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Introdu tion and s ope of resear h
Several hysteresis models have arisen due to the evolution of the digital

om-

puters. The validity of the models is not restri ted to the des ription of the
ferromagneti

hysteresis phenomena.

The hysteresis models are widely a -

epted in other areas of s ien e (e.g. biology, e onomi s, me hani s et .), as
these phenomena also play very signi ant role in several domains of s ienti
pra ti e.
There are several
a

lassi ations of the hysteresis models. One of them is

ording to the des ription level.

mi ros opi , the ma ros opi

Three

lasses

and the mezos opi

an be distinguished: the
models.

The mi ros opi

models deal with the des ription of the hysteresis phenomena, they often use a
sub-atomi

range approa h (e.g. Ising-model, Landau-Lifshitz equation). This

type of models is not suitable for simulating the hysteresis ee t in
situations, as modeling a real s ale material would be a very time
task. The ma ros opi
ros opi

an not be

models

ompared with the mi ros opi

hysteresis

ones,

an provide no information about the physi-

al ba kground of the phenomena, though they
problems. The ma ros opi
(e.g.

onsuming

models seek to eliminate these short omings of the mi-

model. In fa t they

sin e the ma ros opi

ompli ated

an be employed in real s ale

models are usually fun tion approximations of the

urves, where several types of analyti al fun tions

an be applied

trans endent fun tions, polynomial fun tions, ratio of two polynomial

fun tions et .).
We

an realize that neither the mi ro- nor the ma ros opi

engineering needs, as the mi ros opi
the ma ros opi

models are too slow in

models do no take into a

phenomena. As a result, the mezos opi
ing. The mezos opi

models meet

omputations and

ount the physi al ba kground of the
models are very popular in engineer-

models are ranked between the mi ro- and ma ros opi

models, be ause they are less a
exible than the ma ros opi

urate than the mi ros opi

ones, but are more

models. They in lude the Jiles-Atherton model,

the Preisa h model, the Chua model and the neural network based models and
so on.
The Jiles-Atherton model is dis ussed in detail in this work.

The Jiles-

Atherton model was established in the last de ades of the twentieth
Despite being a mezos opi

model, its equations

ergy balan e equation, whi h is very
the hysteresis. It

entury.

an be derived from the en-

lose to the physi al representation of

an easily be extended to des ribe the frequen y dependen e

(rate dependen e) and the inuen e of me hani al stress, due to the energy
formulation. Though the model has some outstanding features, some drawba ks must be highlighted. Namely the energy based model equations have
non-physi al solutions, whi h triggers the negative slope part of the hysteresis

urve at the loop tips. Furthermore, the solution of the model dierential

equation is very sensitive to the step size. Totally dierent hysteresis
an be generated by applying dierent step sizes.
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The investigation of the magneti
materials

eld in the presen e of ferromagneti

onstitutes the fo us of my resear h work. The Jiles-Atherton model

is applied for des ribing ferromagneti materials in the simulations. The partial
dierential equations are dis retized by the nite element method (FEM). Two
types of FEM is distinguished, the nodal and the edge elements. The magneti
eld

omputations in luding the eddy- urrent investigations

annot be

arried

out by using the nodal FEM, be ause of the spurious modes.
The edge element formulations with respe t to the ele tromagneti
omputations are summarized and

ombined with nonlinearity

eld

aused by the

hysteresis ee t.
Nonlinear system of equations are usually solved by applying the
Newton method. However the Newton method does not
points, whi h is usual in the

ase of magnetization

lassi al

onverge at ine tion

urves. Another drawba k

is that the derivative must be determined analyti ally, otherwise numeri al
dierentiation should be used.
most of the

ases e.g.

magnetostati

The analyti al derivative is not available in

measured

urves.

The method is usually applied for

problems by modifying the magnetization

ine tion points.

Of

ourse in this

urve by removing

ase not the original problem is solved.

Instead of the Newton method, the xed-point method (polarization method)
is applied in this work for solving nonlinear magneti

eld equations, sin e it is

onvergent for any trial value and it is not sensitive to ine tion points and the
derivatives must not be known. Furthermore a pie ewise linear approximation
of measured points is also a
is the slow

eptable. A drawba k of the xed-point method

onvergen e, whi h

an be improved in several ways.

These are

dis ussed in the se ond thesis.
A test problem is going to be solved to prove the validity of the above mentioned
is

1

omputational pro edure. The numeri al solution of the test problem

ompared with the given measured data.

Proposed resear h a tivity

The s ope of my PhD dissertation is to develop a new
to analyse magneti

omputational pro edure

eld based on the Jiles-Atherton model of hysteresis and

ombined with the higher order edge nite element method.
I intend to nd a fast and a
in ele tromagneti

eld

urate hysteresis model, whi h is required

omputations, sin e, in

ombination with the nite

element method, a very huge number (several tens of thousand) of hysteresis
models must be run simultaneously.

The Jiles-Atherton model is based on

a simple rst order ordinary dierential equation.

Despite having a simple

stru ture, the Jiles-Atherton model is based on physi al

onsiderations. I will

reformulate the Jiles-Atherton model by means of the energy balan e. As a
result, the mathemati al ba kground will be ome

lear.

I intend to extend

the original rate independent Jiles-Atherton model to a rate dependent one
by

onsidering the eddy

urrents and the ex ess losses. This is easily done by
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the energy bana e equation introdu ed. I intend to build a s alar hysteresis
measurement system in LabVIEW environment to prove the validity of both
the rate independent and the rate dependent models.
I want to introdu e the edge nite element method as a numeri al te hnique
for determining ele tromagneti elds. I intend to use higher order elements for
obtaining better a

ura y. I intend to ne tune the

ombination of hysteresis

modeling and nite element method with the help of a simple one dimensional
example of the well known half-spa e problem.

I intend to investigate this

problem by progressing from the simplest ase to ompli ated ones. This means
that I want to start the investigations with the linear
with the Langevin
used as material

ase, I want

ontinue

hara teristi s and nally the Jiles-Atherton model will be

hara teristi s. I intend to introdu e the xed-point method

to handle nonlinearity. I want to des ribe some speed up te hniques for the
xed point method, whi h will be illustrated on the half-spa e problem.

Methods and algorithms
The purpose of this work is to nd an e ient way to
in the presen e of highly nonlinear even hystereti
stati

and eddy

A fast and a

ompute magneti

elds

materials. Both magneto-

urrent elds are investigated.
urate hysteresis model is required for des ribing magneti

materials. The Jiles-Atherton model has been
sin e it is based on physi al

hosen for modeling hysteresis

onsiderations and it is not only a mathemati al

extra tion of measured data. Another advantage of the model is that it is easy
to extra t to take into a

ount dynami

ee ts, whi h might be su ient in

The nite element method is widely a

epted and used in ele tromagnetism.

eddy

urrent problems.

A method has been worked out for
FEM to be able to
ments are

ombining the Jiles-Atherton model and

ompute nonlinear magneti

onsidered in the

elds. High order edge ele-

omputations for ensuring the desired a

ura y.

The xed-point (polarization) method has been applied for handling the
material nonlinearity existing in the arrangement.

The original xed-point

algorithm has been speeded up both by introdu ing a relaxation method and
by using an update pro edure, where the permeabilities (or relu tivities) are
updated in ea h time iteration step.
Multigrid method with Vanka pre-/postsmoother has been applied for solving the large linear system resulted from the 3D problem. This approa h allows
to

reate a multigrid hierar hy based on the order of the nite element shape

fun tion.

3

Péter Kis  Book of Theses

2006

Theses
Theses 1
I have extended the JAM of hysteresis to avoid the non-physi al solutions and
to represent the rate-dependent variation of the response with the input for the
dire t H-B and for the inverse B-H hara teristi s as well.
a) I have developed an engineering approa h based on an energy balan e
equation for obtaining the dierential equation of the rate-independent
Jiles-Atherton model. I have introdu ed a parameter

δM

to avoid the

non-physi al solution (negative slope) of the model dierential equation.
I have validated the developed rate-independent model by experiments.
b) I have extended the energy balan e equation of the rate-independent
Jiles-Atheron model by two additional energy (eddy
lous loss) terms to take into a
magneti

eld.

urrent and anoma-

ount the time variation of ex itation

I have validated the developed rate-dependent model

by experiments.
) I have built a magneti

measurement system for measuring magneti

hysteresis in LabVIEW environment.

I have proposed measurement

method for measuring hysteresis loops, minor loops, rst order reversal
urves and I have worked out an under-relaxation method to obtain
sinusoidal waveform in

B.

d) I have worked out a pro edure for parameter identi ation of both the
rate-dependent and rate independent Jiles-Atherton model of hysteresis
based on the nonlinear least square method.

Theses 2
I have implemented the hysteresis simulation to the higher order ve tor shape
fun tions of FEM for solving magnetostati and eddy urrent problems and
to handle the nonlinear iteration and I have worked out an e ient speed up
te hnique of the xed point method by ombining the relaxation method and the
lo al permeability update.
a) I have extended the eld equations for nonlinear magnetostati
eddy

urrent problems

and

onsidering the gauge xing with the Lagrange

multiplier method. I have proposed formulations by assuming general
hystereti

relationship between the

H

and

B

to oer for resear hers

the ability to use any type of hysteresis model and numeri al method.
b) To handle the nonlinear iteration I have worked out the relaxation
method with the permeability updates to speed up the xed-point iteration pro ess.
) I have

ombined the solution of the eld equations with higher order

S höberl

type edge elements for nonlinear

type allows to

ase. The introdu ed element

hoose nite elements with arbitrary polynomial degree

utilizing the lo al

omplete sequen e property.
4
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Theses 3
I have onrmed the nonlinear eld omputational method with higher order
nite elements by examples regarding magnetostati s, eddy urrent problems
and diusion equation. I have worked out three examples; one for the solution
of one dimensional diusion equation for ferromagneti half-spa e, another
one for the solution of a two dimensional (axisymmetri ) eddy urrent problem for hysteresis measurement simulation and the third one for the solution
of a three dimensional magnetostati problem for the ben hmark problem of
COMPUMAG.
a) I have illustrated the nonlinear simulation method on the one dimensional half-spa e problem. I have applied the nonlinear iteration method
developed in the previous
with the Langevin

hapter for solving the half-spa e problem

hara teristi s and with the Jiles-Atheron model, as

well. The problem has been solved by the original xed-point method
and the xed-point method with relaxation (R), whi h is dierent from
the Hantila's over-relaxation method sin e

0 < ω < 1

is allowed and

nally this FP+R method is improved by the lo al update of the permeability obtaining signi ant speed up.
b) The simulation of the ferromagneti

hysteresis measurement has been

worked out by using a two dimensional axisymmetri
ulations have been

model. The sim-

arried out at dierent frequen ies using both the

rate-independent and the rate-dependent JAM.
) I have developed the three dimensional nonlinear simulation te hnique
for the T.E.A.M 13 test problem of COMPUMAG. I have used edge
nite element method and

A

ve tor potential formalism in

tion with Lagrange multipliers

λ.

ombina-

I have validated the simulation of

the three dimensional nonlinear test problem by the available measurements.

I have

ombined the higher order edge nite element method

with the xed-point method for solving this three dimensional magnetostati

problem.

I have used geometri

multigrid method for pre-

onditioning the system by utilizing the hierar hi al property of the
introdu ed higher order edge elements. The

oarse grid is represented

by the DOFs of rst order elements though the ner grid is dened by
the DOFs of se ond order elements.

Further utilization of the inventions
The purpose of this work is to nd an e ient way to
in the presen e of highly nonlinear even hystereti
stati

and eddy

ompute magneti

elds

materials. Both magneto-

urrent elds were investigated.

Further investigations
than the Jiles-Atherton.

ould be done by

hoosing hysteresis models other

It would be very interesting to apply the Preisa h

model of hysteresis.
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A dierent approa h
neti

an be developed to take into a

ount the ferromag-

hysteresis, be ause these hysteresis models (Preisa h, Jiles-Atherton et .)

were developed not for nite element

omputations. We have a nite element

mesh for dis retizing the ele tromagneti

eld equations but same mesh

be applied for solving the equation(s) of the hysteresis model. The

an

urrently

used hysteresis models do not utilize that the region is dis retized by the nite
element method. Both the ele tromagneti
equations of the material
ement mesh as a

eld equations and the dierential

ould be solved simultaneously on the same nite el-

oupled problem. In this way a more sophisti ated approa h

ould be a hieved. The geometri al shape, the temperature of the material,
the intera tion between the magneti
stress

ould be

onsidered by this

domains and the ee t of the me hani al

oupled problem approa h.

An intera tive user friendly CAD software pa kage
solving ele tromagneti

an be developed for

eld equations in the presen e of nonlinear magneti

material, whi h would be useful in designing ele tri al ma hines or power transformers.
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