer dimensions of rotor and stator as
indicated in Fig. 12. The motor consists of a stator
back iron with a 2-pole Ferrite permanent magnet
system and a rotor with six slots.

The two-dimensional field computation to
determine the quality function (eq.’s 3 and 4), to

I. stator back iron

2. permanent magnet
3. rotor iron

4. winding slot

Fig. 12. Geometry definition for the shape optimisation
of 'a DC motor [4].



Kay Hameyer et al. / Numerical 1echniques for electrical machines: A personal view 1

compute the torque of the machine, is performed
by standard two-dimensional finite eclement
analysis. To ensure controlled accuracy, adaptive
mesh generation is applied until a given error

bound is fulfilled.
The change of shape from a sub-optimal initial
geometry to the final shape of the motor can be

taken from Fig. 14. It can be noticed that the iron
parts of the initial geometry are over dimensioned.
The actual torque of this configuration was
approximately 25% lower than the desired value

et A
[BE 300 I

he optimised motor holds the torque
recommended, which is achieved mainly by
enlarging the winding copper volume by about

20%. ic most significant change from start to
final geometry can be seen in the halving of the
iron volume. Consequently the iron parts are
highly saturated, espccially the teeth regions. In

comparison to this, a test optimisation with
At
2]
n ‘""\. | 2
O L
\-_\f \-.\J\‘\ N_\__‘_"__‘
1»
t 40 ] 130 15 0
homtiow ooor —
Fig. 13. Course of the optimisation.
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Fig. 14. Design variants during optimisation
(# generation: quality).
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neglected rotor iron loss results in a 10% smaller
rotor diameter. Unfortunately, the permanent
magnet material 1s brittle, which limits the
minimum magnet height. The magnet volume
decreases 5110m1y Along optimisation the overall

B o

volume oft the motor was reduced by 38%. The
rate of convergence is plotted in Fig. 13. It can be
noticed that the used evolution strategy is

relatively fast converging towards the desired
minimum. However, from generation 60 to the
final solution no large changes can be observed.

Therefore, technically imcresting results e.g. with
4 [‘ 1

o fabrication Lmerances can already be

-55
@
[}
a4}
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;:'..
)

’13
—
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electrlcal machines. It shows the pc>551ble potermal
for further development of the methods that can be
used for the efficient design of electrical machines.

he potential and the possibilities of the numerical

mindalo avs alacals PR s ~ | S S FRh B |
modcls arc closely linked to the capabilities and
availability of computer hardware and can
therefore be derived from these developments

Many difficult field problems are still unsolved.

This paper shows some techniques to model
electrical machines, such as electric motors and
transformers. To restrict eddy current losses, these
machines  are  usually  constructed — with
ferromagnetic laminations. Here, a closer insight is
presented to the modelling of ferromagnetic
materials using the finite element method. Single
frequency time-harmonic models are presented as
well as multi-harmonic methods.

With increasing computation power and by
assuming further developments in the numerical
algorithms, it is expected that numerical
optimisation algorithms will be employed more
commonly in the future. An optimisation example
is given to illustrate the operating of a numerical
optimisation.
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