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Summary

Magnetic hysteresis phenomena
in electromagnetic actuation systems

The requirements on the force density and position accuracy for high-precision
actuation systems are continuously increasing. Especially in the semiconductor
lithography industry, the demands on the positioning systems are on the physi-
cal limits, because production speed is a major issue while nanometer accurate
positioning is required. High accelerations are necessary to improve the wafer
throughput, which determines the costs per chip. It is the force of electromag-
netic actuators which de�nes the acceleration of a speci�c mass. To enhance
the acceleration of future actuation systems, intrinsically di�erent actuation
techniques are investigated other than the often applied voice-coil actuators,
which are expected to reach their limitations on force density. This research
focuses on reluctance actuators for short-stroke applications, which are able to
achieve a more than ten times higher force density than voice-coil actuators
considering the moving mass. The major restriction for applying reluctance
actuators for high-precision actuation systems is their non-linearity with re-
spect to the current and position, and the presence of magnetic hysteresis and
eddy currents in the ferromagnetic materials. This thesis aims to investigate
the accuracy of the force prediction of reluctance actuators from a physical
electromagnetic perspective.

Various electromagnetic modeling methods are evaluated for the determination
of the force of reluctance actuators. The magnetic equivalent circuit (MEC)
method and the �nite element method (FEM) are selected to model the intrinsic
non-linear force with respect to the current and the position. The analytical
MEC method models the non-hysteretic force in the actuation direction with a
high-accuracy, whereas it is not accurate for obtaining the forces perpendicular
to the actuation direction. Besides the modeling of the evaluated reluctance
actuators with the FEM, this numerical method is also used to investigate the
in�uence of the homogeneity of the magnetic �ux density in the actuator core
related to the amount of magnetic hysteresis in the reluctance force. From this
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analysis it is observed that the absolute magnitude of the magnetic hysteresis
in the force in the actuation direction is directly related to the peak value of the
magnetic �ux density in the major part of the core of the reluctance actuator.
The hysteresis in the force perpendicular to the actuation direction due to a
misalignment of the stator and mover is negligible compared to the hysteresis
in the actuation direction.

The physical magnetic hysteresis phenomena in ferromagnetic materials are
explained, including the history dependency, the wiping-out property and rate-
dependent e�ects, i.e. macroscopic eddy currents and excess losses. These
aspects are important for the selection of a proper magnetic hysteresis model
from commonly applied modeling methods. Furthermore, the most important
properties for reluctance actuator design are discussed of regularly applied soft-
magnetic material types, i.e. nickel-iron (NiFe), silicon-iron (SiFe), cobalt-
iron (CoFe), ferrite and stainless steel. Moreover, the in�uence of annealing
in the production process is considered and measurement methods to qualify
ferromagnetic materials are elaborated.

The phenomenological Preisach model is selected to model the dominant ferro-
magnetic material properties, because the model incorporates the non-linearity
of the magnetic hysteresis loop, the history dependency and arbitrary minor
loops. The Preisach model is combined with the MEC method to describe
the hysteretic behavior of reluctance actuators. A dynamic material model is
used to describe the rate-dependent e�ects in the ferromagnetic materials. In
addition to the Preisach model, a commercial available FEM and a complex
impedance model are evaluated on their ability to model static and dynamic
magnetic hysteresis e�ects.

The magnetic �ux density obtained with the Preisach model is compared
to quasi-static measurements for three di�erent material samples, i.e. CoFe
(Vaco�ux 50), SiFe (M800-50A) and stainless steel (AISI 430). The dynamic
material model is also evaluated for the laminated material samples with vari-
ous lamination thicknesses of 0.10, 0.35 and 0.50 mm. The simulations show a
maximum discrepancy of 10 % for most excitations ranging from a quasi-static
magnetic �ux density variation up to excitations with a sinusoidal magnetic
�ux density of 400 Hz.

The force prediction has been evaluated with the combined magnetic hysteresis
and actuator model by an experimental veri�cation on three E-core reluctance
actuators, one has been manufactured from CoFe and two from SiFe, of which
one has a pre-biasing permanent magnet and the other one has not. The
force of the CoFe E-core actuator has been measured with an actuator test-
rig, which consists of two linear voice-coil actuators to obtain the force. A
nanometer accurate optical encoder has been used with a position feedback
controller to maintain a constant airgap. The dynamic hysteresis phenomena
in the reluctance force of the two SiFe actuators have been measured with
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a piezoelectric load cell. The modeled magnetic hysteresis phenomena in the
reluctance actuators show good agreement with the measurements for both, the
absolute force and the amount of magnetic hysteresis in the force, including the
history dependency, minor loops and dynamic e�ects.
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Nomenclature

Table 1: Roman symbols

Symbol Unit Description

A m2 Cross section area

B T Magnetic �ux density vector

D C m−2 Electric �ux density vector

d m Depth

E V m−1 Electric �eld strength vector

E - Everett integral

f Hz Frequency

f - Preisach function

F - Integral over a subspace of the Preisach plane

f N m−3 Volume force density vector

F N Force vector

h m Height

F A Magnetomotive force source

G - Eddy current constant

g m Airgap length

H A m−1 Magnetic �eld strength vector

i A Instantaneous current

I A Constant current

I T Magnetic polarization

J A m−2 Current density vector

kb - Boltzmann constant

K - Constant

Continued on next page
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Symbol Unit Description

kφ - Flux leakage constant

L H Inductance

l m Length vector

m kg Mass

m - Magnetic hysteresis operator

m - Minima of the Preisach model

mB J Zeeman energy of a Bohr magneton

mk - Mean of a distribution function

M - Maxima of the Preisach model

M A m−1 Magnetization vector

n - Number of laminations

n - Normal vector

N - Number of turns

P - Preisach distribution function

P W Power

P C m−2 Polarization vector

P H Magnetic permeance

q C Electric charge

Q - Trapezoidal area in the Preisach plane

R Ω Electric resistance

R H−1 Magnetic reluctance

S m2 Surface area

S - Subspace of the Preisach plane

t s Time

T - Triangular subspace of the Preisach plane

T K Temperature

T N m−2 Maxwell stress tensor

u A m−1 Preisach model input

v V Instantaneous voltage

v V Electric scalar potential

v m s−1 Velocity vector

V m3 Volume

V0 A m−1 Excess loss constant

w m Width

W J Energy or work
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Symbol Unit Description

W ′ J Coenergy

x, y, z - Cartesian coordinates

Table 2: Greek symbols

Symbol Unit Description

α - Switching variable of the Preisach model

α - Weiss exchange-�eld coe�cient in PFB model

αL K−1 Thermal elongation coe�cient

β - Switching variable of the Preisach model

β - Average number of aligned Bohr magnetons per
domain width

γ - Hysteresis operator of the Preisach model

δ m Skin depth

δ - Signum function

∆ - Relative di�erence

ε - Discrepancy

ε F m−1 Electric permittivity

ε0 F m−1 Electric permittivity of free space (= 8.85 ·10−12)

εr - Relative electric permittivity

λ Wb Flux linkage

µ H m−1 Magnetic permeability

µ0 H m−1 Magnetic permeability of free space (= 4π · 10−7)

µr - Relative magnetic permeability

ρm kg m−3 Mass density

ρ A m−2 Electric charge density

σ S m−1 Electric conductivity

σ - Standard deviation of distribution function

φ Wb Magnetic �ux

Φ - Magnetic distribution function

χ - Magnetic susceptibility

ϕ A Magnetic scalar potential
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Table 3: Subscripts

Subscript Description

0 Room temperature (= 295 K)

c Coercivity

c Curie temperature

cl Classical (loss term)

conv Convection

Cu Copper

d Down switching

e Electrical (energy term)

eq Equivalent

ex Excess (loss term)

ex, inst Instantaneous excess (loss term)

eye Loop-eye

f Magnetic (energy term)

fe Iron

fr Friction (energy loss term)

g Airgap

h Hysteretic (loss term)

hyst Hysteresis or hysteretic

irr Irreversible

k Variable

k Index number

l Leakage component

m Mean

m Mechanical (energy term)

mag Permanent magnet

max Maximum

meas Measured

nom Nominal

o Hysteretic component in MEC model

O Point of operation

past Past or history

q Quantum-mechanical (�eld contribution)

rev Reversible
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Subscript Description

rms Root mean square

s Saturation

T Total

u Up switching

z z-direction

Ω Resistive (loss term)

Table 4: Abbreviations

Abbreviation Description

1d/2d/3d One/two/three-dimensional

ac Alternating current

BEM Boundary element method

CIM Complex impedance method

CoFe Cobalt iron

dc Direct current

DoF Degree of freedom

emf Electromotive force

FEM Finite element method

GO Grain oriented

HT Hysteresis transducer

J-A Jiles-Atherton

MEC Magnetic equivalent circuit

mmf Magnetomotive force

MST Maxwell stress tensor

NiFe Nickle iron

NO Non-oriented

P&S Play and stop

PFB Positive feedback

P-M Preisach model

rms Root mean square

SiFe Silicon iron

TCM Tooth contour method
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VAC Vaco�ux

VW Virtual work
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1

Introduction

1.1 Background

The ambition of humanity to improve itself and its environment has resulted
in several industrial revolutions, which improved the production e�ciency of
factories. Each revolution is originated by a speci�c scienti�c breakthrough,
resulting in a major technical improvement years later. Halfway the eighteenth
century, the invention of steam power started the �rst industrial revolution with
the transition from manual labor to mechanical labor. Another major industrial
change was the introduction of electricity at the end of the nineteenth century.
Slowly, steam power was interchanged by electrical power. Decades later, the
digital era started by the invention of the transistor, which resulted in 1954 in
the �rst silicon based transistor. Several years later the semiconductor industry
was born.

The evolution of integrated circuits has resulted in our modern society, wherein
computers are indispensable. The numerous possibilities of current computers
are a direct consequence of the continuous improvement of integrated circuits.
Already in 1965, Gordon E. Moore predicted that the number of components
on a commercially available integrated circuit would double each year [184],
which he adjusted in 1975 to doubling each two years [185]. This statistical
prediction is often di�erently interpreted as explained by Gordon Moore in
[186]. His �ndings are currently known as Moore's law, which turned out to
be a self-ful�lling prophecy that is still being used as a road map for chip
manufacturers [51].
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Two levitated
wafer stages

Reticle stage

Projection lens

Reticle handler

Wafer handler

Laser beam

Reticle stage

Fig. 1.1: ASML's NXT 1960Bi dual stage immersion lithography system
(wafer scanner) [258].

The continuous improvement of computer chips is amongst others achieved
by the enhancement of numerous parts of semiconductor lithography systems
(wafer scanners) [243]. The most important subsystems of a wafer scanner
are indicated in Fig. 1.1. The evolution of the lithography process can be
attributed to the improvement of three crucial technologies, i.e. the optical
system [243] (light source, mirrors and projection lens), the metrology [51]
(the measurement of e.g. overlay, material properties and contamination) and
the positioning systems (reticle stage and wafer stage). Improvement of the
positioning systems is the major goal of this research.

The positioning accuracy of both the reticle stage and the wafer stage deter-
mines the overlay of two subsequent exposure steps [157, 222], but also their
speed, acceleration and reliability are of major importance. The accelerations
of the positioning stages a�ect the productivity (throughput) and hence, the
production costs per chip. In this perspective, research on high-precision ac-
tuation systems is performed to achieve a sub-nanometer position accuracy
with a speed and acceleration in the order of 5 m/s [204] and 50 m/s2 [222],
respectively.

An example of a wafer scanner produced in 2013 is shown in Fig. 1.1. This
NXT 1960Bi is used for the exposure step of the production process of 300 mm
diameter wafers. The wavelength of the light beam is 193 nm, the resolution
of the lithography system is 38 nm, the throughput is larger than 230 wafers
per hour and the achieved overlay is below 2.5 nm.

This extreme position accuracy of lithography systems is achieved by a hybrid
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concept of the positioning stages, which consist of a long-stroke and a short-
stroke stage [36, 112, 266]. The bottom stage (long-stroke) of the wafer stage
is a planar motor, which is a moving-coil planar actuator [53]. On top of the
long-stroke motor, a short-stroke stage is stacked to achieve the nanometer po-
sitioning accuracy. Hence, the short-stroke stage achieves the �nal positioning
by compensation for the �oor vibrations coupled into the system and distur-
bances introduced by the long-stroke stage.

To enhance the productivity of future semiconductor lithography systems, re-
search is performed on increasing the wafer size from a diameter of 300 mm
to 450 mm [51]. This increases the wafer area by a factor 2.25, whereas the
e�ective area is increased even more, because a wafer with a larger radius has
e�ectively less unused edges with respect to the total wafer area. To meet
future productivity and overlay requirements, also the moving mass has to be
reduced signi�cantly. This is essential for future 450 mm wafer stages, and
this is also required to stretch current 300 mm technology [266]. The reduc-
tion of the moving mass, combined with an increased wafer size, increases the
demands for the positioning systems. Speci�cally, the actuation and control of
�exible stage structures or non-rigid bodies are challenging. Research has been
performed on the control of non-rigid body modes by applying over-actuation
and over-sensing for the short-stroke positioning system [113], for which the
number of actuators should be increased. Moreover, a higher actuator band-
width is required, because a lower mass and sti�ness have intrinsically a higher
sensitivity to disturbances.

Because of both changes, i.e. the increasing size of the wafer stage and the
over-actuated stage concept, the requirements on the actuators are signi�-
cantly increased regarding the force density. Especially, the moving mass of the
electromagnetic actuation system is important to meet the future acceleration
requirements. Therefore, intrinsically di�erent actuation techniques are inves-
tigated for short-stroke positioning rather than the currently applied voice-coil
actuators. This research focuses on reluctance actuators, which can achieve
a substantial higher force density compared to voice-coil actuators [260, 270].
Major challenges for applying reluctance actuators for high-precision applica-
tions are their nonlinearity with current and position, hysteresis and saturation
e�ects due to the use of ferromagnetic materials, and the sti�ness in the ac-
tuation direction as well as parasitic forces due to misalignment in the plane
perpendicular to the actuation direction (cross-talk). These issues are the sub-
ject of this thesis and are considered and assessed in the following chapters.
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1.2 Research objectives

The requirements on the force density and position accuracy of high-precision
actuation systems are tightened up every year. Therefore, the physical limits
of actuation systems are continuously explored. For the next step in the short-
stroke high-precision actuator technology, reluctance actuators are investigated.
The high force-density of reluctance actuators could result in a decreased ac-
tuator mass or the force could be increased to enhance the accelerations of the
positioning systems.

The essential di�erence between voice-coil and reluctance actuators is the inher-
ent use of soft-magnetic materials with respect to the variation of the magnetic
�ux density. In voice-coil actuators the approximately constant �ux of hard-
magnetic materials (permanent magnets) could be guided by soft-magnetic
materials, while the actuation is based on the interaction of moving charged
particles (current) with the nearly constant magnetic �ux density produced
by the permanent magnets. The force can be calculated with the Lorentz
force law and hence, the voice-coil actuator is also called Lorentz actuator. In
reluctance actuators a large variation of the magnetic �ux density occurs in
the soft-magnetic materials, because the reluctance force is a direct result of
interaction of the magnetic �eld with the soft-magnetic material.

Generally, short-stroke reluctance actuators are advantageous for achieving a
high force density, but nothing comes for free. The most signi�cant disadvan-
tages of strongly varying magnetic �elds in ferromagnetic materials for elec-
tromagnetic systems are nonlinearities, magnetic hysteresis, eddy currents and
saturation. These ferromagnetic material properties are challenging subjects
to incorporate in the analysis of reluctance actuators. This thesis aims to
investigate the accuracy of the force prediction of reluctance actuators from
a physical electromagnetic perspective. From this perspective, the following
goals are addressed and researched:

1. Formulate and assess the intrinsic reluctance actuator proper-
ties to be modeled. The variety of the aforementioned challenges for
applying ferromagnetic materials in electromagnetic devices requires an
adequate analysis of all of these phenomena. The phenomena that occur
in reluctance actuators are divided into two categories, i.e. the electrome-
chanical actuator properties and the ferromagnetic material phenomena.
The most important properties of both categories are qualitatively and/or
quantitatively assessed.

2. Selection of models for the determination of the instantaneous
force of high-precision reluctance actuators. Based on the formu-
lated reluctance actuator properties, various modeling methods are eval-
uated on their applicability to predict the force of reluctance actuators
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accurately. Because electromechanics and magnetism are often consid-
ered as di�erent �elds of science, proper combinations of existing models
from both �elds are examined.

(a) Choice of the electromechanical modeling method for re-
luctance actuators. Electromechanical actuation systems can be
modeled with various methods, but each of these methods has its
restrictions on e.g. geometry, materials, complexity, computational
e�ort. The major consideration for a method to be applicable to
model reluctance actuators is to which extent soft-magnetic materi-
als can be incorporated. More speci�cally, the methods are assessed
on the following two criteria:

- The ability to model the magnetic �elds inside and outside soft-
magnetic structures.

- The possibility to include hysteretic actuator behavior.

(b) Evaluation of magnetic material modeling methods for in-
corporating magnetic hysteresis phenomena in reluctance
actuator models. Numerous magnetic material modeling methods
are qualitatively compared on their ability to incorporate magnetic
hysteresis phenomena in the force prediction of reluctance actua-
tors. The examination of the magnetic material modeling methods
is performed based on the following criteria:

- The ability to be combined with existing reluctance actuator
modeling methods.

- The ability to have arbitrary current excitations as model input.

- The ability to incorporate rate-dependent magnetic material ef-
fects.

3. Experimental veri�cation of the selected modeling methods. Be-
sides the experimental veri�cation of the reluctance actuator models in-
cluding magnetic hysteresis phenomena, the modeling of magnetic mate-
rials is evaluated separately.

(a) Examine the prediction of static and dynamic magnetic hys-
teresis phenomena for three di�erent ferromagnetic mate-
rials. The ferromagnetic material models are discussed and exper-
imentally veri�ed by a comparison with measurements of the mag-
netic �ux density. The static analysis is conducted for three di�erent
soft-magnetic materials, i.e. cobalt iron (CoFe), silicon iron (SiFe)
and stainless steel. The dynamic magnetic hysteresis phenomena are
modeled for the laminated materials and compared to measurements
for a frequency of 0 < f ≤ 400 Hz.
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(b) Assess the combined electromagnetic and magnetic hystere-
sis models on the instantaneous force prediction of three
reluctance actuators. Eventually, it is essential to examine the
modeling accuracy of reluctance actuators, and to assess their ability
to predict the instantaneous force of reluctance actuators for high-
precision actuation systems. Force measurements are performed for
three reluctance actuators on two measurement instruments. Two
SiFe reluctance actuators are experimentally veri�ed for sinusoidal
excitations at a frequency of 320 Hz. One of the two actuators is
pre-biased with a permanent magnet. The third reluctance actuator
is manufactured of CoFe. This actuator is only examined for low
frequencies, whereas a wider force range is measured than for the
other two actuators and various arbitrary waveforms are examined.

1.3 Thesis outline

In this thesis two interconnected research topics are considered, i.e. electro-
magnetic actuators and hysteretic magnetic material phenomena. The analysis
of both research subjects is discussed separately throughout the work. Even-
tually, the modeling methods of both topics are combined and experimentally
veri�ed by a comparison with force measurements.

In Chapter 2, the modeling of electromagnetic actuators and more speci�cally
of reluctance actuators is discussed. The most signi�cant reluctance actua-
tor properties are considered, which are used to assess various electromag-
netic modeling methods on their applicability to model reluctance actuators
(research objectives 1 and 2(a)). The magnetic equivalent circuit (MEC)
method is selected for analytical reluctance actuator modeling and a 2d/3d
�nite element method (FEM) is selected which can include magnetic hystere-
sis in its analysis. The modeling of the position dependency of the reluctance
force is investigated with both, the MEC method and 2d FEM. The amount
of magnetic hysteresis in the force of reluctance actuators is investigated by an
evaluation of the force of several E-core reluctance actuators topologies with
2d FEM simulations.

In Chapter 3, the hysteretic phenomena in ferromagnetic materials are sum-
marized and their impact on the force of reluctance actuators is elaborated
on (research objective 1). Accordingly, various soft-magnetic materials are
qualitatively compared on their suitability for reluctance actuators. The dis-
cussed ferromagnetic materials are: pure iron, nickel-iron, ferrite, stainless
steel, silicon-iron and cobalt-iron. The in�uence of manufacturing processes on
the magnetic material properties are considered. Furthermore, various mea-
surement techniques for obtaining the magnetic properties of ferromagnetic
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materials are evaluated, with a more detailed explanation of the applied mea-
suring method.

In Chapter 4, a variety of magnetic hysteresis modeling methods is discussed.
The history of the modeling methods is described, which gives an impression of
the evolution and the acceptance of the methods by the scienti�c community.
The hysteresis models are qualitatively evaluated to determine their applica-
bility to reluctance actuators (research objective 2(b)).

In Chapter 5, the generalized scalar Preisach model is explained, which is
applied for the modeling of magnetic materials. Four analytical distribution
functions are optimized for three di�erent magnetic materials. The accuracy
of the prediction of the magnetic �ux density with the static Preisach model is
experimentally veri�ed by a comparison to dc-measurements with various peak
excitations for each soft-magnetic material (research objective 3(a)).

In Chapter 6, the dynamic phenomena of ferromagnetic materials are analyzed.
The statistical loss theory is assessed and used to describe the magnetic �eld
separation method. Moreover, the analytical eddy current model is described
for laminated and non-laminated ferromagnetic materials. The combination of
the eddy current model with the generalized Preisach model is presented. The
results of the combined magnetic material modeling methods are compared to
the measured material losses and to the instantaneous B−H characteristics of
Vaco�ux 50 and M800-50A, for lamination thicknesses between 0.10 mm and
0.50 mm (research objective 3(a)). Additionally, the incorporation of the
(dynamic) Preisach model for reluctance actuators is described. Besides the
Preisach model, the 3d FEM and the complex impedance method are assessed
on their predictions of various dynamic magnetization curves of the SiFe ma-
terial, M800-50A (research objective 3(a)).

In Chapter 7, the discussed modeling methods are experimentally veri�ed on
the prediction of the hysteresis in the reluctance force of three E-core reluc-
tance actuators (research objective 3(b)). The �rst reluctance actuator,
manufactured of CoFe (Vaco�ux 50) with a 0.10 mm lamination thickness, is
examined for various arbitrary (low frequency) current excitations. The sec-
ond SiFe (M800-50A) reluctance actuator is evaluated for dynamic excitations
up to 320 Hz. The third reluctance actuator manufactured of the same SiFe
is pre-biased with a NdFeB permanent magnet, which signi�cantly increases
the force range. The pre-biased E-core is also examined for sinusoidal current
excitations up to 320 Hz.

In Chapter 8, the conclusions, contributions and recommendations are given.
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2

Electromagnetic actuator

modeling

The documented history about magnetism dates back to the ancient times
around 200 B.C., in which the Greeks and Chinese experienced the force of
a magnetic lodestone interacting with the magnetic �eld of the earth [50,
173]. The mathematical formulation of the observed electromagnetic phenom-
ena started centuries later with a major contribution of Charles-Augustin de
Coulomb in 1785. The understanding of electromagnetism improved substan-
tially around the year 1820, by the research of Hans-Christian Oersted, André-
Marie Ampère and Michael Faraday, who separately revealed the theory of
electrical and magnetic phenomena. Years later in 1861, James Clerk Maxwell
formulated the uni�ed theory of electricity and magnetism [164], which he ex-
tended three years later by including light as an electromagnetic wave [165, 166].
The whole theory was covered in eleven equations, which where reformulated
by Oliver Heaviside [189]. This resulted in the four di�erential equations, which
are currently known as Maxwell's equations.

Besides the general theory, the origin of electrical machines is assigned to the
invention of the iron-cored electromagnet [50]. It was a horseshoe-shaped core
energized by a coil build by William Sturgeon in 1824 [242]. This electromagnet
proved to be more e�ective in that time than the available natural permanent
magnets. This invention is actually equivalent to the C-core reluctance actuator
discussed in this work, although back then, the magnetic materials and electric
isolation where far from optimal. The �rst voice-coil actuator dates back to the
year 1874, when a patent was �led by Ernst Werner von Siemens [234]. The
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voice-coil actuator is also known as the Lorentz actuator, because it is based on
the Lorentz force. The Lorentz force equation was formulated in the modern
form in 1892 by the Dutch scientist Hendrik Lorentz [189].

This chapter describes the modeling of electromagnetic actuators in general
and more speci�cally, the modeling of reluctance actuators is discussed. Vari-
ous modeling techniques are qualitatively compared on their suitability for the
modeling of reluctance actuators. An analytical modeling method is selected,
which is further explained for the modeling of (pre-biased) reluctance actua-
tors. In Section 2.6, this analytical modeling method is used to discuss the
most important properties of reluctance actuators related to short-stroke high-
precision positioning systems, i.e. the nonlinearity of the force with current
and position, and the parasitic forces due to misalignment of the stator and
the mover. Additionally, simulations have been performed with a 2d FEM to
investigate the amount of magnetic hysteresis in the force of reluctance actu-
ators as presented in Section 2.7. The contributions of this chapter have been
published in [261, 268, 270, 277].

2.1 General electromagnetic theory

The general electromagnetic analysis is based on Maxwell's equations, which
are derived for the quasi-static case at a macroscopic scale in di�erential form,
as

∇×H = J Ampère's law (2.1)

∇ ·B = 0 Gauss's law for magnetism (2.2)

∇×E = −∂B
∂t

Faraday's law (2.3)

∇ ·D = ρ Gauss's law (2.4)

where J and ρ are the source terms, i.e. the free current density and the
free electric volume charge density, respectively. The electromagnetic �elds
are de�ned as follows: H is the magnetic �eld strength, E is the electric �eld
strength, B is the magnetic �ux density andD is the electric �ux density. These
four di�erential equations are only valid for relative low frequencies, typically
below 1 MHz, which is more than three orders of magnitude higher than the
dynamic e�ects in reluctance actuators and the typical control bandwidth of
approximately 200 Hz in high-precision systems [36].

The Maxwell's equations are combined with the following constitutive relations
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to describe the electromagnetic �elds in a speci�c medium

B = µ0(H + M) (2.5)

D = ε0E + P (2.6)

where µ0 and ε0 are the magnetic permeability and the electric permittivity
in free space, respectively. Additionally, M is the magnetization and P is the
polarization. Hence, the relation between the magnetic �ux density and the
magnetic �eld strength in vacuum is B = µ0H, because M = 0. However,
when ferromagnetic materials are involved the magnetic constitutive relation
is nonlinear and hysteretic, as explained in detail in Chapter 3. Similarly, the
electric �ux density and the electric �eld strength are related to the electric po-
larization, P, which is substantially present in e.g. piezoelectric or ferroelectric
materials [253].

In the classical linear theory of homogeneous, isotropic, stationary materials,
the current density in conducting materials is given by the following constitutive
relation

J = σE (2.7)

where σ is the electric conductivity. This expression relates Ampère's law (2.1)
to Faraday's Law (2.3), which is later applied for the derivation of the eddy
currents in ferromagnetic materials.

2.2 Energy conversion

The energy conversion of electromagnetic systems is discussed for the analysis
of reluctance actuators. Generally, electric motors are intended to convert
the electrical- and magnetic energy to mechanical energy in the most e�cient
manner. Usually, the generated thermal energy is undesired and, hence, it is
considered as energy loss. Losses occur in all the three energy states i.e. the
ohmic losses, the iron losses and the friction losses.

In electrical machines and hence, also in reluctance actuators the conservation
of energy is given by [42]

We −WΩ = Wf +Wfe +Wm +Wfr (2.8)

where We, Wf and Wm correspond with the three lossless energy components,
i.e. the electrical energy, the stored magnetic energy and the mechanical en-
ergy, respectively. The other three components are de�ned as follows: WΩ is
the resistive energy dissipation, Wfe is the dissipated magnetic energy in the
ferromagnetic material, and Wfr is the energy dissipation due to mechanical
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Fig. 2.1: An illustration of a ferromagnetic C-core actuator (a), and the
relation between the �ux linkage and the current (b).

friction. In this section, the energy conversion is discussed for a lossless system,
in which all three loss components are neglected. The dissipated magnetic en-
ergy in the ferromagnetic material, also known as iron losses, are thoroughly
evaluated by the analysis of magnetic hysteresis phenomena in this thesis.

The energy conversion principle in (2.8),is generally applicable for electromag-
netic systems. In this section, the method is discussed for the C-core actuator
as shown in Fig. 2.1(a). A ferromagnetic C-shaped stator and a mover are
illustrated, with a coil of N turns around the stator. The coil is excited by a
current, i, which results in a magnetic �ux, φ, in the magnetic circuit. The
�ux linked with the turns of the coil is called the �ux linkage, which is for this
magnetic circuit de�ned as, λ = Nφ. For a C-core actuator with a nonlinear
non-hysteretic ferromagnetic material the �ux linkage-current characteristic,
λ− i, is shown in Fig. 2.1(b). From this characteristic the coil inductance, L, is
obtained, which relates the magnetic circuit components to the electric circuit.

2.2.1 Inductance

The inductance of the magnetic structure is given by the slope of the λ−i plot
in the point of operation, O, as

L(i, z) =
∂λ(i, z)

∂i

∣∣∣∣
O

(2.9)

which is also known as the incremental inductance. This expression for the
inductance can be simpli�ed when a magnetically linear material is assumed.
In this case, the inductance is only dependent on the airgap length, lg, which
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is equal to the position of the mover in the negative z-direction. Therefore, for
linear materials the inductance is expressed as

L(z) =
λ(z)

i
=
Nφ(z)

i
(2.10)

which corresponds with the slope of the dashed line in Fig. 2.1(b) from the
origin through the point of operation. This inductance is also known as the
apparent inductance.

2.2.2 Energy

The electrical energy in a circuit, as shown in Fig. 2.1(a), is given for a lossless
coil, by [40]

We =

∫ T

0

i(t)v(t)dt =

∫ T

0

i(t)
dλ(i, z)

dt
dt (2.11)

where v is the coil voltage. The resistive energy losses can easily be incorporated
as WΩ = Ri(t)2. The electrical energy is equal to the energy stored in the
magnetic �elds in the system at a constant position. When the current is
increased from 0 to IO, the stored magnetic energy is given by

Wf =

∫ λO

0

idλ(i, z) (2.12)

which corresponds with the area on the left hand side of the λ−i characteristic,
as shown in Fig. 2.1(b). The stored magnetic energy can also be derived from
the magnetic �ux density and magnetic �eld strength. Considering a closed
magnetic circuit with magnetic length, l, cross-section area, A, and addition-
ally, assuming a homogeneous magnetic �eld distribution in the ferromagnetic
material, the stored magnetic energy is derived from (2.12) as

Wf =

∫ BO

0

(
Hl

N

)
NAdB = lA

∫ BO

0

HdB (2.13)

where BO is the magnetic �ux density corresponding to the �ux linkage, λO.
For a non-homogeneous magnetic �eld distribution, e.g. an open reluctance
actuator, the magnetic �elds have to be integrated over the whole volume
including the entire air surrounding the actuator, to obtain the stored magnetic
energy in the system from the magnetic �elds. Therefore, in more general form,
the stored magnetic energy is written as

Wf =

∫

V

∫ BO

0

HdBdV (2.14)
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where V is the volume of the electromagnetic converter, which consists of the
actuator, the airgap, and the region in the surrounding of the actuator having
a considerable magnetic �eld that could be in�uenced by a small position vari-
ation. Additionally, it is convenient to de�ne the coenergy, which is the area
under the λ−i characteristic and is obtained as

W ′f = λOIO −Wf =

∫ IO

0

λ(i, z)di (2.15)

or

W ′f =

∫

V

∫ HO

0

BdHdV. (2.16)

2.3 Force calculations

Two methods are described to obtain the force of reluctance actuators, i.e. the
virtual work (VW) method and the Maxwell stress tensor (MST) method. The
force obtained from the VW method is derived from the previously discussed
energy conversion analysis.

2.3.1 Virtual work method

The virtual work (VW) method is derived from the conservation of energy in a
lossless system. The VW method is explained for a C-core reluctance actuator
as shown in Fig. 2.1(a) with an airgap length, lg. The VW method is derived
for the λ−i characteristic of Fig. 2.2. Equivalent to the energy equation (2.8),
the sum of the change of each energy component is zero, such that

dWe = dWf + dWm (2.17)

where an in�nitesimal change of energy is considered, such that it can be written
in di�erential form. It is convenient for the analysis to maintain the current or
to have a constant �ux linkage during motion. In this analysis the current is
maintained at a constant value.

For an in�nitesimal position variation of the mover the change of the mechanical
energy is related to the force as

dWm = Fzdz (2.18)

Moreover, the change of the electrical energy is derived from (2.11) as

dWe = idλ (2.19)
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and by combining the previous three equations, the following expression is
obtained

Fzdz = −dWf + idλ (2.20)

As can be seen in Fig. 2.2, the �ux linkage is a function of the independent
variables current, i, and position, z. The constant current during a position
variation, ∆z, is indicated by the vertical line, BC. Using the fact that the
current and the position are two independent variables whereas the �ux linkage
is dependent on both variables, the force is obtained for a constant current as
[42]

Fz = −∂Wf (i, z)

∂z
+ i

∂λ(i, z)

∂z
. (2.21)

Using (2.15), the force is obtained from the coenergy as

Fz =
∂W ′f
∂z

. (2.22)

When a magnetically linear case is considered, the energy and coenergy are
equal, and the force is easily obtained from the coil inductance (2.10) as

Wf = W ′f =
1

2
i2L(z) (2.23)

and hence, the force is obtained as

Fz =
1

2
i2

dL(z)

dz
(2.24)

The analysis of the derivation of the force from the stored magnetic energy
and coenergy is also illustrated by the gray area in Fig. 2.2. Using (2.12), the
change of the stored magnetic energy is given by

∆Wf =

∫ λD

0

idλ−
∫ λE

0

idλ (2.25)

= Area(ACD)−Area(ABE)
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Additionally, the change of the electrical energy (2.19) corresponds with the
rectangle BCDE. Hence, using (2.17) the mechanical energy change is given
by

∆Wm = −∆Wf + ∆We (2.26)

= Area(ABE)−Area(ACD) + Area(BCDE)

= Area(ABC)

= ∆W ′f

2.3.2 Maxwell stress tensor method

The Maxwell stress tensor (MST) method can be derived from either the VW
method or from the Lorentz force. Here, the MST method is derived from
the Lorentz force [212]. The Lorentz force is acting on a charged particle with
charge, q, in an electric �eld, E, and on a charged particle with a velocity, v,
in a magnetic �eld with a local �ux density, B. The Lorentz force is given by

F = qE + qv ×B (2.27)

In a coil conductor, there is no net charge as the sum of the moving electrons
and the stationary positive charges is zero and hence, the �rst term is zero.
Additionally, the force on the negative charges in the electric �eld is transferred
to the coil conductor by collisions with the atoms and hence, the net force due
to this e�ect is zero. However, these collisions do result in Joule losses also
known as Ohmic losses.

In this case, the Lorentz force only acts on the moving negative charges in
the magnetic �eld. Considering the electric charges per volume, ρ, the current
density in the coil is obtained as, J = ρv. The Lorentz force density on a
current density in a magnetic �eld is then de�ned as

f = J×B (2.28)

The force is obtained as

F =

∫

V

J×BdV (2.29)

where V is the volume of the whole system, but when the coil is the only current
carrying volume it is su�cient to integrate over the coil only.

Using the same reasoning as for voice-coil actuators, no net charge is present
in the coil of reluctance actuators and hence, also (2.28) can be applied. If a
substitution is made for the current density, J, by using Ampère's law (2.1),
the force density is derived from (2.28) as [156]

f =

(
∇× B

µ0

)
×B (2.30)
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As described in [88, 156, 183], this can be expressed in tensor form as

f = ∇ · T (2.31)

where the complete Maxwell stress tensor is given by

T =
1

µ0




(
B2
x − |B|

2

2

)
BxBy BxBz

ByBx

(
B2
y − |B|

2

2

)
ByBz

BzBx BzBy

(
B2
z − |B|

2

2

)


 (2.32)

The stress tensor provides the local values of all magnetic stress components
along each coordinate axis. This force density expression is valid for a volume
and using Stoke's theorem, this can be reduced to a surface integral as follows

F =

∫

V

∇ · TdV =

∮

S

T · ndS (2.33)

where S is the bounding surface and n is the normal vector on S.

In e.g. a C-core reluctance actuator as shown in Fig. 2.1(a), the magnetic �eld
that contributes to the force is located mostly in the airgap between the mover
and the stator teeth. Therefore, under the condition that the magnetic �eld
is homogeneous and perpendicular to the mover and stator surface, the force
obtained with the MST method can be approximated by

Fz =
B2
zAT
2µ0

(2.34)

where AT is the sum of the cross-section area of all teeth, and Bz is the magnetic
�ux density in the airgap. Using the same assumptions, this is equivalent to
the force expression obtained with the VW method (2.22) using (2.14).

It should be noted that the force obtained with the VW method is only valid
for a lossless system. Hence, no hysteresis can be included as it is previously
presented. Whereas the force calculation with the MST method is based on the
magnetic �ux density distribution, in which the magnetic hysteresis phenomena
could be included as explained later in Chapter 6.

2.4 Reluctance actuator modeling

This section focuses on the modeling of attracting reluctance actuators with
and without a pre-biasing permanent magnet. An analytical and a numerical
modeling method are selected from various electromagnetic modeling methods,
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based on a qualitative comparison of their applicability for the modeling of
reluctance actuators.

As mentioned in the introduction of this chapter, the �rst reluctance actuator is
almost two centuries old. Since that time, numerous variants have been investi-
gated and, therefore, it is not the intention of this work to propose a new design
or topology. Basically two reluctance forces can be distinguished, based on the
alignment [88, 120, 270] and attracting [18, 150, 202, 233, 283] principle, which
can also be combined [19, 20]. Additionally, various attracting designs exist
with a pre-biasing permanent magnet [148, 149, 192]. Furthermore, motors
based on the alignment principle are the linear [91, 198, 287], planar [200, 201]
or rotary [282] switched reluctance motors which are also named in literature
as variable reluctance motors. General overviews of various actuator principles
are given in [30, 114].

Numerous modeling techniques are developed over the years to analyze the elec-
tromagnetic phenomena in arbitrary geometries. These modeling methods are
used to provide an accurate and/or fast description of the magnetic �eld distri-
butions. For electromagnetic actuation systems the prediction of the magnetic
�elds is of major importance, to be able to obtain the force accurately.

A thorough overview of commonly applied actuator modeling techniques is
given in e.g. [135]. A variety of analytical techniques is discussed, i.e. the
equivalent current and charge methods [88], the harmonic method [99, 137], the
conformal mapping method [108] and the magnetic equivalent circuit (MEC)
method [39, 197, 221, 254]. In addition, the following numerical techniques
are considered, i.e. the �nite di�erence [88], �nite element [125] and boundary
element methods [92].

Generally, each one of these methods is suitable for a range of problems, but
they also have their restrictions on e.g. geometry, materials, complexity, com-
putational e�ort. The major consideration for a modeling method to be appli-
cable to reluctance actuators is to which extent soft-magnetic materials can be
incorporated. More speci�cally, the models are assessed on the following two
criteria:

- The ability to model the magnetic �elds inside and outside soft-magnetic
structures.

- The possibility to include hysteretic actuator behavior.

The aforementioned modeling methods are subsequently discussed.

The equivalent current and charge method are applicable for obtaining the
magnetic �ux density from permanent magnets in air. Therefore, the charge
modeling method is often applied for the analysis of voice-coil actuators. Fer-
romagnetic materials can only be analytically incorporated with a constant
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magnetic permeability (mirroring) for �at surfaces [54] or numerically for spe-
ci�c shapes [41, 133]. The harmonic model and conformal mapping method
are especially applicable for obtaining magnetic �elds in air regions, where spe-
cial boundary conditions are used to include the magnetic materials. However,
these models cannot cope with nonlinear materials. From the analytical mod-
eling methods, only the MEC method can incorporate nonlinear and hysteretic
materials in its analysis, by applying an iterative solving procedure. Hence,
the MEC model is further discussed in the following section.

From the numerical modeling methods, the boundary element method can only
include linear materials, while the �nite di�erence and �nite element method
(FEM) are able to iteratively solve magnetic �eld distributions in nonlinear
materials. The FEM is the most commonly applied numerical method for the
simulation of electromagnetic actuators, because of its �exibility and numerical
stability [135]. One of the only commercially available FEM packages that
can incorporate magnetic hysteresis in its analysis, Opera-Vector Fields [49],
is evaluated on the simulation of reluctance actuators. The applied FEM is
further discussed in Sections 4.5 and 6.5.

2.5 Magnetic equivalent circuit method

The magnetic equivalent circuit (MEC) method (also called network reluctance
method, lumped parameter model or permeance network method) is a widely
applied model for various electromagnetic problems where magnetic �elds are
modeled in structures mainly consisting of soft-magnetic materials. The soft-
magnetic materials are usually applied in electromagnetic machines to concen-
trate the magnetic �elds in a desired location. MEC models are applied for
the modeling of transformers [295], synchronous machines [235], linear [136]
and rotary �ux switching motors [139, 190, 250], double salient permanent
magnet machines [115], turbo generators [206], stepping motors [240, 241] and
reluctance actuators [159, 261].

In general, the MEC model shows good agreement with measurements for
closed magnetic structures with a high magnetic permeability, while only a
fraction of the elements is needed in comparison with the �nite di�erence,
FEM or even the boundary element method. However, the modeling of mag-
netic �elds in the air is more challenging with the MEC method and, hence,
the MEC model is often extended with numerical or analytical approaches, e.g.
the analytical representation of Roters [159, 221] or the tooth contour method
[139, 205]. Both methods are brie�y discussed in Section 2.5.3.
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Fig. 2.3: Illustration of a C-core actuator (a), and the corresponding MEC
model with reluctances (b).

2.5.1 Equivalent network

The MEC is the magnetic analogy of Ohm's law de�ned for electric circuits,
which is also known as Hopkinson's law. This method models magnetic reluc-
tances or permeances similarly as resistances or conductances, and a magneto-
motive force (mmf) source in a magnetic circuit is the equivalent of a voltage
source in an electric circuit. The reluctances incorporate the magnetic prop-
erties and shape of the modeled structure in so called �ux tubes. These �ux
tubes are based on the expected magnetic �ux paths in the considered space.

An example of a magnetic structure (a C-core actuator) is shown in Fig. 2.3(a).
The C-core actuator is modeled with four �ux tubes (the stator, the mover
and two airgaps) represented by the four reluctances shown in Fig. 2.3(b).
Equivalent to Kirchho�'s voltage law for an electric circuit, Ampère's law can
be applied to a magnetic structure, as shown in Fig. 2.1(a). The integral over
a closed �ux path in a certain magnetic structure with n di�erent material
sections, results in

∮

C

H · dl =
∑

n

Hnln = Ni (2.35)

where l is the length of the �ux tube, N is the number of turns and i is the
current through the coil. The source term, in this case the current multiplied
by the number of turns, is the magnetomotive force (mmf) given by, F= Ni.
Rewriting (2.5), using the magnetic permeability, µ, the B−H relation is given
as, B = µH, and (2.35) is rewritten as

F =
∑

n

Bn
µn

ln =
∑

n

φn
ln

µnAn
(2.36)
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where A is the cross-section area of a �ux tube. In air, µ = µ0, whereas for a
ferromagnetic structure µ = µ0µr(H) with a nonlinear or even hysteretic rela-
tive permeability. Assuming a continuous �ux which is directed perpendicular
to the cross-section area of each �ux tube, (2.36) can be written as

F = φ
∑

n

ln
µnAn

= φ
∑

n

Rn (2.37)

where R is the magnetic reluctance. The permeance is de�ned as

P = R−1 =
µA

l
(2.38)

which is used for solving complex MEC networks, as the magnetic �uxes in the
network are in this case de�ned by a matrix multiplication of the permeances
with the source vector.

2.5.2 Permanent magnet model

Permanent magnets can be included in a MEC model by the combination of
a reluctance or permeance in series with an mmf-source or in parallel with a
�ux-source. The reluctance of the permanent magnet is derived from (2.38). In
the following analysis the permanent magnets are described by an mmf-source
given by

Fmag = Hclmag (2.39)

where Hc is the absolute value of the coercive �eld strength (as de�ned in Sec-
tion 3.1) of the hard magnetic material and lmag is the length of the permanent
magnet in the magnetization direction.

2.5.3 Airgap reluctances or permeances

For obtaining the force of reluctance actuators it is essential to describe the
airgap magnetic �ux density with a high accuracy. When the force is obtained
with the MST method, the magnetic �ux density in the airgap determines the
force directly (2.34). When the force is derived with the VW method, the
changing magnetic energy in the system due to the change of the airgap length
is used, i.e. (2.21) or (2.22). Because the energy is proportional to H ·B, most
energy is located in the airgap of a reluctance actuator. Hence, the accuracy of
the force prediction is highly dependent on the modeling of the magnetic �elds
in the airgap.

The accurate modeling of airgap reluctances with a MEC is rather challenging
due to the fringing �uxes on the boundary between the relatively high magnetic
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Fig. 2.4: The �ux lines of a C-core reluctance actuator with an airgap of
2.5 mm (a), and 0.5 mm (b).

Table 2.1: Dimensions of the C-core reluctance actuator as shown in
Fig. 2.5(a).

Parameter Symbol Value Unit

Magnetomotive force F 739 A-turns

Stator width sw 42.9 mm

Stator height sh 35.5 mm

Tooth width tw 7.1 mm

Tooth depth td 7.1 mm

Mover width mw 48.9 mm

Mover height mh 7.1 mm

permeability of the soft-magnetic material (µr ≈ 103) and the low relative
permeability of air (µr = 1). Besides fringing, also leakage occurs in the air
region. The major di�erence between leakage and fringing is that leaking �uxes
do not couple between the stator and mover and, hence, do not contribute to
the force, while the fringing �uxes link the stator and the mover and, therefore,
these do contribute to the force on the mover.

The fringing and leakage �uxes are shown in Fig. 2.4(a) and (b) for a C-core
actuator with an airgap, lg = 2.5 mm and lg = 0.5 mm, respectively. The
geometric parameters are given in Table 2.1 as indicated in Fig. 2.5(a). In
both simulations shown in Fig. 2.4(a) and (b), the current density and the coil
size are equal. In both cases 20 �ux lines are drawn and hence, the number
of lines leaking from one tooth to the other is a measure for the percentage of
leakage for both airgap lengths. It can be noted that the fringing �uxes are
majorly dependent on the airgap length.
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In the C-core actuator on the left hand side, the gray-dashed line, 1.a, indicates
the area where leakage occurs. Additionally, two �ux lines are leaving at the
outer surface of the actuator (dashed line 1.b) and leak around the actuator,
since the bottom �ux line does not couple with the mover in the simulation.
Moreover, it can be noted that more fringing occurs with a larger airgap as
indicated with the horizontal dashed lines, 2.a and 2.b, beside the left stator
tooth. The density of the �ux lines is proportional to the magnetic �ux density
and hence, it can be seen that the homogeneity and the level of the �ux density
in the airgap decrease with an increasing airgap length.

Two methods are considered for the modeling of the airgap permeances of
reluctance actuators. Firstly, an analytical modeling method is discussed [221]
and secondly the numerical tooth contour method (TCM) is evaluated [139,
205]. Both modeling methods are examined on the prediction of the force in the
actuation direction and on the force perpendicular to the actuation direction
(referred to as the parasitic force). The parasitic force is orders of magnitude
smaller than the force in the actuation direction and is highly dependent on
the fringing �uxes, as shown later in Section 2.6. This parasitic force cannot
be controlled with the actuator producing it and, hence, this force results in
undesired cross-talk between actuators in positioning systems.

Analytical permeance method

The 2d representation of the analytical permeance network is illustrated in
Fig. 2.5(b). The airgap permeances of the third dimension are incorporated in
the model as well. These 3d �ux tubes are modeled with (parts of) cubical,
cylindrical and spherical shapes [159, 221]. The applied leakage and fringing
permeances are given in Appendix A.1. The reluctance network illustrated in
Fig. 2.5(b) is further referred to as, model 1, which consists of 11 analytically
obtained airgap reluctances.

The analytical method has its limitations, because not all the �ux paths can be
analytically described as the �ux does not con�ne itself to particular predictable
paths, e.g. the �ux tubes that enter the mover from the side or from the
bottom. Moreover, the �ux leakage at the outside of the stator, and in the top
corners are not incorporated. Therefore, obtaining the force perpendicular to
the actuation direction is impossible with this model, because these forces are
majorly dependent on the fringing �uxes that enter the mover from the side.
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Fig. 2.5: C-core reluctance actuator corresponding with Fig. 2.4, its ge-
ometric parameters (a), and the MEC model with analytically
determined airgap permeances (model 1) (b).

Numerical tooth contour method

The tooth contour method (TCM) gives a more general representation of the
airgap permeances. The airgap permeances are obtained either with numerical
[136, 181] or analytical methods [116, 205]. The analytical methods can de-
scribe the airgap permeances only in closed structures or periodic structures by
applying boundary conditions. Because reluctance actuators are non-periodic
and unbounded, a numerical method is applied to obtain the airgap perme-
ances.

Generally, the airgap permeances are obtained by the simulated potential dif-
ference between two soft-magnetic boundaries of the speci�c problem. The
analogy between the electric scalar potential and the magnetic scalar potential
is used, as described in Appendix A.2. The potential drop between two selected
boundaries is obtained, which is proportional to the equivalent permeance be-
tween these surfaces. Only the discretization of the ferromagnetic structure
and the number of surface combinations have to be chosen.

The boundary element (BEM) software (ELECTRO2D) [280] is used to deter-
mine the permeance values from an electrostatic simulation. The permeances
are obtained for each discrete mover position. In this analysis two models
are evaluated, i.e. model 2 and model 3, which are shown in Fig. 2.6(a) and
(b), respectively. It is chosen to incorporate 11 airgap permeances in model 2
and 73 airgap permeances in model 3, although, dependent on the available
simulation time, any �nite number of airgap permeances can be taken into
account. In Section 2.6 is discussed how the modeling accuracy improves by
adding complexity to the MEC model.
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Fig. 2.6: C-core reluctance actuator and two MEC models. Model 2 with
11 airgap permeances and 27 iron permeances (a). Model 3 with
73 airgap permeances and 37 iron permeances (b).

2.5.4 Analytical MEC expression for including hysteresis

Generally, a MEC network can either be solved by applying Kirchho�'s volt-
age or current law. The relative complex reluctance networks, i.e. model 2
and 3, are solved by applying Kirchho�'s current law, where a linear equation
is obtained for each node in the network. These equations are solved using a
permeance matrix and vectors for the magnetic potentials and magnetic �uxes
as described in [135]. This method is only applied for linear magnetic materi-
als, because the analysis with nonlinear and hysteretic ferromagnetic materials
signi�cantly increases the complexity. For the case that a nonlinear or hys-
teretic material is considered, each iron reluctance or permeance has to be
solved iteratively.

The analytical MEC expression, is derived for a pre-biased E-core reluctance
actuator, as illustrated in Fig. 2.7(a). The major di�erence between the previ-
ously discussed C-core actuators and an E-core actuator is the geometry. Both
actuators are considered equivalent from an electromagnetic modeling point of
view. The applied MEC model of the E-core actuator, is shown in Fig. 2.7(b).
This MEC representation is comparable to the MEC model of an unbiased
E-core actuator, whereas in this case the mmf source of the permanent magnet
is, Fmag = 0 A-turns, and the corresponding reluctance is, Rmag = 0 H−1,
which is equivalent to a short-circuit in an electric network. The following
analysis is not only applicable to reluctance actuators, but also to coils and
transformers with an airgap as has been presented in [273].

In Fig. 2.7(b), Fel, is the mmf source, Rg, is the airgap reluctance, Rfe, is the
reluctance of the ferromagnetic material, and, Rl, is the leakage reluctance.
The three airgap reluctances have been modeled with a single equivalent reluc-
tance, either based on the analytical permeance model (similar to model 1) or
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Fig. 2.7: Schematic view of the pre-biased E-core actuator (a), and the
corresponding magnetic equivalent circuit (MEC) model (b).

the TCM (similar to model 2 or 3). The airgap �ux, i.e. φg, and the leakage
�ux, i.e. φl, are related to the total �ux, i.e. φT , as follows

φg = kφφT (2.40)

φl = (1− kφ)φT (2.41)

where kφ is an airgap dependent coupling coe�cient, de�ned as

kφ =
Rl

Rl +Rg
. (2.42)

Applying Ampère's law to the magnetic circuit of Fig. 2.7(b), results in

Fel + Fmag = Hfelfe +Hglg +Hmaglmag (2.43)

where the mmf-source of the permanent magnet is Fmag = Hclmag and the
mmf over the permanent magnet is given by Hmaglmag. Using (2.36) and
(2.40), this is rewritten as

Ni+Hclmag = φT (Rfe +Rmag + kφRg) (2.44)

from which the total �ux is derived as follows

φT =
Ni+Hclmag

Rfe +Rmag + kφRg
(2.45)

which is used to obtain the force of the reluctance actuator using either the VW
method or the MST method. The force with the VW method can be obtained
from the coenergy (2.22) using the inductance (2.10) and the energy change of
the permanent magnet with a mutual term is incorporated as follows

F =
1

2
i2

dL(z)

dz
+

1

2
Hc · lmag

dφmag(z)

dz
+Ni

dφmag(z)

dz
. (2.46)
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This expression can be divided into three force components. The �rst term
is the force resulting from the coil, the second term is the force from the per-
manent magnet and the third contribution is the mutual force resulting from
both the coil and the permanent magnet. The �ux of the permanent magnet
dependents on the position, and is derived from (2.44) as

φmag(z) =
Hclmag

Rfe +Rmag + kφRg(z)
(2.47)

For obtaining the force with the MST method, the magnetic �ux density in the
airgap is derived from the total �ux (2.45). The force is then obtained using
(2.34) by applying an equivalent airgap cross-section area, Aeq, of the parallel
connected airgap reluctances.

Fz =
B2
zAeq
2µ0

(2.48)

where

Bz =
kφφT
Aeq

and Aeq =
lg
Rgµ0

. (2.49)

By applying the MST method, the magnetic hysteresis in the magnetic �ux
density is automatically incorporated in the force. But in case a hysteretic force
is derived using (2.46), the obtained force is incorrect, because this derivation
is based on the VW method which is only valid for a lossless system.

2.6 Nonlinearities in reluctance actuators

As discussed in Chapter 1, the challenges of reluctances actuators for short-
stroke high-precision applications are the intrinsic nonlinearities of the ac-
tuator. The non-hysteretic actuator nonlinearities are discussed in this sec-
tion. More speci�cally, the nonlinear current-force relation, and the nonlinear
position-force relation in the actuation direction and perpendicular to the ac-
tuation direction. The amount of magnetic hysteresis in the reluctance force is
assessed in the following section. The presented analysis is valid for attractive
reluctance actuators in general, because the applied C-core and E-core actu-
ators used in the analysis are considered equivalent from an electromagnetic
perspective.
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Fig. 2.8: Current-force characteristic in the working point (WP) for an un-
biased reluctance actuator (a), and for a pre-biased reluctance
actuator (b).

2.6.1 Current-force relation

The nonlinear current-force relation of an unbiased reluctance actuator is shown
in Fig. 2.8(a). The current force relation is approximately proportional to
the current squared, as derived with the VW method for linear materials in
(2.24). For low current excitations the airgap reluctance is dominant. When the
magnetic material approaches its saturation magnetization the value of the iron
reluctance increases. This is illustrated in Fig. 2.8(a), by the decreasing slope
of the current-force characteristic at a high current level. This is a physical
limit of the reluctance actuator, because increasing the current excitation will
not signi�cantly increase the force when the ferromagnetic material approaches
its saturation magnetization.

The inclusion of a permanent magnet in a pre-biased reluctance actuator shifts
the working point, WP, in the current-force characteristic, as illustrated in
Fig. 2.8(b). In practice, this is not exactly true, because the permanent magnet
has a low relative permeability and, hence, the e�ective airgap length is slightly
increased in this case. By including a permanent magnet, the force variation,
∆F , due to a current variation, ∆i, signi�cantly increases around the working
point. On the one hand, this increases the e�ciency of the actuator and a more
linear current-force relation is achieved. On the other hand, the static force
results in a high sti�ness for zero current and additionally, a relatively high
current is needed to decrease the force to zero.
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2.6.2 Position-force relation

The nonlinear position-force relation of reluctance actuators is assessed for the
force in the actuation direction (z-direction) due to a position variation in the
z-direction and the parasitic force due to a movement perpendicular to the
actuation direction (cross-talk). The airgap modeling methods presented in
previous section are assessed on their suitability for modeling these position
dependent forces of the C-core actuator, depicted in Fig. 2.4(a) and (b). The
dimensions are given in Table 2.1. It can be noted that the mover width exceeds
the stator sizes with 6 mm, which signi�cantly reduces the parasitic forces due
to misalignment in comparison to an equally sized stator and mover.

Firstly, the force in the actuation direction (z-direction) with a position vari-
ation in the actuation direction is investigated with the three previously pre-
sented MEC models, which are an analytical model (model 1) and two models
based on the tooth contour method (model 2 and 3), which are illustrated in
Figs. 2.5(b), 2.6(a) and 2.6(b), respectively. The simulation results are also
compared to 2d BEM and 2d FEM simulations, as shown in Fig. 2.9(a). All
three MEC models show similar accuracy compared to the FEM and BEM
simulations regarding the force, due to a position variation in the actuation
direction. The three MEC models show good agreement with the 2d FEM
simulation. A maximum discrepancy of 1 N is obtained for all three models,
which corresponds with a maximum force error of 2.7 % when the mover is
positioned 0.5 mm below the stator. This discrepancy is a result of the chang-
ing fringing and leakage �uxes dependent on the airgap length as previously
discussed in Section 2.5.3. For a constant airgap the force is modeled with a
signi�cantly higher accuracy as shown by a comparison to FEM simulations in
next section.

Secondly, Fig. 2.9(b) shows the parasitic force which is simulated with the
two MEC models that are based on the TCM (model 2 and 3), and which are
compared to the FEM and BEM simulation results. The analytical MEC model
is not compared because it is not suitable for obtaining the parasitic forces. The
parasitic force variation obtained with model 2, with 11 airgap permeances is
57 times higher than the simulation results obtained with the FEM and BEM.
MEC model 3 with 73 airgap permeances predicts the perpendicular force much
better than model 2, although still a discrepancy of 56.2 % is obtained.

The accuracy of the parasitic force prediction can be improved by adding more
complexity to the MEC model with an increasing number of (airgap) perme-
ances. However, the accuracy of the force prediction of reluctance actuators
in the direction perpendicular to the actuation direction is limited with the
TCM, because it is highly dependent on the number of the selected fringing
paths. A similar analysis with the TCM has been presented in [261] for an
E-core reluctance actuator. In this case, 161 airgap permeances are applied
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Fig. 2.9: Simulation of the force of a C-core actuator with �ve simulation
methods, in the actuation direction (z-direction) (a), and perpen-
dicular to the actuation direction (x-direction) (b).

and a simulation accuracy of the parasitic force was obtained of approximately
17 %, for a problem with more fringing and leakage than presented here.

Based on this analysis it is concluded that the TCM is not e�ective for modeling
the parasitic forces of reluctance actuators for two reasons. Increase the number
of permeances will eventually lead to a permeance network approaching the
complexity of a FEM model, to achieve a reasonable accuracy. Furthermore,
the permeances should be determined for each con�guration and position with
a numerical BEM or FEM, whereas the forces can also be obtained directly
from these methods which is more e�cient.

The modeling accuracy of the reluctance force in the actuation direction is im-
portant, because its quadratic relation to the position results in a high (nega-
tive) sti�ness. In high-precision actuation systems, a high-sti�ness is undesired,
because in this case the disturbances are directly transferred, e.g. between
wafer-stages or between the �oor and the moving mass, as discussed in Chap-
ter 1. These disturbances have to be actively compensated when reluctance
actuators are applied, while the disturbances are signi�cantly better decoupled
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with voice-coil actuators, which have a relatively low-sti�ness.

The determination of the force perpendicular to the actuation direction due to
misalignment is also important. These parasitic forces are undesired because
the actuator itself cannot compensate for any force in the direction perpen-
dicular to the actuation direction. For reluctance actuators this is a so called
positive sti�ness, whereas for voice-coil actuators this is a negative sti�ness or
zero sti�ness dependent on the direction of the misalignment. The amount of
the parasitic force variation due to a misalignment of a reluctance actuator and
a voice-coil actuator are similar, as has been presented in [270]. Therefore, it is
concluded that the parasitic force of reluctance actuators is no limiting issue.

2.7 Hysteresis in the reluctance force

Besides the previously discussed forces in the actuation direction and perpen-
dicular to the actuation direction, the magnetic hysteresis in the force is im-
portant for high-precision applications. In cases where a nanometer accurate
positioning is required, an accuracy of 99.99 % is necessary for the applied
feed-forward force [36]. This high-accuracy speci�cation for the force predic-
tion, can only be achieved for reluctance actuators when magnetic hysteresis is
taken into account, as shown in this section.

Magnetic hysteresis is a highly nonlinear and history dependent e�ect in fer-
romagnetic materials, which will be thoroughly discussed in Chapter 3. Due
to magnetic hysteresis in the soft-magnetic material, the force of reluctance
actuators is also nonlinear and history dependent. The most evident e�ect of
hysteresis in the force is the di�erence between the force resulting from an in-
creasing or a decreasing current. A slightly higher force occurs for a decreasing
excitation compared to the increasing current. In this section, the amount of
hysteresis in the reluctance force is investigated with a 2d �nite element method
(FEM), which can incorporate magnetic hysteresis in its analysis. The applied
FEM is later discussed in Sections 4.5 and 6.5.

Besides investigating the amount of the magnetic hysteresis in the force of a
standard reluctance actuator, the 2d FEM is used to investigate the possibility
of minimizing the magnetic hysteresis in the force by a comparison of various
E-core actuator topologies. These other three reluctance actuators are adjusted
with the intention to increase the homogeneity of the magnetic �ux density in
the actuator core. The four reluctance actuator topologies are based on the
results of the topology optimization described in [153, 154].

The hysteresis in the reluctance force of four E-core topologies is examined for
the force in the actuation direction (z-direction), for equal peak amplitudes of
the current, force and magnetic �ux density in the middle tooth. Additionally,
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the hysteresis and the force variation due to a position variation perpendicular
to the actuation direction are evaluated.

2.7.1 Evaluated E-core actuators

The amount of hysteresis in the force is evaluated for the four E-core actuator
topologies, as shown in Fig. 2.10. The actuators are referred to as (a)-(d)
corresponding with the order in this �gure. All four actuators have an equal
actuator depth (ad), stator height (sh), stator width (sw), tooth height (th),
tooth width (tw), mover height (mh), mover width (mw), coil size and airgap
length (lg = 0.5 mm). Additionally, all four actuators are simulated with SiFe
(M800-50A) core material. The sizes of the four actuator topologies are given
in Table 2.2.

The shape of the actuators is altered to increase the force density by remov-
ing material with minimal magnetic �ux density. Additionally, the force is
enhanced by applying tooth tips, which increases the width of the teeth. It
should be noted that the manufacturing of the actuators with the tooth tips
is more di�cult, because a pre-wound coil cannot be easily inserted. Besides
these four topologies, intermediate topologies have been considered (which are
not depicted), where stator and/or mover material is removed without applying
tooth tips. These topologies show that removing material with a low magnetic
�ux density only improves the force density but not the force. Additionally,
the amount of hysteresis in the force is not signi�cantly in�uenced by only
removing the iron material in the corners.

The coil size is equal for each topology and, hence, the magnetomotive force
(mmf) is the same for a given current density. However, the magnetic circuit
determines the resulting magnetic �ux (density) and the output force. The
tooth tips decrease the airgap reluctance, and as a result, the �ux is increased
for the same mmf. Additionally, the shape of the stator teeth and the mover
width in�uence the disturbance forces due to position variations perpendicular
to the actuation direction considerably.

The comparison on the amount of hysteresis in the force is performed with
the 2d FEM for equal peak amplitudes of the current, force and magnetic
�ux density, subsequently. Each quasi-static simulation is performed with a
sinusoidal current excitation. The �rst simulation with equal current density
has a peak amplitude of 5.63 A/mm2. The second and third simulation are
performed with an equal peak force of approximately 35 N and a magnetic �ux
density of 0.55 T, respectively. Finally, the cross-talk is simulated with two
periods of a sinusoidal position of the mover in the x-direction with a stroke of
± 3 mm and a dc current density of 15 A/mm2.
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Fig. 2.10: The four E-core reluctance actuator topologies with geometric
parameters and the magnetic �ux and �ux density distribution
for a current density of 15 A/mm2. A standard E-core actuator
with increased mover length (a), with removed corners and added
tooth tips (b), with rounded stator and mover corners (c), and
with round inner tooth tips (d).
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Table 2.2: Dimensions of the four E-core actuators illustrated in Fig. 2.10.

Topology

Parameter Symbol (a) (b) (c) (d) Unit

Actuator depth ad 30 30 30 30 mm

Mover width mw 36 36 36 36 mm

Mover height mh 5 5 5 5 mm

Stator w. sw 30 30 30 30 mm

Stator h. sh 15 15 15 15 mm

Tooth w. tw 5 5 5 5 mm

Tooth h. th 10 10 10 10 mm

Coil w. cw 4 4 4 4 mm

Coil h. ch 8 8 8 8 mm

Slot w. slw 5 5 5 5 mm

delta tip dtip - 1 2 2 mm

Corner w./h. crn - 4 - - mm

2.7.2 Equal peak current-density

Actuators are usually optimized on the force density, in which case only the
current-force relation is considered, as shown in Fig. 2.11(a). The rms-current
is directly proportional to the copper losses and, hence, to the actuator tem-
perature (for equal outer surface and coil area). Therefore, the highest force
related to volume or mass gives immediately the optimal design. From this
point of view the best topology is clearly actuator (c) with round corners and
tooth tips, as shown in Fig. 2.11(b). The force density of actuator (b), (c)
and (d) is 44 %, 69 % and 39 % higher than the force density of the standard
actuator (a), respectively.

The goal of this analysis is to investigate the amount of magnetic hysteresis in
the force, which is �rst examined for an equal current excitation. The mag-
netic hysteresis in the force is not directly visible in the �gures showing the
current-force relation (Fig. 2.11(a) and (b)), because the amount of magnetic
hysteresis is relatively small compared to the peak force. Therefore, the hys-
teresis in the force is graphically shown by the subtraction of the non-hysteretic
force obtained with the proposed analytical actuator model (2.46). Moreover,
the hysteresis in the force is normalized as a percentage of the peak force, be-
cause the peak force is di�erent for each actuator. This results in the loops
as shown in Fig. 2.11(c), in which the maximum opening is called the loop-
eye and corresponds with the error of the force when it is predicted with a
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non-hysteretic actuator model.

In Fig. 2.11(c), it is shown that the maximum magnetic hysteresis in the force
occurs for actuator (c) with the round corners, which is 0.81 % of its peak
force. The larger loop-eye due to magnetic hysteresis is a result of the higher
magnetic �ux (density) in the center of the middle actuator tooth, as shown in
Fig. 2.11(d) and Table 2.3. In addition to the relative loop-eye, the absolute
loop-eye is given which is also signi�cantly larger for actuator (c).

In addition, the total iron losses in the actuators due to magnetic hysteresis
are deducted from the simulation, which is obtained by the integral over the
magnetic �eld strength with respect to the �ux density as described in (2.13).
This integral is the energy dissipated in the material in one period of the applied
current, and is also a measure for the hysteresis in the force.

2.7.3 Equal peak force

It is not clear from previous analysis, which actuator encounters minimal mag-
netic hysteresis as the peak force and magnetic �ux density is di�erent for each
topology. Therefore, the magnetic hysteresis in the reluctance force is investi-
gated for an equal peak force of approximately 35 N. In Fig. 2.12(a), it is shown
that the maximum loop-eye varies between 0.63 % and 0.94 % for actuators
(a) and (c), respectively. The results are similar to the previous analysis for an
equal current density, as the magnetic �ux density in the middle tooth is again
signi�cantly higher for actuator (c) compared to actuator (a).

2.7.4 Equal peak magnetic �ux density

A sinusoidal current is applied for all four topologies, which corresponds with
an approximately equal peak magnetic �ux density of 0.55 T in the middle
tooth. The percentage of magnetic hysteresis in the reluctance force of the four
E-core actuators is similar to the results of the other current pro�les, as shown
in Fig. 2.12(b). However, the absolute loop-eye is approximately 0.28 N for all
four actuators with an equal peak magnetic �ux density, as given in Table 2.3.
Moreover, Table 2.3 shows that the total hysteresis losses in the actuators are
directly related to the peak magnetic �ux density in the middle tooth.

From the previous analysis, it can be concluded that the amount of magnetic
hysteresis in the reluctance force as percentage of the peak force is lower for
the standard E-core actuator shown in Fig. 2.10(a). However, the absolute
magnetic hysteresis in the force and the iron losses due to magnetic hysteresis
are directly proportional to the peak magnetic �ux density in the major part
(bulk) of the actuator. Based on these two observations, it is concluded that it
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Table 2.3: Simulation results of the four actuator topologies.

Topology

Quantity (a) (b) (c) (d) Unit

Jmax 5.63 5.63 5.63 5.63 A/mm2

Fmax 12.9 15.9 18.4 15.0 N

Equal Bmax 307 361 422 372 mT

Jmax absolute loop-eye 0.06 0.10 0.15 0.10 N

relative loop-eye 0.49 0.64 0.81 0.66 %

Wf = lA
∮
H(B)dB 0.15 0.23 0.34 0.25 mJ

Jmax 9.22 8.29 7.70 8.54 A/mm2

Fmax 34.8 34.7 34.6 34.7 N

Equal Bmax 505 534 578 566 mT

Fmax absolute loop-eye 0.22 0.27 0.32 0.28 N

relative loop-eye 0.63 0.77 0.94 0.80 %

Wf = lA
∮
H(B)dB 0.49 0.57 0.70 0.65 mJ

Jmax 10.10 8.55 7.33 8.31 A/mm2

Fmax 41.5 36.9 31.4 32.8 N

Equal Bmax 552 551 550 551 mT

Bmax absolute loop-eye 0.28 0.29 0.29 0.27 N

relative loop-eye 0.66 0.78 0.92 0.81 %

Wf = lA
∮
H(B)dB 0.60 0.61 0.62 0.61 mJ
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Fig. 2.12: 2d FEM simulations of the percentage hysteresis in force of the
four actuator topologies, for a peak force of 35 N (a), and a peak
magnetic �ux density in the middle tooth of 0.55 T (b).

should be su�cient to model the magnetic hysteresis in the bulk of the actuator
only. Henceforth, a single hysteretic reluctance should be enough to model
the hysteresis in the force of reluctance actuators. The maximum magnetic
hysteresis in the force of all reluctance actuators is between 0.5 % and 1.0 %
of the peak force.

2.7.5 Cross-talk

Additionally, the hysteresis in the reluctance force due to a position variation
is evaluated for the four actuators. The position dependent forces are shown in
Fig. 2.13(a) and (b) for the force in the z- and x-direction, respectively. Both
forces (∆Fx and ∆Fy) are normalized to the peak force in the z-direction at the
aligned position, δx = 0 mm. The hysteresis in the cross-talk is negligible with
maxima at the center position below 0.1 % for all topologies, which corresponds
approximately to 1 % of the peak value of the cross-talk. This is in the same
order of magnitude as the magnetic hysteresis in the force in the actuation
direction.

The cross-talk is highly dependent on the symmetry and overlap of the mover
and stator with respect to the position. Hence, a larger mover width, topol-
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a position variation, δx, in the x-direction for the four actuator
topologies.

ogy (a), and a smaller stator tooth-tip at the sides, topology (d), decrease the
cross-talk signi�cantly. The actuator with round inner corners (d), shows min-
imal cross-talk of 0.42 % and 0.38 %, for the force in the z- and x-direction,
respectively. Actuators (b) and (c) with straight and round corners show a
cross-talk larger than 6.3 % and 1.5 % for the force in the z- and x-direction,
respectively.

2.8 Conclusions

This chapter concerns the modeling of reluctance actuators based on a general
electromagnetic analysis. The most important properties of reluctance actua-
tors are discussed related to short-stroke high-precision positioning systems, i.e.
the nonlinearity with current and position, the sti�ness due to misalignment of
the stator and the mover, and the amount of hysteresis in the reluctance force.
The analytical magnetic equivalent circuit (MEC) modeling method and a com-
mercially available �nite element method are selected from various modeling
techniques, because of their ability to include magnetic material properties in
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their analysis. The MEC model is explained for the modeling of (pre-biased)
reluctance actuators.

It is concluded that the force in the actuation direction obtained with the MEC
model at a constant airgap length, can be modeled with an accuracy such that
only a force error due to magnetic hysteresis remains. Accurately modeling
of parasitic forces with the MEC model is ine�cient for two reasons. Firstly,
it costs much e�ort to increase the number of permeances, which eventually
leads to a permeance network approaching the complexity of a FEM model to
achieve the required accuracy. Secondly, the permeances should be determined
for each con�guration and position with a numerical BEM or FEM, whereas
the forces can also be obtained directly from these methods.

Apart from modeling reluctance actuators, the amount of magnetic hysteresis
in the reluctance force of four E-core topologies is investigated with 2d FEM
simulations. The static hysteresis in the force as percentage of the peak force is
between 0.5 and 1.0 % for the evaluated reluctance actuators. It is concluded
that the absolute amount of hysteresis in the force and the hysteresis losses are
directly related to the peak value of the magnetic �ux density in the bulk of the
actuator. Based on these two observations, it is also concluded that it should
be su�cient to model the hysteresis in the bulk of the ferromagnetic material
with a single hysteresis operator. Modifying the tooth tips of a standard E-core
actuator shows an increased force density up to 69 %, but these actuators
experience more magnetic hysteresis as percentage of the peak force. The
analysis of magnetic hysteresis phenomena in ferromagnetic materials is the
major subject in the following chapters, which eventually leads to the static
and dynamic modeling of hysteresis phenomena in the reluctance force.

The cross-talk is highly dependent on the tooth shape of the stator and the
extension of the mover width with respect to the outer stator dimensions, which
is true for both, the force in the actuation direction and perpendicular to the
actuation direction. The amount of magnetic hysteresis in the cross-talk is
negligible and, hence, the magnetic hysteresis in the cross-talk is not considered
further.



3

Magnetic hysteresis

Magnetic phenomena in ferromagnetic materials, such as magnetic hystere-
sis and eddy currents, originate from micromagnetic quantum e�ects at the
atomic level. Although the discussed magnetic phenomena in electromagnetic
actuation systems are mainly macroscopic e�ects, the microscopic origin is also
addressed. In principle, the macroscopic material phenomena should be the
physical outcome of the micromagnetic analysis. However, apart from a few
ideal cases, no one knows exactly how to relate them [28].

In this chapter, magnetic materials are primarily discussed regarding their mag-
netic properties. Also some electrical, mechanical and thermal properties are
discussed, because they a�ect the magnetic material phenomena. Among these
magnetic material properties, magnetic hysteresis∗ is one of the most signi�-
cant macroscopic e�ects, which is attributed to various microscopic material
properties.

A worthy formulation explaining the complexity of ferromagnetism is given by
Edmund C. Stoner in 1947 [239]: �The rich diversity of ferromagnetic phenom-
ena, the perennial challenge to skill in experiment and to physical insight in
coordinating the results, the fast range of actual and possible applications of
ferromagnetic materials, and the fundamental character of the essential the-
oretical problems raised have all combined to give ferromagnetism a width of
interest which contrasts strongly with the apparent narrowness of its subject
matter, namely, certain particular properties of a very limited number of sub-
stances.�

∗From the Greek word hysterein = to be behind or later, to come late
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In this chapter, the most signi�cant magnetic hysteresis phenomena in ferro-
magnetic materials are explained. Firstly, the commonly used terms and mag-
netic material properties are introduced. Followed by a theoretical explanation
of the fundamental hysteresis phenomena in Section 3.2, i.e. magnetic domains,
the Barkhausen e�ect, magnetic hysteresis loops, congruency, accommodation
and anisotropy. This explanation of the micromagnetic phenomena is based on
a literature survey obtained from [28, 29, 57, 183]. In Section 3.3 more detailed
e�ects related to the magnetic hysteresis loop are discussed. In Section 3.4,
more practical subjects related to ferromagnetic materials are considered, such
as the variety of available soft-magnetic materials and the in�uence of manu-
facturing processes on the magnetic material properties. Finally in Section 3.5,
various measurement techniques for obtaining the magnetic properties of fer-
romagnetic materials are evaluated, with a more detailed explanation of the
applied measurement methods.

3.1 Magnetic constitutive law

The most important properties of ferromagnetism are the existence of a satu-
ration magnetic �ux density and hysteresis. Ferromagnetic substances cannot
be characterized by any simple constitutive law, because an in�nite set of his-
tory dependent magnetic hysteresis loops can be observed. The constitutive law
B(H) (2.5) describes the material on a gross scale, larger than that of domains,
such that the material appears to be homogeneous. For hard-magnetic materi-
als (permanent magnets), the constitutive relation is often represented by the
magnetic polarization, I = µ0M, (also referred to as J) which is measured in
Tesla. The magnetization is written as

M =
B

µ0
−H (3.1)

This constitutive relation should be represented in vector form because most
magnetic materials are anisotropic. However, in practice and for non-oriented
materials often the scalar representation is applied. In the following chapters,
in which the modeling of magnetic materials is discussed, magnetic materials
are assumed to be homogeneous, isotropic, nonlinear and stationary. When
the magnetic constitutive relation of materials is considered linear as well, this
expression is simpli�ed to

M = χH (3.2)

or

B = µ0(1 + χ)H (3.3)
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Fig. 3.1: Typical constitutive relations of a soft-magnetic (a), and a hard-
magnetic ferromagnetic material (b).

where µ = µ0(1 + χ), and hence µr = 1 + χ, where χ is the magnetic suscepti-
bility.

In this thesis, the nonlinear scalar representation of magnetic hysteresis is de-
scribed by hysteresis loops, as shown in Fig. 3.1(a), for a soft-magnetic material.
In Fig. 3.1(b), the typical characteristic of the magnetic �ux density and the
magnetic polarization of a hard-magnetic material (permanent magnet) are
shown, in the second quadrant. This magnetic behavior is considered station-
ary, although, the magnetic hysteresis phenomena are history dependent and
highly dependent on the environment, e.g. temperature variations and stresses.
The environment is considered constant in the analysis, and the history depen-
dency is related to the variation of the magnetic �eld strength in stead of the
time.

A typical hysteresis loop of a soft-magnetic material is shown in Fig. 3.1(a),
which is obtained by applying a cyclic magnetic �eld strength, H, while mea-
suring the change of the magnetization, M , or the magnetic �ux density, B,
which is also known as magnetic induction. A few characteristic points are
indicated in Fig. 3.1(a), i.e. Bs is the saturation magnetic �ux density, Br is
the remanent magnetic �ux density, and Hc is the coercivity or coercive �eld
strength. The saturation magnetic �ux density is de�ned as a �nite limit of
the magnetic material at which the magnetic �ux density increases propor-
tional with µ0H [33]. However, this occurs for extremely high magnetic �elds
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only. Therefore, in this thesis, the term saturation magnetic �ux density is
used as the highest magnetic �ux density, as indicated in Fig. 3.1(a). The
remanent magnetic �ux density and the coercivity are more precisely de�ned
as, Br = B(H)|H=0 and Hc = H(B)|B=0, respectively. Because both have an
equal positive and negative value in a symmetric B−H curve, only the positive
values are used throughout this thesis.

In soft-magnetic materials the coercive �eld strength is typically between,
0.1 < Hc < 200 A/m, whereas hard-magnetic materials typically have a coer-
civity between, 5 · 103 < Hc < 1 · 107 A/m [50]. This is also the reason why
usually only the B−H curve is shown for soft-magnetic materials, while for
hard-magnetic materials the M−H curve is often shown as well. In contrast
to soft-magnetic materials in which B and µ0M have a similar magnitude, the
hard-magnetic materials have a magnetic �eld strength, H, and a magnetiza-
tion,M , of a comparable order of magnitude. Thus, in hard-magnetic materials
there is a signi�cant di�erence between the B(H) and M(H) loops, as shown
in Fig. 3.1(b). Similarly, the susceptibility of a hard-magnetic material is of
the order of 0.03 − 50, whereas for soft-magnetic materials, 101 < χ < 1 · 106,
ranging from powder core materials to Metglas.

3.2 Micromagnetic phenomena

The source of magnetization originates from the property of atomic particles
to have a so called �spin�. These particles move along a circular orbit, which
results in an angular momentum. If this spinning particle is an electron, this
circular motion is also a current that behaves like a magnetic dipole having a
magnetic moment. Hence, a spinning electron has both an angular momentum
as well as a magnetic moment. In non-ferromagnetic (paramagnetic, χ << 1)
materials, the magnetic moments do not interact with each other, but have
random orientations due to the thermal energy. Hence, the electrons cancel
out any net magnetization alignment except for strong external magnetic �elds
in the order of 108 A/m. In ferromagnetic materials the electron spins tend to
spontaneously align, and they do produce a net magnetic moment, already by
external magnetic �eld strengths in the order of 10− 102 A/m [28, 183]. Note
that this e�ect only occurs below a material speci�c critical temperature, the
Curie's temperature, Tc.

In 1907 [279], Weiss ascribed the alignment of magnetic moments in ferromag-
netic materials to the Weiss molecular �eld that interacts between the magnetic
moments. This molecular �eld is an internal �eld proportional to the magneti-
zation of the order of 109 A/m for iron, which is among other material proper-
ties related to the Curie temperature. This spin-spin interaction is also known
as exchange. The exchange forces between electron spins are not discussed here
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but these problems are often described by the Heisenberg Hamiltonian [57].

The eight orders of magnitude di�erence between the atomic internal �elds
and an external �eld of e.g. 10 A/m, which can be enough to change the
magnetization direction, are resolved by Weiss through the introduction of
regions, called magnetic domains. The neighboring atoms only align themselves
over a certain number of atoms, after which the alignment changes direction
as shown in Fig. 3.2(a) and (b). Each region of aligned magnetic moments
is a domain. The transition between domains has been described in 1932 by
Bloch, who introduced the moving Bloch walls, where the aligned magnetic
moments move parallel to the plain of the wall (out of the page). In this case
the rotation of the magnetic moments in the domain wall is around the x-axis,
as illustrated in Fig. 3.2(a). Additionally, Néel walls occur where the rotation
is perpendicular to the plain of the wall [142, 191], in which case the magnetic
moments rotate around the y-axis, as shown in Fig. 3.2(b). Besides, the 180◦

domain alignment, as shown in Fig. 3.2, the domain walls can be oriented in
any other direction, in which case the domain wall angle is less than 180◦ and
is called a 90◦-domain wall.

An example of a macroscopic B−H curve, starting from its demagnetized state
with the initial magnetization curve, followed by a demagnetization curve back
to B = 0 and hence, H = −Hc, is shown in Fig. 3.3(a). The corresponding
domain representation is shown in Fig. 3.3(b). In a demagnetized ferromag-
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netic material, the internal domains have a random magnetization direction
and hence, the net magnetization is zero. In Fig. 3.3(b) this is represented by
rectangle 1, in which the vertical gray line is a 180◦-domain wall and the other
domain walls are exactly 90◦-domain walls, because these walls separate do-
mains with a 90◦ di�erence in the magnetization direction. This representation
is far from reality, because the domains are randomly oriented in nature, but
it is useful to explain the domain wall movement due to an externally applied
magnetic �eld strength.

When an external magnetic �eld is applied and H grows from piont 0 to 2, the
domains that are (more) aligned with the �eld can grow at the expense of those
which are not aligned, as shown in Fig. 3.3(b) (block 2). The approximately
linear line segment from point 0 to 1 is still reversible, while the section 1-
3 is irreversible. Reversibility means that the initial magnetic �ux density
is recovered when the magnetic �eld strength is returned to its initial value,
which is not the case for an irreversible section. Increasing the magnetic �eld
strength further, a single domain is formed which points along its preferred
direction. The reversible region of the magnetic hysteresis curve is reached. The
saturation magnetic �ux density is reached when all the domains are aligned in
the direction of the applied �eld, as shown in block 4 of Fig. 3.3(b). When the
magnetic �eld strength is decreased, the original magnetization direction of the
domain is restored (block 5). Decreasing the magnetic �eld strength further,
the irreversible region is entered, and a domain is formed with an opposite
magnetization direction. The negative coercive �eld strength is reached when
the net magnetization is zero again, as shown in Fig. 3.3(b) (block 6).

3.2.1 Barkhausen e�ect

The magnetic constitutive relation, as shown in Fig. 3.1(a), is the result of
macroscopic hysteresis e�ects for a relatively large ferromagnetic piece of mate-
rial. This �gure shows an average B−H characteristic over a volume containing
many domains and, hence, it does not contain information of local domains. In
a macroscopic magnetic system, there is always a substantial amount of struc-
tural disorder. Such as, the presence of grains in poly-crystals, dislocations
and lattice deformations, �uctuations of composition, presence of inclusions,
surface roughness in thin �lms and thin sheets, random variations of particle
shapes etc. [28]. These sources of disorder are coupled to the magnetic �ux
density through so called exchange interaction, anisotropy, and magneto-static
interactions. This results in a complicated energy landscape, with a huge num-
ber of local minima and saddle points. The states with minimum energy in
ferromagnetic materials jump from one stable state to the other with variation
of the applied �eld, which is called the Barkhausen e�ect. The randomness
of Barkhausen jumps on the macroscopic scale is described with statistical
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(a), and a representation of the domain movement (b), due to
an alternating magnetic �eld strength out of alignment with the
preferred magnetization direction of the domains [50].

methods to analyze magnetization processes and domain structures.

Until now hysteresis e�ects have been considered as rate-independent. How-
ever, eddy currents occur at Barkhausen jumps when domain walls are moving.
These eddy currents result in iron losses (heat), which is a rate-dependent e�ect.
A high rate-of-change of the external applied �eld, results in more Barkhausen
jumps and hence, there is more energy converted to thermal energy. The
related macroscopic e�ect is the increase of the hysteresis loop area, which
represents the amount of energy irreversibly transformed into heat during one
hysteresis loop. Rate-independent hysteresis is an approximation for absolute
zero-temperature, at which the system remains at the local free energy mini-
mum initially occupied. For any other temperature, the minimum free energy
of the system is determined by Boltzmann statistics [29]. Barkhausen jumps
are thermally activated, and the magnetic system moves toward states of lower
energy until an equilibrium is reached. These energy states can be seen as
numerous bistable systems, which change by temperature variations or by an
external magnetic �eld. As a result of the addition of thermal energy, the
iron losses and the relative permeability of magnetic materials decrease [248],
whereas the iron losses and the permeability increase for a decreasing tem-
perature [179]. Henceforth, rate-independent hysteresis is an approximation
of numerous processes that are intrinsically rate-dependent. Hysteresis is the
whole set of connected phenomena resulting from metastable states, thermal
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energy and dissipation mechanisms with certain time scales.

In the remainder of the thesis, rate-independent hysteresis is considered for
measurements at which the rate of change of the magnetic �ux density is limited
to 30 mT/s as explained in Section 3.5. Moreover, the discussed rate-dependent
e�ects are attributed to two e�ects , i.e. macroscopic eddy currents and excess
losses.

3.2.2 Anisotropy

Anisotropic properties of magnetic materials are a result of the applied manu-
facturing process. For the production of thin sheets for laminations, the ferro-
magnetic material is rolled to a speci�c thickness. The direction parallel to the
axis of rolling, shows the lowest values of total losses and the highest magnetic
permeability. The lattice structures are deformed and are oriented in the rolling
direction. Consequently, the lattice structure has a direction with minimal en-
ergy that is favored, named as anisotropy. Besides anisotropy, the magnetic
materials can be grain oriented (GO) or non-grain oriented (NO/NGO). The
magnetic materials discussed in this thesis are considered non-grain oriented
materials.

3.2.3 Magnetostriction and elongation

Magnetostriction is the change of the dimensions of a material substance ex-
posed by a magnetic �eld. The change in length of a volume, in the direction
of the applied magnetic �eld strength, is the most dominant e�ect [33]. Other
magnetostriction phenomena are the change in dimensions perpendicular to the
direction of the magnetic �eld strength, the change in magnetic �ux density
due to longitudinal and/or transverse stress, the change in Young's modulus or
shear modulus due to a magnetization, the change in volume due to a magne-
tization, the twist or bending of a magnetic material due to longitudinal �elds
or its reciprocal e�ect [183].

Magnetostriction is a result of two processes, the domain-wall motion and do-
main rotation, of which the later one is more dominant. Domain rotation does
not change the volume of the material and hence, an increased length parallel
to the applied �eld must be accompanied by a contraction in the plain perpen-
dicular to the �eld. Magnetostriction occurs in all materials, although, even
in strong magnetic materials, which experience the most magnetostriction, the
e�ect is relatively small [183].

The various magnetostriction e�ects are caused by the interaction of physical
material properties, i.e. magnetic �ux density, stress and temperature [24].
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These interacting aspects of magnetostriction make the measurement of mag-
netostriction rather challenging, especially, when the elongation and shear in
more directions are considered. A study is performed on building a measure-
ment setup to investigate the magnetostriction of Invar in 3d [61]. It has been
shown that among others, minimizing the external forces, positioning of the
material sample with a high accuracy as well as distinguishing the shear from
the measured elongation, are challenging.

The relative elongation in the direction of the applied magnetic �eld is typically
in the order of 10−5, for the saturation magnetic �ux density of a soft-magnetic
material. Which means that for reluctance actuators with a tooth length of
50 mm, a maximum airgap variation due to magnetostriction of 5 · 10−7 m
occurs, which is two orders of magnitude smaller than the thermal elongation,
which is approximately equal to 1 ·10−6 m for a temperature di�erence of 10 K.
The force variation due to magnetostriction is calculated with the analytical
MEC model described in previous chapter, and is expected to be approximately
equal to 0.2 % of the peak force at an airgap of 0.5 mm. The deviation of the
force due to a temperature variation of the ferromagnetic material is approxi-
mately equal to 0.45 % K−1.

Another magnetostriction e�ect, is the change in Young's modulus due to mag-
netic �elds. The Young's modulus is the elasticity of materials de�ned as the
ratio of linear stress to strain. The change of the Young's modulus due to the
presents of a magnetic �ux density is relatively small, since it is approximately
1 % for iron and 6 % for nickel [183].

The elongation of the ferromagnetic material due to the force of the actuator
itself, is also related to the Young's modulus. The maximum force on the surface
of the mover of the evaluated reluctance actuators in Chapter 7 is 300 N, which
corresponds with a force density (pressure) of approximately 4 · 105 N/m2.
Using the Young's modulus of steel of approximately 200 · 109 N/m2 [50], the
maximum elongation of a tooth of 50 mm is obtained as 1 · 10−7 m. The
force di�erence of the actuator due to this e�ect at an airgap of 0.5 mm is
approximately 0.04 % of the applied force.

These e�ects are not taken into account in this thesis, because magnetic hys-
teresis is more signi�cantly present in the force of reluctance actuators. It
should be noted that the temperature is kept constant during the measure-
ments performed in this thesis.
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3.3 Magnetic hysteresis loop

The most signi�cant macroscopic e�ect measured in soft-magnetic materials
is the hysteresis curve, of which a typical example is shown in Fig. 3.1(a).
Besides this measured B−H loop any point in the interior of the major loop
can be reached as shown in the B−H characteristic of Fig. 3.4(a). The most
important properties regarding magnetic hysteresis loops are de�ned according
to this �gure.

Often two typical cyclic loops are distinguished, i.e. the major loop and the
minor loop. The major loop is de�ned as the outer most loop possible, reaching
from positive to negative saturation. In theory, this sounds like a clear de�-
nition. However, it is di�cult to have a uniform de�nition for the saturation
magnetic �ux density as this de�nition di�ers per �eld of application. Several
de�nitions are (i) the magnetic �eld strength at which the upward and down-
ward magnetic �ux density are equal, (ii) the magnetic �eld strength at which
the relative magnetic permeability is unity, or (iii) the saturation is speci�ed for
a certain value of the magnetic �eld strength. The �rst two de�nitions are basi-
cally equal but unrealistic, because a relative permeability of one means that all
the magnetic moments and domains are aligned in the direction of the applied
magnetic �eld strength. Hence, any increase of the magnetic �eld strength will
result in an increased magnetic �ux density proportional to µ0 = 4π · 10−7. It
means that the incremental inductance (2.9) of the coil is equal to the same coil
in air. Generally, this magnetic �eld strength is di�cult to apply, due to the
high currents needed which are often limited by the temperature that should
be constant for a single measurement. Other de�nitions of the saturation mag-
netic �ux density which are not so harsh are related to the fractional decrease
of the magnetic permeability or the coil inductance. In this thesis, the term
major loop is used for the largest loop shown in a speci�c �gure and any of the
other loops are called minor loops.

The minor loops shown in Fig. 3.4(a) that are directly connected with the major
loop are the �rst-order minor loops, whereas the minor loop closest to the origin
is an example of a second-order minor loop. Except for the largest displayed
minor loop, all others have an equal variation of the magnetic �eld strength of,
∆H = 60 A/m. It can be seen that the size of the minor loop is dependent on
the o�set in the magnetic �eld strength, when the top three minor loops are
considered in the zoomed view of Fig. 3.4(b). The two minor loops on the right
side are cycling between two equal values of input magnetic �eld strengths,
i.e. H = 40 A/m to H = 100 A/m. They have the same shape whereas the
magnetic �ux density is di�erent due to a di�erent history. These two minor
loops are called congruent, because these are equally shaped. However, many
experiments show that such minor loops may substantially deviate from this
property [29], which are therefore called non-congruent [126].
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Fig. 3.4: Example of �rst- and second-order reversal curves (minor loops)
and the wiping-out property. A full B−H curve (a), and a zoomed
(magni�ed) view around the upper three minor loops (b).

Additionally, it is often assumed that the minor loops close after one cycle in
exactly the same point as where the minor loop has started, which is called
the wiping-out property. However, experiments show that under repeated cy-
cling, the system progressively adjusts its domain con�guration [66]. The slow
stabilization process requires generally a large number of cycles to achieve a
stable minor loop. This ferromagnetic property is called an accommodation or
a reptation process [29]. Typically, the percentage of error in the prediction
of the magnetic �ux density due to accommodation is between one and �ve
percent of the peak magnetic �ux density, i.e. 1.5 % [23], 2 % [256], 2.8 % [160]
and 4.4 % [289].

Both ferromagnetic properties, i.e. the non-congruency and the accommoda-
tion, are considered insigni�cant for the analysis because the magnetic material
models have a limited accuracy compared to the measurements which is in the
same order of magnitude. Moreover, a three percent error of the predicted
hysteresis will result in a discrepancy of the force of approximately 0.03 %,
because the maximum amount of hysteresis in the force is approximately 1 %
of the peak force, as shown in previous chapter. Therefore, the more dominant
actuator behavior and the global hysteretic phenomena are considering more
important for reluctance actuators.
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3.4 Soft-magnetic materials

Numerous ferromagnetic materials exist, which are often named by its chemical
composition or by a name given by the manufacturer. Various books [85, 172]
summarize the properties of these materials and manufacturers specify the most
relevant physical properties. In this section, an overview is given of commonly
applied soft-magnetic materials, which are discussed on their applicability for
reluctance actuators.

The desired properties of soft-magnetic materials for high-precision reluctance
actuators should be linked to the application. Firstly, the actuators should
have a high force density related to both its volume and its mass. Considering
the force density per unit mass, fm [N/kg], and the fact that the force is related
to the square of the magnetic �ux density, F ∼ B2 (2.34), the soft-magnetic
material should have a high saturation magnetic �ux density.

Besides the force density of the reluctance actuator the amount of magnetic
hysteresis in the force is important to achieve the desired positioning accuracy
and for minimizing the iron losses. Therefore, the coercivity and the peak
magnetic �ux density are important parameters for a static analysis. The con-
ductivity in combination with the lamination thickness determines the dynamic
eddy current e�ects. Except for ferrites, all materials are available in various
lamination thicknesses and hence, also the conductivity is, besides magnetic
hysteresis, an important parameter for the material evaluation.

3.4.1 Material evaluation

The soft-magnetic materials to be evaluated are listed in Table 3.1, i.e. ferrites,
stainless steel, nickel-irons, silicon-irons, cobalt-iron and pure iron. The pre-
sented magnetic material properties are de�ned as follows: B is the saturation
magnetic �ux density, µr is the initial relative magnetic permeability, σ is the
electric conductivity and Hc is the coercive �eld strength. The material com-
positions are given in wt%, which is de�ned as the mass fraction as percentage
of the total mass. The material properties of these materials are mainly ob-
tained from the IEC standard 60404-1 [118], complemented by [85, 172] and
an additional veri�cation is performed by an inspection of the speci�cations
of the manufacturers. The material properties should be considered as typical
values, because commonly the experimentally obtained values are lower than
the speci�ed values.

The �rst category materials are the ferrites, which are often applied in inductors
(coils). Ferrites are also known as ferromagnetic oxides, which have the general
formula M2+Fe3+O4+ where M is a bivalent metallic ion such as Fe2+, Ni2+,
Mg2+, Cu2+ and Zn2+ or mixtures of these ions. Here, only the following
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Table 3.1: Typical properties of the discussed magnetic materials [85, 172].

Soft-magnetic Bs µr σ Hc ρm

material (T) (103) (S m−1) (A m−1) (kg dm−3)

NiFe2O4 0.34 3 6 · 10−5 20− 80 5.38

CoFe2O4 0.53 3 ≈ 1 · 10−5 20− 80 5.29

MgFe2O4 0.15 3 ≈ 1 · 10−5 20− 80 4.52

MnFe2O4 0.50 3 5.3 · 10−7 20− 80 5.00

X6Cr17 1.55 1.3 1.67 · 106 250 7.7

Ni36-Fe64 1.30 2 1.33 · 106 40 8.15

Ni50-Fe50 1.60 15 2.22 · 106 7 8.25

Ni80-Fe20 0.75 150 1.67 · 106 0.4 8.7

Si3-Fe97 GO 2.03 80 2.0 · 106 5 7.8

Si3-Fe97 NO 2.03 5 4.35 · 106 55 7.8

Si7-Fe93 GO 1.8 23 1.2 · 106 30 7.5

Co50-Fe50 2.35 8 2.27 · 10−6 80 8.12

Fe 2.15 5 1.33 · 106 70 8.15

ferrites are considered, NiFe2O4, CoFe2O4, MgFe2O4 and MnFe2O4. Ferrites,
are typically applied in the kHz-GHz range because of the low conductivity
in the order of 1 · 10−5 S/m and below. The conductivity is rarely speci�ed,
because mainly the losses at various frequencies are of major interest. The
relatively low saturation magnetic �ux density is the reason why ferrites are
rarely used for reluctance actuators, because a low �ux density results in a low
force density.

Secondly, a stainless steel (also named inox steel) is considered with a 17 %
chromium content. Stainless steels can be divided in three categories, of which
the ferritic and martensitic steels are magnetic, and the austenitic stainless
steels are non-magnetic. The most important property of stainless steels is
their resistance against corrosion from water, like ordinary steel. In Table 3.1,
X6Cr17 is considered, which is a ferritic steel alloy also known as AISI 430
or 1.4016. The saturation magnetic �ux density of 1.55 T and the relative
permeability are moderate, as both are lower than for silicon-iron and cobalt-
iron. Additionally, the coercivity is rather high, which results in high static
iron losses.

The third category are the nickel-irons; Ni36-Fe64, Ni50-Fe50 and Ni80-Fe20.
Ni36-Fe64 is also known as Invar, which name comes from its invariance with
temperature related to its elongation. Invar has a low saturation magnetic �ux
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density. Ni80-Fe20 is a Mu-metal because of the high-magnetic permeability
and its low coercive �eld strength, but its saturation magnetic �ux density is
limited. The percentage of nickel majorly determines the magnetic permeabil-
ity, coercivity and mass density.

The fourth category are the silicon irons, with a 3 % silicon content and a
silicon content of 6.5 %. The 3 % silicon-irons are subdivided in grain oriented
(GO) and non-oriented (NO) materials. The high magnetic �ux density level
is advantageous for reluctance actuators, whereas the high conductivity results
in signi�cant eddy currents and hence, iron losses.

Fifthly, the cobalt-iron, Co50-Fe50, is considered (Vaco�ux 50). The high sa-
turation magnetic �ux density and relatively high magnetic permeability are
bene�cial for reluctance actuators. This cobalt-iron is the most expensive ma-
terial of all, because raw cobalt is far more expensive than raw iron.

Lastly, the properties of pure iron are considered as a reference, where pure
means an iron content of more than 99 %. Pure iron is not applied because
the mechanical properties are improved by a factor thousand with only a few
percent of carbon.

Samples of three commonly used materials are selected for further analyses in
this thesis, i.e. stainless steel (AISI 430), non-oriented silicon-iron (M800-50A)
and cobalt-iron (Vaco�ux 50). Measurements are performed on these material
samples to obtain the B−H characteristic. The stainless steel is a solid ring
sample, which is only statically analyzed. The M800-50A and Vaco�ux 50 are
evaluated both statically and dynamically. Two of the experimentally veri�ed
reluctance actuators are manufactured of M800-50A. The index 800 in its
name, corresponds with the maximum amount of iron losses of 8.00 W/kg
at 50 Hz with a peak magnetic �ux density of 1.5 T. The index 50 is the
lamination thickness of 0.50 mm and `A' indicates that it is a non-oriented
material sample. Vaco�ux 50 is investigated for two lamination thicknesses of
0.10 mm and 0.35 mm, which are named in this thesis as Vaco�ux 50-10 and
Vaco�ux 50-35, respectively. One of the three discussed reluctance actuators
is manufactured of Vaco�ux 50-10.

3.4.2 Material degradation

The manufacturing processes to obtain the shape of reluctance actuators de-
teriorate the magnetic properties signi�cantly. Local and global stresses, dis-
tortions and temperature di�erences in the material in�uence the magnetic
permeability and the magnetic saturation level. First of all, due to cold or hot
rolling of materials to create thin sheets for laminations, stresses are applied
to the material lattice. Other commonly applied production steps for shaping
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Fig. 3.5: Measurements on an annealed solid stainless steel (AISI 430) ring
sample versus a non-annealed one, under a dc-excitation, the B−
H characteristics (a), and the relative permeability (b).

magnetic materials are stamping, laser cutting, water cutting and electric dis-
charge machining (EDM) which is also known as wire cutting. Additionally,
welding, interlocking and shrink �tting are used to �x lamination stacks of elec-
trical machines. These production steps introduce stresses and local heating,
which in�uences besides the magnetic properties also the eddy current losses
of the laminated stacks [140, 141].

The e�ects of local stresses and heating can be signi�cantly reduced by a heat
treatment, also known as annealing. Annealing brings the material back to its
original energy state, by restoring the defects in the lattice due to deformation
and stresses. The optimal annealing procedure di�ers per material. Except for
the applied temperature, also the time and the speed with which the temper-
ature is increased and decreased, are parameters that should be optimized for
a speci�c material. The magnetic material properties are enhanced substan-
tially by the annealing procedure, as shown in Fig. 3.5(a). These measurements
are performed on two solid stainless steel (AISI 430) ring samples with a cross-
section area of 4x5 mm2 and an inner and outer diameter of 70 mm and 80 mm,
respectively. The B−H characteristic clearly shows the degradation of these
solid ring samples due to the cutting process and the e�ect of annealing on
the magnetic properties. The saturation level of the non-annealed sample has
decreased by 6 %. Additionally, the relative permeability of both ring samples
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is obtained as shown in Fig. 3.5(b). The relative permeability is decreased ap-
proximately by a factor of 2.4 due to the manufacturing process. These results
are comparable to the research results performed for di�erent edged geometries
in [56, 263, 265]. Furthermore, comparable material deterioration is seen when
lamination stacks are welded [134].

Besides the e�ects of the actuator production and shaping, global stresses on
the material have a signi�cant impact on the magnetic material properties.
The impact of these stresses is highly dependent on the material, as shown for
di�erent nickel and carbon contents in [262]. Additionally, the direction of the
stress in�uences the magnetic permeability substantially [59].

From this analysis it can be concluded that it is essential to identify the mag-
netic properties of a material sample to know the properties of the reluctance
actuator. Obviously, it is important that the material sample is obtained from
the same batch as the actuator, and it should made using the same production
method with a similar cross-section area as the actuator teeth (to have similar
edge e�ects).

3.5 Measurement of magnetic hysteresis

The magnetic characterization of materials concerns the intrinsic material prop-
erties, such as saturation magnetic �ux density, magnetic anisotropy, Curie
temperature, the magnetic constitutive relation, which consists of the hystere-
sis loops and the related hysteresis phenomena. This section focuses on the
measuring techniques of the magnetic �ux density in soft-magnetic materials
to obtain the B−H characteristics.

A large number of possible techniques to determine hysteretic phenomena are
summarized in [87]. The so-called �uxmetric techniques and the magnetomet-
ric techniques are discussed in this section. The �uxmetric techniques concerns
the analysis with a primary coil linked with the test sample to apply a magneto-
motive force, which results in a varying magnetic �eld strength in the magnetic
material, and hence also, a changing magnetic �ux density which is measured
by an induced voltage in a secondary coil. The magnetometric techniques are
based on the measurement of magnetic �elds in an open structure, such as the
airgap of a reluctance actuator. All the discussed methods analyze the macro-
scopic material e�ects, which originate from an extremely complex sequence of
microscopic processes as previously discussed in Section 3.2.

The large variety of possible states of the magnetic material, requires that the
measurements should start from a reference state. The only two possibilities
are the saturation magnetic �ux density, where all domains are oriented in the
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direction of the applied �eld, or the demagnetized state where both the mag-
netic �eld strength and the magnetic �ux density are zero (H = B = 0). The
demagnetized state can be reached by either starting from the saturation level
and slowly reducing the amplitude of an applied alternating �eld to zero, or by
cooling down the sample from its Curie temperature without any applied �eld.
The magnetization curve after the demagnetization process with the decreas-
ing alternating �eld gives the so called initial magnetization curve, whereas the
magnetization curve after thermal demagnetization is called the virgin curve,
which can be di�erent from the initial magnetization curve. Additionally, a
so called normal magnetization curve can be obtained, which coincides with
the tips of the symmetric minor loops as shown in Fig. 3.5(a). This curve is
practically the same as the initial magnetization curve.

3.5.1 Measurement methods

Methods to characterize the magnetic hysteresis curve of soft-magnetic mate-
rials are given in [3, 85, 87]. Some of the most commonly applied methods
are the measurement of the induced electromotive force on ring samples, the
Epstein frame, the double C-core for single sheets (single strips/sheet tester
(SST)), the rotational SST (RSST) in a cross-con�guration or with hexagonal
symmetry to investigate anisotropy. Local induction measurements of sheets
can be performed with the magnetoresistive sensor or with needle probes. Mi-
croscopic material properties are investigated with quantum methods using
electron and nuclear magnetic moments in magnetic materials. The quantum
methods are applied for the analysis of thin �lms e.g. the nuclear magnetic
resonance (NRM) or electron spin resonance (ESR) [85].

The most commonly applied method for identifying the magnetic properties of
soft-magnetic materials is the measurement of the �ux density variation with
a coil around a material sample, i.e. directly around a ring samples or around
strips in an Epstein frame. The most commonly applied method to obtain the
magnetic �elds in open structures is the Hall sensor. In this thesis, the B−H
characteristics are obtained from a ring sample (toroid).

The magnetic �ux density is obtained from a ring sample by a secondary
coil around the magnetic material, as de�ned in the international standard
IEC 60404-6 [117]. The changing magnetic �ux density causes an induced elec-
tromotive force resulting in a varying coil voltage, as given by Faraday's law
(2.3). The induced coil voltage is given as

Uc = −N2A
dB

dt
. (3.4)

where N2 is the number of turns of the (secondary) sensing coil and A is the
cross-section area of the magnetic material. This induced voltage is integrated
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to obtain the magnetic �ux density in the material sample. The magnetic
�eld strength is applied with a primary coil with N1 turns, and according to
Ampère's law (2.35) the applied �eld strength is given by

H =
N1I

lm
(3.5)

where I is the current applied to the primary coil and lm is the mean magnetic
path length.

For this measurement, there has to be a change of the magnetic �eld in the coil
to have an induced voltage. Therefore, the measurement of dc �elds is more
challenging, but these can be measured by integrating the induced voltage upon
coil �ipping or by the rotation or the displacement to a region without magnetic
�elds (Helmholz coil).

The most easy and �exible measurement method to obtain the magnetic �eld
strength in free air is the Hall probe measurement. The sensor consists of semi-
conducting plates, typically of GaAs or InAs crystals, which use the interaction
of a dc current with the magnetic �eld (Lorentz force) that causes a voltage
perpendicular to the current and the magnetic �elds. Besides the Hall probe,
the local �elds can be determined with a �uxgate sensor, a Ragowski-Chattock
potentiometer which is a bent coil measuring a scalar potential di�erence [1]
or a �at H-coil that can be placed at the surface of a magnetic material. The
most accurate measuring methods for obtaining the magnetic �eld strength is
the Hall probe, which does not require any integration, ampli�cation or �lter-
ing [2]. For all measurements in open magnetic structures, the positioning of
the sensor is crucial to perform accurate measurements [2, 273].

3.5.2 Applied measurement methods

In this work measurements are performed on ring samples (toroids) with the
Brockhaus GmbH MPG 200 soft-magnetic steel tester. These toroidal struc-
tures are taped with Kapton foil for electric insulation. Firstly, the secondary
coil is wound around the specimen, which can be a thin wire because a voltage
is induced but no current is circulating during the measurement. Secondly, a
primary coil with a su�cient cross-section area is also uniformly distributed
to achieve homogeneous magnetic �elds in the magnetic material. Examples
of measured ring samples are shown in Fig. 3.6. Before each measurement the
material sample is demagnetized with a sinusoidal decreasing magnetic �eld
strength, from the saturation magnetic �ux density level to zero.
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Fig. 3.6: Example of one solid toroid and two toroids with the applied
primary and secondary coils.

Dc measurement on a ring sample

The hysteretic characteristic of the soft-magnetic material samples is obtained
with a quasi-static excitation. As previously discussed, this so called dc-
measurement is in reality impossible, because the applied �eld must change
with time. Hence, inside the material Barkhausen jumps occur due to �ipping
magnetic moments and moving domains. Due to the change of the magnetic
�ux density, dynamic e�ects occur that thermally activate the material.

The applied quasi-static measurements approach a dc-excitation by controlling
the change of the magnetic �ux density such that ∂B

∂t < 30 mT/s. Before and
during the measurement the drift of the integrators is monitored, for which is
compensated after a full measurement cycle.

Ac measurement on a ring sample

The performed ac-measurements on the ring samples are also performed with
the MPG 200. The measurement instruments controls the applied current,
such that the voltage and hence also the magnetic �ux density are sinusoidal.
During a measurement the MPG 200 continuously controls the current, such
that the measured hysteresis curve is symmetric with an equal positive and
negative peak magnetic �ux density. The obtained hysteresis loop is a mean
curve from multiple cycles and, hence, the noise from the Barkhausen jumps is
averaged out. For the same reason, the accommodation e�ect of minor loops
cannot be measured with this measurement instrument as such.
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Ac measurement on a reluctance actuator

Additionally, the magnetic �ux density is obtained in two E-core reluctance
actuators as discussed in section 7.2.1. The magnetic �ux density is obtained
in the stator of the E-core actuator with a measurement coil around one of the
actuator teeth. By integration with a low-noise high-bandwidth operational
ampli�er (NE5534) the magnetic �ux density is obtained from the sensing volt-
age using the cross-section area of the tooth. The measurement of the magnetic
�ux density in the stator core of two E-core reluctance actuator is performed
under a sinusoidal current excitations between 40 and 320 Hz. Hence, only a dc
error has to be compensated for, whereas the drift of a few cycles is negligible.

3.6 Conclusions

This chapter introduces the theory of magnetic hysteresis from a microscopic
level up to the macroscopic magnetic hysteresis phenomena. Magnetic domains,
the Barkhausen e�ect, anisotropy and magnetostriction are described, which
in�uence the macroscopic B−H characteristic. Furthermore, the di�erences
between soft-magnetic and hard-magnetic materials are discussed.

The in�uence of magnetostriction and the elongation due to the actuator force
are considered insigni�cant, as their value is at least two orders of magnitude
smaller compared to the elongation due to temperature variations. The non-
congruency and accommodation phenomena in magnetic materials are only a
few percent of the total magnetic �ux density variation in reluctance actuators
and hence, these are not incorporated in the magnetic material models either.

Various commonly applied soft-magnetic materials are discussed on their ap-
plicability for high-precision reluctance actuators. The level of the saturation
magnetic �ux density and the relative permeability are important for obtaining
a high-force density, as well as the conductivity of which the level of impor-
tance is dependent on the frequency of operation. Based on these aspects
are silicon-irons and cobalt-irons considered as the most applicable materials
for reluctance actuators. Available ring samples of stainless steel (AISI 430),
silicon-iron (M800-50A) and cobalt-iron (Vaco�ux 50) are selected for the ex-
perimental veri�cation of magnetic hysteresis modeling methods in the follow-
ing chapters.

The importance of the manufacturing processes for the magnetic properties of
reluctance actuators is assessed. The e�ects of material cutting methods are
discussed and �xing methods for laminated electrical machines are addressed.
An example is given for the in�uence of annealing on the magnetic material
properties of a stainless steel ring sample. The saturation magnetic �ux density
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is decreased by 6 % while the maximum relative permeability is reduced by a
factor 2.4. Therefore, it is concluded that it is essential to identify the magnetic
material properties of a sample obtained from the same manufacturing process
as the reluctance actuator to know its material properties.

Finally, measurement methods are given for obtaining the magnetic �ux density
inside and outside magnetic materials. The applied measurement method to
obtain the B−H characteristic of ring samples is discussed in more detail. This
measuring method is used for dc- and ac-measurements on various magnetic
material samples in the remainder of this thesis.
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4

Overview of hysteresis

modeling methods

Magnetic hysteresis has been studied and modeled since the end of the 19th

century by Rayleigh (1887) [216] a decade after the contributions of Maxwell
(1873) [166]. The next signi�cant research was from Madelung who published
in 1905 [158] his study on the behavior of magnetic hysteresis loops. In 1907,
Weiss proposed the mean �eld theory of ferromagnetism [279], based on the
Langevin theory of paramagnetism [143] and introduced the fundamental con-
cept of magnetic domains and spontaneous magnetization, which is explained
in 1928 by Heisenberg in terms of quantum mechanics. From the year 1935
until now, many phenomenological mathematical models have been developed
[106, 110, 123, 132, 213, 236, 238].

In this thesis magnetic hysteresis phenomena in ferromagnetic materials are
concerned. Various other �elds of science experience nonlinear hysteresis phe-
nomena, e.g. ferroelectric hysteresis, mechanical hysteresis, superconducting
hysteresis, adsorption hysteresis, optical hysteresis, electron beam hysteresis,
economic hysteresis, etc. [151]. The research on these di�erent types of hystere-
sis phenomena has resulted in numerous mathematical models. An overview is
given of the available modeling methods for ferromagnetic materials.

Generally, magnetic hysteresis models can be divided into physical and phe-
nomenological models, which have its origin in two di�erent disciplines of re-
search within magnetic hysteresis modeling. On the one hand, magnetic mate-
rials are modeled on microscopic scale (thin �lms) by chemists and physicists,
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in e.g. material research and magnetic recording. On the other hand, hystere-
sis is researched and modeled on macroscopic scale within, e.g. transformers,
motors and (piezoelectric)actuators.

The physical based models tend to describe micromagnetic e�ects on one or
a few particles. These models describe the domain wall movement, which is
orders of magnitudes smaller than the macroscopic behavior that is observed in
e.g. toroids or strips. The models can only be solved numerically for very simple
magnetic systems in magnetic �elds, and become computationally expensive
when being applied for macroscopic magnetic phenomena [151]. Nevertheless,
many properties of the various phenomenological hysteresis models, attribute
their behavior to micromagnetic material phenomena.

In the following sections, an overview of six commonly applied phenomeno-
logical hysteresis models is given, namely, Preisach model [26, 64, 167, 213],
Jiles-Atherton model [123, 124], play and stop model [132], positive-feedback
model [102], �nite element method [49], and complex impedance method [269].
The history of these modeling methods is discussed and the models are qualita-
tively compared on their applicability for the modeling of reluctance actuators.
The hysteresis models are evaluated on the following three criteria:

(a) The hysteresis model can be combined with the proposed magnetic equiv-
alent circuit (MEC) method for the modeling of reluctance actuators.

(b) It should be possible to have an arbitrary current excitation as model
input and hence, arbitrary minor loops should be modeled as function of
the magnetic �eld strength B(H).

(c) Rate-dependent magnetic material e�ects should be possible to incorpo-
rate.

The modeling methods are discussed and �nally an overview is given, which
summarizes the model properties related to these three criteria. The modeling
methods are qualitatively evaluated on their applicability for the modeling of
magnetic hysteresis in reluctance actuators.

4.1 Preisach model

History

The classical Preisach model (CPM), described in 1935 by Preisach [213], is
originally a purely intuitive model concerning the physical mechanisms of mag-
netization. In those times the model was considered as a physical model of
hysteresis with the hysteresis operators as representation of switching domains,
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the so called Barkhausen jumps. However, years later the local magnetic be-
havior could not be explained with the Preisach models [267]. Nevertheless, the
mathematicians Krasnosel'ski�� and Pokrovski�� [132] developed a mathematical
description of the Preisach hysteresis model, such that it could be applied in
various systems with hysteresis.

The Preisach model has been extended over the years with various generaliza-
tions. The classical Preisach model is improved with a reversible part, which
resulted in the generalized Preisach model (GPM) [171]. The non-congruency
of magnetic materials is modeled with the moving Preisach model [64] (MPM),
the product Preisach model [127], the nonlinear Preisach model [171] and the
average Preisach model [4]. The generalized moving Preisach model (GMPM)
is described in [16] and the moving and product models are compared in [126]
and [255]. Incorporation of a dynamic (rate-dependent) excess loss component
is introduced by Mayergoyz [169] and Bertotti [27] (DPM/GDPM). Accom-
modation is included as an extension to the moving Preisach model by an
additional input dependent term [66, 67, 169]. Finally, magnetostriction [169]
and vector Preisach models [168] are also discussed by Mayergoyz.

Afterwards, Basso and Bertotti (1995) [21] succeeded to connect the macro-
scopic Preisach model and its generalizations to the physical microscopic mag-
netization mechanisms in soft-magnetic materials. Others described how the
micromagnetic magnetic material phenomena are related to the macroscopic
Preisach model from an energy point of view [257]. Nevertheless, the Preisach
model is considered as a phenomenological model, which is able to include
numerous physical properties with the many generalizations.

Model characteristics

Although the evolution of the Preisach model has dominantly been in the re-
search on magnetic media, this model is also considered suitable in other �elds
of research, e.g. in �nite element implementations [63, 109, 207], in transformer
models [12], in piezoelectric actuator models [94, 155] and in reluctance actu-
ator models [178]. This broad applicability is one of the major advantages of
the Preisach model.

The magnetic hysteresis representation of the Preisach model is given by

M(t) =

∫∫

Hu≥Hd
Φ(Hu, Hd)m̂(Hu, Hd)H(t)dHudHd (4.1)

where M(t) is the magnetization, Φ is the weight function, m̂ is the hysteresis
operator, as illustrated in Fig. 4.1, H(t) is the magnetic �eld strength, and
Hu and Hd are the `up' and `down' switching decision variables describing the
width and o�set of the hysteresis operator. The hysteresis as shown in Fig. 4.1
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m̂

+∆m

−∆m

HHuHd

Fig. 4.1: Rectangular loop of the simplest magnetic hysteresis operator for
the Preisach model.

is the most simple hysteresis operator, of which an in�nite set is incorporated
in the model as thoroughly explained in the following chapter.

The Preisach model is the most applied magnetic hysteresis model in litera-
ture, and the model has been extended to describe most magnetic phenomena.
Moreover, continuous analytical distribution functions can be applied, which
are preferred for the stability of the modeling method, while a numerical Ev-
erett function can be used as well. A disadvantage of the Preisach model is
that it is relatively complicated to invert the Preisach model [68], which is nec-
essary to obtain the magnetic �eld strength, H, from the magnetization, M ,
for control purposes or for the implementation in FEM simulations [60, 247].
In this thesis, inversion is not considered.

For the qualitative comparison of the modeling methods, the three criteria for
the modeling of reluctance actuators are subsequently discussed. Firstly, the
Preisach model can be combined with the magnetic equivalent circuit (MEC)
method [12]. Secondly, the Preisach model inherently describes minor loops
and �rst-order-reversal-curves [69], which is a necessity for the simulation of
arbitrary currents in actuators. Thirdly, the modeling of dynamic e�ects is not
included, but this can be incorporated as one of the generalizations. There-
fore, the Preisach model is considered as an appropriate candidate to predict
magnetic hysteresis e�ects in reluctance actuators.
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4.2 Jiles-Atherton model

History

The Jiles-Atherton (JA) model is a more recent model obtained by Jiles and
Atherton in 1984 [123], in which they relate their �ndings to the pinning sites
of domains [131] and domain wall motion. The shape of the Jiles-Atherton
hysteresis loop is obtained from micromagnetic behavior as discussed by Tebble
and Craik in 1969 [251]. In this way, the creators tried to bring forth a physical
based magnetic hysteresis model.

Despite their e�orts, the model is not considered as a physical model for several
reasons. Most parameters of the Jiles-Atherton model cannot be measured
directly and hence, must be obtained by functional �tting. An example is the
anhysteretic part of the Jiles-Atherton model, which is obtained by applying
the Langevin function [143] as the only anhysteretic function. Additionally,
according to Zirka et al. [296], �the non-physicality of the Jiles-Atherton model
manifests itself in practical errors when it is extended to a dynamic hysteresis
model.�

More recently, the Jiles-Atherton model is evolved by changing the Langevin
function with the original Brillouin function [32, 34]. In addition, Chwastek [46,
48] generalized the Jiles-Atherton model such that it is stable in modeling minor
loops and rate-dependent hysteresis e�ects [47]. The inclusion of dynamic
hysteresis phenomena shows resemblance to that presented for the Preisach
model by Dupré [75], likewise the non-congruency property is included similarly
as the product model [127] implementation applied to the Preisach model.

Model characteristics

The reason that the Jiles-Atherton model has become one of the most com-
monly applied models is that it is originally based on micromagnetic properties
in contradiction to the already evolved Preisach model. In addition, the Jiles-
Atherton model is de�ned by analytical functions, which are described by �ve
parameters only. Hence, functional �tting algorithms can easily be applied to
obtain the optimal Jiles-Atherton model for a speci�c material and the simu-
lation is relatively fast.

A disadvantage of the Jiles-Atherton model is that the shape of the constitutive
relation is partly de�ned, because the Langevin function describes the anhys-
teretic part of the B−H curve. Furthermore, negative slopes of the di�erential
permeability can occur in the Jiles-Atherton model [72, 296], which leads to
instability in simulations.
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In principle, the Jiles-Atherton model can be combined with the MEC method
for the modeling of reluctance actuators. However, with the Jiles-Athereton
model it is intrinsically impossible to model physically-reasonable arbitrary
minor loops [106]. Minor loops can only be modeled under the condition that
a priori both, the maximum and minimum values of the minor loop are known.
The dynamic material properties can be incorporated similarly as presented in
Chapter 6. Nevertheless, the Jiles-Atherton model is considered not suitable
for the modeling of reluctance actuators.

4.3 Play and stop models

History

The history of the play- and/or stop-type models have its origin in the de-
scription of ferromagnetic hysteresis by Rayleigh in 1887 [216], which model is
equivalent to the Prandtl-Ishlinski�� model of the play-type. In 1928, Prandtl
introduced a more general hysteresis model applied for elastoplastic materi-
als, obtained by composing a family of linear stops. This model was studied
by Timoshenko (1930) and Ishlinski�� (1944). The evolved model is named af-
ter Ishlinski�� in Russian literature, but in this work the model is called the
Prandtl-Ishlinski�� model, as in most western publications.

In 1970, Krasnosel'ski�� and other mathematicians proposed a mathematical
formulation of the Prandtl-Ishlinski�� model in terms of hysteresis operators.
Their research in the following decade resulted in the book of Krasnosel'ski��
and Pokrovski�� [132]. This work was the mathematical basis for the description
of hysteresis with elementary hysteretic operators, i.e., `relay', `play' and `stop'
operators. As previously discussed, a similar relay representation is also used by
Mayergoyz to describe the Preisach model [169], which boosted the popularity
of that model in the nineties. Simultaneously, the popularity of the Prandtl-
Ishlinski�� (stop) and Krasnosel'ski��-Pokrovski�� (play) models diminished. The
monographs of Visintin in 1994 [267] and of Brokate and Sprekels in 1996 [35]
returned the interest of researchers in the play and stop models again.

Nowadays, the play- and stop-type models are often used for modeling nonlin-
ear hysteretic behavior of piezoelectric [70], piezoceramic [7], magnetostrictive
[11, 249] and shape memory alloy (SMA) actuators [5, 6, 9, 286]. Generaliza-
tions of the play and stop models are also applied for the prediction of magnetic
hysteresis [31, 161, 162] with an envelope function similar to the Preisach dis-
tribution functions.
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Fig. 4.2: The hysteresis diagram of the play-type model (a), and the stop-
type model (b).

Model characteristics

The play mechanism, as described by the play-type model, is known in en-
gineering as a friction-controlled backlash, from which the hysteresis diagram
is shown in Fig. 4.2(a). The second mechanism, described by Prandtl, is the
stop-type model based on elasto-plasticity. It describes the behavior of a mass
connected to a spring, while the body encounters friction. The corresponding
hysteresis operator is shown in Fig. 4.2(b) [267]. It is clear from these �gures
that both, the play-type model and the stop-type model are variants of the
hysteresis operator used in the Preisach model. The di�erences between each
of these three hysteresis operators, i.e. `relay', `play' and `stop' operators, is
discussed in [119] from a control perspective.

Intrinsically, the play and stop models are rate-independent just as the classi-
cal Preisach model. An other disadvantage is the inability to model saturation
e�ects present in magnetic materials in its classical formulation. This aspect
explains the popularity in modeling piezoceramic and magnetostrictive actua-
tors, in which limited saturation occurs in the working range of the actuator [8].
Nevertheless, generalizations are developed for both drawbacks as elaborated in
[35]. In [5, 6], the hyperbolic tangent function is proposed as envelope function
to incorporate saturation e�ects and a generalized Prandtl-Ishlinski�� model is
proposed that incorporates rate-dependent e�ects. In [163], Matsuo describes
several identi�cation methods to obtain the optimal envelope function.

The elementary advantage of combining the play- and stop-type models is their
duality, as the stop-type model is appropriate to represent the inverse of the
play-type model [9, 31]. Play- and stop-type models that can be set up by both
operators, are referred to in the literature as Prandtl-Ishlinski�� models [132]. It
is shown in [31] that the numerical inverse of both B = B(H) and H = H(B)
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can be applied complementary, which is also useful for control theory and FEM
modeling. Recently, the Prandtl-Ishlinski�� model is even analytically inverted
[286], in contradiction to the Preisach model and the Krasnosel'ski��-Pokrov-
ski�� model, which inverse is obtained numerically with the Everett function (as
discussed in Section 5.3).

The characteristics of the play- and stop-type models including the generaliza-
tions are similar to the Preisach hysteresis model. The model can be combined
with the MEC method, arbitrary inputs can be applied and the model can
be extended to include the dynamic e�ects. Hence, the models are considered
suitable for the modeling of reluctance actuators.

4.4 Positive-feedback model

History

The positive-feedback (PFB) model is one of the most recent hysteresis models.
The model is introduced by Harrison in 2003 [102], and is based on micromag-
netic hysteresis phenomena as described in 1935 by Landau and Lifshits [142].
The model is presented as a full physically-based magnetic hysteresis model,
which can be applied to macromagnetic phenomena by normalization to the
speci�c magnetic �elds.

Harrison extended the model to include the initial-magnetization from its de-
magnetized state [103]. Later �rst-order reversal curves [104] and higher-order
reversal curves (minor loops) [105, 106] are included, which lead to the gener-
alized positive-feedback theory (G-PFB). Finally, Harrison succeeded to deter-
mine the Curie temperature with the positive-feedback theory [107], all based
on micromagnetic material properties, which underlines that it is a physically-
based modeling method.

Model characteristics

The positive-feedback model consists, similarly as the Jiles-Atherton model, of
an anhysteretic part and a hysteretic part. As in the Jiles-Atherton model,
the anhysteretic part is derived with the physically-based Langevin function
[143], although any mathematical (or tabulated) function can be applied for
the anhysteretic part to describe non-Langevin behavior [106]. The anhys-
teretic mechanism occurs at the mesoscopic scale of the domains, which act
like classical-physics particles.

The origin of the hysteretic part is the quantum mechanics based Brillouin
function [34, 45, 57], which describes the atomic magnetization of Bohr mag-
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Fig. 4.3: Positive-feedback mechanism corresponding to Equation (4.2)
with A = αMs and K = µ0βmB
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netons. This e�ect is scaled up to the size of domains by the scalar, β, which
is de�ned as the average number of Bohr magnetons aligned in the direction of
its magnetization. In this theory, all instances of the irreversible magnetization
are due to the quantum-mechanical positive-feedback mechanism of magnetic
hysteresis [106], which is also described by Visintin [267] and Bertotti [28]. The
hysteretic positive-feedback part of the model is illustrated in Fig. 4.3 and can
is expressed as,

M

Ms
= tanh

[
µ0βmB

kbT
(Hq + αM)

]
(4.2)

where M and Ms are the magnetization and saturation magnetization, respec-
tively, µ0 is the permeability of vacuum, mB is the Zeeman energy of the
Bohr magneton, kb is the Boltzman constant, T is the temperature, Hq is
the quantum-mechanical �eld contribution, and α is the Weiss exchange-�eld
coe�cient.

Additionally, a demagnetizing �eld contribution must be incorporated for hard-
magnetic materials. The demagnetization is linearly related to the magneti-
zation and all the contributions are scaled to the atomic magneton scale and
added. The summation of the contributions is equivalent to the linear energy
summation and similar to the addition of �eld contributions. The total mag-
netic �eld strength is obtained by multiplication with the average number of
magnetons in the material.

Modeling of �rst-order reversal curves and higher-order reversal curves is dis-
cussed in [105] and [106], respectively. The history dependency and wiping-out
property are incorporated by memorizing the pre- and post-reversal points. In
addition, the model incorporates the non-congruency of magnetic materials and
the whole theory is contained in four algebraic equations. The positive-feedback
model is validated for a wide range of soft- and hard-magnetic materials with
a coercive �eld strength, Hc, ranging from 18 A/m to 1.35 · 106 A/m [106], but
no rate-dependent e�ects are incorporated.

A disadvantage of the positive-feedback model is that the output is the mag-
netic �eld strength, H, for a given magnetization, M . This input-output rela-
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tion of the positive-feedback model makes it incompatible for the applied MEC
model, whereas, this input-output relation is advantageous for FEM models
and control purposes. The positive-feedback model can describe minor hystere-
sis loops due to arbitrary current excitations. Up to now, no dynamic e�ects
are incorporated, and it cannot be combined with the later proposed dynamic
material model in Chapter 6. It can be concluded that the positive-feedback
model is not applicable for reluctance actuators. Nevertheless, the physical
based derivation of the model is promising for further research on magnetic
materials.

4.5 Finite element method

History

The history of magnetic hysteresis modeling in �nite element methods (FEMs)
is limited, because computers are only recently capable to include the com-
putational expensive hysteresis models in their simulations. The �rst known
2d FEM implementation including magnetic hysteresis is from Ossart and Me-
unier (1991) [196], where a polynomial model is used to incorporate some mag-
netic hysteresis phenomena. Shortly after that, the �rst Preisach implementa-
tion followed by Henrotte et al. [109]. From that time on, the Preisach model
became the most popular hysteresis model for FEM simulations and hence,
these implementations improved over the years [63, 207]. The 2d FEMs have
been further extended with dynamic eddy current e�ects [175], or vector im-
plementations [76, 81]. Simultaneously, the 3d FEM has been combined with
the scalar Preisach model [147], and the vector Preisach model has been imple-
mented for the 3d BEM [215]. Meanwhile, other researchers improved the con-
vergence of the FEM computations including magnetic hysteresis [13, 217, 228].

Besides the Preisach implementations, neural networks are applied for hys-
teresis modeling in the FEM [229, 230], the Jiles-Atherton model is applied
in 2d FEM [146, 226], and the rate-dependent vector play model is discussed
[177]. Nevertheless, none of all above mentioned hysteresis implementations
are incorporated in a commercial available FEM package.

The �rst implementation of magnetic hysteresis in commercial 2d FEM soft-
ware has been presented in 2001 [218], although it never became commercially
available. Generally, FEM software packages include nonlinear materials and
the iron losses can be obtained in the post-processor. For example in Flux [43]
it is an option to calculate the iron losses according to the Bertotti loss model,
as described by (6.6).

One of the few commercial software packages that include magnetic hysteresis
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in its 2d- and 3d-simulations, is Opera from Vector Fields [49]. Recently, this
FEM package has been used for electromechanical systems [176]. 2d FEM
simulations including hysteresis have been performed for a four-pole permanent
magnet generator and 3d FEM simulations have been performed for a hysteresis
motor. Additionally, in [219], 2d FEM simulations are evaluated in a transient
analysis including magnetic hysteresis on a solenoid valve.

Model characteristics

The simulation software of Vector Fields uses only the left part of the major
hysteresis curve as model input. The data points of the inserted major loop
are approximated with a cubic spline �tting method to reduce the number of
points. The software uses this tabulated data to create a hysteresis model
based on transplantations [246, 288]. The behavior of minor loops is obtained
by empirical Madelung rules. A list of turning points is memorized and updated
during the simulation for each �nite element [176]. The detailed algorithm of
the �nite element software is unknown because of commercial interests.

The geometry of the actuator is described in the FEM as well as the magnetic
hysteresis in the core of the ferromagnetic material. Furthermore, arbitrary
current excitations can be applied to model minor loops of magnetic materi-
als, both for static and dynamic simulations. However, rate-dependencies for
arbitrary currents in laminated structures are challenging, due to two orders
of magnitude di�erence in mesh elements between the laminations and the
isolation. An anisotropic conductivity can be incorporated to model a stack
of laminations with a solid structure [100], but this is only valid for a �xed
excitation frequency.

A major disadvantage of the 2d/3d FEM analysis is the long simulation time,
especially when besides magnetic hysteresis also eddy currents are taken into
account. The 2d FEM simulations are in the order of hours, while the 3d FEM
simulations can take one to four days, depending on the complexity of the ac-
tuator model and convergence of the iterative solver [219, 278]. It is concluded
that it is very interesting to examine the FEM package including magnetic
hysteresis on its suitability for the modeling of magnetic hysteresis phenomena
in reluctance actuators.
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4.6 Complex impedance method

History

One of the �rst applications of the complex impedance method for magnetic
hysteresis dates back to Steinmetz in 1900 [237]. He thoroughly studied mag-
netic hysteresis phenomena and wrote his monograph to complement his ear-
lier research on describing hysteresis losses with the Steinmetz equation (1892)
[236], as discussed later in Section 6.1.

Years later in 1934, Gall and Sims [90] extended this analysis with the complex
permeability, µ = (a− jb), and described it in a vector diagram. Furthermore,
the shape of the elliptic hysteresis model was altered by the addition of higher
order sinusoidal B−H relations.

The representation of magnetic hysteresis with a phase lag between the mag-
netomotive force and the �ux, which is equivalent to a complex permeability, is
also often applied for the analysis of hysteresis motors. The elliptic hysteresis
curve was introduced for the hysteresis motor in 1965 by Miyairi and Kataoka
[180], which is further analyzed in the seventies and eighties [187, 195, 231, 285].
Nowadays, elliptic models are applied for modeling magnetic hysteresis in piezo-
electric actuators [95, 96] and magnetostrictive actuators [252].

Model characteristics

The complex impedance method is an easy and fast model to describe some
magnetic hysteresis e�ect. The elliptic behavior of minor loops in a non-
saturated actuator can be translated to a complex impedance. The resultant
of the complex impedance method is a rate-dependent phase delay between the
current and the voltage or equivalently H and B, respectively.

This hysteresis model does not model any physical representation of magnetic
hysteresis. The analogy of magnetic hysteresis with an elliptic model is based
on the fact that non-saturated minor loops have an elliptic shape and that
eddy currents intrinsically result in a phase delay between the current and the
magnetic �ux density.

The complex impedance method is considered rate-dependent in case the phase
delay is adjusted with the frequency. The phase delay can e.g. be obtained
from measurements, and it can be modeled by a magnetic reluctance with a
complex magnetic permeability

˙Zfe =
lfe

µ0µ̇rAfe
(4.3)
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where lfe and Afe are the magnetic path length and the cross-section of the
ferromagnetic material, respectively. The complex relative permeability is given
by

µ̇r = µrcos(δ)− jµrsin(δ) = µ′r − jµ′′r (4.4)

The complex impedance method can easily be incorporated in the reluctance
actuator model and can describe dynamic material e�ects. A disadvantage is
that it can only model sinusoidal excitations and hence, the model is unable
to cope with arbitrary current inputs. Despite that the complex impedance
method does not have all desired model characteristics, it is evaluated for the
modeling of magnetic hysteresis because of its speed and simplicity.

4.7 Other models

Besides the previously discussed hysteresis representations, it is worthwhile to
acknowledge three other models, i.e. the Stoner-Wohlfarth [238], Coleman-
Hodgdon [52, 110] and Takács [245] model. From which the �rst model is
a vector based hysteresis model, describing domain size magnetization with
an ellipsoid pointing in the magnetization direction. Because of the applied
reluctance actuator model (the MEC method) only a scalar hysteresis model
is applicable. The second model, is an extension of the di�erential Duhem
model [71], and is often applied to model piezoelectric actuators [82, 174], but
it is less applied for hysteresis modeling in ferromagnetic materials. The third
model is an hysteresis model based on �tting the hyperbolic tangent function.
Its mathematical formulation incorporates minor loops, but more importantly
the inverse function is rather easily obtained analytically [246]. However, no
literature has been found on the veri�cation of the model on measured magnetic
hysteresis loops.

4.8 Conclusions

An overview has been given on the evolution of hysteresis modeling in general,
and speci�cally for six hysteresis modeling methods. The history of these meth-
ods shows their acceptance by the scienti�c community in time, and discusses
the major contributors. Additionally, the hysteresis models have been qualita-
tively discussed on three criteria to stipulate their ability to model magnetic
hysteresis in reluctance actuators, which is summarized in Table 4.1. The three
criteria are subsequently discussed for the six modeling methods.
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Table 4.1: Hysteresis model comparison, based on the three criteria for
hysteresis modeling in reluctance actuators.

XXXXXXXXXXCriteria
Method

P-M J-A P&S PFB FEM CIM

(a) Actuator model + + + - + +

(b) Arbitrary input + - + + + -

(c) Rate-dependency o o o o o +

(a) The hysteresis model can be combined with the proposed MEC method
for the modeling of reluctance actuators.

Considering the �rst criterion for the evaluation of the modeling methods on
their applicability for reluctance actuators, only the positive-feedback model
(PFB) is considered incompatible, as indicated in Table 4.1. This is the only
model with, instead of the magnetic �ux density, the magnetic �eld strength as
modeling output, which is necessary for the applied MEC method. The other
models can be combined with the MEC model, except for the FEM which
intrinsically incorporates the magnetic geometry of the reluctance actuator.

(b) It should be possible to have an arbitrary current excitation as model
input and, hence, arbitrary minor loops should be modeled as function
of the magnetic �eld strength B(H).

The Jiles-Atherton (J-A) model and the complex impedance method (CIM)
are the only two hysteresis modeling methods from the evaluated methods,
that are not capable of modeling arbitrary current inputs. The Jiles-Atherton
model can only incorporate minor loops when the maximum and minimum
magnetic �eld strengths are a priori known. The complex impedance model,
as it is evaluated here, uses a constant phase delay, which is only applicable
for sinusoidal excitations. The other modeling methods do incorporate minor
loops due to an arbitrary input.

(c) Rate-dependent e�ects should be incorporated with the combination of
hysteresis and actuator models.

Only the complex impedance method can incorporate dynamic e�ects in its
analysis, when a frequency-dependent phase delay is applied. The FEM has
the option to give a conductivity to the material, which results in the in-
corporation of the rate-dependent e�ects. However, reluctance actuators are
often manufactured of stacked laminated sheets of magnetic material, which
is modeled with an anisotropic conductivity. This anisotropic conductivity is
frequency-dependent and hence, no dynamic e�ects of arbitrary excitations can
be incorporated in this case. The other modeling methods do not incorporate
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rate-dependent e�ects, but these methods can be extended with a dynamic
magnetic material model as presented in Chapter 6.

Based on the qualitative comparison it can be concluded that the Preisach
model (P-M), the play- and stop-type models (P&S) and the FEM are quali�ed
equally well regarding all three criteria for hysteresis modeling in reluctance
actuators. The Preisach model and the play- and stop-type models are both
applicable and can be similarly combined with the MEC method. The Preisach
model is selected, because it has a long history with numerous improvements
and is widely accepted in the scienti�c community.

Additionally, the FEM is selected, because it is the most applied analysis tool
for electromagnetic systems. The major disadvantage of the FEM is the high
computational e�ort, which is in the order of hours to several days, compared
to milliseconds to seconds for the other methods. The limited computational
e�ort and the simplicity of the complex impedance model are the major reasons
for selecting this modeling method.

In the following chapters, the Preisach model is extensively elaborated and
experimentally veri�ed with measurements. Additionally, the FEM and the
complex impedance method are further examined on the prediction of magnetic
hysteresis phenomena in the force of reluctance actuators.
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5

Preisach hysteresis model

As discussed in the previous chapter, the scalar Preisach model has evolved
over the years from the classical form [213] to the moving model [55, 64], gen-
eralized model [65] and generalized dynamic Preisach model [73], which are all
scalar models. Additionally, these models have been extended and described in
vector form [77, 169]. Recent contributions of vector hysteresis models [37] and
benchmark problems [22, 38] express the ongoing interest in this �eld. In this
chapter, the generalized scalar Preisach model is elaborated, and the dynamic
e�ects of eddy currents and excess losses are incorporated in Chapter 6. As
previously discussed in Chapters 2 and 3, the scalar representation of magnetic
hysteresis is considered su�cient for reluctance actuators. Besides the fact that
vector hysteresis cannot be measured with the available soft-magnetic material
tester, it is assumed that the vector properties of the applied non-grain oriented
laminations are small.

The most general representation of any hysteresis, is illustrated in Fig. 5.1(a)
with an arbitrary input, u(t), the hysteresis transducer, HT, and a variable out-
put, f(t) [132, 168, 171]. The hysteresis transducer is de�ned in [169] as follows,
�. . . it is called a hysteresis transducer if its input-output relationship is a multi-
branch non-linearity for which branch-to-branch transitions occur after input
extrema.� Similarly, hysteresis can be expressed as, f(t) = HT(u, upast)u(t),
where the hysteresis transducer incorporates a nonlinearity with a memory
based on the past input extrema, upast, that determines the branches/transition
curves. As a consequence, for each point in the f − u characteristic an in�nite
number of curves exists which results in the speci�c values of the corresponding
input and output.



80 Chapter 5: Preisach hysteresis model

(a) (b)

H(t) M(t)
P-M

u(t) f(t)
HT

Fig. 5.1: Elementary model of hysteresis with, the hysteresis transducer
(HT) (a), and the magnetic equivalent with the Preisach model
(P-M) (b).

The magnetic equivalent of the hysteresis representation with the Preisach
model, is shown in Fig. 5.1(b), where the input is the magnetic �eld strength,
H(t), the transducer is for example the Preisach model (P-M), and the output is
the magnetizationM(t). In case this same representation is used for mechanical
hysteresis, the input, u(t), is the force in Newtons and the output, f(t), is the
displacement in meters.

In the analysis of magnetic systems (with or without) magnetic hysteresis, the
magnetic �eld strength is often unknown. The local magnetic �eld strength
has to be determined by the interaction with other elements in the system,
e.g. coils, permanent magnets, the particular shape, airgap length, etc. In
this thesis, the magnetic equivalent circuit (MEC) method, as explained in
Section 2.5, is used to calculate the local magnetic �eld strength as input for
the Preisach model.

Only for a closed magnetic circuit with a homogeneous magnetic �ux density,
the magnetic �eld strength is unambiguously obtainable from the dimensions,
the number of coil turns and the applied current. For that reason, the scalar
Preisach implementations are �rst examined on the prediction of the magnetic
�ux density in closed, toroidal, soft-magnetic samples in Section 5.4. There-
after, the implementation of the generalized Preisach model as part of a mag-
netic system is discussed in combination with a MEC model in Section 6.4.

In Section 5.1, the classical Preisach model is elaborated, the implementation of
which is mainly based on the work of Mayergoyz [169], Bertotti [28], and their
mutual publication [29]. For completeness of this work, the applied Preisach
model is fully explained with an example of an arbitrary input signal, which
is similar to the example in [169]. In Section 5.2, the generalizations of the
Preisach model are discussed. The applied Preisach distribution functions are
introduced in Section 5.3. The simulation procedure is discussed and �nally
simulations are compared to measurements performed on four ring samples, in
Section 5.5. The contributions of this chapter have been published in [272, 273].
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5.1 Classical Preisach model

The classical Preisach model can describe rate-independent hysteretic behavior,
which means that the hysteretic nonlinearity is only determined by the past
extreme values of the input and the evolution of the output does not depend on
the speed of the input changes. The mathematical description of the classical
Preisach model consists of an in�nite set of simple hysteresis operators, γ̂αβ ,
as illustrated in Fig. 5.2. In this representation, it is assumed that α ≥ β
and the values of these switching variables are di�erent for each hysteresis
operator. The only two outputs of these two-position relays are γ̂αβu(t) = +1
and γ̂αβu(t) = −1, which depends on the current, u(t), and past, upast, input
value.

As the input, u(t), monotonically increases, the ascending branch abcde is
followed. When the input is decreased the descending branch edfba is followed.
Hence, this simple hysteresis operator already models a nonlinearity with local
memory. To complete the hysteresis model a weight function is inserted in
the Preisach plane P (α, β), which is also known as the Preisach function. The
resulting classical Preisach model follows as

f(t) =

∫∫

α≥β
P (α, β)γ̂αβu(t)dαdβ (5.1)

with switching variables α and β. This model can be interpreted as a discrete
but continuous, analog system of n parallel connected relays, as illustrated in
Fig. 5.3. Each single branch has its own hysteresis operator that functions as
decision variable and weight function, which determine the steepness of the hys-
teresis function. Although magnetic hysteresis phenomena are considered, the
general hysteresis form (5.1) is used to describe the properties of the classical
Preisach model in this chapter, instead of the magnetic representation (4.1),
given in previous chapter.

The in�nite number of hysteresis relays of the continuous hysteresis model are
distributed over a triangular Preisach plane, as shown in Fig. 5.4. The Preisach
plane is a triangle limited by the line α = β and the coordinates α0 and β0

with β0 = −α0. The hysteresis operator γ̂αβ is directly related to the point
(α, β) on the Preisach plane by the past extrema of the input, u(t).
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Fig. 5.2: Rectangular loop of the simplest magnetic hysteresis operator for
the Preisach model.

u(t) f(t)
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γ̂α2β2

γ̂αnβn

P (α1, β1)
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Fig. 5.3: Continuous analog discrete block diagram of parallel connected
hysteresis operators.
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(α0, β0)

T

α

β

(α, β)

γ̂αβ

Fig. 5.4: Representation of the Preisach plane.
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5.1.1 Model properties

The hysteresis properties of the classical Preisach model are discussed by an
example with an arbitrary input sequence, which shows similarities with the in-
terpretation of Mayergoyz [169] pp.7-17. The speci�c properties of the Preisach
model which are discussed are the following: the major and minor loops, rever-
sal points, history dependency, the wiping-out property, and congruency. The
properties of the classical Preisach model are explained with a normalized con-
stant distribution in the Preisach plane, because the discussed properties are
independent of the Preisach distribution, P (α, β). The Preisach distribution
includes the shape of the material speci�c hysteresis loop, and is elaborated on
in Section 5.3.

Example: An arbitrary input signal is generated and separated into �ve sec-
tions as shown in Fig. 5.5(a)-(e), which are discussed subsequently. For the
rate-independent classical Preisach model, the excitation speed is irrelevant
and hence, the saw-tooth signal of Fig. 5.6(a) results in the same input-output
characteristic as the arbitrary input shown in Fig. 5.5(e). The corresponding
input-output characteristic, u− f , is shown in Fig. 5.6(b), where the the dots
a - h represent the speci�c points that are discussed and explicitly visualized
in Fig. 5.7(a)-(h) and Fig. 5.8.

The �rst part of the arbitrary input, as shown in Fig. 5.5(a), starts at t0 from
m0, which corresponds with β0 = −1, in the normalized Preisach plane. Hence,
at t0 the outputs of all γ̂-operators are equal to −1, which corresponds with
negative saturation of the hysteresis model. When the input increases, the
horizontal line α = u(t) moves upward to the point α1 = M1, as graphically
illustrated by the arrow on the line α = β in Fig. 5.7(a). At this instance of
time, the triangle is geometrically divided into two sets, S+(t) and S−(t) in
which the γ̂-operators are equal to +1 and −1, respectively. The hysteretic
output is then obtained by the Preisach integral (5.1) which can be partitioned
over the positive and negative sets as

f(t) =

∫∫

S+(t)

P (α, β)γ̂αβu(t)dαdβ+

∫∫

S−(t)

P (α, β)γ̂αβu(t)dαdβ. (5.2)

Hence, an instantaneous output depends on the subdivision of the Preisach
plane and can be written as

f(t) =

∫∫

S+(t)

P (α, β)dαdβ −
∫∫

S−(t)

P (α, β)dαdβ (5.3)

since γ̂αβu(t) = +1 in set S+(t), and γ̂αβu(t) = −1 in set S−(t).

After reaching the �rst maximum, M1, the input is decreased to the value
β1 = m1, which is modeled in the Preisach plane by a vertical line, β = u(t),
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Fig. 5.5: Evolution of the history dependent maximum and minimum val-
ues dependent on the random input signal (a)-(e).
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Fig. 5.6: Saw-tooth excitation with an equivalent sequence of the minima
and maxima of the input signal of Fig. 5.5(e) (a), and the corre-
sponding normalized input-output relation (b). In both �gures,
the points a - h are related to Fig. 5.7(a)-(h) and Fig. 5.8.

and is also illustrated by the arrow in Fig. 5.7(b). This procedure divides
the Preisach plane by horizontal and vertical lines, which follow from the past
extreme values of the input. The resulting input-output relation of the Preisach
model for the input of Fig. 5.5(a) is graphically shown in Fig. 5.8(a). The
�rst part of the curve up to the �rst maximum follows the major loop of the
hysteresis model and the second part of the decreasing input is called a �rst-
order reversal curve/branch.

The adjacent random input interval is shown in Fig. 5.5(b), where the input is
increased to a value larger than the previous maximum, which closes the �rst
minor loop and wipes-out both, the �rst maximum M1 and the minimum m1

of this minor loop. Afterwards, the input is slightly decreased to β1 = m1, and
the corresponding Preisach plane is illustrated in Fig. 5.7(c). Increasing the
input up to, or beyond α0 completes the lower limiting branch of the major
loop, as shown in Fig. 5.8(b). At this point, positive saturation is reached and
all previous minima and maxima are wiped out, as this is the largest possible
input value. This is illustrated in the Preisach plane in Fig. 5.7(d).

Next, the input is decreased from positive saturation to a new minimum m1,
as shown in Fig. 5.5(c), which results in the upper part of the major loop, as
shown in Fig. 5.8(c). The corresponding Preisach planes for the new minimum
and maximum are shown in Fig. 5.7(e) and (f), respectively. The following
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Fig. 5.7: The Preisach planes resulting from arbitrary input signal of
Fig. 5.5 and 5.6. The corresponding input-output relations are
shown in Fig. 5.8.
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Fig. 5.8: Input-output relation of the classical Preisach model at the vari-
ous time instances of the arbitrary input as shown in, Fig. 5.5(a)
(a), Fig. 5.5(b) (b), Fig. 5.5(c) (c), and Fig. 5.5(d) (d).
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Fig. 5.9: The Preisach plane corresponding with the input of Fig. 5.5(e),
the hysteretic input-output relation is shown in Fig. 5.6(b).

input (shown in Fig. 5.5(d)) introduces a second order minor loop, after which
the input is further decreased, wiping-out the previous minima, as shown in
Fig. 5.8(d). The two intermediate Preisach planes are shown in Fig. 5.7(g) and
(h).

The concluding part of the arbitrary excitation as shown in Fig. 5.5(e) in-
troduces an extra second order minor loop as shown in Fig. 5.6(b) and the
corresponding Preisach plane is shown in Fig. 5.9.

5.1.2 Numerical implementation

The classical Preisach model can be implemented in various procedures result-
ing eventually in the same input-output relation. In this section the implemen-
tation of the Preisach model is explained based on [169]. By rewriting (5.3)
such that, instead of calculating the area of both sets, S+(t) and S−(t), it is
su�cient to obtain only the positive set, as it is given that the sum of fS+(t)
and fS−(t) is equal to the limiting triangle, T (α0, β0). Hence, the Preisach
model can be rewritten as

f(t) = −F (α0, β0) + 2

∫∫

S+(t)

P (α, β)dαdβ (5.4)

where the surface integral of the limiting triangle is written as F (α0, β0), which
corresponds with positive saturation. Because of the symmetry of magnetic
hysteresis, negative saturation is de�ned as, −F (α0, β0). Next, the positive set
of the Preisach plane is subdivided into n trapezoidal parts with area Qk as
shown in Fig. 5.10. For a certain instant of time the area of the positive set,
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α

βS+

S−(Mk,mk−1)
(Mk,mk)

Qk

(u(t),mn−1)

Fig. 5.10: The Preisach plane divided in n trapezoidal parts, Q1−n, which
are dependent on the past extrema.

fS+(t), can be derived as

fS+ =

∫∫

S+

P (α, β)dαdβ =

n∑

k=1

∫∫

Qk

P (α, β)dαdβ. (5.5)

Each of these trapezoids is obtained by the di�erence of the two triangles,
T (Mk,mk−1) and T (Mk,mk) such that

∫∫

Qk

P (α, β)dαdβ =

∫∫

T (Mk,mk−1)

P (α, β)dαdβ

−
∫∫

T (Mk,mk)

P (α, β)dαdβ (5.6)

= F (Mk,mk−1)− F (Mk,mk) (5.7)

where F (Mk,mk−1) is the surface integral over the triangle T (Mk,mk−1). For a
monotonically decreasing input the positive set can be divided in, n, trapezoidal
sections, Qk, and for a monotonically increasing input the �nal section is the
triangle T (u(t),mn−1), as shown in Fig. 5.10. Hence, the expression for the
implemented classical Preisach model is given by

f(t) = −F (α0, β0) + 2

n−1∑

k=1

[F (Mk,mk−1)− F (Mk,mk)]

+ 2 [F (Mn,mn−1)− F (Mn, u(t))] , (5.8)

f(t) = −F (α0, β0) + 2

n−1∑

k=1

[F (Mk,mk−1)− F (Mk,mk)]

+ 2F (u(t),mn−1) (5.9)

for an decreasing and increasing input, respectively.
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Fig. 5.11: Congruency property.

5.1.3 Congruency property

The congruency property of the classical Preisach model can be useful for many
hysteretic applications, while e.g. magnetic hysteresis is non-congruent. Con-
gruency in the hysteresis model means that all minor loops are equal in size and
shape, for any back-and-forth input value between the same two consecutive
extreme values independent of the history. The congruency of minor loops is
shown in Fig. 5.11, where the loops 2, 3 and 4 are congruent, with equal input
extrema and di�erent history. The loops 2 and 4 are �rst-order minor loops
of the increasing and decreasing limiting branch, respectively. Loop 3 is an
example of a second-order minor loop, because it is a minor loop in a minor
loop. The loops 1 and 5 are congruent due to symmetry. In this case, all �ve
minor loops have a back-and-forth extremum with a distance of ∆u = 0.5, and
all are congruent, since all are identically shaped.

The distribution functions, which will be introduced in Section 5.3, result in
unequal minor loops dependent on the o�set of the input u or H. Hence, the
distribution functions will change the shape of the minor loops 1 and 5, while
the loops 2-4 will remain congruent. It is assumed in this thesis, that the
non-congruency is insigni�cantly present in the evaluated magnetic materials,
as discussed in Section 3.3. Furthermore, this e�ect is not observed in any
of the performed measurements. This non-congruency can be modeled by the
moving- and product Preisach model with an output dependent o�set, which
are not implemented in this work. These generalizations are discussed in [29]
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Fig. 5.12: The degaussing of the Preisach model to create the history of
a material sample in its demagnetized state, input and output
signal (a), and the resulting hysteretic relation (b).

and could be implemented as [126, 127].

5.1.4 Degaussing of the Preisach model

Before the Preisach model can be applied, a check should be performed on the
input, to examine if the input starts at positive or negative saturation. In one
of those cases, all the history of the model is wiped out. In all other cases, the
history is unknown, and for that reason the models starts at the demagnetized
state with zero input and zero output.

The demagnetized state of the Preisach model is obtained for the line α =
−β, where S+(t) = S−(t). This state can be approximated by an oscillating
input, from which the amplitude decreases slowly from saturation to zero, as
illustrated in Fig. 5.12(a). The input-output relation of the degaussing process
is shown in Fig. 5.12(b) and the corresponding Preisach plane is shown in
Fig. 5.13.

The actual demagnetized state of the Preisach model cannot be obtained, be-
cause there is always a �nite number of horizontal and vertical lines that ap-
proximate the straight line dividing the triangular plane into two equal halves.
In further simulations, the magnetic material is assumed to be demagnetized.
The demagnetization is modeled by the Preisach model with a rate-independent
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α

βS+
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Fig. 5.13: The Preisach plane corresponding to the demagnetized Preisach
model.

excitation, with a decreasing input with a thousand extrema (instead of twenty
as shown in Fig. 5.12).

5.2 Generalized scalar Preisach model

Many generalizations of the scalar classical Preisach model have been devel-
oped to model the experimentally obtained magnetic hysteresis e�ects in soft-
magnetic materials. From these generalizations the most important extensions
are selected to obtain a satisfactory hysteresis model that incorporates the most
dominant phenomena present in reluctance actuators. The generalizations as
described by Mayergoyz [169] involve,

1. non-zero magnetic permeability at the reversal points,

2. unbounded magnetization,

3. non-congruency,

4. accommodation,

5. rate-dependency,

6. magnetostriction,

7. vector representation.

In this work the three most apparent hysteretic properties are considered.
Namely, the non-zero permeability at the reversal points, the unbounded mag-
netization outside the limiting Preisach plane and the rate-dependency. The
rate-dependency of magnetic hysteresis is discussed in Chapter 6, where the
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dynamic e�ects are modeled separately instead of incorporating them in the
Preisach model.

5.2.1 Neglected generalizations

As discussed in Section 3.3, the non-congruency and accommodation properties,
are considered insigni�cant for the analysis, because the expected discrepancy
in the prediction of the magnetic �ux density, caused by either one of them, is
in the same order of magnitude as the simulation error of the typical symmetric
(minor) loops (approximately 3 % of the peak magnetic �ux density). Besides
that, the generalizations which include these hysteresis phenomena, adjust the
hysteresis model according to the observed e�ects in the measured minor loops.
Since both e�ects, i.e. the non-congruency and accommodation, are not ob-
served in the performed measurements, it is not possible to take these e�ects
into account.

Magnetostriction is not considered in this thesis, because it is expected to
induce a maximum force error of approximately 0.2 %, as explained in Sec-
tion 3.2.3. Additionally, magnetostriction is beyond the scope of this thesis,
because it is a research subject on itself, as experienced in an attempt to mea-
sure this e�ect in six degrees of freedom [61]. Moreover, none of these three
discussed phenomena in ferromagnetic materials are recognized from the force
measurements on three reluctance actuators, as presented later in Chapter 7.

Vector hysteresis is not considered in this analysis for three reasons; (i) it cannot
be measured in ring samples with the available soft-magnetic material tester,
(ii) it is assumed that the vector properties of the applied non-grain oriented
laminations are small, (iii) in this thesis, reluctance actuators are modeled with
one-dimensional reluctances in a magnetic equivalent circuit (MEC) method
and, hence, only scalar magnetic �elds are modeled.

5.2.2 Incorporated generalizations

The �rst two generalizations of the Preisach model, the non-zero magnetic
permeability at the reversal points and the unbounded magnetization are in-
corporated by the extension of the classical model with a reversible part [171].
The hysteretic constitutive relation between the magnetic �ux density and the
magnetic �eld strength in the soft-magnetic material is obtained as [72, 208]

B(H) = Brev(H) +Birr(H,Hpast) (5.10)

where the reversible part, Brev(H), is only dependent on the current magnetic
�eld strength, while the irreversible part, Birr, is also dependent on the past
input extrema.
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Table 5.1: Fitting parameters for the analytical reversible magnetization.

Material a b c d

Vaco�ux 50 1794 -2.051·10−3 5.074 1.251·10−4

M800-50A 717.8 -6.114·10−3 75.67 -3.187·10−4

AISI 430 152.8 -1.627·10−3 43.19 -1.297·10−4

The reversible part is modeled with a variable magnetic permeability, µrev(H),
which is obtained by the slope, dB/dH, at the reversal points of a �nite set of
measured quasi-static minor loops. The reversible magnetic permeability (also
called di�erential permeability) is obtained for three di�erent soft-magnetic
materials, CoFe (Vaco�ux 50), SiFe (M800-50A) and stainless steel (AISI 430)
and is shown in Fig. 5.14(a). The reversible magnetic permeability is not the
same as the relative permeability, which is obtained by µr = B

µ0H
. The

relative permeability is shown in Fig. 5.14(b) and is signi�cantly di�erent from
the reversible permeability shown in Fig. 5.14(a).

The measured reversible permeability is modeled by an analytical exponential
function

µfit = ae(bH) + ce(dH). (5.11)

The coe�cients, a − d, of the obtained di�erential permeability are given in
Table 5.1. There is only a small discrepancy between the measured and �t-
ted reversible permeability for the Vaco�ux 50 material at low magnetic �eld
strengths, as shown in Fig. 5.14(a).

The reversible and irreversible part, Birr(H), are obtained from the measure-
ments by

Brev(H) =
1

µ0

∫ H

0

µrev(H)dH, (5.12)

Birr(H) = Bmeas(H)−Brev(H) (5.13)

where Bmeas(H) is the measured magnetic �ux density for the applied mag-
netic �eld strength, H. The reversible permeability is analytically described by
(5.11), which is integrated with respect to the applied magnetic �eld strength
corresponding with the experimental measurement. The measured-, reversible-
and irreversible B−H relations, are shown in Fig. 5.15, for the three materials.
As the irreversible part is modeled with the classical Preisach model its maxi-
mum magnetic �ux density is limited by the area of the Preisach triangle. By
including the reversible part of the generalized Preisach model, magnetic �eld
strengths above the saturation level of the classical model are also simulated.
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Fig. 5.14: The measured and �tted reversible magnetic permeability,
µrev(H) (a), and the relative permeability, µr(H) (b), of
Vaco�ux 50 (VAC 50) with a lamination thickness of 0.35 mm,
M800-50A and solid AISI 430.

5.3 Preisach distribution

As previously discussed, the classical Preisach model describes the general hys-
teretic behavior. However, the soft-magnetic material properties are modeled
by the Preisach distribution. This Preisach distribution determines the shape
of the irreversible part of the modeled magnetic hysteresis curve. Although
much research on magnetic hysteresis has been performed, only two generally
accepted methods to identify the Preisach distribution exist, the Everett dis-
tribution and the implementation of continuous analytical distributions [244].

The Everett distribution function [62, 72, 84, 97, 169] is determined by the
analysis of a set of measured �rst-order reversal curves, obtained for a low-
frequency excitation. This analysis results into a two-dimensional Everett map
Eirr(α, β), from which the Preisach distribution is obtained by the partial
di�erentiation with respect to α and β

P (α, β) = −δ
2Eirr(α, β))

δαδβ
. (5.14)

Due to the congruency property of decreasing and increasing �rst-order rever-
sal curves (symmetry), a set of one of both is enough for material identi�cation
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the corresponding reversible curve and, the irreversible B−H
curves, for Vaco�ux 50-35 (a)-(c), for M800-50A (d)-(f), and for
AISI 430 (g)-(i).
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[170]. Unfortunately, the second-order partial derivative of a measured contour
map results in ampli�cation of the measurement noise and, consequently, in nu-
merical discontinuities in the Preisach distribution [14, 89]. A smooth Preisach
plane is desirable for convergence, as the Preisach model is often part of a larger
electromagnetic system. In this thesis, the Preisach model is implemented in a
MEC model as later discussed in Section 6.4, but the same holds for the imple-
mentation in any FEM. Therefore, analytical continuous Preisach distributions
are applied, which directly describe the magnetization and its derivative with
respect to the magnetic �eld strength in analytical closed form.

Besides the numerical stability of the continuous de�ned distribution functions,
it is not necessary to measure the reversal curves for model identi�cation. Only
three quasi-static loops are used as input for the parametric identi�cation of
a satisfactory distribution for the irreversible part of the generalized Preisach
model. The major weakness of continuous distributions is the fact that these
functions are never exactly equal to the measured major loop. Furthermore,
only a �nite set of distribution functions can be evaluated for each material,
which will always be an approximate model of the genuine irreversible part
of the constitutive relation. Generally, the distribution functions are selected
such that the cumulative distribution function mimics the sigmoid∗ shape of
the hysteresis loop.

As previously discussed, the Preisach model consists of an in�nite set of rect-
angular hysteresis operators, as shown in Fig. 5.2(b). These operators are
directly coupled to the Preisach plane by its 'up' and 'down' switching opera-
tors, α, and, β, respectively. The Preisach plane is formed by the product of
two independent distributions represented as

P (α, β) = P (α)× P ∗(β). (5.15)

In the rectangular hysteresis operator, hc = (α − β)/2 is the coercive �eld
and, hm = (α + β)/2 is the interaction �eld. The coercive �eld corresponds
with the standard deviation and the interaction �eld with the mean of the
speci�c distribution function, both normalized to the maximum magnetic �eld
strength. Furthermore, the distributions P and P ∗ are both normalized to
one, such that the saturation magnetic �ux density can be scaled linearly to
the derived saturation magnetization of the irreversible part.

∗A sigmoid function is a bounded di�erential real function that is de�ned for all real
input values and has a positive derivative in each point [101].
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5.3.1 Evaluated distribution functions

Four candidate distribution functions are evaluated. The analyzed distributions
are the hyperbolic tangent function, the Gaussian or Normal distribution, the
Cauchy-Lorentz distribution [182], and the Langevin distribution [143]. The
corresponding normalized 3d-distribution functions are shown in Fig. 5.16(a)-
(d).

The hyperbolic tangent distribution is selected because some magnetic hystere-
sis models are based on tangential functions, e.g. Coleman-Hodgdon's model
[52], Positive-Feedback model [106], and Takács model [194, 246]. The Gaussian
distribution is frequently applied, especially in statistics, but also in magnetism
[14, 89, 214]. According to Pruksanubal et al. [214] the Cauchy-Lorentz dis-
tribution is the best �t for many ferromagnetic materials and, hence, this dis-
tribution is also commonly applied [12, 13, 17, 89, 273]. Finally, the Langevin
function is part of the original Jiles-Atherton model [123, 124], in which it rep-
resents the anhysteretic part of the magnetic hysteresis curve. The Langevin
function is a simpli�cation of the Brillouin distribution [34], which is based
on microscopic magnetic quantities. The Langevin function is equal to the
Brillouin function in the classical limit, where the total angular momentum
quantum number of the magnetic moments is assumed in�nite, such that all
the moments continuously align with the magnetic �eld [45, 57, 58].

The four discussed distribution functions are expressed by

Ptanh(k) =
1

σk
sech2

(
k −mk

σk

)
, Hyperbolic tang. (5.16)

PG(k) =
1

σk
√

2π
exp

(
− (k −mk)2

2σ2
k

)
, Gaussian (5.17)

PCL(k) =
1

σkπ

1

1− ((k −mk)/σk)2
, Cauchy-Lorentz (5.18)

PL(k) =
σk

(k −mk)
2 −

1

σk
csch2

(
k −mk

σk

)
Langevin (5.19)

where, k, is substituted by, hm, or, hc, depending on the distribution function,
mk is the mean and σk is the standard deviation of the speci�c distribution
function. Each 3d-distribution function has only four parameters, which are
determined for each material by curve �tting with a least square method of the
cumulative distribution function. The cumulative distribution function is the
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Fig. 5.16: The four considered normalized distribution functions (a)-(d).
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integral of the distribution function, which are analytically de�ned as

Dtanh(k) = tanh

(
k −mk

σk

)
, Hyperbolic tangent (5.20)

DG(k) =
1

2

(
1 + erf

(
k −mk

σk
√

2

))
, Gaussian (5.21)

DCL(k) =
1

2
+

1

π
tan−1

(
k −mk

σk

)
, Cauchy-Lorentz (5.22)

DL(k) = coth

(
k −mk

σk

)
− σk
k −mk

. Langevin (5.23)

Often two equally de�ned distribution functions are combined to obtain the
Preisach plane, although any combination can be formed as shown in [89] with
the Cauchy-Lorentz and Gauss distribution, and in [214] for any combination
of the Cauchy-Lorentz, Gaussian and Lognormal distribution. Note that the
Lognormal distribution is not considered in this work, because it is similar to
the Gaussian distribution.

5.3.2 Distribution function correlated to constitutive re-

lation

The implementation of the distribution functions in the scalar Preisach model
represents the irreversible part, Birr, of the constitutive relation (5.10). The
four distribution functions are implemented to show the di�erences in the mod-
eled B−H relation. The simulations are performed for a saturation magneti-
zation of the irreversible part, Bs,irr = 1.23 T at a magnetic �eld strength,
Hs = 600 A/m, which corresponds with the experimentally obtained B−H
curve of M800-50A.

The mean and standard deviation of the distribution functions are optimized
for each material (Section 5.3.3), but for a �rst impression the following pa-
rameters are chosen, mk = σk = Hc/Hs = 9.26 · 10−2, with Hc = 55.6 A/m.
The simulated Birr − H curves of the distribution functions are compared in
Fig. 5.17. The di�erences in the distribution functions can be distinguished in
the slope of the curve, which is dependent on both, the function and its stan-
dard deviation, σk. Additionally, the coercive �eld strength of the irreversible
part is in�uenced by the mean, mk, of the distribution function. Nevertheless,
it is obvious from Fig. 5.17 that the speci�c distribution determines the slope
before saturation is reached.
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Fig. 5.17: The modeled Birr −H curves obtained for the four distribution
functions.

5.3.3 Optimization of the distribution functions

The four parameters of the distribution functions are optimized for each ma-
terial. In this work, the four distribution functions are optimized for three
materials. The constraint minimization algorithm in Matlab is used to opti-
mize the �tting parameters for each distribution function. The objective of the
algorithm is the minimization of the rms error, εrms, between the simulated and
the irreversible part of the measured B−H curves. The optimal parameters
are veri�ed with a parametric sweep over the distribution function parameters
to �nd the global minimum.

In each simulation the rms error is obtained for the simulation of the major
loop and two minor loops with the scalar Preisach model, while often only the
measured major loop is used to obtain the optimal distribution function [138].
By incorporating the minor loops in the optimization algorithm, it is attempted
to obtain the optimal distribution for the whole Preisach plane. In addition
to the rms error, the maximum error, εmax, is obtained and compared for
each simulation. The simulation results for the optimized distribution function
parameters are compared to measurements for the three evaluated materials in
Section 5.5.
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Fig. 5.18: Procedure to obtain the B−H characteristics in the ferromag-
netic material of a closed toroidal structure under dc-excitation.

5.4 Simulation procedure

The simulation of the Preisach hysteresis model with the various distribution
functions corresponding with the speci�c materials is summarized in this sec-
tion. The block diagram of Fig. 5.18 illustrates the procedure to simulate a
static B−H curve with the scalar Preisach model, which can be summarized
by the following steps,

• Various symmetric B−H curves are measured for maximum magnetic
�eld strengths over the full simulation range.

• The reversible part is obtained by obtaining the slope of the B−H loop
at the reversal points of the measured curves.

• The irreversible part is obtained by subtraction of the reversible relation
from the measurement and the distribution function is �tted to three
irreversible symmetric (minor) loops.

• The demagnetized state of the Preisach model is obtained in thousand
steps by a decreasing alternating input.

• A measured current or equivalent magnetic �eld strength is used as input
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for the simulation.

• The Preisach model is executed until the end of the input sequence.

The presented simulation procedure is extended to an iterative procedure with
the dynamic magnetic material model in Chapter 6 and is further extended with
the MEC model in Section 6.4 to simulate the force in reluctance actuators.

5.5 Experimental veri�cation

The simulation results of the static, generalized, scalar Preisach model are
compared to dc-measurements on a closed toroid. The applied measurement
method and the de�nition of a dc-measurement are discussed in Section 3.5.
The model parameters of the optimized distributions corresponding with the
evaluated materials are given in Table 5.2 as well as the optimized rms- and
maximum errors.

The optimized distribution function is compared to measurements for each
material, as shown in Fig. 5.19-5.22. Besides positive magnetic �ux density
of the minor loops, the error between the simulated and measured magnetic
�ux density, Berr, is shown for each material sample. The horizontal axes
of the error-plots are normalized to one cycle of each minor loop. The cycle
starts at the maximum magnetic �eld strength, Hmax. From 0 tot 0.5 cycle the
discrepancy of the upper branch is shown, 0.5 cycle corresponds with −Hmax,
and the last half cycle is the bottom branch of the speci�c minor hysteresis
loop.

An overview of the optimized parameters of each distribution and the model
accuracy for each material is presented in Appendix B. The maximum error
between the measured and modeled magnetic �ux density as a percentage of
the peak �ux density of Vaco�ux 50 is equal to 11.15 % and 5.88 % for 0.10 mm
and 0.35 mm laminations, respectively. Moreover, the percentage of rms error
for 0.10 mm and 0.35 mm laminations is equal to 2.08 % and 1.77 %, respec-
tively. The Preisach model predicts the magnetic �ux density of M800-50A
more accurately with a maximum error of 4.43 % and an rms error of 1.66 %.
The �t of the distribution functions is less accurate for AISI 430 as the max-
imum error is equal to 12.48 % and the rms error is equal to 2.98 % of the
maximum magnetic �ux density.

The Cauchy-Lorentz distribution is the most applicable distribution function
(out of the four evaluated functions) for all the examined ferromagnetic mate-
rials. The curvature of the B−H characteristic of Vaco�ux 50-10 approaches
its saturation magnetization more gradually than the Cauchy-Lorentz distri-
bution can model, which results in the relatively large discrepancy. On the
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Table 5.2: Optimized distribution function parameters and the correspond-
ing rms and maximum error, for the four examined material
samples.

Material Vaco�ux 50 M800-50A AISI 430

sample 0.10 mm 0.35 mm

Distribution Cauchy- Cauchy- Cauchy- Cauchy-

function Lorentz Lorentz Lorentz Lorentz

Hs (A/m) 800 500 500 1500

hm −0.0602 −0.0935 −0.0882 −0.1625

hc 0.0600 0.0934 0.0886 0.1664

σm 0.0667 0.0663 0.0613 0.0917

σc 0.0652 0.0656 0.0613 0.0967

εrms (T) 0.042 0.035 0.024 0.035

εrms (%) 2.08 1.77 1.66 2.98

εmax (T) 0.223 0.116 0.063 0.147

εmax (%) 11.15 5.88 4.43 12.48
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Fig. 5.19: Comparison of the modeled and measured B−H curves of
Vaco�ux 50 with 0.10 mm laminations (a), and the modeling
error for each minor loop (b) (normalized to one cycle).
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Vaco�ux 50 with 0.35 mm laminations (a), and the modeling
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Fig. 5.22: Comparison of the modeled and measured B−H curves of
AISI 430 (a), and the modeling error for each minor loop (b)
(normalized to one cycle).

contrary, the B−H curve of the AISI 430 sample shows a more abrupt transi-
tion between the linear and saturated region than the optimized distribution
function. It can be concluded from this analysis, that the discrepancy between
the magnetic �ux density simulated with the Preisach model and the measured
B−H characteristic is highly dependent on the suitability of the evaluated
distribution functions. Besides evaluating other distribution functions, the nu-
merical Everett distribution could be derived (5.14) to obtain a more accurate
Preisach distribution for these two materials.

5.6 Conclusions

The scalar Preisach model is extensively elaborated including its generaliza-
tions, from which the three most signi�cant hysteretic properties are consid-
ered. The numerical implementation of the classical Preisach model and the
model properties are explained using an example of an arbitrary excitation.
Additionally, four analytical distribution functions are optimized for three dif-
ferent soft-magnetic materials.

The four Preisach distribution functions are assessed on the estimation of the
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magnetic �ux density in three di�erent materials. The simulation results are
compared to dc-measurements with various excitation amplitudes. The scalar
Preisach model shows that it is able to predict the instantaneous magnetic
�ux density in a closed toroid with a maximum discrepancy of 11.2 %, 5.9 %,
4.4 % and 12.5 % for Vaco�ux 50-10, Vaco�ux 50-35, M800-50A and AISI 430,
respectively. The rms errors of the simulated magnetic �ux density of three
hysteresis loops are at least a factor 3 smaller than the maximum discrepancies,
for all four ring samples.

The e�ect of these static modeling errors, is discussed for the dynamic analysis
of magnetic materials in the following chapter, followed by the in�uence on the
determination of the magnetic hysteresis in the force of reluctance actuators in
Chapter 7.
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6

Dynamic magnetic material

modeling

Modeling of dynamic e�ects in magnetic materials has been intensively inves-
tigated in the last decades. The analysis is generally based on the separation
of the losses in static and dynamic contributions. This loss separation is often
based on the statistical loss theory of Bertotti [25, 26], which is an extension
of the Steinmetz law of hysteresis [236]. This statistical loss separation is also
combined with static hysteresis models, e.g. the Jiles-Atherton model [122] and
the Preisach model [28].

The static hysteresis losses are usually described by the static magnetic hys-
teresis models, as discussed in Chapter 4. The dynamic losses consist of two
contributions, the classical losses and the excess losses. The classical losses
are due to eddy currents (Foucault currents) and are analytically obtainable
for rectangular structures, as explained in Section 6.3. The excess losses or
anomalous losses contributed to domain wall motion, which are generally ob-
tained by a functional model �t to the residual of the measured losses.

Besides the derivation of the excess loss component with the statistical loss the-
ory, the excess losses can be incorporated in the generalized dynamic Preisach
model. In the dynamic Preisach model, the physical domain wall motion is
represented by gradually switching of the Preisach relay [27, 74, 78, 209]. This
model has been thoroughly elaborated on by Dupré in [73, 75, 79].

Concerning the iron losses in electrical machines, often �nite element methods
are applied to determine the non-hysteretic magnetic �ux density in the mesh
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elements. These simulation results are then used in the post-processor to obtain
the iron losses in the machine by applying the statistical loss theory [15, 203,
227, 284]. The higher harmonics in the local magnetic �ux density waveform
are sometimes incorporated by the technique proposed by Lavers [144].

Most dynamic magnetic material models are derived for non-oriented materials,
while e.g. laminated transformers are grain oriented. The grains are oriented
to improve the magnetic properties for magnetization along the strip rolling
direction. Therefore, a viscose-based magnetodynamic model is proposed by
Zirka [290�292], which is able to model anisotropy of grain oriented materi-
als. The viscose model includes the excess losses based on the so called �ux
switching model [193]. This model is applicable as an extension for any static
hysteresis model [294].

In this chapter, the modeling of dynamic ferromagnetic material behavior is
based on the statistical loss theory, which has been introduced in [44, 80] and
further elaborated in [296]. The statistical loss theory is �rst discussed and the
analysis is used to deduct the excess loss component from the total losses. This
excess loss constant is applied to describe the instantaneous dynamic magnetic
�eld strength, by the �eld separation formulation in Section 6.2. Eventually,
the full dynamic magnetic material model is derived, which consists of the
scalar Preisach model, as discussed in the previous chapter, and the dynamic
analysis presented in Section 6.3. The theory is experimentally veri�ed by a
comparison to measurements performed on three laminated ring samples of
Vaco�ux 50-10, Vaco�ux 50-35 and M800-50A. Finally, dynamic simulations
with a 3d FEM and a complex impedance method are discussed and compared
to measurements. The contributions of this chapter have been presented in
[271, 274�276, 278].

6.1 Statistical loss theory

The statistical loss theory is valid for sinusoidal �ux density waveforms only
and is based on the separation of the losses into three components [26], i.e.
static hysteresis losses, Ph, classical losses, Pcl, and excess losses, Pex. The
total losses are given by [15, 144]

PT (f) = Ph(f) + Pcl(f) + Pex(f) (6.1)

where the analysis is performed in the frequency domain. As discussed in
Section 3.5, the measurement instrument, the MPG-200, controls the excitation
current such that the measured voltage and consequently the magnetic �ux
density are sinusoidal. Therefore, these measurements can be used directly for
the derivation of the loss components of the statistical loss theory.
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6.1.1 Static hysteresis losses

The static hysteresis losses are modeled for a range of peak magnetic �ux
densities, B̂, and is given by

Ph(f) = KhB̂
af (6.2)

whereKh and a are constants, which are �tted to the measured hysteresis losses
at various peak magnetic �ux densities. To obtain the static hysteresis losses
measurements have been performed at a low frequency, f , typically below one
Hertz. In this work, the static hysteresis losses are measured for a number of
symmetric B−H loops with a limited change of the magnetic �ux density, as
discussed in Section 3.5. Hence, the energy losses per cycle, Wh = f−1Ph(f), is
measured. The �tting constants of the statistical loss model are then obtained
for the measured energy losses for a range of maximum magnetic �ux densities,
as

Wh = KhB̂
a. (6.3)

6.1.2 Classical eddy current losses

The classical losses are derived in general form from the Maxwell equations
in Section 6.3. Notice that the statistical loss model only holds for laminated
materials in which the skin e�ect can be neglected, as discussed in Section 6.3.2.
The eddy current losses are obtained as

Pcl(f) =
π2σd2

6
f2B̂2 (6.4)

where σ is the electric conductivity of the material and d is the lamination
thickness.

6.1.3 Excess losses

The excess losses are assigned to the domain wall motion, which is hard to
obtain directly from measurements. Therefore, the excess loss term is usually
obtained by subtraction of the other two terms from the total measured losses.
The excess losses are given by [28]

Pex(f) = 8.64
√
σGSV0f

1.5B̂1.5 (6.5)

where G = 0.1357 is a dimensionless coe�cient due to eddy current damping,
S is the cross-section area of the lamination and V0 is a �tting parameter with
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Table 6.1: Coe�cients for the statistical loss model.

Vaco�ux 50 M800-50A

Symbol 0.10 mm 0.35 mm Unit

σ 2.273 · 106 2.273 · 106 4.348 · 106 S/m

Kh 1.62 · 10−2 1.49 · 10−2 2.446 · 10−2 -

a 1.332 1.344 1.706 -

Kex 2.40 2.84 0.061 AV−0.5

units, A m−1, and is amongst others contributed to the grain size, the crystal-
lographic texture and residual stresses [28]. Because this contribution has to
be �tted to the measurement anyhow, the term 8.64

√
σGSV0 is substituted by

Kex (in units of A·V−0.5).

Finally, the total losses in laminated magnetic materials are described as func-
tion of the frequency and peak magnetic �ux density by

PT (f) = KhB̂
af +

π2σd2

6
f2B̂2 +Kexf

1.5B̂1.5. (6.6)

The coe�cients of each of the contributions in the statistical loss model are
obtained from the measured losses, with the least square �tting routine in
Matlab. The results are given in Table 6.1 for all three laminated materials.

6.1.4 Experimental veri�cation

The static and dynamic magnetic material losses are measured for a sinusoidal
magnetic �ux density and are obtained per cycle for both, the quasi-static and
dynamic measurements. The measurements are performed on laminated ring
samples of Vaco�ux 50-10, Vaco�ux 50-35 and M800-50A. The large variety in
the magnetic properties of the evaluated material samples results in a compre-
hensive evaluation of the applied simulation method.

The measured static hysteresis loss is equal to the stored magnetic energy, given
by (2.13). The measured hysteresis loss compared to both, the static energy loss
per cycle of the statistical loss theory (6.3), and to the modeled losses with the
generalized scalar Preisach model, as presented in previous chapter. The results
of the statistical loss model and the Preisach model are shown in Figs. 6.1, 6.2
and 6.3 for Vaco�ux 50-10, Vaco�ux 50-35 and M800-50A, respectively. Besides
the measured and modeled losses, the absolute discrepancy, ε (in mJ/kg), is
shown between both models and the measurements.
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Fig. 6.1: Static hysteresis loss obtained with the Preisach model and the
statistical loss model compared to measurements (Vaco�ux 50-10)
(a), and the error between the modeled and measured losses (b).
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Fig. 6.3: Static hysteresis loss obtained with the Preisach model and the
statistical loss model compared to measurements (M800-50A) (a),
and the error between the modeled and measured losses (b).

For all three materials, the discrepancy between the statistical loss model and
the generalized Preisach model is similar for low magnetic �ux densities. How-
ever, the di�erence between the measurement and the Preisach model increases
when the saturation magnetization of the material is approached. Especially
for Vaco�ux 50-10, the modeling error is larger for higher magnetic �ux densi-
ties, as also shown in Fig. 5.19 of previous chapter. This is a direct result of
the mismatch between the optimized distribution function and the magnetic
constitutive relation of the ferromagnetic material.

The dynamic analysis of the statistical loss model is veri�ed for frequencies
between 40 and 400 Hz. For the dynamic measurements, the power losses in
W/kg are obtained by either the magnetic energy (2.13) or coenergy (2.16) in
J/kg. This stored magnetic energy of a single hysteresis loop is multiplied by
the excitation frequency as

P =
f

ρm

∮
B · dH =

f

ρm

∮
H · dB (6.7)

where ρm is the mass density of the speci�c material.

The measured dynamic magnetic material losses are compared to the mod-
eled losses with the statistical loss model for various peak magnetic �ux densi-
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Fig. 6.4: Dynamic hysteresis losses, measured (◦,+,�, ∗,4) and modeled
with the statistical loss model for various peak magnetic �ux den-
sities on three toroidal samples of Vaco�ux 50-10 (a), Vaco�ux 50-
35 (b) and M800-50A (c).

ties, 0.4 ≤ B̂ ≤ 2.0 T, for both Vaco�ux 50 materials, and 0.4 ≤ B̂ ≤ 1.6 T, for
M800-50A, as shown in Fig. 6.4(a)-(c), respectively. The analysis shows that a
good agreement is obtained for each peak magnetic �ux density over the whole
frequency range with the statistical loss model. The thin lamination thickness
of Vaco�ux 50-10 decreases the eddy currents signi�cantly, which results in
lower dynamic losses at higher frequencies. It is obvious from Fig. 6.4 that the
high-frequency losses of Vaco�ux 50-35 and M800-50A are approximately two
times and four times higher than the losses of Vaco�ux 50-10, respectively.

Besides the total losses, each loss component is obtained with the statistical loss
theory. In Fig. 6.5 each loss component is shown for all three materials at an
excitation frequency of 320 Hz. An excitation of 320 Hz excitation is selected,
because this is the frequency at which the dynamic analysis is performed on the
E-core reluctance actuators in Chapter 7. The di�erences between the three
materials shows clearly the eddy current reduction for thin laminations. The
classical eddy current loss component is minimal for Vaco�ux 50-10 (≈ 7 %),
while this component is the major contributor for the losses of M800-50A (≈
70 %) with 0.5 mm laminations.
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Fig. 6.5: Dynamic hysteresis loss components as percentage of the total
losses obtained with the statistical loss model for the three mate-
rials, and an excitation frequency of 320 Hz.

6.2 Field separation for instantaneous modeling

The �eld separation method is applied to obtain the instantaneous magnetic
�eld strength from the modeled magnetic �ux density, which is necessary for the
real-time analysis of arbitrary current excitations. The �eld separation method
is equivalent to the previously discussed loss separation with the statistical loss
theory (6.1). The power losses given by (6.7) can be rewritten in the time
domain as [25, 86]

P (t) =
f

ρm

∫ T

0

H(t)
dBm(t)

dt
dt (6.8)

where T is one period of the measured B−H loop, and Bm(t) is the instan-
taneous mean magnetic �ux density in the cross-section of the lamination.
Combining this with (6.1) gives

P (t) =
f

ρm

∫ T

0

(Hh(t) +Hcl(t) +Hex(t))
dBm(t)

dt
dt. (6.9)

Hence, the e�ective magnetic �eld strength H(t) is separated in three �eld
strengths, corresponding with each of the loss components [293, 294]

H(t) = Hh(t) +Hcl(t) +Hex(t) (6.10)
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where the Hh(t) is calculated using the Preisach model. The classical �eld
Hcl(t) is given for laminated materials by

Hcl(t) = σfe
d2

12

dBm(t)

dt
(6.11)

which is derived in general form in Section 6.3.1 and for laminated materials
in Section 6.3.2. The excess �eld is derived from (6.5) and (6.9) as [80, 296]

Hex(t) = Kex,instδ

∣∣∣∣
dBm(t)

dt

∣∣∣∣
0.5

(6.12)

where Kex,inst = Kex/4.25057 to satisfy that, by substituting (6.12) in (6.10),
the excess losses in the frequency domain result in (6.5), and where

δ = sign

(
dBm
dt

)
=





+1 if dBm
dt > 0

−1 if dBm
dt < 0

(6.13)

Although, the excess loss constant is also dependent on the magnetic �ux den-
sity [291, 292, 296], because the value of V0 in (6.5) is dependent on the magnetic
�ux density [80], it is considered su�cient to model the excess �eld with the
material dependent constant, Kex,inst.

6.3 Eddy current model for magnetic materials

The instantaneous dynamic magnetic �eld strength component due to eddy
currents is �rstly derived in general form. This analysis is subsequently applied
for laminations and permanent magnets. The skin e�ect is discussed and the
simulation procedure of the dynamic material model in combination with the
scalar Preisach model is described. Finally, the simulation results are compared
to measurements performed on a laminated toroid. Both, the dynamic losses
are examined and the instantaneous magnetic �ux density at various excitation
frequencies.

6.3.1 Rectangular shaped ferromagnetic material

The eddy currents in a ferromagnetic structure are obtained from the com-
bination of Ampère's law (2.1) and Faraday's law (2.3) in the quasi-static
form. These equations are combined with the electrical (2.7) and magnetic
(2.5) constitutive relations, to obtain the eddy currents in a non-laminated,
rectangularly-shaped, magnetic material. A bidirectional alternating magnetic
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Fig. 6.6: Illustration of the magnetic �ux density and the currents in a
cross-sectional view through the center of a rectangular ferromag-
netic material, for the x-z plane at y = 0 (a), and for the x-y
plane at z = 0 (b).

�ux density is induced by an external coil around the magnetic structure, as
shown in Fig. 6.6. The rectangular part under consideration is hypothetically
placed in an ideal magnetic circuit between two poles with an in�nite magnetic
permeability and zero electric conductivity.

The magnetic �ux density and current density in a rectangular ferromagnetic
material, are illustrated in the cross-sectional view of Fig. 6.6(a). The cross-
section through the ferromagnetic material in the x-y plane is illustrated in
Fig. 6.6(b). The dimensions of the rectangular magnetic material in the x-, y-
and z-directions are w, d and h, respectively. In the analysis, it is assumed
that the eddy currents in the material have a rectangular shape.

Given that the time-varying magnetic �ux density in this problem is only di-
rected in the z-direction, it is obtained from Faraday's law (2.3) combined with
the constitutive relation (2.7) that the eddy currents are only present in the
x-y plane

∂Jx(y, t)

∂y
− ∂Jy(x, t)

∂x
= σ

∂Bz(x, y, t)

∂t
(6.14)

where Jx and Jy are the current densities in the ferromagnetic material. The
magnetic �ux density, Bz(x, y, t), at a certain time instant is illustrated in
Fig. 6.7(a), which is the resultant of the source �eld and the magnetic �ux
density due to the eddy currents. According to Ampère's law, the total current
in the x- and y-directions is equal, such that

∫ d
2

0

|Jx(y, t)|dy
∣∣∣∣∣
x=0

=

∫ w
2

0

|Jy(x, t)|dx
∣∣∣∣∣
y=0

. (6.15)
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Under the condition that the skin e�ect can be neglected, it follows from
(2.1, 2.3, 2.7) that the eddy current density is linearly distributed in the x-
and y-directions, as shown in Fig. 6.7(b). The current density is written as

Jx(y, t) = y
2Ĵx(t)

d

∣∣∣∣∣
x=0

and Jy(x, t) = −x2Ĵy(t)

w

∣∣∣∣∣
y=0

(6.16)

where Ĵx(t) and Ĵy(t) are the peak current densities at the boundary of the
ferromagnetic material. It follows from (6.15) and (6.16) that

dĴx
2

=
wĴy

2
and hence, Ĵx =

w

d
Ĵy. (6.17)

Taking the derivative of Jx and Jy (6.16) with respect to y and x, respectively,
and substituting the result in (6.14) gives

2Ĵx(t)

d
+

2Ĵy(t)

w
= σ

∂Bz(x, y, t)

∂t
. (6.18)

Subsequently, using (6.17) and (6.16) the current density in the x- and y-
directions is derived as

Jx(y, t) =
σ

1 + d2

w2

y
∂Bz(x, y, t)

∂t

∣∣∣∣∣
x=0

(6.19)

and

Jy(x, t) = − σ

1 + w2

d2

x
∂Bz(x, y, t)

∂t

∣∣∣∣∣
y=0

. (6.20)

Additionally, a mean magnetic �ux density is assumed throughout the cross-
section of the ferromagnetic material, such that

B(x, y, t) = Bz,m(t) (6.21)

where Bz,m is the mean magnetic �ux density at the x-y plane, pointed in the
z-direction. Consequently, the magnetic �eld strength is shown in Fig. 6.7(c).
It follows from Ampère's law that the current density is given by

Jx =
∂Hz

∂y
, and, Jy = −∂Hz

∂x
. (6.22)

Hence, the magnetic �eld strength is quadratically related to the position,
because the current density is assumed to be linearly distributed. Using (6.19)
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Fig. 6.7: Graphical representation of the distribution of the magnetic �ux
density (a), the current density (b), and the magnetic �eld
strength (c), at the cross-sections in the middle of the rectangular
material sample as shown in Fig. 6.6.

and (6.20), the magnetic �eld strength due to the derived eddy current densities
is given by

Hz,Jx(t) =
σ

1 + d2

w2

∫ y

0

y
∂Bz,m(t)

∂t
dy (6.23)

Hz,Jy (t) =
σ

1 + w2

d2

∫ x

0

x
∂Bz,m(t)

∂t
dx. (6.24)

The sum of both magnetic �eld strengths, results in

Hz,Jx,y (t) =
σ

w2 + d2

dBz,m(t)

dt

1

2

(
w2

(
d2

8
− y2

2

)
+ d2

(
w2

8
− x2

2

))
(6.25)

which is the decreasing magnetic �eld strength due to the eddy currents, where
the magnetic �eld strength throughout the material is given by

Hz(t) = Hz,b(t)−Hz,Jx,y (t) (6.26)

where Hz,b is the magnetic �eld strength on the boundary of the ferromagnetic
material. Finally, the mean magnetic �eld strength in the cross-section area
of the material is obtained by the surface integral over (6.26) and substituting
(6.25)

Hz,m(t) =
1

d

1

w

∫ d
2

− d2

∫ w
2

−w2
Hz(t)dxdy

= Hz,b(t)−
w2d2

w2 + d2

σ

12

dBz,m(t)

dt
. (6.27)
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Fig. 6.8: Illustration of the magnetic �ux density and the currents in a
cross-sectional view through the laminated iron, for the x-z plane
at y = 0 (a), and for the x-y plane at z = 0 (b).

6.3.2 Laminated material

The previous analysis of the eddy currents in a rectangularly-shaped ferromag-
netic material can be simpli�ed for thin laminations. As illustrated in Fig. 6.8,
the lamination thickness, d, is much smaller than the width, w. Therefore, the
eddy currents are only dependent on the lamination thickness, as can be de-
rived from (6.27) for w →∞ [97, 98]. Hence, the mean magnetic �eld strength
in the laminated material is given by

Hm,fe(t) = Hb(t)− σfe
d2

12

dBz,m(t)

dt
(6.28)

where σfe is the conductivity of the laminated ferromagnetic material. This
eddy current model is applied to the Preisach model, as discussed in Sec-
tion 6.3.5.

6.3.3 Permanent magnet

In magnetic structures where permanent magnets are included to pre-bias the
magnetic �ux density, the eddy currents in the permanent magnet must be
taken into account under dynamic excitations. Often, segmentation is applied
to reduce the eddy current losses in the permanent magnets in large machines
and high-speed machines [121, 128, 232]. Alternatively, ferrite magnets and
bonded permanent magnets [199] could be applied, for high-frequency appli-
cations. Both, ferrites and bonded magnets have a lower electric conductivity
but also a lower remanent magnetic �ux density. Another alternative is to
place a conducting sleeve over the permanent magnets [152, 211, 259]. The
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conducting sleeve is applied to shield the permanent magnets, by limiting the
high-frequency magnetic �elds variations that penetrate into the magnets.

In this thesis, a pre-biased E-core reluctance actuator with a solid NdFeB per-
manent magnet has been investigated. The eddy currents are taken into ac-
count for the solid permanent magnet, based on the previous derivation (6.27).
The eddy currents in the permanent magnet reduce the magnetic �eld strength
similarly as for other ferromagnetic materials. Hence, the mean coercive �eld
strength is obtained as

Hm,c(t) = Hc −
w2d2

w2 + d2

σPM
12

dBz,m(t)

dt
(6.29)

where Hc is the static coercive �eld strength of the permanent magnet (2.39),
σPM is the conductivity of the permanent magnet.

6.3.4 Skin e�ect

In the previous section, it is assumed that the eddy current density decays
linearly from the boundary to the inside of the conductive material. This
assumption is only valid when the skin e�ect can be neglected. The current
density including the skin e�ect is given by

J = Jbe
−d/δ (6.30)

where Jb is the current density on the boundary, d is the depth from the
boundary into the material and δ is the skin depth. The skin depth is de�ned
as the depth below the surface of the conducting medium, where the current
density is decreased to a fraction of, 1/e ≈ 0.37, with respect to the current
density at the surface boundary. The skin depth is equal to

δ =

√
2

2πfµσ
(6.31)

where µ = µ0µr is the magnetic permeability.

The reluctance actuators discussed in Chapter 7, are manufactured from lam-
inated SiFe (M800-50A) and CoFe (Vaco�ux 50). Moreover, one of the SiFe
actuators has a pre-biasing NdFeB permanent magnet. The experimental ver-
i�cation is performed for frequencies up to 320 Hz. The skin depths for this
maximum frequency, are given in Table 6.2, for the di�erent materials of the
applied reluctance actuators. The lamination thickness of Vaco�ux 50 and the
sizes of the permanent magnet are smaller than twice the skin depth and the
thickness of M800-50A is approximately twice the skin depth at 320 Hz. There-
fore, the skin e�ect can be neglected in the analysis, which is also veri�ed in
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Table 6.2: Material parameters of the laminated SiFe (M800-50A) and the
permanent magnet (NdFeB) and the sizes within the E-core ac-
tuator.

Parameter Symbol Vaco�ux 50 M800-50A NdFeB Unit

Relative perm. µr 4260 3260 1.05 -

Electric cond. σ 0.44 · 106 4.348 · 106 0.667 · 106 S/m

Material area d× w 0.10× 28 0.5× 30 10× 30 mm

Skin depth δ320 0.65 0.24 33 mm

[275, 278] for the E-core of M800-50A with and without permanent magnet.
Nevertheless, the skin depth can be included in the analysis as described in
[264].

6.3.5 Simulation procedure

The combination of the dynamic magnetic material model and the Preisach
model is solved iteratively. The magnetic �eld strength reduction due to the
eddy currents directly in�uences the magnetic �ux density obtained with the
Preisach model. Simultaneously, the time-derivative of the magnetic �ux den-
sity at a certain time step in�uences the magnetic �eld strength reduction due
to eddy currents, obtained with the dynamic model. Therefore, the dynamic
magnetic material model is solved iteratively. The iterative solving procedure
is shown in the block diagram of Fig. 6.9, which is an extension of the block
diagram of the scalar Preisach model as shown in Fig. 5.18. The procedure is
described as follows;

• The scalar Preisach model is identi�ed, including the reversible and irre-
versible part, the distribution function and the Preisach model is again
�rst demagnetized.

• The dynamic, measured, current input is used and an initial relative per-
meability is given, which is necessary for the dynamic magnetic material
model.

• The magnetic �eld strength is obtained by the time derivative of the
instant and previous magnetic �ux density with the dynamic magnetic
material model.

• The magnetic �ux density is calculated with the Preisach model.

• The procedure is converged for a certain time step, when the relative mag-
netic permeability is within an range of ε = 1 · 10−3, for three successive
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Fig. 6.9: Procedure to obtain the B−H characteristics in the ferromagnetic
material of a toroidal sample under ac-excitation.

iterations.

• The simulation is �nalized after the last input signal and the B−H char-
acteristic is acquired.

6.3.6 Experimental veri�cation

The instantaneous dynamic magnetic material model combined with the scalar
Preisach model is experimentally veri�ed by a comparison to the measured
B−H characteristics of a toroidal material sample. The simulation results are
obtained using the measured magnetic �eld strength as model input, for three
ring samples of Vaco�ux 50-10, Vaco�ux 50-35 and M800-50A. Measurements
are performed at various frequencies and peak magnetic �ux densities. From
each simulated dynamic hysteresis loop, the iron losses are obtained and com-
pared to the measured losses, as shown in Fig. 6.10. Each of these points
correspond to a measurement or simulation of an instantaneous dynamic B−H
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Fig. 6.10: Dynamic magnetic material model combined with the Preisach
model compared to measurements with various peak mag-
netic �ux densities on laminated toroids of Vaco�ux 50-10 (a),
Vaco�ux 50-35 (b), and M800-50A (c).

curve.

The dynamic magnetic material model based on the Preisach model, shows
good agreement with measurements for the two materials, i.e. Vaco�ux 50-
35 and M800-50A. A larger discrepancy has been found for the dynamic loss
simulation of Vaco�ux 50-10, especially for a peak magnetic �ux density above
1.2 T. This discrepancy is caused by the relatively large simulation error of the
static hysteresis model, which is veri�ed in three steps. Firstly, the relatively
large discrepancy of the static hysteresis model for larger loops has already been
shown in Figs. 5.19 and 6.1. Secondly, the dynamic losses are relatively small
for a 0.10 mm lamination thickness, as shown in Fig.6.11(a), for an excitation
of 40 and 400 Hz. Thirdly, it is shown in Fig. 6.11(b), that the simulated
energy losses of the dynamic magnetic material model, increases similarly as
the measured losses per cycle. However, a constant o�set for each peak �ux
density value is observed over the full frequency range, which is caused by the
static hysteresis model. In other words, besides the constant o�set caused by a
simulation error of the static hysteresis model, the steepness of the energy loss
per cycle with respect to the frequency is similar for the dynamic model and
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the measured values.

The instantaneous discrepancy between the measured and modeled dynamic
losses is also shown in Fig. 6.12 for Vaco�ux 50-10, for an excitation frequency
of 80, 160, 240 and 320 Hz. The di�erence of the remanent magnetic �ux density
and the coercive �eld strength between the simulation and the measurements
at 320 Hz is equal to 39.9 % and 6.1 %, respectively. Hence, the static error
of the remanent magnetic �ux density is relatively large, whereas the increase
of the width of the dynamic B−H loop (Hc) is predicted with a signi�cantly
better accuracy.

The dynamic Preisach model shows good agreement with measurements for
Vaco�ux 50-35, as is shown in Fig. 6.10(b) and Fig. 6.13. The di�erence of the
remanence and the coercivity between the simulation and the measurements at
320 Hz is equal to 8.64 % and 7.44 %, respectively. Furthermore, the dynamic
simulation of M800-50A is also in good agreement with measurements, as shown
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Fig. 6.12: Dynamic magnetic material model combined with the
Preisach model compared to measurements on a Vaco�ux 50-
10 laminated toroid at four excitation frequencies (a)-(d),
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for the predicted losses in Fig. 6.10(c). The largest discrepancy of the simulated
losses of M800-50A is noticeable for a peak magnetic �ux density of 1.6 T in
Fig. 6.10(c). This simulation error is larger, because at a magnetic �ux density
of 1.6 T, the maximum magnetic �eld strength is approximately 5000 A/m,
while the saturation level of the Preisach model is equal to 600 A/m. The
instantaneous modeling error of the remanence and coercivity for the 320 Hz
excitation, as shown in Fig. 6.14, is equal to 7.14 % and 6.65 %, respectively.

Generally, it can be concluded that the dynamic magnetic material model per-
forms well for a wide range of magnetic materials, ranging from the costly
Vaco�ux 50 with a high-saturation level, to a commonly applied and signi�-
cantly less expensive material, M800-50A. The optimized distribution function
applied for the Vaco�ux 50-10 sample (as obtained in previous chapter), results
in a larger discrepancy between the dynamic material model and measurements.
For the ring samples of Vaco�ux 50-35 and M800-50A the coercive �eld strength
and remanent magnetic �ux density are predicted with an accuracy below 10 %
for all the simulations.
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Fig. 6.13: Dynamic magnetic material model combined with the
Preisach model compared to measurements on a Vaco�ux 50-
35 laminated toroid at four excitation frequencies (a)-(d),
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Fig. 6.14: Dynamic magnetic material model combined with the
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Fig. 6.15: MEC model of a ferromagnetic material including magnetic hys-
teresis (a), and the B−H curve with the tangents (dashed) in
three arbitrary working points (b).

6.4 Hysteresis modeling in reluctance actuators

The modeling of magnetic hysteresis phenomena in reluctance actuators is
performed by the combination of three earlier discussed simulation methods.
Firstly, the general force of the reluctance actuator is modeled with the mag-
netic equivalent circuit (MEC) method, as discussed in Section 2.4. Secondly,
the static magnetic hysteresis e�ects, obtained with the Preisach hysteresis
model (discussed in Chapter 5), are included in the MEC model. Thirdly, the
previously discussed dynamic magnetic material model is included, to predict
the instantaneous eddy currents and excess losses. All these three methods
have been veri�ed by a comparison to either measurements or FEM simula-
tions. In this section, the combination of these three modeling methods into
a MEC is discussed. The experimental veri�cation of this combined model is
presented in Chapter 7.

6.4.1 Hysteretic reluctance

In a MEC model, a hysteretic ferromagnetic materials can be modeled as a se-
ries connection of an mmf source and a reluctance or a parallel connected �ux
source with a reluctance. The permanent magnet is modeled by a series connec-
tion in Section 2.4. There it is assumed that the mmf source and the reluctance
of the permanent magnet are constant, because the permanent magnet is used
in its linear regime in the second quadrant of its B−H characteristic. On the
contrary, soft-magnetic materials in reluctance actuators utilize the full range
of the hysteresis curve from positive to negative saturation. The ferromagnetic
material is modeled with a parallel connection of a variable reluctance Ro and
�ux source φo [12], as shown in Fig. 6.15(a).
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The magnetic �ux density in the iron core Bfe is modeled with the static
Preisach model (Chapter 5) and/or with the dynamic magnetic material model
(6.28). The magnetic �ux density is described as [188]

Bfe =
φfe
Afe

= Bo + µ0µrHfe (6.32)

where Afe is the cross-section area of the magnetic material and Bo is the
intersection of the tangent, at the working point of the hysteresis curve, with
the B-axis at H = 0, as shown in Fig. 6.15(b). Hence, the excitation of the �ux
source and the variable reluctance of the equivalent circuit are both related to
the magnetic �eld strength as given by

φo = Bo (Hfe)Afe (6.33)

Ro =
lfe

µ0µr (Hfe)Afe
(6.34)

When rate-dependent e�ects are modeled in laminated materials, Hfe is re-
placed by the mean magnetic �eld strength, i.e. Hm,fe (6.28). In this section,
the magnetic �eld strength in the ferromagnetic material is described as Hfe.

6.4.2 Hysteresis in the MEC model of a reluctance actu-

ator

The hysteresis is incorporated in a MEC model of the pre-biased reluctance
actuator as discussed in Section 2.4. The MEC model is extended with a
parallel connected variable reluctance and �ux source, as shown in Fig. 6.16.
The total magnetic �ux in the iron is now given by

φT = φfe = φo + φR (6.35)

where φo and φR are the �uxes through the �ux source and the magnetic
reluctance, respectively.

The MEC model of the pre-biased E-core (2.43) as presented in Section 2.4, is
expressed as

Ni+Hclmag =

φT
Afe
−Bo

µ0µfe
lfe +

φg
µ0Ag

lg +
φT

µ0µmagAmag
lmag (6.36)

using Hfe from (6.32). This is similarly rewritten as in (2.44)

Ni+Hclmag = φT (Ro +Rmag + kφRg)−
Bolfe
µ0µfe

(6.37)
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Fig. 6.16: Schematic view of a pre-biased E-core actuator (a), and the cor-
responding MEC model (b).

Using (6.32) and the total �ux (2.45), the magnetic �eld strength in the iron
is obtained as

Hfe =
Ni+Hclmag +

Bmlfe
µ0µfe

µ0µfeAfe(Ro +Rmag + kφRg)
− Bo
µ0µfe

(6.38)

Due to the dependency of the �ux density Bo(Hfe) (6.33) and variable reluc-
tance Ro(Hfe) (6.34) on the magnetic �eld strength of the ferromagnetic core,
the magnetic �eld strength is not analytically de�ned for a given input current.
Therefore, an extra step is added to the simulation procedure to obtain the
instantaneous magnetic �eld strength with the combined MEC model and the
dynamic magnetic material model.

6.4.3 Simulation procedure

The simulation procedure to model a reluctance actuator including (dynamic)
magnetic hysteresis e�ects, is an extension of the procedures used for the
Preisach model as shown in Fig. 5.18 and the dynamic material model in
Fig. 6.9. The simulation procedure consists of two iterative processes as il-
lustrated in Fig. 6.17. The evaluated dynamic magnetic material model, as
described in Section 6.3, and the interaction of the variable reluctance and the
magnetic �ux source of the MEC model, are solved iteratively. For stability
reasons, the MEC model is iteratively solved �rst for the static Preisach model
(which is included by a check on variable q) and subsequently the dynamic
magnetic material e�ects are included. Similarly as in Fig. 6.9, convergence has
been reached when the relative permeability is within a di�erence of ε = 1·10−3,
for three subsequent iterative steps.
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The dynamic magnetic material e�ects are incorporated for laminated materials
by the inclusion of Hm,fe(t) from (6.28), while for the pre-biased E-core the
eddy currents in the permanent magnet are incorporated with, Hm,c(t), as
given in (6.29). Finally, the force is obtained with the Maxwell stress tensor
(MST) method, as explained in Section 2.3.2. The MST method is applied
because it is based on the magnetic �ux density in the surrounding air, which
already contain the magnetic hysteresis e�ects as discussed in previous analysis.
Additionally, it must be noted that the virtual work (VW) method, as explained
in Section 2.3.1, is not applicable for obtaining the hysteretic force, as it is only
valid for a lossless system.

6.5 Finite element method

Besides dynamic magnetic material phenomena, also static hysteresis is eval-
uated for the �nite element method (FEM) in this section. Both, the static
and dynamic simulations are performed with the 3d FEM (Opera 16.0) [49].
The 2d FEM has also been applied in Section 2.7 to simulate the static mag-
netic hysteresis in various E-core reluctance actuators, and the theory about
the incorporation of magnetic hysteresis in the FEM has been introduced in
Section 4.5.

The inclusion of dynamic magnetic material e�ects in a laminated structure
is discussed. Furthermore, the FEM is experimentally veri�ed by a compari-
son to static and dynamic measurements on a laminated toroid of M800-50A.
Additionally, the simulation of (pre-biased) E-core reluctance actuators is dis-
cussed, of which the results on the prediction of the hysteresis in the force are
compared to measurements in the following chapter.

6.5.1 Laminated structures with the 3d-FEM

To include eddy current e�ects in laminated magnetic materials in the FEM,
it is necessary to use the 3d FEM. The simulation of individual laminations in
a laminated stack, to include eddy currents in 3d FEM, simulations is rather
challenging. Especially, the mesh creation for laminations with non-conductive
layers in between is di�cult, due to the two orders of magnitude di�erence
between the lamination thickness and the isolating layer. Up to now, it is
impossible to simulate a whole actuator with e.g. 60 individual laminations,
for two reasons. Firstly, the number of mesh elements exceeds the software
capabilities due to two orders of magnitude di�erence between the lamination
thickness and the actuator dimensions. Secondly, if the mesh could be created
the simulation time including dynamic hysteresis e�ects would at least be in
the order of weeks for a single sinusoidal excitation. To be able to simulate
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Fig. 6.18: Eddy currents in a laminated iron core and the equivalent model
with an anisotropic conductivity.

eddy currents in laminated materials, an anisotropic equivalent conductivity
[100] is applied for the magnetic material in the FEM simulations.

The anisotropic conductivity is derived from a lumped resistor model, which
is used to obtain an equivalent conductivity in the cross-section of the ferro-
magnetic material. The resistors are obtained using the skin depth (6.31). The
eddy currents parallel to the width and depth of the laminated material are
directed in the x- and z-direction, respectively, as indicated in Fig. 6.18. The
skin depth is given by

δy =

√
2

2πfµσx,z
and δx,z =

√
2

2πfµσy
(6.39)

where y is the direction normal to the sheet, and x and z are in the plane of
the sheet, as illustrated in Fig. 6.18. The speci�ed bulk conductivity is equal
to σx = σz, and the equivalent conductivity normal to the sheet is equal to

σy = σx,z

(
nd− 2δy

n(w + d− 2δy)− w

)2

(6.40)

where d is the lamination thickness, w is the width of the sheet and n is equal
to the number of sheets.

6.5.2 Experimental veri�cation

The FEM is experimentally veri�ed for the static simulation of minor hys-
teresis loops, because the hysteretic material properties applied to the FEM
software, are only based on the input of the left part of the major hysteresis
loop. The software uses this tabulated data to create a hysteresis model based
on transplantation [176], as earlier discussed in Section 4.5.

The 3d FEM is evaluated by a comparison to dc-measurements, as shown in
Fig. 6.19(a), for a maximum magnetic �eld strength of, Hmax =[50,100,250,500]
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Fig. 6.19: Comparison of the simulated B−H curves with the 3d FEM
and the measured B−H curves of M800-50A, for a dc-
excitation with a maximum magnetic �eld strength of
Hmax =[50,100,250,500] A/m (a), and for a 400 Hz excitation
with Hmax =[200,400,500] A/m (b).

A/m. It is shown that the discrepancy increases for the modeling of minor loops
with smaller input extrema. This is a direct result of the limited information
of the soft-magnetic material used by the software, as the hysteresis model is
only based on the major hysteresis loop.

The simulation of dynamic magnetic material e�ects with the anisotropic con-
ductivity is veri�ed by a comparison between measurements on a toroid of
M800-50A and simulations of two toroids with a 400 Hz excitation. The �rst
simulated toroidal structure consists of a single lamination of 0.5 mm with a
normal isotropic conductivity. The second simulated toroid consists of a non-
laminated (solid) toroid with the size of the real sample, but with an anisotropic
conductivity as given by (6.40). The comparison, between �ux measurements
on a closed toroid and the �ux density obtained with both 3d FEM analyses,
is shown in Fig. 6.19(b). Both simulation results are in good agreement with
the measurements. The coercive �eld strength and remanent magnetic �ux
density are predicted within 10% for both simulation methods, which validates
the ability to simulate laminated structures with an anisotropic conductivity.
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Fig. 6.20: The magnetic �ux density distribution of a 3d FEM simulation
of a quarter pre-biased E-core actuator with a 320 Hz excitation.
For minimum current, zero current and maximum current value
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A disadvantage of this dynamic magnetic material modeling method with the
3d FEM is the inability of applying arbitrary inputs, because the anisotropic
conductivity and skin depth are only determined for a �xed frequency.

6.5.3 Simulation of reluctance actuators

Besides the dynamic analysis of laminated magnetic structures, the 3d FEM
is necessary to simulate the actuator topology. Especially, the airgap fringing
and leakage e�ects are simulated using the FEM with a high-accuracy.

In Fig. 6.20 the magnetic �ux density distribution of a quarter of a pre-biased
E-core reluctance actuator is shown. This actuator corresponds to the pre-
biased E-core reluctance actuator, which is experimentally veri�ed in Sec-
tion 7.2. The symmetry of the structure when the stator and mover are aligned,
reduces the problem by a factor four, because it is su�cient to simulate only
a quarter of the E-core actuator when only the position variation in the actu-
ation direction is considered. A continuous tangential magnetic �ux density is
applied at the boundaries in the planes x = 0 and z = 0 to include symmetry.

The magnetic �ux densities for a 320 Hz current excitation of the E-core actu-
ator, as shown in Fig. 6.20(a)-(c), correspond with a current value of -0.7, 0.0
and 0.7 A, respectively. It can be noted that a negative current decreases the
magnetic �ux density, whereas the magnetic �ux density is increased for a posi-
tive current. In Fig. 6.20(b) the magnetic �ux density for zero current is shown,
which clearly shows the pre-biasing of the permanent magnet on the middle
tooth. The nonuniform magnetic �eld distribution in Fig. 6.20(a) and (c), is
caused by eddy currents at a 320 Hz excitation frequency, which decreases the
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magnetic �ux density towards the center of the actuator core, as described in
Section 6.3. The accuracy of the dynamic 3d FEM simulations is compared to
measurements on various E-core reluctance actuators in Chapter 7.

6.6 Complex impedance method

The dynamic complex impedance method is comparable to the static com-
plex impedance method, as discussed in Section 4.6. The dynamic complex
impedance method incorporates the dynamic behavior by including the phase
delay between B and H. The amplitude and angle between the measured volt-
age (magnetic �ux density) and the applied current (magnetic �eld strength)
determine the permeability of the complex impedance method.

In this thesis, the phase delay of the complex permeability is stored in a look-up
table for the full frequency range at which the model is applied. The phase
delay is obtained from measurements and inserted in the complex permeability
as given in (4.4). Hence, the complex impedance method is not a predictive
method. Moreover, the model as such, cannot describe random actuator be-
havior, or excitations that include more than one frequency.

6.6.1 Experimental veri�cation

The complex impedance model is compared to measurements on a laminated
toroid of M800-50A, for an excitation frequency of 100 Hz and 400 Hz, as
shown in Fig. 6.21(a) and (b), respectively. The simulation results show a
large discrepancy for the 100 Hz excitation, which is caused by the applied
non-sinusoidal magnetic �eld strength. A sinusoidal magnetic �eld strength
would result in an elliptic shaped B−H relation, but the measurement setup
is controlled to a sinusoidal magnetic �ux density, as discussed in Section 3.5,
which results in the sharp loops for lower frequencies. The simulation of the
magnetic �ux density at a 400 Hz excitation shows that the complex impedance
method performs signi�cantly better for higher frequencies. In Fig. 6.21(b) it is
shown, that the discrepancy of the complex impedance method is within 6 %,
for both the remanent magnetic �ux density and the coercive �eld strength.
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Fig. 6.21: The modeled magnetic hysteresis with the complex impedance
method compared to measurements (M800-50A) for a sinusoidal
voltage excitation at a frequency of 100 Hz (a), and at a fre-
quency of 400 Hz (b).
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6.6.2 Simulation of reluctance actuators

For the modeling of dynamic hysteresis e�ects in reluctance actuators with the
complex impedance model the phase delay between the current and the force
is obtained from measurements, instead of the phase delay of the magnetic �ux
density and the magnetic �eld strength. This phase delay is directly applied
to a non-hysteretic MEC model of the actuator. The major di�erence between
a closed toroid and reluctance actuators is the airgap, which is dominant in
actuators. Hence, the percentage of magnetic hysteresis in the current-force
characteristic is much lower than for the magnetic constitutive relation of ma-
terials (as shown in Fig. 6.21).

Furthermore, reluctance actuators are usually not continuously used up to its
saturation magnetization, which results in a relatively elliptic hysteresis in the
actuator core. Generally, reluctance actuators are designed for a peak-force
that is much higher than the nominal force for two reasons. Firstly, the peak-
force is physically restricted by the saturation of the ferromagnetic material.
Secondly, the nominal temperature of the actuator limits the rms current for a
speci�c volume and the e�ciency of reluctance actuators decreases rapidly when
saturation is approached. Based on these assumptions, the complex impedance
method could be more applicable for reluctance actuators than for modeling
magnetic materials. The accuracy of the simulation of reluctance actuators
with the complex impedance model is experimentally veri�ed by a comparison
to measurements on various E-core reluctance actuators in Chapter 7.

6.7 Conclusions

The statistical loss theory is addressed and compared to measurements under
various dc- and ac-excitations. Besides the statistical approach, the losses of
the instantaneous B−H curves are simulated with the Preisach model and com-
pared to dc-measurements on three di�erent material samples, i.e. Vaco�ux 50-
10, Vaco�ux 50-35 and M800-50A. The evaluated soft-magnetic materials
range from negligible dynamic losses (Vaco�ux 50-10) to signi�cant dynamic
losses (M800-50A).

Besides the static hysteresis losses, the instantaneous magnetic �elds are mod-
eled for a wide frequency range of 40 ≤ f ≤ 400 Hz. The dynamic simulations
are based on the �eld separation method derived from the statistical loss theory,
which incorporates the classical �eld and excess �eld components. The deriva-
tion of the classical �eld (due to eddy currents) in ferromagnetic materials is
described and employed for both, laminated materials and solid permanent
magnets. The simulation method is experimentally veri�ed in the frequency
domain by a comparison to measurements. Additionally, the instantaneous
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magnetic �elds are simulated and compared to measurements for several fre-
quencies. The coercive �eld strength is predicted with a maximum discrepancy
of 10 % for all the evaluated material samples. The remanent magnetic �ux den-
sity is also modeled with an error below 10 % for Vaco�ux 50-35 and M800-50A,
whereas the simulated remanent magnetic �ux density for Vaco�ux 50-10 shows
an error of 40 %, due to a discrepancy in the static hysteresis model.

The 3d FEM is examined on the prediction of the magnetic �ux density for dc-
excitations with various amplitudes, and for an excitation frequency of 400 Hz
for the M800-50A ring sample. The 3d FEM shows good agreement with the
measurements at 400 Hz, whereas the modeling of static minor loops shows a
relatively large discrepancy. The complex impedance method is experimentally
veri�ed by a comparison to measurements on the same M800-50A ring sample
at an excitation frequency of 100 and 400 Hz. The complex impedance method
only shows similar agreement with measurements at high frequencies when
both, the waveforms of the magnetic �ux density and magnetic �eld strength
approach a sine wave. The dynamic 3d FEM and the complex impedance
method are only applicable for a �xed excitation frequency.

Furthermore, the applicability for reluctance actuators is discussed for all three
modeling methods, which are examined on the prediction of the magnetic hys-
teresis in the force in the following chapter.



7

Experimental veri�cation

This chapter concerns the experimental veri�cation of the three modeling meth-
ods, as discussed in previous chapters, which have been applied to determine
the force of three reluctance actuators by incorporation of magnetic hysteresis
phenomena. Experimental veri�cations of magnetic hysteresis models for deter-
mining the hysteretic force of reluctance actuators have been earlier presented
in [129, 178, 220, 224, 225]. In [129], a parametric hysteresis operator has been
proposed for control of reluctance actuators, which has been obtained from
the measured current-force characteristic. In [178], a static Preisach model has
been applied for an E-core actuator manufactured of soft-magnetic powder ma-
terial (Anchor Steel TC-80). Hence, the dynamic e�ects are neglected for the
open-loop actuator model. In [220], magnetic hysteresis e�ects are modeled for
an electromagnet with the Jiles-Atherton model and the static Preisach model.
The inverse of both models is evaluated for the feedforward control of the elec-
tromagnet for low-frequency excitations. It is concluded that, �the Preisach
model works more smoothly within the control framework and performs more
robust for the given task.� In [224], a discrete Preisach model implementation
is proposed for the control of an electromagnet, which is extended to an airgap-
dependent model in [225]. All these implementations of hysteresis models for
reluctance actuators are discussed from a control point of view, based on mea-
sured actuator performance. None of the methods describe the combination of
electromagnetic actuator models and the ferromagnetic material phenomena,
as presented in this thesis.

Three modeling methods are experimentally veri�ed by force measurements on
three E-core reluctance actuators. The three presented modeling methods are
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the dynamic magnetic material model combined with the generalized Preisach
model and the MEC model, the 3d FEM, and the complex impedance method.
The combined Preisach model with the MEC model is veri�ed for all the mea-
surements. It should be noted that this modeling method only incorporates
static �ux density measurements of the considered ferromagnetic materials as
model input for the simulation of the instantaneous force of the three reluctance
actuators. The complex impedance model is only applicable for sinusoidal ex-
citations, and the 3d FEM is only examined for the dynamic analysis of the
two silicon-iron reluctance actuators.

One of the E-core reluctance actuators is manufactured of CoFe (Vaco�ux 50-
10), which has a high saturation magnetization, as discussed in Section 3.4. The
other two E-core reluctance actuators are manufactured of SiFe (M800-50A).
One of both SiFe actuators is pre-biased with a permanent magnet, which
signi�cantly enhances the force range. Each of the actuators is discussed sepa-
rately in the following sections. The force measurements are performed on two
measurement instruments which are discussed in combination with the speci�c
actuator(s) they are applied for. The contributions of this chapter have been
presented in [269, 274�276, 278].

7.1 E-core actuator of cobalt-iron

One of the E-core reluctance actuators is manufactured of a laminated stack of
cobalt-iron (CoFe). More speci�cally, the CoFe is Vaco�ux 50 with a lamination
thickness of 0.10 mm. In this thesis, the material is called Vaco�ux 50-10,
which has a speci�ed saturation magnetization of 2.35 T, as given in Table 3.1.
The dynamic material losses are negligible because of the thin laminations,
which has been experimentally veri�ed by measurements on a ring sample in
Chapter 6. Therefore, the CoFe E-core actuator is only examined for low-
frequency excitations. Additionally, various force pro�les are evaluated to verify
the generalized Preisach model on the accuracy of the prediction of minor loops
and to investigate the history dependency of the force of reluctance actuators.
The measurement instrument has a high accuracy and a large force range and
is further discussed in next section.

The examined CoFe E-core reluctance actuator is shown in Fig. 7.1. The stator
and mover are embedded in a non-magnetic stainless steel �xture, which can
be mounted to the measurement system. The two outer cables (1 and 3) are
internally connected to the actuator coils, which can be separately excited to
compensate for torque disturbances. Nevertheless, in this work both coils are
connected in series. The cable in the middle (2) is connected to a thermal
sensor to monitor the actuator temperature during the measurements.
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Fig. 7.1: A photo of the CoFe (Vaco�ux 50-10) E-core reluctance actuator.

7.1.1 Measurement instrument

A photo of the measurement system, used to obtain the force of the CoFe
reluctance actuator, is shown in Fig. 7.2(a) and a schematic illustration of
the most important parts is shown in Fig. 7.2(b). This measurement system,
also called actuator test-rig, measures the force of the actuator in one degree
of freedom (1-DoF) only. The measurement system consists of two masses of
approximately 5 kg each, which are supported by air-bearings. One is called
the long-stroke mass and the other the short-stroke mass. The long-stroke mass
represents the disturbance of a long-stroke actuator stage of a semiconductor
lithography system, as discussed in Chapter 1. The E-core reluctance actuator
functions as an unidirectional magnetic bearing between the long-stroke and
short-stroke actuator stage.

The measurement instrument positions the masses by two thoroughly identi-
�ed linear voice-coil actuators. When both masses are kept in position, the
forces produced by the voice-coil actuators are identical to the force produced
by the E-core actuator under test. The system is controlled with a position
feedback controller using nanometer accurate optical encoders. The feedback
controller of the measurement system has a sample frequency of 8.2 kHz. Ad-
ditionally, a non-hysteretic, sixth-order, polynomial �t of the measured force
of the E-core reluctance actuator is applied as feedforward force input for the
voice-coil actuators.

The position variation (tracking error) of both masses is monitored during the
measurement, which corresponds with the airgap variation of the reluctance ac-
tuator under test. The measured force of the E-core actuator is post-processed
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Fig. 7.2: The 1-DoF actuator test rig applied for force measurements of the
CoFe E-core actuator, a photo (a), and an illustration (b), as also
shown in [130].
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to compensate for the measured airgap variation. The force di�erence due to a
position variation is derived from the reluctance force obtained with the virtual
work method (Section 2.3) for the magnetically linear case, as given in (2.24).
By taking the derivative with respect to the airgap length, lg, the force error
of the measured force, Fz,meas, is obtained as

dFz = −2
Fz,meas
lg

dlg (7.1)

and hence, the reluctance force with tracking error compensation is obtained
as

Fz = Fz,meas

(
1− 2

lg
dlg

)
(7.2)

where dlg is the measured tracking error.

Another measurement inaccuracy is introduced by the temperature dependent
elongation of the CoFe stator, which is included in the model to correct for
minor airgap deviations. The elongation coe�cient of Vaco�ux 50 is given as
αL = 11 · 10−6 K−1, which is used to obtain the elongation of the stator teeth,
∆L, as

∆L = αL∆T l (7.3)

where ∆T = Tcore − T0 and l is the length of the material, which is equal to
the tooth length of the E-core actuator in this case. Tcore is the temperature
of the stator of the actuator and T0 is the room temperature, which is kept
constant at 22◦C in the measurement environment. For example, at an airgap
length of 0.5 mm, a temperature di�erence of 10◦C results in an elongation of
approximately 10 µm, which corresponds with a force di�erence of 4.5 %.

7.1.2 Simulation results of the cobalt-iron E-core actua-

tor

Three di�erent current excitations are applied to the CoFe E-core reluctance
actuator, i.e. a 1 Hz sinusoidal signal, an arbitrary sequence with a period of
1 second, and a current excitation that shows the dependency of the hysteresis
in the reluctance force on the history of the current excitation. The �rst two
measurements are performed at a practically minimum airgap of 0.5 mm to
maximize the hysteretic phenomena in the soft-magnetic material and, hence,
also in the reluctance force. The third force measurement is performed at an
airgap of 0.8 mm.

Each modeling method is evaluated on the prediction of the hysteresis in the
reluctance force in the remainder of this chapter. The models are judged on
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two aspects for the sinusoidal excitations. Firstly, the relative error of the force
is examined, given by

∆F =
max(Fmeas − Fmodel)

max(Fmeas)−min(Fmeas)
· 100% (7.4)

which is the percentage of the maximum instantaneous di�erence between the
measured force, Fmeas, and modeled force, Fmodel, with respect to the measured
force range.

Secondly, the prediction of the amount of magnetic hysteresis in the force is
evaluated by the analysis of the loop-eye present in the force, similarly as in
Section 2.7. The hysteresis in the force is graphically shown by the subtraction
of the non-hysteretic force obtained with the proposed analytical MEC model of
the reluctance actuator. This results in loops for which the maximum opening
is called the loop-eye, and corresponds with the error of the force when it
is predicted with a non-hysteretic actuator model. The relative discrepancy
between the measured loop-eye, eyemeas, and the modeled height of the loop-
eye, eyemodel, is evaluated and is obtained as

∆eye =
eyemeas − eyemodel

eyemeas
· 100% (7.5)

which is a measure for the discrepancy of the modeled hysteresis in the force
with respect to the measured amount of magnetic hysteresis in the force.

The simulation results are subsequently compared to measurements for the
three current excitations applied to the CoFe E-core reluctance actuator. The
discrepancies of the simulation results are discussed afterwards.

Sinusoidal current excitation

The sinusoidal current-force relation is shown in Fig. 7.3(a). The measured
current force relation is compared to the static Preisach model implementation
combined with the magnetic equivalent circuit (MEC) method. Additionally,
a non-hysteretic MEC model is shown, which is also applied for the complex
impedance model. The magnetic hysteresis in the reluctance force is visualized
by subtracting the non-hysteretic MEC model from the measured and modeled
force. The resulting loop-eyes, representing the instantaneous magnetic hys-
teresis in the reluctance force, are shown in Fig. 7.3(b). The evaluated loop-eye
is indicated for the measured hysteretic force in Fig. 7.3(b).

The relative accuracy of the simulated hysteresis in the reluctance force is
expressed by the maximum discrepancy of the actuator force and a loop-eye
error, which are ∆F = 0.42% and ∆eye = −91.3%, respectively, for the Preisach
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Fig. 7.3: Comparison of the simulated and measured force of the CoFe
E-core reluctance actuator for a 1 Hz sinusoidal current excita-
tion at an airgap of 0.50 mm (a), and the corresponding force
error due to magnetic hysteresis (b).

models, as given in Table 7.1. The negative loop-eye error means that the
hysteresis in the reluctance force is overestimated.

The relative force error of the complex impedance model is related to the
non-linearity of the magnetic material in the actuator. The loop-eye error is
relatively low, ∆eye = 7.3%, because this is obtained from the measured phase
delay between the squared current and the force.

It can be obtained from Fig. 7.3(b), that the magnetic permeability decreases
for higher currents resulting in the tips of the loop-eye. The non-hysteretic ac-
tuator model and, hence, also the complex impedance model do not incorporate
any nonlinear material properties, whereas the Preisach model does incorpo-
rate the nonlinear and hysteretic material properties. Therefore, the Preisach
model shows a similar shape of the hysteresis in the force.
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Table 7.1: Discrepancy between the simulation methods and the force mea-
surements on the CoFe E-core actuator for a 1 Hz sinusoidal
excitation.

Method ∆F (%) ∆eye (%)

Preisach model + MEC 0.42 -91.3

Complex impedance 0.73 7.3
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Fig. 7.4: The applied saw-tooth current excitation (a), and the correspond-
ing measured and simulated force (b), at an airgap of 0.50 mm.

Arbitrary current excitation

Besides the sinusoidal current excitation, a more arbitrary excitation is applied
to the CoFe E-core reluctance actuator. A saw-tooth-shaped input current is
applied, as shown in Fig. 7.4(a). This saw-tooth current is applied to evaluate
the simulation of minor hysteresis loops in the force. This saw-tooth excitation
is periodically applied with a period of one second. The measured and simulated
force are shown in Fig. 7.4(b). In contradiction to the sinusoidal excitation,
only a positive current is applied and, hence, only the upper half of the B−H
curve of the magnetic material is used.

Similar to the analysis of the sinusoidal excitation, the non-hysteretic actuator
model is subtracted form both the measured force and the modeled force, as
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Fig. 7.5: Comparison of the simulated and measured force error due to
magnetic hysteresis for a saw-tooth current excitation with a pe-
riod of one second, for the CoFe E-core reluctance actuator at an
airgap of 0.50 mm.

shown in Fig. 7.5. This �gure clearly shows the similarity between the measured
hysteresis in the force and the simulated force with the combined Preisach
model and MEC model. Equivalently to the results of the sinusoidal excitation,
the hysteresis in the force is overestimated with a maximum discrepancy of 1 N,
which is caused by the same reasons given previously. The maximum absolute
force error is 0.43 % at a current excitation of approximately 1.5 A.

History dependency of the force

The reluctance actuator modeling method including magnetic hysteresis is also
experimentally veri�ed for the analysis of the history dependency of the reluc-
tance force of the CoFe E-core actuator. The excitation current of the E-core
actuator is chosen such that a minor loop is formed due to a sinusoidal current
with an amplitude of 0.5 A and an o�set of 1.5 A. This minor loop is formed af-
ter a peak excitation of 3.5 A. Subsequently, the same sinusoidal current input
with o�set is applied after a negative peak current of minus 3.5 A, as shown
in Fig. 7.6(a). The corresponding measured and simulated force are shown
in Fig. 7.6(b). A distinction is made between the so called decreasing branch
and the increasing branch, which correspond with the current input decreasing
from the positive peak value to the negative one, and from the negative to the
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Fig. 7.6: The applied current excitation to analyze the history dependency
of the CoFe E-core actuator (a), and the corresponding measured
and simulated force (b), at an airgap of 0.80 mm.

positive peak value, respectively.

The measured and simulated force error due to magnetic hysteresis are shown
in Fig. 7.7(a), with a zoomed view around the minor loops in Fig. 7.7(b). It can
be noted from these �gures, that the minor loops simulated with the combined
Preisach and MEC model, are similar as the measured ones, although, the loop
eye of the simulated hysteresis in the force is larger, similarly as in Figs. 7.3(b)
and 7.5. Nevertheless, Fig. 7.7 clearly shows that the history dependency of
the force is dependent on the previous peak values of the input. The di�erence
between the measured minor loops is approximately 0.5 N, which corresponds
with 0.17 % of the peak force.

Additionally, it can be concluded from the measured minor loops in the reluc-
tance force, as shown in Fig. 7.7(b), that no signi�cant accommodation occurs.
Hence, this validates the conclusions in Sections 3.3 and 5.2 that accommoda-
tion is not signi�cantly present in the force.

Besides the hysteresis in the force, the magnetic hysteresis in the actuator
core has been simulated with the combined Preisach and MEC model. The
simulated magnetic hysteresis in the soft-magnetic actuator core is shown in
Fig. 7.8(a), as well as the B−H relation measured on the ring sample of
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Fig. 7.7: Comparison of the simulated and measured force error due to
magnetic hysteresis (a), and a zoomed (magni�ed) view around
the two minor loops (b), for the current excitation as shown in
Fig. 7.6(a), at an airgap of 0.80 mm.

Vaco�ux 50-10, both with a maximum magnetic �eld strength of approximately
150 A/m. The two minor loops are formed as a result of the current excita-
tion as shown in Fig. 7.6(a). Also in the zoomed view of the simulated B−H
characteristic in the core of the actuator, as shown in Fig. 7.8(b), the history
dependency can be clearly observed by the di�erence in the average magnetic
�eld strength of the minor loops.

Discussion

It can be concluded from the previous analysis that the Preisach model com-
bined with the static MEC model predicts the shape of the hysteresis in the
force with a good similarity for all three of the applied current excitations.
However, the determined hysteresis in the force is overestimated with approxi-
mately 1 N, which results in a relative force error of ∆F = 0.42% and a relative
loop-eye error of ∆eye = −91.3%. This discrepancy can be attributed to three
causes:

- Firstly, a di�erence between the measured ring sample and the soft-
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Fig. 7.8: A comparison of the B−H characteristic of the material mod-
eled with the Preisach model in the core of the E-core actua-
tor and a measured B−H characteristic in the laminated toroid
Vaco�ux 50-10 (a), and a zoomed (magni�ed) view around the two
minor loops (b) (for the current excitation shown in Fig. 7.6(a)).

magnetic material in the actuator. The material samples are di�erent
because the material of the reluctance actuator is not from the same
batch as the ring sample. The ring sample is manufactured in April 2014,
but the actuator in June 2009. The di�erences of the magnetic material
properties are typically caused by the cutting edges of the EDM process,
the cutting temperature (the temperature di�erence between the cutting
surface and the interior of the material), and the annealing time and tem-
perature after rolling, as explained in Chapter 3. Additionally, the e�ects
of the cutting edges in the ring sample are signi�cantly higher than for
the E-core actuator, since the actuator teeth have a larger cross-section
area. Furthermore, even two ring samples which have been simultane-
ously manufactured show a di�erence in the B−H characteristic. These
two toroids, which are both manufactured of Vaco�ux 50-10, show a dif-
ference in the measured magnetic �ux density of 55.6 mT for a minor
loop with a peak magnetic �eld strength of 150 A/m, which is similar to
the minor loop that occurs in the core of the E-core actuator, as shown
in Fig. 7.9.
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Fig. 7.9: A comparison of the B−H characteristic of the material mod-
eled with the Preisach model in the core of the E-core actuator
corresponding with the excitation shown in Fig. 7.3 and the mea-
sured and modeled B−H characteristic in the laminated toroid
Vaco�ux 50-10 similar as in Fig. 5.19.

- Secondly, a mismatch between the Preisach distribution function and
the measured B−H characteristic, as observed in Chapter 5 and which
has been shown in Fig. 5.19. This is further investigated for the force
measurement on the CoFe actuator with the sinusoidal current excitation.
The magnetic �ux density in the actuator core, modeled with the Preisach
model, is compared to the measured B−H characteristic, as shown in
Fig. 7.9. It is shown that the modeled magnetic �eld strength in the CoFe
E-core actuator varies approximately between +120 and -120 A/m. In
this �gure, the modeled B−H curve in the actuator core, is also compared
to the measured and modeled minor loops of the earlier investigated toroid
of Vaco�ux 50-10 with a peak magnetic �eld strength of 150 A/m. It
is shown that the shape of the modeled curve is slightly di�erent from
the measured loops. The modeled hysteresis loop of the ring sample
with a maximum magnetic �eld strength of 150 A/m overestimates the
measured magnetic hysteresis loop with maximum 0.12 T, which results
in an overestimation of the hysteresis in the reluctance force.

- Thirdly, the fact that only a single hysteresis operator is used for the
modeling of the mover and stator core. Although the material has a high
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magnetic permeability, the magnetic �ux density in the material is to
some extend inhomogeneous.

Considering these three plausible causes for the discrepancy of the predicted
magnetic hysteresis in the reluctance force of the CoFe E-core reluctance ac-
tuator, it is arguable if it is fair to have an actuator model only based on the
measured B−H characteristic of a ring sample from a di�erent batch. Never-
theless, since the major goal of this thesis is to investigate the accuracy of the
force prediction of reluctance actuators from a physical electromagnetic per-
spective, only the measured magnetic material characteristics are used as model
input for the previous and remaining analysis of the hysteresis in the force of
reluctance actuators. However, for the control of a reluctance actuator after
manufacturing, the magnetic material model can be adjusted to improve the
prediction of the force of the reluctance actuator. The adjustment of the ap-
plied material model concerns the optimization of four variables in the Preisach
distribution function based on the performed force measurements.

7.2 E-core actuators of silicon-iron

The other two E-core actuators are manufactured of laminated stacks of silicon-
iron (SiFe). The SiFe is non-grain-oriented with a lamination thickness 0.50 mm
(M800-50A) with a speci�ed saturation magnetization of 2.0 T, as given in Ta-
ble 3.1. One of the actuators is pre-biased with a permanent magnet on the
middle tooth. Measurements are performed for frequencies up to 320 Hz on
both SiFe E-core actuators, because the dynamic magnetic material e�ects of
M800-50A are evidently present, as shown in Chapter 6. The force measure-
ments are performed with a high-bandwidth piezoelectric load cell as discussed
in next section.

The stators of the two E-core reluctance actuators are shown in Figs. 7.10(a)
and (b). Both actuators have the same stator core and, hence, both actuators
have a shorter middle tooth length, such that a permanent magnet can be
placed on it. A NdFeB permanent magnet is applied with a measured remanent
magnetic �ux density and coercivity of 1.17 T and 978.5 kA/m, respectively.
Consequently, the unbiased reluctance actuator is not optimally used, because
the middle airgap is signi�cantly larger than the airgap between the outer teeth
and the mover. For both SiFe actuators, the force measurements are performed
for a �xed airgap of 0.28 mm between the outer teeth and the mover. The
stator is mechanically �xed to the frame of the measurement instrument and
the mover of the actuator is �xed to the load cell.

The usage of the pre-biasing permanent magnet results, on the one hand, in
an o�set of the magnetic �ux density in the soft-magnetic material, which in-
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Fig. 7.10: The stator of two SiFe E-core actuators. The unbiased actuator,
without permanent magnet on the middle tooth (a), and the pre-
biased actuator, with permanent magnet on the middle tooth
(b).

troduces a static sti�ness of the reluctance actuator. On the other hand, the
permanent magnet enhances the force range of the actuator and, the actuator
is used in a more linear actuator regime considering the current-force charac-
teristic. The full working range of the pre-biased actuator is shown in Fig. 7.11.
This �gure is obtained with the non-hysteretic MEC model, which corresponds
with model 1, as discussed in Section 2.4. It shows the force pro�le in the
actuation direction for a variable airgap and a variable current, which is signif-
icantly di�erent than the approximately quadratic force pro�le of an unbiased
actuator. Nevertheless, the pre-biasing permanent magnet only introduces an
o�set in the force, as shown in Fig. 2.8 in Section 2.6. The force of both SiFe ac-
tuators is examined for a smaller force range than for the CoFe E-core actuator
but a much frequency range is taken into account.

7.2.1 Measurement instrument

The measurement instrument consists of a piezoelectric load cell with a charge
ampli�er and an aluminum frame (in which the load cell and actuator are
mounted). A schematic illustration of the force measurement instrument in
combination with a current ampli�er and an integrator of the magnetic �ux, is
shown in Fig. 7.12.

The force measurements are performed with the piezoelectric load cell (Kistler
type 9272) because it has a high rigidity and, hence, a high natural frequency
[93, 145]. Similar load cells are regularly applied for force and torque mea-
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Fig. 7.11: Calculated force of the pre-biased E-core actuator with variable
current and variable airgap.
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Fig. 7.12: Measurement instrument (load cell, frame and charge ampli�er),
the E-core reluctance actuator, the current ampli�er and the
integrator of the magnetic �ux.

surements of drilling and cutting machines due to the linearity over a large
amplitude range [10, 210]. Other commonly used passive load cells are the
strain gauge/gage [111] and hydrostatic sensor. However, both have lower
bandwidth, lower strain sensitivity (factor 1000) and lower rigidity [93], which
results in a larger airgap variation.

Generally, a disadvantage of piezoelectric a load cell is the inability to measure
statically over a longer period of time. Hence, only steady-state ac measure-
ments are evaluated. Moreover, ferroelectric hysteresis is present in a piezoelec-
tric element [83, 95, 223, 281], which is comparable to ferromagnetic hysteresis
in a reluctance actuator. However, the Kistler load cell uses the charge-force
relation, which is non-hysteretic [83, 95], because it is an electrical equivalent
of the magnetic �ux-force relation for reluctance actuators.
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Besides the force measurement, the magnetic �ux in one of the actuator teeth
is measured with a coil. This coil is located around the left tooth of the E-core
reluctance actuator, as shown in Fig. 7.10(a). The magnetic �ux density is
obtained from the measurement coil according to (3.4), as discussed in Sec-
tion 3.5, similarly as the magnetic �ux density is obtained in ferromagnetic
toroids. The phase delay of the measured �ux with respect to the measured
current and force are used in this analysis to distinguish the phase delay of the
measurement instrument from the phase delay of dynamic magnetic material
e�ects. The measured �ux is not directly used for obtaining the force, because
the �ux-force relation is dependent on the airgap length and the positioning
of the measurement coil, while the phase delay of the �ux is independent of
both geometric properties. Moreover, the accuracy of the non-hysteretic actu-
ator model as presented in Section 2.4, shows better agreement with the force
measurements than the force calculated from the measured �ux.

Considering high-frequency measurements (up to 320 Hz), the phase response
of the measurement instrument should be identi�ed, because the measurement
instrument introduces a delay. This phase delay of the measurement instru-
ment is similar to the phase delay caused by eddy currents, although these
phase delays are originated from a di�erent source. The identi�cation of the
measurement instrument is performed with a iron-less voice-coil actuator with
a ferrite permanent magnet, in which the eddy currents are limited [269], as
discussed in Section 3.4. The measured phase response of the measurement
instrument obtained with the voice-coil actuator is shown in Fig. 7.13. The
measured phase response is modeled with a second-order low-pass �lter and
from each measurement of both E-core actuators the delay is determined be-
tween the measured force and magnetic �ux. It can be seen in Fig. 7.13 (a)
and (b) that the modeled phase response corresponds relatively good with both
measurements.

The modeled phase delay is used to compensate for the phase delay of the
measurement instrument. The di�erence is obtained between the directly mea-
sured magnetic hysteresis in the force and the actual hysteretic force after phase
compensation of the measurement instrument. In Fig. 7.14(a) the di�erence is
shown for the unbiased E-core actuator and in Fig. 7.14(b) for the pre-biased
reluctance actuator. It is shown that the actual force error due to magnetic hys-
teresis of both actuators is approximately half the measured hysteretic loop-eye
for a current excitation of 320 Hz.
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Fig. 7.13: The modeled phase delay compared to the measured phase delay
of the measurement instrument (a), and a zoomed (magni�ed)
view of the phase delay between 100 and 2000 Hz (b).

7.2.2 Simulation results of the unbiased E-core actuator

The measurement results of the unbiased E-core reluctance actuator are com-
pared to the three dynamic reluctance actuator models which are discussed
in Chapter 6, i.e. the Preisach model combined with the dynamic magnetic
material model and the MEC model, the 3d FEM and the complex impedance
method. The comparison on the prediction of the magnetic hysteresis in the
reluctance force is shown in Fig. 7.15(a), and the loop-eyes due to magnetic
hysteresis are shown in Fig. 7.15(b) for an airgap of 0.28 mm and a sinusoidal
excitation with a frequency of 320 Hz. The modeling methods are examined on
the maximum force error (7.4) and on the prediction of the amount of magnetic
hysteresis present in the force, which is judged by the size of the loop-eye (7.5).
The modeling accuracy of each method is summarized in Table 7.2.

From Fig. 7.15(b) it can be observed that the predicted dynamic magnetic hys-
teresis is overestimated by the 3d FEM, while the combination of the Preisach
model and the MEC model shows better agreement with the measurements.
The overestimation of the dynamic magnetic hysteresis by the 3d FEM results
in a relatively large force error, i.e. ∆F3dFEM = 1.4 %, whereas the mean
current-force characteristic corresponds fairly well with the measured force.
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sation of the force measurement instrument, for the unbiased
E-core actuator (a), and the pre-biased E-core actuator (b).
Both measurements are performed for an excitation frequency
of 320 Hz at an airgap of 0.28 mm.

Table 7.2: Accuracy of the simulation methods compared to the force mea-
surements of the unbiased E-core actuator, for a 320 Hz excita-
tion.

Method ∆F (%) ∆eye (%) Tsim

3d FEM 1.4 -172 39 h

Preisach model + MEC 0.7 -63 2.1 s

Complex impedance 0.5 28 31 ms
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The di�erence between the predicted and the measured loop-eye is the largest
for the 3d FEM, which overestimates the dynamic magnetic hysteresis with,
∆eye,3dFEM = −172 %. This is due to the fact that the software package in-
cludes only the major magnetic hysteresis loop, which results in relatively large
discrepancies for low current excitations (small minor loops), similarly to the
simulation results shown earlier in Fig. 6.19(a).

The combination of the Preisach model and the dynamic MEC model shows
better agreement with the measurements, which is mainly caused by a smaller
overestimation of the minor hysteresis loops in the soft-magnetic core mate-
rial of the actuator. The approximated di�erence between the measured and
modeled loop-eyes is ∆eye,PrM = −63 %, which results in a maximum force
error of 0.7 %. This maximum force error occurs at a current of +0.4 A. Due
to asymmetry of the measured force a larger force error appears for a positive
current. Moreover, the measurement noise is relatively high for this small force
range, which results in a less reliable comparison than the more accurate mea-
surement of the CoFe E-core actuator and the pre-biased actuator discussed in
the following section.

The complex impedance method uses the measured phase delay between the
force and magnetic �ux and, hence, the height of the loop-eye shows the most
correspondence with the measurement. Moreover, modeling the force with
the complex impedance method improves the non-hysteretic actuator model
by a factor of two, as the force error of the complex impedance method is,
∆FCIM = 0.5 %.

Another approach to validate the modeling methods is the analysis of the mag-
netic �ux density in the SiFe stator core. As discussed before, the magnetic �ux
is measured by the measurement coil, as shown in Fig. 7.10(a). This measured
magnetic �ux density in the ferromagnetic material is compared to both, the
modeled �ux density with the 3d FEM and the combined Preisach model with
the MEC model. The modeled and measured magnetic �ux density is shown
in Fig. 7.16(a). In Fig. 7.16(b) a zoomed view is shown, which corresponds
with the �rst positive peak of Fig. 7.16(a). It is shown that both modeling
methods overestimate the measured magnetic �ux density by approximately
9 %. This di�erence can be caused by the inaccuracy of the measurement with
a distributed coil of only ten turns around one of the outer teeth, whereas the
leakage and fringing �uxes are only partly measured with a signi�cant uncer-
tainty. Nevertheless, the 3d FEM and the combined Preisach model with the
MEC model correspond reasonably well, which validates that only one iron
reluctance in the MEC model is su�cient to model the mean magnetic �ux
density in the bulk of the actuator.

Lastly, the simulation times of the three modeling methods are given in Ta-
ble 7.2. The 39 hours simulation time of the 3d FEM corresponds with the
simulation of two periods of a sinusoidal current excitation in 209 steps. The
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density in the stator core of the reluctance actuator (a), and a
zoomed (magni�ed) view at one of the peaks of the sequence (b).

simulation time of the Preisach model combined with the dynamic MEC model
is only 2.1 seconds for 209 steps, which is dependent on the convergence of
the dynamic model. The complex impedance method in combination with the
non-hysteretic MEC model takes only 31 milliseconds.

7.2.3 Simulation results of the pre-biased E-core actuator

The modeling methods are also experimentally veri�ed for the pre-biased SiFe
reluctance actuator. The force range and measured force of the pre-biased
E-core actuator are shown in Fig. 7.17. The inclusion of the permanent mag-
net enhances the force range of the E-core actuator by a factor of 30 with
respect to the unbiased actuator for the same current excitation. Moreover,
it can be seen from the hysteretic 3d FEM simulation that signi�cant satura-
tion occurs for a current excitation above approximately 2.2 A at an airgap
of 0.28 mm. Hence, the actual force range of this actuator for a current of
±2 A is approximately 300 N. The magnetic hysteresis in the reluctance force
is modeled and simulated for a sinusoidal current excitation with a peak value
of 0.69 A. The corresponding force range is approximately 100 N as shown in
Fig. 7.18(a).
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Fig. 7.17: Force of the pre-biased E-core reluctance actuator simulated for
the total force range, at an airgap of 0.28 mm.

The simulated and measured magnetic hysteresis in the reluctance force for
a 320 Hz excitation are visualized by the loop-eyes, as shown in Fig. 7.18(b).
The relative discrepancy of the force (7.4), the loop-eye error (7.5), and the
simulation time, Tsim, are given in Table 7.3 for each modeling method. Two
periods of a sinusoidal current excitation are simulated, which corresponds for
the 2d- and 3d FEM analysis with 100 and 126 time samples, respectively,
whereas 242 samples are used as model input for the Preisach model and the
complex impedance method.

The 2d FEM simulation shows a narrow loop-eye (∆eye,2dFEM = 88%) which
is caused by neglecting eddy currents in the analysis and additionally, the slope
of the current-force relation is di�erent which is caused by neglecting the end
e�ects. The simulation time of the transient 2d FEM analysis (73 minutes) is
reasonable compared to the 3d FEM simulation time of 33 hours. The 3d FEM
simulation including magnetic hysteresis and eddy currents shows good agree-
ment with the measurements, showing a relative force error of 0.8 % with a
loop-eye error of ∆eye,3dFEM = 4.5 %.

A comparable model accuracy is achieved with the Preisach model combined
with the dynamic material and MEC model, which shows a force error of
∆FPrM = 1.1 % and a loop-eye error of ∆eye,PrM = 4.2 %. It should be noted
that this modeling method only incorporates static �ux density measurements
of the considered ferromagnetic material as model input for the simulation of
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due to magnetic hysteresis (b), for a 320 Hz sinusoidal current
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Table 7.3: Accuracy of the simulation methods compared to the force mea-
surements of the pre-biased E-core actuator, for a 320 Hz exci-
tation.

Method ∆F (%) ∆eye (%) Tsim

2d FEM 1.9 88 1.2 h

3d FEM 0.8 4.5 33 h

Preisach model + MEC 1.1 -4.2 1.8 s

Complex impedance 0.9 9.5 0.1 ms
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the instantaneous force of the reluctance actuator including dynamic material
e�ects for a current excitation of 320 Hz. Moreover, the simulation time of
1.8 seconds is reasonably faster than for the FEM.

The relative force error of the complex impedance method is 0.9 %, which is
directly related to the static MEC model describing the non-hysteretic actuator
behavior. The loop-eye error of the complex impedance method is 9.5 %, which
is in reasonable agreement with the measurements. It should be noted that this
model is not predictive, because the phase delay is directly obtained from �ux
measurements. The calculation time is signi�cantly shorter than for the other
methods, but the model is not applicable for random current excitations and
the accuracy will decrease for large excitations that approach the saturation
magnetization of the speci�c material, as shown in Section 6.6.

7.3 Conclusions

In this chapter, the in�uence of static and dynamic magnetic hysteresis phe-
nomena on the force of three E-core reluctance actuators has been examined
with three simulation methods and a comparison to force measurements. A
generalization of the Preisach model with the dynamic MEC model, 3d FEM
simulations, and a complex impedance method combined with a static MEC
model are evaluated on the prediction of magnetic hysteresis in the reluctance
force. The discrepancies of the simulation results with respect to the force
measurements are given in Table 7.4, for all three E-core reluctance actuators.

Firstly, it can be concluded from this analysis that the Preisach model combined
with the MEC model shows good agreement with the measurements considering
the relative force error, ∆F , similarly as the other simulation methods. A larger
variation is observed in the loop-eye errors of the combined Preisach model
and MEC model. A relatively large discrepancy is shown for the CoFe and
the unbiased SiFe E-core actuators. For the unbiased SiFe actuator the large
discrepancy is majorly caused by the signi�cant measurement noise and the
asymmetry of the measured force which results in a less reliable comparison
than for the other actuators. The relatively large discrepancy between the
simulated and measured loop-eye of the CoFe actuator can be attributed to
three reasons, (i) there is a di�erence between the measured ring sample and
the soft-magnetic material in the actuator, (ii) there is a mismatch between the
Preisach model and the measured B−H characteristic of the material sample,
and (iii) there is only a single hysteresis operator used for the modeling of the
mover and stator core of the reluctance actuator. The di�erence between the
measured material sample and the material in the actuator core is expected
to have the most in�uence on the simulation accuracy. This hypothesis is also
in agreement with the analysis of the (dynamic) simulations of the pre-biased
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Table 7.4: Discrepancy of the simulation methods with respect to the force
measurements of the three E-core actuators.

````````````Actuator
Method Preisach model CIM

and MEC 3d FEM and MEC

CoFe
∆F (%) 0.42 - 0.73

∆eye (%) -91.3 - 7.3

SiFe ∆F (%) 0.7 1.4 0.50

unbiased ∆eye (%) -63 -172 28

SiFe ∆F (%) 1.1 0.8 0.9

pre-biased ∆eye (%) -4.2 4.5 9.5

E-core actuator, since the measured material sample in that case was obtained
from the same batch as the actuator core, and the cross-section area of the outer
actuator teeth is similar in size as the cross-section area of the ring sample. In
case the B−H characteristic of the material of the manufactured actuator core
is uncertain, the distribution function of the Preisach model could be adjusted
to model the hysteresis e�ects in the force of the actuator more accurately.

Secondly, the 3d FEM simulation shows a large discrepancy with the measured
loop-eye of the unbiased SiFe actuator. This discrepancy is attributed to the
inaccuracy of the simulation of minor hysteresis loops, since the force amplitude
and, hence, also the variation of the magnetic �ux density in the actuator core,
are relatively low for these measurements. The FEM uses only data points of
the major hysteresis loop as model input for the ferromagnetic material and,
hence, a larger discrepancy is observed for the modeling of minor hysteresis
loops, as also shown in previous chapter. The simulation with the 3d FEM
shows good agreement with the measurements for the pre-biased SiFe actuator,
for both the relative discrepancy of the force and the loop-eye. The 2d FEM is
only evaluated for the pre-biased SiFe E-core actuator, and shows reasonable
agreement with the measured force taking into account that the end-e�ects of
the actuator are neglected and no dynamic material e�ects can be incorporated.

Thirdly, the complex impedance method (CIM) combined with the MEC model
shows relatively good agreement with the measurements for all three E-core
actuators, because the phase delay (used to incorporate magnetic hysteresis) is
obtained from the measured current and force of the actuator. The discrepancy
of the relative force is majorly dependent on the applied MEC model, and the
size of the loop-eye is a result of the phase delay applied to the model. It should
be noted that the complex impedance method is only applicable for sinusoidal
current excitations.
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Finally, it should be noted that there is a large variation in the simulation
times of the three modeling methods. The simulation time of two periods
of the 3d FEM is very time computationally expensive, i.e. between 30 and
40 hours, whereas the simulation time of the Preisach model with dynamic
MEC method is approximately 2 seconds. The complex impedance method is
the fastest model with a simulation time in the order of milliseconds.
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8

Conclusions and

Recommendations

This thesis concerns the modeling of nonlinear and hysteretic phenomena in
reluctance actuators from an electromagnetic perspective. The ferromagnetic
material in reluctance actuators enhances the force density by guiding the mag-
netic �elds towards the airgap, where the change of energy with position is
relatively high. Consequently, a high force density is achieved which is desired
to increase the acceleration of actuation systems. However, the hysteretic phe-
nomena in the magnetic materials and the nonlinear actuator behavior result
in research challenges for high-precision applications, especially for semicon-
ductor lithography systems where nanometer accurate positioning is required.
This research bridges a gap between the modeling of physical properties of fer-
romagnetic materials and the modeling of electromagnetic actuation systems.
The conclusions related to the research objectives, as stated in Section 1.2,
are addressed subsequently in this chapter. Furthermore, recommendations for
further research are given.
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8.1 Conclusions

The conclusions are divided in three subsections. Firstly, the most dominant
reluctance actuator properties are discussed which should be incorporated in
the electromagnetic model. Secondly, the selection of appropriate modeling
methods is discussed. Finally, a conclusion is given on the experimental veri�-
cation of the applied modeling methods. In all three subsections, the modeling
of reluctance actuators and the modeling of magnetic materials are separately
evaluated.

8.1.1 Formulation and assessment of the reluctance actu-

ator properties to be modeled

The assessment of reluctance actuator properties that should be incorporated in
the modeling of reluctance actuators is subdivided into two categories. Firstly,
the electromechanical properties of reluctance actuators are discussed, and sec-
ondly, the magnetic material properties are assessed. Lastly, the relevant actu-
ator properties to be modeled are summarized.

Electromechanical properties

The nonlinearity of the force in the actuation direction with respect to current
and position is the most signi�cant contributor for model inaccuracies. The
modeling of the parasitic force of the reluctance actuator due to misalignment
of the stator and the mover is also important. These parasitic forces can be
reduced signi�cantly by an appropriate actuator design. When the parasitic
forces are not minimized in the design, these forces should be incorporated
in the model of the actuation system, as the forces result in undesired cross-
coupling between actuators, while the speci�c actuator cannot compensate for
these forces by itself.

Magnetic material properties

It is necessary to incorporate the measured nonlinear magnetic material prop-
erties of a material sample in the reluctance actuator model. It is important to
obtain these measurements from a material sample that is from the same batch
and which is manufactured in the same production process as the actuator, be-
cause the material properties are signi�cantly changed due to manufacturing.
Annealing of the magnetic material restores the magnetic properties of mate-
rial samples, but annealing is not possible when an isolated laminated stack is
glued before it is cut.
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The dynamic magnetic material properties are signi�cantly present for lami-
nated materials of 0.35 mm and above, whereas the dynamic e�ects are in-
signi�cant for a lamination thickness of 0.10 mm. The non-congruency, accom-
modation and magnetostriction properties of magnetic materials have been
considered insigni�cant compared to the general magnetic hysteresis e�ects.
Vector hysteresis has not been considered either, since its in�uence is assumed
to be small in the applied non-grain oriented (NGO) materials.

It can be concluded from the 2d FEM analysis that the absolute amount of the
hysteresis in the force and the hysteresis losses are directly related to the peak
value of the magnetic �ux density in the bulk of the actuator. Based on these
two observations, it is also concluded that it should be su�cient to model the
hysteresis in the force with a single hysteresis operator and hence, also for this
reason the inclusion of vector hysteresis is unnecessary.

The amount of static hysteresis in the force is between 0.5 and 1.0 % of the peak
force for the four evaluated actuator topologies. The actuators with a higher
force density, and consequently, a large magnetic �ux density variation in the
actuator core, experience more magnetic hysteresis in the force. The magnetic
hysteresis in the cross-talk is negligible in comparison with the hysteresis in the
force in the actuation direction.

By summarizing the discussed reluctance actuator properties, that should be
incorporated in the actuator model for high-precision reluctance actuators, the
following procedure is de�ned:

- Model the force in the actuation direction, which is nonlinear with current
and position;

- Measure the quasi-static nonlinear magnetic material properties to ob-
tain the magnetic permeability, the saturation magnetization and the
magnetic hysteresis;

- Model the following hysteresis properties: the history dependency, the
wiping-out property, and minor loops (reversal curves);

- Model dynamic magnetic material e�ects in reluctance actuators when an
excitation frequency above 100 Hz is considered, at least for a lamination
thickness of 0.35 mm or above.
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8.1.2 Selection of models for the determination of the in-

stantaneous force of high-precision reluctance actu-

ators

Based on the formulated reluctance actuator properties to be modeled, vari-
ous modeling methods are evaluated on their applicability for modeling high-
precision reluctance actuators. The modeling methods are discussed on their
ability to model the electromechanical reluctance actuator properties and/or
the magnetic material phenomena.

8.1.2(a) Evaluation of electromechanical actuator modeling methods

Various electromagnetic modeling techniques are qualitatively compared on
their suitability for the modeling of reluctance actuators. An analytical and a
numerical modeling method are selected. The analytical magnetic equivalent
circuit (MEC) method and a commercially available FEM are selected, which
can both be extended to incorporate magnetic hysteresis phenomena in its
analysis. The MEC model can predict the force in the actuation direction
with an accuracy such that only the force error due to magnetic hysteresis
remains. Modeling the parasitic force of reluctance actuators is ine�ective
with the MEC method for two reasons. Firstly, numerical methods, such as
the FEM or the boundary element method (BEM) are necessary to obtain the
airgap reluctances. Secondly, the MEC model approaches the complexity of
the mesh of a FEM to achieve a su�cient accuracy.

8.1.2(b) Evaluation of magnetic material modeling methods

A literature review has been performed to qualitatively evaluate magnetic
material models on their applicability for reluctance actuators. The evalu-
ated modeling methods are the Preisach model, the Jiles-Atherton model, the
play and stop model, the positive-feedback model, the FEM, and the complex
impedance method. Additionally, the Stoner-Wohlfarth model, the Coleman-
Hodgdon model and Takács model have shortly been discussed. These modeling
methods have been qualitatively compared based on the following criteria:

- The ability to be combined with existing reluctance actuator modeling
methods;

- The ability to have arbitrary current excitations as model input;

- The ability to incorporate rate-dependent magnetic material e�ects.

The Preisach model has been selected to model the hysteretic magnetic material
phenomena, because it can be combined with the analytic MEC model just as
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the play model and stop model. Furthermore, because of the long history and
the numerous improvements of the Preisach model, this model has been selected
to be used for magnetic hysteresis modeling in reluctance actuators.

The FEM has also been evaluated because it is one of the few commercially
available FEM that can include magnetic hysteresis in its analysis. In addition,
arbitrary current excitations and rate-dependent e�ects can be incorporated.
An anisotropic electric conductivity has been proposed for the simulation of
eddy currents in laminated materials. However, the obtained anisotropic con-
ductivity is only valid for �xed frequencies.

The complex impedance model has been selected because of its simplicity and
speed. It can easily be combined with the non-hysteretic MEC model, but it
is only applicable for sinusoidal current excitations as it is implemented here
with a constant phase delay per excitation frequency.

8.1.3 Experimental veri�cation of the modeling methods

The selected modeling methods have been experimentally veri�ed by a com-
parison to measurements. The measurements are divided into two parts which
are discussed subsequently. It concerns the measurement of the magnetic �ux
density in soft-magnetic material samples and the measurement of the force of
various reluctance actuators.

8.1.3(a) Veri�cation of three hysteresis modeling methods on various
magnetic materials

The three selected modeling methods have been evaluated on their ability to
predict static and dynamic magnetic hysteresis phenomena in ferromagnetic
materials. The generalized scalar Preisach model has been extensively elabo-
rated for modeling ferromagnetic materials. Four Preisach distribution func-
tions have been optimized to model the B−H characteristics of three di�erent
soft-magnetic materials, i.e. CoFe (Vaco�ux 50), SiFe (M800-50A) and stain-
less steel (AISI 430). These materials have various lamination thicknesses, i.e.
two CoFe samples with 0.10 mm and 0.35 mm laminations (Vaco�ux 50-10 and
Vaco�ux 50-35), the SiFe sample has 0.50 mm laminations, and the stainless
steel sample is a solid ring with a cross-section area of 4x5 mm2.

The simulation results of the generalized Preisach model have been compared
to quasi-static measurements. The maximum discrepancies between the mea-
sured and modeled instantaneous magnetic �ux density in the ring samples of
Vaco�ux 50-10, Vaco�ux 50-35, M800-50A and AISI 430 have been obtained as
11.2 %, 5.9 %, 4.4 % and 12.5 %, respectively. The rms errors of the simulated
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magnetic �ux density of three hysteresis loops are at least a factor of three
lower than the maximum discrepancies, for all material samples.

Besides the static magnetic hysteresis model, the magnetic �ux density has
been simulated with the combination of the generalized Preisach model and
the dynamic �eld separation method, with which the eddy current and excess
�eld components have been obtained. This combined simulation method has
been compared to the losses of numerous measured B−H curves at various
frequencies and peak magnetic �ux densities. This comparison is performed
for the three laminated ring samples, i.e. Vaco�ux 50-10, Vaco�ux 50-35 and
M800-50A. The di�erence of the loss prediction with respect to the measure-
ments is below 20 % for Vaco�ux 50-10 and below 10 % for Vaco�ux 50-35 and
M800-50A.

In addition, the instantaneous magnetic �ux density has been simulated for var-
ious excitation frequencies up to 320 Hz. The remanent magnetic �ux density
and the coercive �eld strength of the dynamic simulation method have been
modeled with a discrepancy below 10 % for Vaco�ux 50-35 and M800-50A,
whereas the discrepancy of the magnetic �eld strength and the remanent mag-
netic �ux density for Vaco�ux 50-10 is below 10 % and 40 %, respectively. The
relatively large simulation error for Vaco�ux 50-10 is caused by a discrepancy
in the static hysteresis model, on account of a mismatch between the material
characteristics and the evaluated Preisach distribution functions.

Rate-dependent hysteresis e�ects have also been simulated with the 3d FEM
and the complex impedance method. The laminated ring samples have been
modeled with the FEM by an anisotropic conductivity. The remanent magnetic
�ux density and the coercive �eld strength are predicted with a maximum error
of 10 % with the 3d FEM for three peak magnetic �ux densities at an excita-
tion frequency of 400 Hz. The complex impedance method shows only similar
agreement with measurements at high frequencies, when both the wave-forms
of the magnetic �eld strength and magnetic �ux density are approximately
sinusoidal.

8.1.3(b) Veri�cation of the determination of the instantaneous force
of three E-core actuators

The magnetic hysteresis in the reluctance force of three E-core reluctance actu-
ators have been measured on two measurement instruments. Static force mea-
surements have been performed on a CoFe E-core reluctance actuator (manu-
factured of Vaco�ux 50-10), and dynamic force measurements have been per-
formed on two SiFe E-core actuators (manufactured of M800-50A), one of which
is pre-biased with a permanent magnet. The force measurements have been
compared to the three proposed simulation methods for reluctance actuators,
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i.e. the Preisach model combined with a dynamic MEC model, the 2d/3d FEM
and a complex impedance model combined with a static MEC model. These
three modeling methods are thoroughly discussed.

It has been shown that the combined Preisach model and MEC model can
incorporate the most dominant magnetic hysteresis phenomena (the history
dependency, minor loops and dynamic e�ects) in the simulation of the force
of reluctance actuators. The simulated relative force error and the shape of
the hysteresis in the force shows good agreement with the force measurements,
similarly as for the FEM. The magnetic hysteresis in the force is simulated
with the Preisach model, which only includes the static B−H characteristics
of the measured material samples as model input. The amount of magnetic
hysteresis in the force of the CoFe reluctance actuator is overestimated, which
can be attributed to three reasons:

- There is a di�erence between the measured ring sample and the soft-
magnetic material in the actuator;

- There is a mismatch between the Preisach model and the measured B−H
characteristic of the material sample;

- There is only a single hysteresis operator used for the modeling of the
mover and stator core of the reluctance actuator.

The �rst reason is expected to have the most in�uence on the results, because
the material of the measured ring sample and the CoFe reluctance actuator
are from di�erent batches, since the E-core actuator has been manufactured
approximately 5 years earlier. Additionally, the in�uence of the manufactur-
ing process (in this case EDM) has a large impact on the magnetic material
properties, as has been shown for an annealed and non-annealed ring sample.
Considering these material uncertainties, it is arguable if it is fair to have an
actuator model only based on the B−H characteristic of a di�erent material
batch. The hypothesis that the material di�erence is the major cause of the
discrepancy between the measurement and the simulation, is also in correspon-
dence with the dynamic simulations performed on the pre-biased SiFe E-core
actuator. In that case the prediction of the loop-eye (representing the hys-
teresis in the force) is in very good agreement with the measurements, while
the measured ring sample is originated from the same batch as the actuator.
However, for the control of a reluctance actuator after manufacturing, with
insu�cient information about the magnetic material, the Preisach model can
be adjusted to improve the prediction of the magnetic hysteresis in the force.

The 3d FEM is evaluated on the prediction of the dynamic magnetic hysteresis
in the force of the two SiFe reluctance actuators. The relative discrepancy of
the simulated force compared to the measured force is in good agreement for
both actuators. The amount of magnetic hysteresis in the force is in very good
agreement for the pre-biased actuator. However, for the unbiased actuator
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the loop-eye has been overestimated by approximately a factor of two. This
larger discrepancy is attributed to the fact that the FEM software only uses
the major hysteresis loop as model input, while the force variation and, hence,
also the magnetic �ux density variation have been relatively low during the
measurement of the unbiased E-core actuator. This inaccurate modeling of
small minor loops is also in agreement with the static simulations on a ring
sample of the same material (M800-50A). It should be noted that typically a
simulation of two periods of a sinusoidal excitation with the 3d FEM is very
time computationally expensive, and lasts 30-40 hours.

The complex impedance method combined with the static MEC model has
shown relatively good agreement on both the simulation of the force and the
amount of magnetic hysteresis in the force. This is directly caused by the fact
that the phase delay (used to incorporate magnetic hysteresis) has been ob-
tained from the measured current and force of the actuators. The accuracy
of the relative force is mainly dependent on the applied MEC model, which is
equivalent to the static MEC model, used in combination with the Preisach
model. Moreover, the complex impedance method is only applicable for sinu-
soidal excitations, since the phase delay is valid for a �xed frequency only.

8.2 Recommendations

During the process of performing the presented research, various directions
are chosen on the never ending route of science. Consequently, various roads
have been passed without exploring. The most relevant not inspected roads
are addressed in the recommendations. Speci�cally, concerning the modeling
of magnetic hysteresis and electromagnetic actuators.

8.2.1 Modeling of magnetic hysteresis

• From the evaluated magnetic material models, the recently developed
positive-feedback model is considered as a model with high potential.
This is an intuitive model and is based on physical material properties.
An inverse hysteresis model could be implemented, which is interesting for
e.g. a feedback controller or obtaining the desired voltage given a speci�c
force pro�le. For the inversion of the Preisach model, the discrete Preisach
model should be obtained from the Everett distribution. The discrete
Preisach model could also reduce the simulation time of the hysteresis
model. Besides the Preisach model, the play and stop models can be
considered if research focuses on forward and inverse hysteresis modeling.
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• For the control of reluctance actuators it is recommended to investigate
the possibilities of fast and simple hysteresis models, such as the complex
impedance model. This could be useful for applications where actuators
are assigned to perform repetitive sequences or trajectories. Especially,
because it has been shown that the complex impedance model performs
relatively well for reluctance actuators with a sinusoidal current excita-
tion.

8.2.2 Electromagnetic actuator modeling

• The complexity of the MEC model could be increased with a higher num-
ber of hysteretic reluctances in the ferromagnetic material, to incorporate
an inhomogeneous magnetic �ux density distribution. This could improve
the hysteretic force prediction of reluctance actuators.

• Improve the convergence of the combined Preisach model with the dy-
namic magnetic material model and the MEC model. Especially, the
abrupt variations of the relative permeability at the reversal points of
the Preisach model cause instabilities. Hence, the simulation time can be
decreased when the model converges faster.

• To obtain a more complete reluctance actuator model it could be coupled
with a mechanical model that incorporates temperature, magnetostric-
tion, accommodation, congruency, and material elongation due to the
force of the actuator itself. These phenomena, occurring in magnetic ma-
terials, are approximated in this thesis to result in a maximum force error
as percentage of the applied force of 0.5 % K−1, 0.2 %, 0.03 %, 0.03 %
and 0.04 %, respectively.

• For the analytic optimization and design of reluctance actuators with the
MEC model, the leakage paths should be taken into account with a higher
accuracy.

8.2.3 Actuator manufacturing

• It is recommended to incorporate magnetic material knowledge in the
design of reluctance actuators. Choosing the manufacturing processes of
actuators is essential for the magnetic material properties. For the cases
where annealing is not feasible, the magnetic material properties should
be obtained from a material sample from the same batch, and should be
subjected to the same manufacturing process.
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A

Airgap permeance methods

A.1 Analytic permeance method

The analytic permeance method to include fringing e�ects in the airgap of
reluctance actuators is based on the permeance representation introduced by
Roters [221]. Although, various extensions exist, such as triangular, trapezoidal
and S-shaped �ux tubes [159, 197, 250], the cylindrical and spherical variants
presented by Roters are considered to be su�cient, because only the force of
reluctance actuators in the actuation direction is analyzed in this thesis.

The two dimensional representation of the airgap model as shown in Fig. 2.5
is described in three dimensions for the examined reluctance actuators. An
illustration of the corresponding �ux tubes are shown in Fig. A.1(a) and (b),
for a part of an actuator tooth and a mover section. In this analysis, the
airgap permeances are described by nine di�erent �ux tubes, as numbered in
Figs. A.1(a) and (b). The nine �ux tubes are separately shown in Fig. A.2 and
the permeance of each �ux tube is described subsequently. The dotted arrows
indicate the mean �ux path, φ, in each �ux tube, which represent the average
path length of the �ux lines.

The �rst �ux tube has a rectangular shape which is already described in Sec-
tion 2.4. The corresponding permeance is given in (2.38) and is written for the
given geometrical parameters as

P1 = µ0
wd

l
(A.1)
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Fig. A.1: Illustration of the fringing �ux tubes around a single tooth of
a reluctance actuator, with equal mover width and stator width
(a), and with an extended mover width compared to the stator
width (b).

where w is the width, d the depth and l the length of the �ux path, as illustrated
in Fig. A.2(1).

The second �ux tube is a half cylinder, which partly takes into account the fring-
ing for the case when the outer surface of the mover and the stator are aligned,
as shown in Fig. A.1(a). The mean length of the �ux path can be considered to
be equal to the length of a line drawn midway between the outer surface and
the semi-circumference as shown in Fig. A.2(2). According to [221] this length
is equal to l ≈ 1.22w. The mean cross-section area is estimated by dividing the
entire volume of the �ux tube by its mean length, A = πw2

8
d

1.22w ≈ 0.322 wd.
Hence, the permeance of the second �ux tube is described as

P2 = µ0
0.322wd

1.22w
= 0.26 µ0d. (A.2)

Thirdly, a half ring shaped �ux tube (3) is considered. This �ux tube is used to
model the �uxes leaving the stator tooth from the side and entering the mover
from the side, as shown in Fig. A.1(a). The �ux path has a mean length of
l = πw+g

4 , and an average cross-section area of A = dw−g2 , which are combined
and simpli�ed to obtain the following airgap permeance

P3 = µ0
2d

π

w − g
w + g

(A.3)
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Fig. A.2: The �ux tubes of which the numbers correspond with the num-
bers in Fig. A.1.

where g is equal to the airgap length in Fig. A.1(a).

The fourth �ux tube is one quadrant of a full sphere. The mean �ux line
is assumed to be situated at 0.65 of the sphere radius. The mean length is
graphically obtained in [221] and is approximated to be, l ≈ 1.3w, the volume

of the spherical quadrant is, π3
(
w
2

)3
, and hence, the average cross-section area

is obtained as, A =
π
3 (w2 )

3

1.3w ≈ 0.1w2, and the resulting permeance is written as

P4 = µ0
0.1w2

1.3w
= 0.0775 µ0w. (A.4)

The �fth �ux tube is a quadrant of a spherical shell. The mean length of the
�ux path is equal to the length of the third (ring shaped) �ux tube, l = πw+g

4 ,
the volume of the spherical shell is obtained as, π

24

(
w3 − g3

)
, and subsequently

the mean cross-section area is obtained as, A = 1
6
w3−g3
w+g . The corresponding
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airgap permeance is derived as

P5 = µ0
2

3π

w3 − g3

(w + g)
2 . (A.5)

The sixth �ux tube is exactly one-half of path (2), and hence, its permeance is
twice as large, given by

P6 = 0.52 µ0d. (A.6)

Similarly, the �ux tubes (7), (8) and (9) are identical to one-half of the �ux
tubes (3), (4) and (5), respectively. Therefore, the following permeance are
obtained

P7 = µ0
4d

π

w − g
w + g

, (A.7)

P8 = 0.155 µ0w, (A.8)

P9 = µ0
4

3π

w3 − g3

(w + g)
2 . (A.9)

A.2 Tooth contour method

The second method to obtain the airgap permeances is the tooth contour
method (TCM). The TCM uses the analogy between the electric and magnetic
scalar potential. The potential di�erence between two surfaces is obtained
numerically with a electrostatic boundary element method (BEM).

The airgap permeance between two surfaces is described for the stator and
mover geometry shown in Fig. A.3. The bottom surface of the stator tooth is
surface SA with the corner points A1 − A4. The top surface of the mover is
divided into �ve subsections. The middle surface area is the re�ection of the
stator tooth on the mover and the other four surface areas are obtained by
connecting its corner points to the corner points of the mover. In the following
analysis, the right section is surface SB with the corner points B1 −B4.

Generally, the magnetic �eld strength for a conservative �eld can written as,
H = −∇ϕ, where ϕ is the magnetic scalar potential. Using Ampère's law equiv-
alently as in (2.35), the magnetic potential di�erence between points A and B
is derived as

∫

C

H · dl = −
∫ B

A

∇ϕ · dl = ϕA − ϕB . (A.10)

The integral can be performed over any contour, as illustrated by the bold
dashed contour, C, connecting the points A and B, as shown in Fig. A.3.
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Fig. A.3: Illustration of a stator tooth and mover of a reluctance actuator,
which is divided into several surface areas.

Furthermore, the analogy between magnetic and electric �elds is used because
it is not possible to apply a magnetic potential at a surface in a FEM simu-
lation. The electric scalar potential, v, is related to the electric �eld strength
as, E = −∇v. The amount of electric �eld lines entering a surface SB due to
a potential di�erence from an electric charge on surface SA, is equal to the
amount of �ux entering surface SB due to magnetic charges on surface SA.

Using (2.35-2.38), the permeance of a �ux path in air can be described as

P =

∫
S
B · ds∫

C
H · dl =

µ0

∫
S
H · ds

ϕA − ϕB
. (A.11)

The analogy between electric �elds and magnetic �elds shows the following
equivalence

∫
SB

H · ds
ϕA − ϕB

∼
∫
SB

E · ds
vA − vB

. (A.12)

Hence, by applying an electric potential to a surface SA, the total electric �ux
entering at the other surface SB , is related to the permeance of the airgap
(A.11). For a potential of 1 V at SA the permeance between both surfaces is
given by

PSA→SB = µ0

∫

SB

E · dS (A.13)

The permeances between the numerous surfaces are obtained with electrostatic
simulations with a BEM. The permeances due to the combination of the var-
ious surfaces are discussed for the applied magnetic equivalent circuit (MEC)
method in Section 2.4.
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B

Distribution function

parameters

The distribution functions for the irreversible part of the scalar Preisach model
are optimized with a constrained based nonlinear optimization algorithm in
Matlab as discussed in Section 5.3. Each material has a speci�c constitutive
relation and hence, di�erent Preisach distributions can be implemented to ap-
proximate the magnetic B−H relation.

The four examined distribution functions are, the hyperbolic tangential func-
tion (5.16), the Gaussian distribution (5.17), the Cauchy-Lorentz distribution
(5.18), and the Langevin function (5.19). The results of the optimization of
the four distribution functions for the three evaluated materials are given in
Tables B.1-B.4.

Table B.1 gives the variables of the four distribution functions and the corre-
sponding simulation errors after a comparison to the dc-measurements of the
magnetic �ux density of a ring sample manufactured of Vaco�ux 50-10. The
analysis shows that the rms error of the Cauchy-Lorentz distribution is mini-
mal, whereas the Langevin distribution shows an equal maximum discrepancy.
The other two distribution functions show a signi�cantly larger discrepancy.

For the distribution function optimization for the Vaco�ux 50-35 material the
Cauchy-Lorentz distribution shows the best agreement with the measurements.
The rms error of the Langevin, Hyperbolic tangent and the Gaussian distribu-
tion is 23 %, 129 % and 151 % higher, respectively.
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Table B.1: Optimized distributions for Vaco�ux 50, 0.10 mm laminations,
presenting the model accuracy and the parameters of the dis-
tribution function.

εrms εmax hm hc σm σc

Distr. funct. (T) (T) (-) (-) (-) (-)

Hyperbolic tangent 0.062 0.144 −0.0919 0.0922 0.2115 0.2116

Gaussian 0.067 0.150 −0.0948 0.0956 0.2540 0.2466

Cauchy-Lorentz 0.035 0.134 −0.1021 0.1020 0.0981 0.0995

Langevin 0.042 0.134 −0.1000 0.1001 0.0571 0.0587

It can be obtained from the overview in Table B.3 that the Cauchy-Lorentz
distribution approximates the measurements best for M800-50A. Both, the
rms error and the maximum error are more than twice as low, compared to the
Hyperbolic tangent and Gaussian distributions for M800-50A. Moreover, the
errors are approximately 20 % lower than for the Langevin function.

Additionally, an optimization of the four distribution functions is performed on
the dc-measurements of AISI 430. Also for this material the Cauchy-Lorentz
distribution shows an higher accuracy than the other three functions. The
rms error of the Langevin function is similar to that of the Cauchy-Lorentz
distribution but the maximum error is 14 % higher for the Langevin function.
Nevertheless, this is much better than for the Hyperbolic tangent and Gaussian
function of which the rms error and maximum error is approximately 33 % and
60 %, respectively.

Considering the four optimized parameters of the distribution functions, it can
be noticed that hm ≈ −hc and σm ≈ σc, both within 3.0 % for Vaco�ux 50-10,
1.1 % for Vaco�ux 50-35, 0.5 % for M800-50A and within 5.5 % for AISI 430.
The fact that these parameters are not equal indicates that the measured hys-
teresis loops, which are used for the optimization of the distribution functions,
are not perfectly symmetrical.
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Table B.2: Optimized distributions for Vaco�ux 50, 0.35 mm laminations,
presenting the model accuracy and the parameters of the dis-
tribution function.

εrms εmax hm hc σm σc

Distr. funct. (T) (T) (-) (-) (-) (-)

Hyperbolic tangent 0.080 0.205 −0.0934 0.0933 0.1367 0.1365

Gaussian 0.088 0.237 −0.0934 0.0934 0.1648 0.1643

Cauchy-Lorentz 0.035 0.116 −0.0935 0.0934 0.0663 0.0656

Langevin 0.043 0.133 −0.0933 0.0932 0.0375 0.0373

Table B.3: Optimized distributions for M800-50A, presenting the model
accuracy and the parameters of the distribution function.

εrms εmax hm hc σm σc

Distr. funct. (T) (T) (-) (-) (-) (-)

Hyperbolic tangent 0.064 0.144 −0.0933 0.0935 0.1345 0.1320

Gaussian 0.071 0.168 −0.0943 0.0949 0.1627 0.1606

Cauchy-Lorentz 0.024 0.063 −0.0882 0.0886 0.0613 0.0613

Langevin 0.031 0.079 −0.0892 0.0894 0.0356 0.0349

Table B.4: Optimized distributions for AISI 430, presenting the model ac-
curacy and the parameters of the distribution function.

εrms εmax hm hc σm σc

Distr. funct. (T) (T) (-) (-) (-) (-)

Hyperbolic tangent 0.054 0.193 −0.1670 0.1692 0.1818 0.1847

Gaussian 0.060 0.200 −0.1690 0.1710 0.2130 0.2163

Cauchy-Lorentz 0.035 0.147 −0.1625 0.1664 0.0917 0.0967

Langevin 0.037 0.167 −0.1633 0.1662 0.0527 0.0563
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Samenvatting

Magnetic hysteresis phenomena
in electromagnetic actuation systems

De eisen en speci�caties van positioneringssystemen worden continu aange-
scherpt. In de lithogra�sche halfgeleiderindustrie worden hierbij de fysische
grenzen opgezocht, vooral met betrekking tot de krachtdichtheid en positie-
nauwkeurigheid van actuatorsystemen. Een hogere krachtdichtheid is nodig
om het positioneringssysteem een hogere versnelling te geven. Dit kan wor-
den vertaald naar een hogere productiesnelheid en als gevolg daarvan lagere
kosten per geproduceerde computerchip. Tegelijkertijd met het verhogen van de
krachtdichtheid moet de positienauwkeurigheid van het actuatorsysteem wor-
den verbeterd om computerchips te kunnen produceren met meer rekenkracht
of een hogere opslagcapaciteit. Om dit te behalen is in de nabije toekomst een
positienauwkeurigheid van een fractie van een nanometer vereist.

Actuatoren gebaseerd op de Lorentzkracht zijn gedurende de afgelopen decen-
nia meestal toegepast voor actuatorsystemen, omdat deze goede eigenschap-
pen heeft wat betreft positienauwkeurigheid. Deze nauwkeurigheid kan worden
behaald doordat de Lorentz-actuator een lineaire stroom-krachtrelatie heeft
die bij benadering positieonafhankelijk is. Na jarenlange verbetering van de
krachtdichtheid is het nu de verwachting dat het maximum bijna bereikt is.
Daarom wordt er onderzoek gedaan naar een fysiek ander actuatorprincipe om
de productiesnelheid van toekomstige actuatorsystemen te vergroten. Dit on-
derzoek is gericht op reluctantieactuatoren voor korte-slag-toepassingen, omdat
dit type actuator een meer dan tien keer hogere krachtdichtheid kan behalen
dan Lorentz-actuatoren.

De reden dat er vaak niet voor reluctantieactuatoren wordt gekozen is de niet-
lineariteit van de stroom-kracht- en de positie-krachtrelaties, alsook de aan-
wezigheid van magnetische hysterese en wervelstromen in de ferromagnetische
materialen. Deze actuatoreigenschappen zijn erg uitdagend voor het model-
leren van de actuatorkrachten. In dit proefschrift is de nauwkeurigheid van
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de krachtvoorspelling van reluctantieactuatoren onderzocht vanuit een fysisch
elektromagnetisch perspectief.

Er is onderzocht welke elektromagnetische modelleringstechnieken toegepast
kunnen worden voor het beschrijven van de kracht van reluctantieactuatoren.
De methode van magnetische equivalente circuits (MEC) en een commercieel
beschikbaar eindige-elementenmethode zijn geselecteerd om de niet-lineaire
positie-kracht- en stroom-krachtrelaties te modelleren. Het niet-hysteretische
MEC-model is onder andere gekozen omdat het kan worden uitgebreid met een
hysteretisch materiaalmodel. Het MEC-model is voldoende nauwkeurig om de
kracht in de bewegingsrichting te bepalen, terwijl het meenemen van de para-
sitaire krachten te onnauwkeurig is. De eindige-elementenmethode is gebruikt
om de actuatoren te modelleren, omdat deze methode voldoende nauwkeurig-
heid heeft voor de krachten in de actuatierichting en de parasitaire krachten.
Verder is de eindige-elementenmethode gebruikt om te onderzoeken of de mate
van homogeniteit van de magnetische �uxdichtheid e�ect heeft op de hoeveel-
heid hysterese in de kracht. Hieruit blijkt dat de absolute hoeveelheid hysterese
in de kracht in de bewegingsrichting proportioneel is met de piekwaarde van
de magnetische �uxdichtheid in het overgrote deel van de actuator. Verder is
de hysterese in de parasitaire kracht als gevolg van een verkeerde uitlijning,
verwaarloosbaar vergeleken met de hysterese in de bewegingsrichting.

De fysische eigenschappen van magnetische hysterese in ferromagnetische mate-
rialen zijn beschouwd, inclusief de afhankelijkheid van het verleden, het uitwis-
baarheidsprincipe en de tijdsafhankelijkheid. De tijdsafhankelijkheid wordt
veroorzaakt door macroscopische wervelstromen en de extra dynamische ver-
liezen. Deze aspecten worden besproken omdat ze bepalend zijn voor de keuze
van een geschikte modelleringsmethode. Daarnaast zijn de belangrijkste eigen-
schappen van verschillende type staalsoorten beschouwd met betrekking tot
de toepassing voor reluctantieactuatoren, nl. nikkel-ijzer (NiFe), silicium-ijzer
(SiFe), kobalt-ijzer (CoFe), ferriet en roestvast staal. De invloeden van het
uitgloeien in het productieproces zijn beschouwd en meetmethoden zijn be-
noemd die gebruikt kunnen worden voor de kwali�catie van ferromagnetische
materialen.

Het Preisach hysterese model is geselecteerd om de meest dominante ferro-
magnetische materiaaleigenschappen te beschrijven. Dit model kan het niet-
lineaire hysteretische gedrag van magnetische materialen modelleren voor een
willekeurige input, waarbij de afhankelijkheid van het verleden wordt meegeno-
men. Door de combinatie met het MEC-model wordt het materiaalgedrag mee-
genomen in het actuatormodel. Bovendien is een dynamisch materiaalmodel
gebruikt om de tijdsafhankelijke e�ecten mee te nemen. Behalve het Preisach
model, is ook de eindige-elementenmethode en een complex-impedantiemodel
beschouwd betre�ende hun modelnauwkeurigheid van het dynamische gedrag
van reluctantieactuatoren.
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Met het Preisach model is de magnetische �uxdichtheid gesimuleerd en ver-
geleken met quasi-statische metingen van drie verschillende materiaaltypen,
te weten CoFe (Vaco�ux 50), SiFe (M800-50A) en roestvast staal (AISI 430).
Voor de gelamineerde materialen met een lameldikte van 0.10, 0.35 en 0.50 mm
is ook het dynamische materiaalmodel geëvalueerd. Het maximale verschil
tussen de metingen en de simulaties is 10 % voor de meeste excitaties van dc
tot aan 400 Hz.

De voorspelling van de hysterese in de kracht is vergeleken met krachtmetin-
gen op drie E-core reluctantieactuatoren. Eén hiervan is gemaakt van CoFe
en twee zijn van SiFe, waarvan er één is voorgespannen met een permanente
magneet en de andere niet. De krachtmeting van de CoFe-actuator is gedaan
met een testopstelling waarbij de kracht is bepaald met twee lineaire Lorentz-
actuatoren. Een optische encoder met een nauwkeurigheid van een nanometer
is hierbij gebruikt voor de positiebepaling, en een terugkoppelende regeling
is gebruikt om de luchtspleet constant te houden. De dynamische hysterese
e�ecten in de kracht van de twee SiFe-actuatoren zijn gemeten met een piëzo-
elektrische krachtcel. De hysterese in de krachtmetingen is vergelijkbaar met
de kracht verkregen met de statische en dynamische reluctantieactuatormodel-
len wat resulteert in een goede voorspelling van zowel de absolute kracht als de
hoeveelheid hysterese in de kracht.
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