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v nelinedrnich, anizotropnich prostredich metodou kone¢nych prvku. Zkoumame mag-
netické vlastnosti takovychto materidli a ziskané znalostni poté aplikujeme u kon-
strukce uplného 2D modelu anizotropniho plechu, kde bylo dosazeno nékterych vylepseni
s ohledem na jiz diive publikované prace. Uvadime také rozsiteni 3D modelu plechovych
laminaci pro piipad anizotropnich plechu. Poukazujeme na nedostatky standardnich
vét o existenci a jednoznacnosti okrajovych tloh s tim, ze tyto véty predpokladaji ma-
teridlové vlastnosti jez neodpovidaji fyzikalni situaci. Misto nich uvadime formulace
nové, jez odrazeji skutecné fyzikalni vlastnosti latek. Dokazeme obecné véty o existenci
a jednoznacnosti pro ziskané okrajové tulohy, jakoz i véty o konvergenci diskrétnich
feseni. Na zavér porovname konvencni a uplny 2D model anizotropniho plechu ve
dvou modelech jadra transforméatoru. Diskrétni feseni hledame adaptivni Newtonovou
metodou. Ziskana feseni pak predkladame véetné komentarte.
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Abstract: In the present work we study the modelling of stationary magnetic fields in
nonlinear anisotropic media by FEM. The magnetic characteristics of such materials
are thouroughly examined and eventually applied to the construction of a full 2D model
of an anisotropic steel sheet. Some improvements in the construction in comparision
with the ones previously published were achieved. We point out that the standard
formulations and the subsequent theorems for the boundary value problems do not in
fact correspond with the physical situation. Instead, we propose new formulations that
reflect real physical properties of matter. General existence and uniqueness theorems
for the obtained boundary value problems are proved as well as the convergence theo-
rems for the discrete solutions. The conventional and full 2D model of an anisotropic
steel sheet are compared in two transformer core models using the adaptive Newton-
Raphson iterative scheme. The obtained results are then presented with commentary.
This work also points out the steps needed for the construction of an accurate 3D
model of steel-dielectric laminations that was not yet elaborated.
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Chapter 1

Introduction

1.1 The importance of the Subject

The primary aim of an electrical equipment designer is to improve the properties of a
device, such as material cost reduction or overall power efficiency. As a tool, a reliable
numerical analysis software must be used, which provides accurate results of modelled
electromagnetic quantities. The designers are highly regarded by industrial companies
since their work can contribute to vast economic and energetic savings. In large-scale
power transformers or generators, for instance, the energy rate flown through the device
is enormously high and each efficiency improvement can considerably reduce power and
cost expenses.

The high demand on effective machines is naturally accompanied by the deep study
and dynamic improvements in material properties [16]. The most suitable materials
for cores of high energy transfer devices are ferromagnets (Fe, Ni and their alloys, etc.),
disposing of high relative permeability. To reduce the power losses, many improvements
have been made for the materials such as subjecting the material to a process called
grain orienting [18]. This yields a special process of cold-rolling and annealing the
material, producing a 0.27-0.35 mm thin steel sheet with special orientation of crystal
grains in a polycrystalline Fe-Si alloy (the so called “Goss” orientation) [36]. The cubic
crystal itself has anisotropic properties and by aligning the crystals one produces a
material anisotropic as a whole, i.e., macroscopically, with one direction of superior
magnetic properties. This attribute is utilized in many devices where the direction
of magnetic flow follows the material orientation such as high-efficiency transformers,
generators or reactors.

However, anisotropy of magnetic properties probably appears even in the so called
1sotropic sheets when also considering other directions than that in the sheet plane, as
is discussed in Section 3.3. Isotropic sheets find their applications in devices where the
direction of magnetic flux is changing, in rotating machines such as electric motors or
generators.

Finally, the material itself is not the only source of magnetic anisotropy. For the
purpose of an enhanced prevention of eddy currents, the core parts of electrical ma-
chinery are made of sheet laminations with a dielectrical layer inserted between the
sheets. The whole iron-dielectric block is then usually modelled as a single piece of
anisotropic, homogeneous medium [20]. Moreover, besides the anisotropy all ferromag-
nets embody highly nonlinear behaviour and hysteresis, making numerical modelling
of such materials even more difficult.

To sum up, anisotropic nonlinear ferromagnets are now standard in modern in-



dustry production such as motors, generators, power transformers, relays etc. [22].
A proper numerical modelling of these materials is demanded and utilized not only
for the construction of more efficient devices, but also for better understanding of the
processes that occur inside electromagnetic devices.

1.2 Present state of anisotropic material modelling

The nonlinear and anisotropic behaviour of magnetic media has been investigated by
several groups of researchers [26, 32, 33] and more recently by [12, 31, 34].

During the finite element (FEM) computations, the performing program needs to
access the magnetic characteristics of the materials involved. Those characteristics are
obtained from the results of the measurements of material specimens. In fact, the con-
tinual development of new numerical models was strongly influenced by improvements
in measurement techniques. Therefore, it is suitable to mention them along with the
particular models. Until recently, for example, it was not possible to give exact ”2D
properties“ of materials (i.e. taking into account different directions of the magnetic
field and flux density). All measurements were limited to give just projections of the
relevant quantities into particular directions, which lead to inaccurate representations
[30]. Improvements in the testing unit (called a single sheet tester, SST'), being able to
give precise values for 2D characteristics up to high flux densities, were not introduced
until 1999 [28]. Let us remark that even these measurements are not sufficient enough
to reach the saturation region, where the material magnetic response is known to be
linear and where we are able to give an exact expression of the material equations [21].
A detailed discussion and particular representations of different models together with
some improvements and new thoughts will be covered in Chapter 3.

Although today’s models and computing results are satisfactory, they lack a solid
theoretical background. In fact, proper mathematical analysis only covers nonlinear
and perfectly isotropic media [19] and nonlinear anisotropic media with assumptions
on the material characteristics that are not met in real materials [7]. Traditionally,
magnetic material properties are expressed in terms of magnetic permeability or mag-
netic reluctivity. As shown in this work, this representation is not convenient from the
mathematical point of view when considering anisotropic media because of the non-
monotonous nature of these nonlinear tensor quantities. Instead, a general mapping
between magnetic fields and induction will be examined, restricted only by reasonable
physical assumptions and the requirement to satisfy the Maxwell’s equations.

1.3 Thesis overview

The proper understanding of the properties and limitations of various models of non-
linear anisotropic materials requires the knowledge of some results of the theory of
magnetism. These results are briefly summarized in Chapter 2.

We will then apply these results in Chapter 3 in deducing the general mathemat-
ical properties of magnetic characteristics of a (generally anisotropic) material. The
only restriction made upon the material is the assumption that the material is an-
hysteretic. Further, this chapter discusses the historical development of anisotropic
material modelling up to the present state. Some improvements are suggested to the
currently most accurate model of an anisotropic steel sheet as well as an extension of
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the Bastos-Quichaud model for the steel and dielectric laminations to the case of a
generally anisotropic steel [2] .

The equations for the FEM modelling are introduced in Chapter 4 including the
exact steps for derivation of the 2D equations that are most commonly used for the
magnetic modelling.

In Chapter 5 we introduce the weak formulations of the resulting 2D boundary
value problems and we prove the existence and uniqueness of the solutions.

These boundary value problems are then discretized by FEM in Chapter 6. We
present the convergence theorems for the discrete solutions and we suggest a scheme for
obtaining the discrete solution. The scheme was then applied to a benchmark problem
introduced in [31] and to a model of a three phase, three limb transformer core under
full load. The results of the computations are then summarized in Appendix B.
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Chapter 2

Brief overview of magnetic
properties of matter

2.1 Basic relations for magnetic fields

2.1.1 Maxwell’s equations, stationary magnetic field

Maxwell’s equations represent a primary set of relations for electromagnetic field de-
scription. Let us introduce them in their differential form, i.e. as a system of partial
differential equations (PDE):

0B
rot £ 5 div P, (2.1)
rotH =J + aa—zt), div B = 0. (2.2)

We recall that H is the magnetic field strength or intensity, £ is the electric field
strength, B denotes the magnetic flux density, also called the magnetic induction, D is
the electric flux density, J the electric current density while p represents the electric
charge density.

Calligraphic letters are used to emphasize that all above quantities have to be
understood as functions of four variables, three spatial and one time variable, i.e.
H = H(xy, 19, 23,t) with values in R3. The divergence and rotation operators are
defined as usual

3
divv = g 0iv;,
i=1

rotv = (82’03 — 831)2, 83’01 — 81’03, 81112 - 821)1)T,

where v = (v1, v9,v3)" and djv; = dv;/dx;.

In time independent, stationary case, Maxwell’s equations decouple into two inde-
pendent pairs, one pair for the stationary electric field, the other one for the stationary
magnetic field. The latter one only is of interest in this work and will be examined in
detail. Neglecting the time-derivative term in (2.2), we obtain

rot H = j, (2.3)
divB = 0. (2.4)
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Bold letters will be used for time independent vector variables. Here, for instance,
H(.Tl, T, .ﬁEg) = H(l‘l, X9, T3, t)

The integral form of equations (2.3)—(2.4) will be useful in deducing some general
magnetic properties. They can be written as

YZ{H-dSZI, (2.5)
f;B -ds =0, (2.6)

for any closed path [ and any closed surface >. Here I denotes the total free current
flowing through a surface P enclosed by the path .1

As for now, equations (2.3)—(2.6) are just symbolic representations of generally
accepted physical laws. The next subsection discusses in what mathematical sense are
they fulfilled, i.e. what are their fields of validity.

There is still one more notable remark on how to comprehend the word station-
ary. Many engineering applications of magnetic materials make use of the principle
of electromagnetic induction, that is, a time varying electric field creates an induced
magnetic field and vice versa. A transformer, for example, could not in principle work
at all without time-varying fields. From that reason it is essential to understand the
word stationary properly; instead of field not varying in time rather one snapshot of
a generally time-variable field in a given instant of time. A natural question arises
- up to what point does that snapshot represent the correct physical solution of the
non-stationary problem? Experiments show that, in case of low frequency applications
(i.e. the quasi-stationary problems), this approximation is perfectly acceptable. This
low-frequency condition is, however, very well fulfilled at the industry frequencies of
50-60 Hz, thus making our modelling meaningful [35].

2.1.2 The engineering problem, regularity of fields on material
interfaces

This work studies the mathematical model of a common engineering problem that con-
sists of finding the magnetic field distribution in a certain medium. The mathematical
model of such an engineering problem will be denoted by P and will be simply called
an engineering problem P . Its exact definition will be given in Chapter 4. By that
time, let us admit a vague definition of an engineering problem P:

The aim of an engineering problem P is to find the distribution of H (or B) in a
domain of interest Q C R3 that satisfies certain interface and boundary conditions.

Let us have a domain 2 C R3, i.e. an open connected subset of R?. The medium,
represented by the domain €2, can be inhomogeneous, i.e. it can represent e.g. an
electrical device and the surrounding air. Nevertheless, the medium will always be
supposed to be piecewise homogeneous, that is, just one homogeneous material occupies
each domain V;,7 = 1,..., N. The whole domain of interest €1 is then divisible into
sub-domains Vi, ..., Vy : Ufil V; = Q, where V; represent the individual homogeneous
material sub-domains.

1One might ask whether such a definition is correct. Let P’ be another surface enclosed by the
same path [. Since the law of continuity of electric charge ensures the total flux of electric current
through any closed surface being zero, the current I’ flowing through P’ must be equal to I.
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The physical quantities, such as charge density or magnetic field strength, are known
to be smooth and bounded on these sub-domains. Hence, we may suppose B € Cl(Vi),
Hc C(V),i=1,...,N, cf. also[35]. The equations (2.3) and (2.4) have then good
meaning on V;, 2 = 1,..., N, i.e. they are expected to be fulfilled in the classical sense.

Let us designate QM = vazl V;. The set Q™ represents the material part of the
domain Q. The subset Q™ = Q\ Q™ contains the material interfaces S;, j = 1,... M.
Obviously, it holds

measg Q" = 0, (2.7)

where meas,, means the n-dimensional Lebesgue measure. If S; C Q™ is an interface
between two different materials, e.g. iron and air, then B and H are known to be
discontinuous on S, fulfilling the following relations [35]:

(Bl — Bg) N = 0, (28)
n x (H; —H,) =0, 2.9)

ensuring the continuity of the normal component of B and the tangential component
of H only.? The vector n is a unit normal to the interface and the subscripts refer to
the medium on the one and on the other side of S. The relations (2.8)—-(2.9) are known
as the interface conditions.

We see that the values of B(x) and H(x) are not defined for x € Q™. Hence, the
equations (2.3) and (2.4) are not valid in the classical sense on Q™. Similarly, the
integral equations (2.5) and (2.6) are also valid only for ¥ and [ such that meas,(X N
Q") = 0 and meas; (I N Q™) = 0 respectively.

2.2 Constitutive relations, material classification

2.2.1 Constitutive material relations

The equations (2.3)—(2.4) do not give a full description for stationary magnetic fields
and they have to be supplied by appropriate constitutive (material) relations which
describe the various media involved. These relations are traditionally expressed as

B=uH)H, (2.10)
or, conversely, when the inverse variable dependence is demanded,
H=v(B)B. (2.11)

Here p is called the magnetic permeability while v denotes the magnetic reluctivity. In
the sequel, we discuss the forms these quantities can acquire for various materials.

To understand the fundamentals of magnetic anisotropy, we must present the con-
cept of magnetizing the material. An important property of a material is its magnetiza-
tion M defined as a volume density of elementary (atomic) magnetic moments. Using
this quantity, equation (2.10) can be expressed as

B = 11o(H + M), (2.12)

2These equations say that the surface divergence and surface rotation vanish on S, i.e. DivB =0
and Rot H = 0. Comparing these relations to (2.3) and (2.4) we notice the missing surface current
density js. In fact, the surface and linear currents and charge densities, widely used in theoretical
electromagnetism, are inconvenient for numerical simulations and will be omitted from our consider-
ations.
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where pip = 47 - 107" H.m ™! is the permeability of vacuum [35]. This relation is totally
general, applicable to all materials at all conditions.
From (2.12) we also obtain the relation

H = 1,B — M, (2.13)

where vy = 1/po = 7.96 - 10° A>. N~ is the reluctivity of vacuum.
All materials can hereby be divided into two main groups, reflecting their response
to applied magnetic fields:

e magnetically weak materials, showing a weak response to the magnetic field,

e magnetically strong materials with strong response to the magnetic field.

2.2.2 Magnetically weak materials

For magnetically weak materials, the magnetizing process is usually described by a
linear relationship between H and M which is very well fulfilled up to very high field
intensities and wide range of temperatures [35]. It is commonly expressed as

M = XmH7

defining thus the magnetic susceptibility X.,.
The relation (2.12) can then be reformulated as

B = (1 + xm)H = pop, H. (2.14)

Here p, = 1+ x,, is the relative permeability of a specific material. When comparing
(2.14) to (2.10) we see that in case of the weak magnetic media the permeability
[ = loft- is a constant for the specific material.

When the net atomic magnetic moment of a material is zero, the only reaction to
the applied field is the diamagnetic response, which is a general property of matter. It
results in an induced magnetic moment opposed to the applied magnetic field, hence
in a decrease of magnetization. Such materials are called diamagnets. The magnetic
susceptibility of diamagnets is negative and very small, normally of the order of 108
to 1077 [41]. Several metals widely used in engineering are diamagnetic — copper,
zinc, lead, gold, silver, etc. Further, most non-metallic solids, fluids, and gases are
diamagnetic [35, 41].

When the atoms of a material have permanent magnetic moment, the diamagnetic
effect only plays a minor role, being out-weighted by an alignment of the originally
randomly pointing magnetic moments in order to minimize their magnetic energy.
This describes the effect of paramagnetism and the corresponding materials are called
paramagnets. The magnetic susceptibility of paramagnets is positive and, in general,
much less than 1, usually of the order 107% to 1073 [35]. Many metals are paramag-
netic (aluminum, platinum, etc.), along with some crystalline salts and gases, such as
oxygen [35].

Summarizing the properties of magnetically weak media, in most common engineer-
ing problems the linear dependence of B on H (the so called linear B-H characteristics)
holds, with the respective relative permeability being a constant very close to 1, hence
we may approximate the equation (2.14) by

3The phenomenon of superconductivity brings new sights on this classification and will not be
discussed here.
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(a) (b)

Figure 2.1: Hysteresis loops for (a) magnetically hard ferromagnets, (b) magnetically
soft ferromagnets. The area of the loop gives a qualitative estimate of the material’s
hysteresis losses due to cyclic magnetization of the material

2.2.3 Magnetically strong materials

In certain materials, the application of a magnetic field may induce a very strong
magnetization, commonly of the order of 10® A.m™!, characterizing thus magnetically
strong materials [41].  Although not numerous, counting e.g. iron, cobalt, nickel, or
their alloys, ferromagnets are the most important materials among these for engineering
applications. Typical property of ferromagnets, besides their very high permeability,
is a complicated nonlinear dependency of magnetization values on the field strength,
on the history of a specimen, and on many more factors [35]. The dependency of
magnetization on the field strength during the cyclic magnetization process is given by
the so called hysteresis loop. The hysteresis loops for two different types of ferromagnets
are shown in Fig. 2.1.

The ferromagnets of type (a) are called magnetically hard ferromagnets. They find
wide use in magnetic recording media or as permanent magnets (in electrical motors
and generators, loudspeakers, etc.). Because of their nearly square-like hysteresis loop,
they are inconvenient for alternating current (AC) applications; the hysteresis losses,
qualitatively determined by the area of the loop, would then be too high. The material
characteristics of hard ferromagnets differ from the other materials and they will not
be studied in this work.

The ferromagnets of type (b) are used primarily for AC applications. These are
called magnetically soft ferromagnets. In order to eliminate eddy current losses during
their cyclic magnetization, they are usually distributed as thin electrical steel sheets,
arranged into a laminated structure for use as magnetic cores of electric machines. In
this case, magnetization is performed in parallel with the sheet surface.

During the manufacturing process of the sheets, there is a remarkable effect of
crystal grain growth with a cubic structure. A single crystal exhibits excellent magnetic
characteristics when magnetization is effected in the direction perpendicular to a face
of the cube (the crystallographic (100) directions), while the worst being the directions
of cube diagonal (the (111) directions) [16].

The properties of a non-oriented electrical steel sheet, with a more or less random
orientation of grains, result in good magnetic characteristics in every direction in the
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"Cube-on-edge"
configuration

Figure 2.2: Detailed view of a Goss texture, with [100], [010] and [001] being the main
crystallographic axes of a cubic grain

sheet plane. The major advantage of these sheets is their low manufacturing cost, mak-
ing them attractive for use in small sized rotary machines, motors, etc. Nevertheless,
even these so called isotropic sheets probably exhibit an anisotropy in the direction
perpendicular to the sheet plane, as is discussed in Section 3.3.1. This leads to the
definition of a perfectly isotropic material, whose magnetic properties are the same in
all directions.

In the high-efficiency, large-scale electrical machinery, such as large-scale transform-
ers or generators, there is a higher demand on oriented electrical steel sheets. These
sheets have particularly excellent magnetic characteristics in one direction but when
magnetized in other directions, they have magnetic characteristics inferior to those
of non-oriented steel sheets. Accordingly, oriented electrical steel sheets are used in
the form of combined laminated cores or wound cores, so that the rolling direction
always corresponds to the direction of magnetization, thus enabling manufacture of
transformers having smaller losses [40].

The grain-oriented (anisotropic) steel sheet was invented in 1934 by N.P. Goss,
resulting in a cube-on-edge, also called Goss orientation of crystal grains. The con-
figuration is shown in Fig. 2.2, having the crystallographic (110) plane parallel to the
sheet plane [36]. The direction of material rolling (the rolling direction, i.e. RD, the
crystallographic [100] direction) is the magnetically easiest one while the direction of
worst magnetization being the “cube diagonal®“ at an angle about 54.7° to the RD
[37] . The direction perpendicular to RD in the sheet plane, i.e. the crystallographic
[110] direction, is usually referred to as the transverse direction (TD) and shows an
intermediate level of magnetic material response to the applied field.

The properties of grain-oriented steels were continuously improved and today’s
finest quality sheets show a very small grain misorientation and almost ideal grain size,
resulting in a substantial power loss reduction [16].

To understand the requirements on a numerical model of an oriented steel sheet, it
is desirable to present the magnetization process in such a sheet in detail [22].

All ferromagnetic materials are characterized by the presence of magnetic domains,
inside which the elementary (atomic) magnetic moments are aligned alike. The whole
domain then exhibits a macroscopic magnetic moment, pointing to a direction of the
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elementary moments. In the absence of an external magnetic field, these domains are
randomly distributed with the magnetization vector along one of the preferred axes
[100], [010] or [001] of the crystal grain. Since we are inspecting a thin sheet, the
projections of magnetization vectors on the sheet plane will be considered only.

Figure 2.3: The projections of the principal directions of a Goss-oriented cubic crystal
onto the sheet plane coincide with RD and TD.

Figure 2.4: Domain processes occur if a material is subjected to an external field; (a)
the demagnetized state, (b) the partial magnetization, (c) the irreversible rotation of
domains and (d) the reversible rotation.

As seen in Fig. 2.3, the projections of the above mentioned principal crystallographic
directions correspond to RD and TD. Thus, the magnetic moments are aligned with
these directions in the initial, non-magnetized state, see Fig.2.4 (a).

Let us suppose an external field applied in the sheet plane at a general angle «
from the RD. When the field H increases slightly, the domains that are aligned in a
direction close to that of H start growing (b). This process is known as the domain
wall movement. At moderate levels, the domains suddenly and irreversibly rotate
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"Cube-on-face"
configuration

Figure 2.5: Detailed view of a cube-on-face texture, with [100], [010], and [001] being
the main crystallographic axes of a cubic grain.

towards the easy axis that is closest to the applied field (c), showing domain rotation
or switching. Once they are all parallel, forming one self-contained domain, they rotate
reversibly towards the applied field up to the point of magnetic saturation (d), where
the magnetization vector M is parallel to H.

For iron, this happens at the macroscopic value of M** = 1.71 - 105 A /m, which
corresponds to the induction of B = po(H*" + M%) & pugM** = 2.15T [22]. Any
further increase of field strength creates negligible fluctuations in macroscopic mag-
netization. This allows us to suppose the linear B-H relationship, cf. (2.12). Another
important observation shows that the magnetization vector M, the induction vector
B, and the magnetic field strength vector H, cf. (2.12), point the same direction only
when the field applies to RD or TD, or |[H| > H**.

The release of H causes the imperfect release of magnetic domains to an ener-
getically favourable state, given by the shape of the material’s hysteresis loop. The
narrower the loop the more perfect is the release and the smaller are the hysteresis
losses.

In the future, an intense work on improvements of doubly oriented electrical steel
sheets with a cube-on-face structure is expected [40]. Such a sheet is supposed to
have excellent magnetic characteristics in two directions, the RD and TD, cf. Fig. 2.5.
Although there are known methods for manufacturing such sheets, their magnetic
characteristics are still poor for practical applications.

The permeability and reluctivity of ferromagnets, as defined by relations (2.10)
and (2.11), are generally complicated nonlinear tensor functions p = u(Hy, Hy, Hs, t),
v = v(By, Bs, B3, t). In a stationary model, the time dependence has to be removed.
However, as measurements show, these functions have poor properties such as non-
monotonicity, as is seen in Fig.3.3. These properties complicate the analysis of the
resulting equations if the permeability or the reluctivity function is considered; from
this point of view, it is more suitable to represent the material characteristics by direct
mappings between B and H. These mappings exhibit much better properties, as is
shown in the following chapter.
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Chapter 3

Modelling of B-H characteristics of
anisotropic ferromagnets

During FEM computations of magnetic fields, the performing program needs to access
the B-H characteristics of materials involved. Mathematically, the term B-H charac-
teristics denotes a mapping that relates the vectors B and H for a given material. In
this work, we will limit ourselves to study the properties of an idealized, anhysteretic
material. Such a material is supposed to be energy loss-free when performing its cyclic
magnetization. The general form of the mapping representing B-H characteristics of
an anhysteretic material will be formally introduced and analysed in Section 3.1. It
covers isotropic as well as anisotropic materials.

Depending on the particular engineering problem, a model of an anisotropic mate-
rial or structure may be required. These models can be classified as follows:

e full 3D model of an anisotropic steel sheet

e model of the laminated structure made up of steel sheets and dielectric layers;
the sheets can be either isotropic or anisotropic

e simplified 2D model of an anisotropic steel sheet

Estimating a full 3D relation between B and H is difficult for anisotropic sheets,
because all measurements are performed in the sheet plane. The values of B and H in
other directions and the underlying relationship between them must then be guessed.
Therefore, simplified 2D models are most commonly used and are examined in detail
in Section 3.2.

Last years, when computing resources are becoming more powerful and available,
new 3D models of laminated cores are appearing [2, 25]. A model for anisotropic sheets
with laminations is proposed in Section 3.3, that is shown to be an extension of Bastos-
Quichaud model which only covers perfectly isotropic sheets [2].

3.1 Analysis of general properties of a homogeneous,
anhysteretic magnetic material

A model of a homogeneous magnetic medium should follow some restrictions made
upon it as a consequence of physical and geometrical considerations. This section

examines general mathematical properties of B-H characteristics of an anhysteretic
material, both 3D and 2D.
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3.1.1 Irrotational and solenoidal vector fields

This and the following chapters will make use of the properties of irrotational and
solenoidal fields. For the two-dimensional case, we introduce the operators

rotu = O1us — Oauy,
curlv = (Gpv, —01v) ,
where u = (uy, us).
Theorem 3.1 (Poincaré’s lemma). Let Q be a simply connected domain in R™,

n=23.

(i) If v € [CY(Q)]" is such that ot v = 0 on Q, then there exists a function p € C*(Q)
such that v .= gradp on 2. Moreover, the function p is unique to within a
constant.

(ii) If w € [C1(Q)]" is such that divw = 0 on 2, then for n = 3 there erists a vector
function q € [CY()]? such that w = rotq on Q and for n = 2 there exists a
scalar function ¢ € C*(Q) such that w = curlq on €.

Proof. See [10]. O

In case (1), the function v is called irrotational, while in case (ii) the function w is
called solenoidal.

The problem of decomposition of an arbitrary vector field u on its irrotational and
solenoidal parts is rather complex and depends on the regularity of u as well as the
properties of 0€2. We will limit ourselves to formulate the following theorem.

Theorem 3.2 (Helmholtz decomposition). Let n = 2,3 and let us denote

B ={zxeR":|z| <r}.

Then every vector field u € [H*(B™)]™ has the unique decomposition

u=gradp+rotq ifn=3,
u=gradp+curlg if n =2,

where p € H*(B"), q € [H*(B2)]?® (resp. ¢ € H*(B?) if n = 2), the function p is unique
to within a constant and rot q - n|p =0 (resp. curlg -n|r=0 if n = 2).

Proof. See[10]. O

3.1.2 3D magnetic properties of a homogeneous, anhysteretic
material

In the following, |v| denotes the standard Euclidean norm of a vector v € R™. The B-H
characteristics of a homogeneous, anhysteretic magnetic material can be represented
by mappings F,G : R® — R? such that

F(H) = B, (3.1)
G(B) = H, (3.2)

2
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where F = (Fy, Fa, F3) and G = (Gy, Go, G3). Measurements show that altering H
causes a (macroscopically) smooth change of B with respect to H and vice versa,!
so we can suppose F,G € [C'(R3)]3. We assume that every value of flux density
corresponds to a unique value of field strength, so that F and G are bijective mappings
from R? onto R? and G = F!.

The magnetically hard ferromagnets are excluded from our considerations. Hence,
initially at zero fields, there is no induced magnetization. From (2.12) we have F(0) =
G(0) =0.

Let Hy, H, € R3, H; # H,. Equations (2.12) and (3.1) give

(F(Hy) — F(Hy))" (Hy — Hy) = [po(Hs + My) — po(Hy + M) (Hy — Hy) =
= po(Hy — Hl)T(H2 —H;) + po(My — Ml)T(HQ —H)) =
= uo| AH|? + oAMTAH, (3.3)
where AH = Hy, — H; and AM = M, — M;.

When the field changes from H; to Hs, the induced magnetization increment AM
naturally can not go ”against“ AH, i.e.

AMTAH > 0. (3.4)
Hence we obtain
(F(Hy) — F(H)"(Hy — Hy) = po| AHP? + o AMTAH > 19| AH|?.

Thus, F is uniformly monotone? on R3.
Let B1,By € R3 B, # By and H; = G(B;), i = 1,2. Similarly, from (2.13), (3.2)
and (3.4) we have

(G(B2) —G(By))" (B, — By) =
= [(VOBQ — Mg) — (VOB1 — Ml)]T(BQ — Bl) = V()lAB|2 —f- I/()AMTAB =
= V0|AB|2 + V()AMT([,L()AH -+ AM) Z V0|AB|2,

so G is also uniformly monotone on R3.

For being able to deduce further properties of F and G, we need to introduce the
term  magnetic energy density . This physical quantity represents the volume density
of the energy stored in the magnetic field. If the value of B at a given point x € R? is
B(x) = B, then the magnetic energy density w is only a function of B defined as

w(x) = w(B) = /0 G(s) - ds. (3.5)

The integral symbol denotes the line integral over a curve in R? with the end points
B = 0 and B = B. We have to show first that the definition is correct, i.e. path-
independent. As it is described in [35], the quantity w,, = §,G(s) - ds represents the
hysteretic energy loss when cyclically magnetizing the material so that B follows a
closed curve [. Because the material is anhysteretic, w,, = 0 and we have

!The domain switching phenomenon mentioned in Chapter 2 causes the presence of measurable
discontinuities in material’s B-H characteristics [22]. Nevertheless, our approximation level allows us
to neglect these discontinuities.

2We recall that a mapping F : R? — R? is uniformly monotone on R? if there exists a constant
K > 0 so that it holds (F(x2) — F(x1))(x2 — x1) > K|x2 — x1|? for every x1,x2 € R3.
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jl{g(s) ~ds=0 (3.6)

for any closed path [. In the following, the symbol used in (3.5) for a line integral will
induce implicitly the path-independence of the integral.

Let m be another closed path. Let G'(B) denote the Jacobian matrix of G in
B € R®. By using the substitution F(t) = s, dt = dG(s) = G'(s)ds and integration by
parts, we obtain

ﬁf(t) Sdt = %F(m) s7G/(s) - ds = — ﬁ(m) G(s) - ds = 0. (3.7)

With regard to the Green’s theorem, we see from (3.6) and (3.7) that the functions F
and G are irrotational on R3, i.e.

@gi - &-Qj, Z,j - 1, 2, 3. 39)

Hence, cf. Theorem 3.1, there exist functions w,w : R® — R such that
gradw(B) = G(B) VB € R? (3.10)
gradw(H) = F(H) VH € R (3.11)

These functions are then given by relations
B
w(B) = / G(s) - ds, (3.12)
0

w(H) = /OH F(t) - dt. (3.13)

When we compare (3.12) to (3.5), we see that w is indeed the magnetic energy density,
while @ is the so called magnetic coenergy density.>

Let us examine the Jacobian matrices 7' and G’. Let H be fixed and 0Hg4 be an
arbitrary field increment of a fixed direction d. Since F € [C'(R3)]?, we can write

F(H + 6Hy) — F(H) = F/(H) 6Hy + o(6Hy), (3.14)

where 0 Hg = [0Hq4| and o(dHq) is a vector whose components are o(0 Hg).
By multiplying (3.14) by dHq4 and comparing to (3.3), we get

SHY F/(H) 6Hy = j1o|0Hg|? + po(M30H4) + 0H 0(5Hy),

where 0Mgq is the magnetization increment when the field changes from H to H+0Hg.
Because, again, SM%6Hq4 > 0, we have

SHY F/(H) 6Hy > 1o|0Ha|? + 6HL0(5Hy).

3There were attempts for a compact storage of B-H characteristics for numerical computations in
terms of w or w, since only one scalar function was needed to store in this case. The value of G or
F was then obtained by means of numerical differentiation from equations (3.10) or (3.11). Since the
memory becomes cheaper and the capacity increases, there is no need for using these models anymore.
The reference on these so called energy and coenergy models can be found in [33, 39].
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If the field increment dHgq is small enough, we get
SHY F/(H) 6Hy > %|5Hd|2, I6H4| € (0,24).

Let us fix vy = dHgq to be such a small enough field increment. For o € R we have

(ava)' F (H)(ave) = *viF (H)vq > 042% va|? = %|avd|2 «f CP " avg?.
Noting that C7"* is independent on d and H, we obtain

u’ F'(H)u > C7"u|* VH,Vu € R?, (3.15)

or

|F'(H)| > " VH € R,

where |F'(H)| denotes the spectral norm of the matrix F'(H).
When a material reaches its magnetic saturation, the magnetization does not in-
crease anymore. Thus we obtain from (2.12) the analytical expressions

B = F(H) = uo(H + M**ey), |H| > H*, (3.16)
H=G(B) =B - M*es, |B|> B, (3.17)

where ey = H/|H|, eg = B/|B|, vg = 1/110 and B**  H5* M** are constants charac-
teristic for a given material satisfying the relation B = po( H5* + M5%).
Differentiating (3.16) yields

1 H
F/(H) = poll + pio M {—n

T sat

where I denotes the identity matrix. For u € R?* and |H| > H*" we thus obtain

H
1 (H)u] = |paou + oM™ 7 = pozH u| <
L Lo (3.18)
< polu] + NOWM + MoHsat|u| = Kilu
Because F € [C'(R3)]?, we can set
Kz = max [F(H)], (3.19)
and
C;nat = III&X{[(l7 KQ}
Then it follows from (3.18) and (3.19) that
| F'(H)| <t VH € R®. (3.20)

From (3.8), (3.15), and (3.20) we see that the Jacobian matrix F'(H) is symmetric,
uniformly positive definite, and uniformly bounded over R®. As a symmetric, positive
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definite matrix, F'(H) is nonsingular. Using the inverse mapping theorem, we have for
B c R?:

G'(B)=|F(GB)] .

from where it follows that G'(B) is also symmetric, uniformly positive definite, and
uniformly bounded over R3.

Further, the functions F,G should reflect texture symmetries of the material. For
example, when considering the Goss texture and the reference axes x as the RD, y as
the TD and z the direction perpendicular to the sheet plane, then z-y , z-z and y-z
planes are the planes of texture symmetry. For H = (Hy, Hy, H3) and B = (B4, By, B3)
this implies

F(—Hy, Hy, Hy) = (= By, By, Bs) = (=F1(H), F2(H), F3(H)), (3.21)
F(Hy,—H,, Hy) = (B1, —Bs, Bs) = (Fi(H), - F(H), F5(H)), (3.22)
F(Hy,Hy,—Hj3) = (By, By, —B3) = (F1(H), Fo(H), —F3(H)). (3.23)

From here it follows that it is enough to define F for H; > 0, i = 1,2,3. An analogue
set of equation can be written for G.
We can now summarize the above deductions into a theorem.

Theorem 3.3. Let F,G : R? — R3 be vector functions that represent 3D magnetic
characteristics of a homogeneous, anhysteretic material such that B = F(H), H =

g(B).

Then F,G € [CYR3)]® are bijective mappings from R onto R3, G = F~, that
Fulfill:

1. F(0)=0, G(0)=0.

2. F,G are uniformly monotone on R3.

3. F,G are irrotational vector fields, i.e.
a]-F:L:aZ‘F]7 7’7.7: 172737
0;G; = 0:G;, 1,7 =1,2,3,

and there exist functions w,w : R® — R such that gradw(B) = G(B) and
grad o(H) = F(H), VB, H € R?,

4. The Jacobian matrices F' and G' are symmetric, uniformly positive definite, and
uniformly bounded over R3. There exist material constants C", Cy* such that

Cret < |F(H)| <05 VHeR?,
/0yt < |G'(B)| <1/C7* VB € R®.

5. There exist material constants H*™ B%®  and M5, satisfying the relation
Bsat — [I,Q(Hsat + Msat)’
such that

F(H) = uo(H + M**eg), H| > H**,
G(B) = »B — M*“eg, |B| > B**,

where eg = H/|H|, eg = B/|B| and vy = 1/ po.
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6. The functions F,G reflect texture symmetries of the material, see (3.21)—(3.23).

3.1.3 2D magnetic properties of a homogeneous, anhysteretic
material

Very often, only two-dimensional problems are studied. In this case, the magnetic

field flow occurs only in the z-y plane. The 2D magnetic characteristics can thus be

modelled by vector functions F, G : R? — R?. By repeating the thoughts from Section
3.1.2, we would achieve the following theorem.

Theorem 3.4. Let F,G : R? — R? be vector functions that represent 2D magnetic
characteristics of a homogeneous, anhysteretic material such that B = F(H), H =
G(B).

Then F,G € [CYR?)]? are bijective mappings from R? onto R?, G = F~, that
fulfill:

1. F(0) =0, G(0) = 0.
2. F,G are uniformly monotone on R2.

3. F,G are irrotational vector fields, i.e.

81.7:2 - 82.7:1, (324)
01G2 = 0201, (3.25)

and there erist functions w,w : R*> — R such that gradw(B) = G(B) and
gradw(H) = F(H), VB, H € R

4. The Jacobian matrices F' and G' are symmetric, uniformly positive definite, and
uniformly bounded over R%. There exist material constants C"*, Cy* such that

Oy <|F(H) <Cy*  VHEeR? (3.26)
/0y < |G'(B)| <1/C7 VB € R*. (3.27)

5. There exist material constants H*®, B and M*%, satisfying the relation

Bsat — HO(Hsat + Msat)’ (328)

such that
F(H) = po(H+ M*¥en), [H| > H*", (3.29)
G(B) = »B — M*"eg, |B| > B*, (3.30)

where eqg = H/|H|, eg = B/|B| and vg = 1/ 0.

6. The functions F,G reflect texture symmetries of the material, see (3.31)—(3.32)
below.
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When considering e.g. a horizontal 2D section of the Goss texture and the reference
axes o, as RD and o, as TD, then o, and o, are the axes of the texture symmetry. For
H = (H,, Hy) and B = (By, By) this implies

f(_Hl, Hz) - (—Bh B2) = (_fl(H)7F2<H>>7 (3-31)
F(Hy,—H,) = (B1, —B2) = (Fi(H), -F(H)), (3.32)

from where we see that it is enough to define F on the first quadrant. We can obtain
similar results for G as well.

3.2 2D models of an anisotropic steel sheet

In this section, an overview and historical development of 2D models of anisotropic,
grain oriented steel sheet models is summarized. The values of B and H have only two
components in this case. We will point out the conceptual differences between various
models and indicate their numerical implementation. The construction of the models
and the underlying accuracy was always influenced by the limitations of the measuring
apparatus. From this reason, the measurement methods are briefly presented as well.
Since many anisotropic model constructions are basically derived from the models for
isotropic sheets, we will examine these isotropic models first.

3.2.1 Traditional measurement methods

The measurements for a sheet material are traditionally performed by means of an
Epstein frame or a Single sheet tester (SST)[29]. A measured sheet sample is first
cut in a direction deviated from the RD at an angle a and inserted into the tester.
The symmetry of the sheet texture allows us to limit the range of o € [0, 90]. For
convenience, « is expressed in degrees.

The exciting apparatus is used to generate an alternating magnetic field inside the
sample. The instant values of the magnetic field intensity and magnetic induction h(¢)
and b(t) form two vector periodic functions of time. The direction of one of these
quantities can be controlled to be parallel to the cutting direction. Let, for instance,
magnetic induction be the controlled quantity.

The measuring apparatus, consisting of B-coils or probes and H-coils, are used to
capture the values of h,(t) and b,(t), which are the orthogonal projections of h(¢) and
b(t) onto the cutting direction. Their amplitudes H, and B, are then taken as the
measured values. We note that the real value of H, i.e. the amplitude of h(t), is equal
to H,, only when the sheet is isotropic or a« = 0 or a« = 90, i.e. the sample is cut in RD
or TD. Generally, one can say that traditional measurement methods do not respect
the direction difference between filed strength and flux density.

When repeating the measurements with different excitation strengths, one obtains

a collection of measured values S, = {B®, H*}Ye for a particular direction a. For

7
an isotropic sheet, one can obviously perform the measurements in just one, arbi-
trary direction and work with one collection of measured values S independent on a.
Anisotropic sheets require more collections of measured values.
Although the measurement apparatus is being constantly improved, the measured
values did not reach the saturation region so far, where the relation between B and H

is known. Current methods can give reliable results up to BJ'** = By ~1.8-2.0T.
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We define the measured region as Kl = {B : 0 < B < B"**}. At very high fields the
measurements are affected by substantial flux leakage, thus giving inaccurate values.
The saturation region is K** = {B : B > B**} where B*" ~ 2.15T, as stated in
Section 2.2.3. The so called transition region Kf, = {B : B™** < B < B*"} is the one
not covered by the measurements.

In real devices, the values of flux density seldom get over the measured region.
However, in numerical computations, during first steps of an iterative scheme, the flux
density may take extreme values. A good model is required to cover all regions to
improve convergence results.

3.2.2 Isotropic steel sheet modelling

There are two different representations of an isotropic sheet model in use, both differ
slightly in the model construction and are presented here.

The reluctivity (or permeability) function is the first representation. When the
hysteresis effects are not taken into account, due to the symmetry of the material, B
and H are parallel for all B,H € R2, and the B-H characteristics must be direction-
independent. Thus, 4 and v are then reduced to scalar functions of magnitude of H
or B respectively. Equations (2.10) and (2.11) can hence be rewritten as

B = u(H*) H, (3.33)
H = v(B*) B. (3.34)

The problem is reduced to finding a scalar function of one real variable. Having a collec-
tion of measured values S = {B;, H;}¥,, the objective now is to define the reluctivity
function v(7),7 > 0.

The values of v at 7; = B? can be calculated from (3.34) as v; = v(r;) = B;/H;, i =

1,...,N. On the saturation region, we have from (3.30) (omitting the vector direc-
tions):
H =B - M*" BekK"™ (3.35)
Let us calculate the limit
H B — Msat
lim v(r) = lim — = lim e Y. (3.36)
T—00 T—00 T—00 B

An analytical expression of the reluctivity function v is then usually found such
that it approximates the values v; at 7; and fulfills (3.36). Examples of such functions
may be found in [4] or [24], see also Figure 3.1(a).

The other representation is accomplished by defining a function g (or f) that di-
rectly relates B to H. Again, because B is parallel to H and the vector relations are
the same for all directions, it suffices to consider the magnitudes of B and H in an
arbitrary direction,

B = f(H),
H = g(B).

We will now analyze the properties and construction of the function g, starting with
the same collection of measured values S = {B;, H;}Y,.
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Figure 3.1: The model of an isotropic sheet represented by (a) the reluctivity function,
(b) the function g.

Here, the values of g at 0; = B; are directly g; = g(0;) = H;. Because at zero
fields there is no induced magnetization, go = ¢g(0) = 0. We will deal with finding
the function on each region separately; let us designate g [xm= gm, g |xt= g, and

9

Ksat= Gsat-

First, any (e.g. polynomial) approximation can be used to obtain g, from the
values g; at o;. However, as stated in[39], the best convergence results are achieved
when the material properties are modelled by a function at least C'! continuous. Hence,
cubic spline interpolations are more suitable for this purpose than a simple linear
interpolation.

From (3.35) we see that g, is a linear function with derivative ¢, = 14, though
we do not know the value of H** = g (B%).

The transition region K! is not covered by the measured values. Nevertheless, if we
assume ¢ to be a quadratic function on Kt cf. Figure 3.1(b), then the function g, can
be expressed as
g =ac* +bo+c, ock

The unknown coefficients a, b, and ¢ are then computed based on the following data:

(B’W) = gm(B™*),

ge(B™) = g (B™),
gg(Bsat) = 1.

Jsat 18 then defined as
Jsat(0) = gi(B*™) 4+ vo(o0 — B*), o e K.

It can be easily seen that g € C[0, 00).

The reluctivity representation is preferred for the model of an isotropic sheet be-
cause the resulting FEM equations are then solved faster than when the other rep-
resentation is chosen. However, as we will see later in this chapter, the reluctivity
representation is inconvenient when an accurate model of an anisotropic sheet is de-
manded. From this reason, the equations in terms of the reluctivity function are not
introduced in this work.
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3.2.3 Conventional model for anisotropic steel sheets

The conventional model for an anisotropic steel sheet consists of two B-H curves. A
B-H curve is a representation of magnetic characteristics in a particular direction. The
model uses two collections of measured values S,, for « = 0 and a = 90. Two B-H
curves for the rolling and transverse directions are first constructed analogously as in
the isotropic case. The final model is then represented by a vector function F = (f;, fi)
given by

B, = fr(Hr)7 (337)
By = fi(Hy), (3.38)

where the subscripts 7 and ¢ denote the coordinate systems designated by the rolling
and transverse directions. Considering the sheet’s texture symmetry, we can limit
ourselves to define F for H, > 0, H; > 0.

Conversely, the H-B relation can be represented by a vector function G = (g, ;)
given by

H, = gr(Br)v (339)
Hy = gi(By). (3.40)

Again, the texture symmetry allows us to define G only for B, > 0, B, > 0.
In terms of the permeability function, we obtain

(5) = (57 i) (ir):

and similarly for the reluctivity function

() = (5" i) (5)

This conventional model is commonly used in practical computations. However,
measurements exhibit strong inaccuracies in this model. Fig. 3.2 (a) shows loci in the
B-plane (the space of magnetic induction vectors) at constant field strength magnitudes
in different cutting directions a. The values given by the conventional model are drawn
by solid lines. As seen from the figure, the conventional model suggests the magnetically
easiest direction at an angle § ~ 30° from RD, which is incorrect.

Let us remark that the vector functions F and G defined by the conventional model
are irrotational on R?, as is seen from (3.37)—(3.38) and (3.39)—(3.40), i.e.

rot F =0, on R?,
rotG =0, on R2.

3.2.4 Elliptic model for anisotropic steel sheets

At first glance, the measured B-loci in Fig. 3.2 (a) resemble by its shape an ellipse. This
lead researchers to define an elliptic model [32]. It is commonly expressed in terms of
the permeability function as

(5) = (57 ) (5): by
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Figure 3.2: B-loci at constant field strength magnitudes; H; = 200A.m™! Hy =
1000 A.m~!. Solid lines represent the values provided by (a) conventional model, (b)
elliptic model. Dashed lines follow the measured values which are taken from [31] and

[32].

where H?> = H? + H?. From (3.41) one gets easily

B2 B2
T+ = 0% (3.42)
pi(H?)  pi(H?)

Keeping the field strength magnitude constant, the values of magnetic flux density
follow an ellipse in the B-plane, as seen from (3.42). Fig.3.2(b) compares the values
given by the elliptic model to the measured ones. It is worthwhile to note that, in the
rolling and transverse directions, (3.41) will reduce to

B, = MT(HE)HT
By = Mt(HtQ)Ht )

being thus consistent with the conventional model and measured values.

3.2.5 Multicurve models for anisotropic steel sheets

In order to address the inaccuracies of the conventional and elliptic models depicted in
Fig. 3.2, the so called multicurve models were invented. The main idea consists of using
more B-H curves in different directions than just in RD and TD. Typically, 3 up to 10
curves are used. Shirkoohi and Liu [37], for instance, performed the measurements in 10
directions and constructed the reluctivity functions v, = vy, 149, ..., V9o = v; from the
measured collections S, , &« = 0,10, ...,90, see Fig.3.3. They defined the reluctivity for
the other intermediate angles by linear interpolation between the two nearest curves.

Even the multicurve models are not accurate though, since they do not respect the
direction difference between B and H. A model that respects this phenomenon must
follow 2D measurements of the material.

3.2.6 2D measurements of anisotropic steel sheets

The Nakata group first performed the measurements of magnetic properties of a sheet
by means of an enhanced version of a single sheet tester (SST?)[31]. The tester
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Figure 3.3: Ten-step reluctivities based on the measurements of CGO steel.

contains additional coils that measure 2D B-H relations. The tester’s construction was
even improved to give good results for high flux densities up to 2T [28]. The values
provided by SST? measurements are given in two representations, cartesian and polar.

The cartesian representation consists of 2m collections of measured values. We
will associate the cartesian z-axis to RD and y-axis to TD. Each collection S;7, j =
1,...,m contains N7 measured values of B and H in the z-direction, while B;Z = B)
being a constant for ¢ = 1,..., N7 . Similarly, each collection ;%" contains N; measured
values of B and H in the y-direction at constant BJJ“ =BJ],i=1,...,N]. For
instance, in [30] there are published measurements for BJ, B} = 0,0.2,...,1.6,1.8.
The individual collections contain the measured values

: o . .
S;::iljr = {Bi,w Hajcz}ivzzh gjaf = {B;]/,iv H;,i}zj'vzyu g=1...m.

The supercollection of all §¢%, 7 = 1,...,m will be denoted by M7*" and, analogously,
the supercollection of all 5%, j = 1,...,m will be denoted by M.

The polar representation contains n collections of measured values. Let 6y and
O be the angles between RD and H or B respectively. In this case, each collection
SJI-’OZ,j = 1,...,n consists of N; measured data of |B|, |H| and fg at constant 91% =
0h,i=1,...,N;:

S = {BLH,0, Y, j=1...n

3.2.7 Full 2D model of an anisotropic steel sheet

In a general 2D magnetic modelling, we need to find a mapping
G:R* > R?* G:B~ H.

We describe in detail how the model was constructed with the aid of the mathemat-
ical software Scilab. The data that were measured for the material AISI:M-OH by
Nakata [30] were obtained in the cartesian form from [21].
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sat
B

Figure 3.4: (a) The regular grid of induction vectors for which the value of G, is stored,
(b) a sketch that shows the necessity of storing the values of G, in grid points near
['s% (c) the calculation of the value of G, at an arbitrary point B € "9,

Let G = (G., Gy). The goal is to construct a function G,(B,, B,) from the collection
M. Analogously, the function G,(B,, B,) would be constructed from the collection
M. The texture symmetry of the sheet allows us to define these functions for
B,, B, > 0.

In consistency with Section 3.2.1 we define the sets

Q={BeR*:B,, B, >0},
K ={BeR*: B<B*“}nQ,
K ={BeR*: B> B} NQ,
Fsat — 9K N 8Ksat.

For the subsequent application in the FEM computations, fast access to the function
value G,(B,, B,) for given B,, B, € @ is demanded. Our strategy is to define the
function G, on a coarse, regular grid with a very small step 0 B in both directions. The
grid can end up at the values of B, = B, = B**, because the function will be defined
analytically for B € K***. The grid points will be denoted by B;; = (Bf;, B,), i,j =
0,...,p, where p = B**/§B. In our calculations, we used the values for B** = 2.15
and 0B = 0.01. For convenience, the units are omitted.

The values of G, at the grid points are saved in a square matrix G*. We notice
from Fig.3.4(a) that some of the grid points fall into K**. These values will also be
stored in the matrix G®. The values of G,(B; ;) for B;; € K** are necessary for the
correct evaluation of G, in B € K" near I'**, see Fig.3.4(b) and the next paragraph,
and these values can be evaluated directly from the matrix G*.

During the FEM computation, the value of G, at any point B = (B,, B,) € K" is
then calculated as follows: we first find the indices 4,7 so that B € [Bgfj, By ) X
[Bff Bl +1)- A simple linear interpolation scheme is then used to compute G, (B,, By).
The algorithm is then, cf. also Fig.3.4(c):

33



i=|B, [0B];

j = 1By /6B];
0B, = B, — BY;;
0B, = B, — BY};

FALL1 = (G, , — G¥,)/$B;

GEl = Gj; + FALL1 - 0 B,;
FALL2 = (Gfﬂ,jﬂ B G;'C,j+1)/5B§
GE2 = Gy, + FALL2 - 0 B,;
FALL3 = (GE2 — GE1)/0B;
G.(B,, B,) = GE1 + FALL3 - §B,.

The operator |-] denotes the integer part of the division.
We find the analytical expression of G,(B,, B,) for B = (B,, B,) € K**. Let us
chose a fixed value of H***. We used the value of H** = 98000. From (3.30) we obtain

G.(B:,B,) = 1B, — M**B,/B =

B (3.43)
— Bz + Hsat o Bsat T 7 B e Icsat'
Vol (=0 B™) e
We will also need the derivatives
8gz _ sat sat BS
9B, 5 (Bs, By) =0 + (H* — 1B )W’ (3.44)
0G, B, B
g —(B,, B,) = (vyB*" — H**) Y (3.45)

0B, (B2 + B2)3/2’

We now approach the problem of obtaining the values of G, at grid points from the
measured collection M5, Let j € {j =1,...,m} be fixed. Each sub-collection Sg%
is first used to construct a function

gj:[0,00) = R, ¢;:B,— H,

at constant Bg € {0,0.2,...,1.6,1.8}. The construction is similar as in the isotropic
case, cf. Section3.2.2. Nevertheless, the construction of the function g did not work
with a fixed value of H*" as the input data that is necessary in the full 2D model for
defining G, by the analytical expression (3.43) on 5%,

The construction itself is performed as follows. We define

sat

Bsat ’

B;iljt — \/(Bsat)2 _ (85)2, H;at Jsat — T

see Fig. 3.5(a). Let B'!® denote the maximum induction value in the collection Sg7.
Again, we define the regions K" = {B: 0 < B < Br#*} Kf = {B: BI'%" < B < Bi*},
Csot = {B:B> Bsat} and the functions g|;cmf g7, g|,ct g5, and gllc.sat— sat

We first used Scilab’s splin(...), "monotone" prlmltlve to construct the function
g;" on K" from the measured values S7%". To preserve C* continuity of g; over [0, 00),
there are now four conditions on the function g;f»:

GLBI) = g (BE), (a)) (BLs) = () (BL), (3.46)
GBS = HEL () (B = S (BB (3.47)
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Figure 3.5: (a) Figures accompanying the explanation of how (a) the function g;, (b)
the function hy is constructed.

The value of (g;”)/ (B4*) was acquired by

(0) (B2™) = (9" (BE™ + 6w) = 6" (BY5")) /o,

where we put éz = —107'%, while 0G, /0B, (B3, B)) is calculated from (3.44). Ob-
viously, the quadratic interpolation is not anymore usable. At first glance, the cubic
interpolation seems to be suitable. Unfortunately, as can be seen from Fig A.1 in Ap-
pendix A, the behaviour of the cubic function is unpredictable. However, much better

results can be achieved when g§ is searched in the form
gi(o)=e**"P +Co+D, AB,C,DeR.

The application of the boundary conditions (3.46) and (3.47) leads to a system of four
nonlinear equations for four unknowns A, B, C, D. This system is then solved by an
iterative scheme. We utilized Scilab’s fsolve(...) solver for that purpose. Finally,

the function g3** is defined as, cf. (3.43),

52"(0) = Gu(0v BI) = w0 + (H* — 1y B**)——Ze, o > B3,

7 (B

Further, we construct the functions hy, k = 0, ..., p, in the crosswise direction. We
recall that p = B** /0 B. For a fixed k € {0, ..., p}, the function hy is

hi : [0,00) = R, hy: B, — H,

at constant value of B, = B¥. Analogously, we define the values

k
Byt = /(B0 —(BYP, H = H
cf. Fig.3.5(b). Let M; denote the last index j such that B) < B:%. The function hy,
is then defined in 7; = BJ as hi(1;) = g;(B%), j = 1,..., M. Further, we have for
TM+1 = B;% the value hk(TMk—i—l) = H;flkt

Because the symmetry considerations imply that the function hy is even, cf. also
(3.32), we get (hi)'(0) = 0. We calculate from (3.45) the value of (hy)'(B}%) =
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0G. /OB, (Bk, B;“,f) These relations may be taken into account by adding two more
interpolation nodes 1) = —dy, Tar, 42 = BS‘“ + 0y and by setting

hi(70) = hi(0),
hi(Tag+2) = H% + (he) (B)%) - 0y.

In our calculation, we chose dy = 0.1.

The values of hy(7;), 7 =0,..., Mo, are then interpolated similarly as the func-
tions ¢g7*. Again, we used Scilab’s splin(...),"monotone" primitive. Finally, from
(3.43) we obtain the expression of the function hy on the saturation region as

k k t t Bk t
hi(o) = G.(B,,0) =B, + (H*" — yyB*")———, o > B;%.
(0) = Gu (B, 0) ( T
The figures of the functions hy for different £ may be seen in Appendix A.

The values of the functions hg, k = 0,...,p, at grid points B;;, 1,7 = 0,...,p,
are then stored in a matrix G*. To optimize the properties of the function G, and to
improve the convergence of the iterative scheme that will be introduced in Chapter 6,
some post-processing is suitable rather than working directly with these raw values.

First, the values G7; are not necessarily monotone. 4 In fact, in our calculations

about 8 % of elements @f ; of the matrix G* did not satisfy the relation
(Gf,; < Giy) and (GF; < Gjy)-

Therefore, we perform the monotonization process on the values of the matrix G*. The
process is as follows: we order the elements of the matrix in the way demonstrated in
Fig.3.6 (a). Then we do for my, ..., my1y2:

(GF; > Gy ) or (GF, > GFpyy) = 67, Y min{Gy,,,,GY,uy ),

where G’” =G

o k=1, (p+ 1)2. Certainly, the values with indices that are out
of range are not tested. It is easily seen that the values Gfﬂ are monotone after the
monotonization process is performed. The greatest relative change in the values of the
matrix was not more than 2% in our case.

The monotonized values are then smoothed by the smoothing process that involves
(discrete) convolution with a 7x 7 Gaussian convolution kernel G, given by the relations

2 2
g +1’/j

Ga(%ﬁ?/j) :NG_ 2%, TiYj; = _37_27"'72737

where A is the normalizing constant. The kernel is shown in Fig.3.6 (b) with the
value of ¢ = 0.5 that was used in our calculations. Performing twice the smoothing
process caused the greatest relative change in the matrix values of 7%. Then the
monotonization process was reapplied to repair the minor monotonicity disruptions
caused by the smoothing. After that, the values were stored in the final matrix G*.

However, the vector function G thus constructed is not, in general, irrotational, i.e.
rot G # 0. We will see in Chapter 6 that the iteration scheme for solving the upcoming
PDEs is also applicable for such a function, although this property leads to solving
linear systems with non-symmetric matrices in every iteration step that considerably
degrade the convergence rate of the iteration process.

4The monotonicity is naturally defined as (i1 < iy and j; < ja) = G* . <G»

1,J1 — i2,J2"
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Figure 3.6: (a) The ordering of matrix elements for monotonization, (b) Gaussian
convolution kernel GG, with ¢ = 0.5.

We propose a possible way of working out this problem. From (3.45) we see that
in the saturation region it holds

rotG =0, B> B

Let us define the set B™Y = {B € R* : B < B**}. Since the function G = G|pres fulfills
G € [H'(B™9))?, there exists its unique decomposition

G =gradp + curlg on B™ (3.48)
from Theorem 3.2. We are seeking the irrotational part of G, i.e. the function grad p.
Performing the divergence operation on both sides of (3.48) yields

Ap = divgG. (3.49)

Let p = plopres denote the trace (in the classical sense) of the function p on 9B™9.
From (3.30) we see that G(x) is perpendicular to dB™ for every x € dB™9. Since
curlq - n|gpres= 0, cf. Theorem 3.2, we deduce from (3.48) that G = gradp on OB".
This implies that the trace P is constant on OB, i.e. there exists K € R such that

p’aBreg: F (350)

The relations (3.49)-(3.50) define a Dirichlet boundary value problem for the Poisson
equation. By solving this problem we obtain the function p whose gradient is the
irrotational part of G. Since it is the gradient of p we are seeking, the constant K can
be chosen arbitrarily. However, we did not implement the thoughts of this paragraph
so their usefulness is not verified.

3.3 3D modelling of magnetically anisotropic lami-
nated structures

The cores of electrical devices are usually made up of steel and dielectric laminations.
A 3D model of such a laminated structure is proposed in Section 3.3.2. Any 3D model,

however, needs to access the full 3D B-H characteristics of the steel. This bears some
difficulties which are to be discussed first.
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Figure 3.7: All possible directions of domain moments in the initial, non-magnetized
state (a), illustration of supposed and measured directions of induction vectors when
the field is applied in the magnetically hard direction in the sheet plane (b).

3.3.1 The problem of obtaining 3D B-H characteristics of a
steel sheet from 2D measurements

We have discussed in Section 3.2 how to construct 2D B-H characteristics of a material
represented by vector functions F,G : R? — R?. In order to get full 3D characteristics
of the material, we need to extend F,G on R3, i.e. to find mappings

f*, g* . Ri% N RZS’
Fi(2,9,0)" = (F(z,9),0)", G*(2,5,0)T = (G(z,1),0)".

However, this bears some difficulties.

Let us consider a Goss-textured steel. Being aware of the cubic structure of the
texture, an idea is to extend F in accordance to the texture symmetry, setting e.g.
F*(Hi00)) = RF(Hgp), where Hpp is a vector in the rolling direction, H;oy denotes
a vector in one of the another magnetically easy directions (crystallographic (100)
directions, cube edges) with |Hgp| = |[H190)| and R is the rotation matrix that maps
Hprp to Hyigo)-

This process would be correct if there were not any preferred directions of magnetic
moments of the individual magnetic domains (we call them domain moments for the
purpose of this section). We will give an argument that the domain moments lie
preferably in the sheet plane.

Fig. 3.7 (a) shows all 6 possible directions of domain moments in the initial, non-
magnetized state. We will recall the magnetization process described in Chapter 2.
The field H, will be applied in the direction e = [111] (cube body diagonal, see
Fig.2.2). If all directions of domain moments were equally preferred, the supposed
induction vector B? should be, due to the symmetry, parallel to H,, as shown on
Fig. 3.7 (b) . Nevertheless, the real, measured value B7¢® is different. The direction of
Bree indicates the superior influence of domain moments parallel to RD and leads us
to a conclusion that they are relatively more numerous than the others.

Because the physical situation is similar for isotropic sheets, the domain moments
may preferably lie in directions with lesser deviations from the sheet plane as well,
although there is no grain orientation which would indicate this kind of anisotropy by
measurements performed in the sheet plane. Hence we conclude that not even isotropic
sheets are ideally isotropic.
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Figure 3.8: The process of homogenization consists in replacing the lamination (a) by
a homogeneous block (b) with similar magnetic properties.

Any eventual accurate 3D model of a homogeneous steel sheet should be aware of
the sheet’s properties pointed out here. Since no one has dealt with the problem yet,
it remains open.

3.3.2 3D model of steel-dielectric lamination

Bastos and Quichaud suggested a 3D model of laminated structures made up of thin
steel and dielectric layers[2]. The steel was supposed to be perfectly isotropic. We
are going to extend the model for an arbitrary anisotropic steel whose 3D magnetic
properties are given by functions F,G.

Let € and 1 — ¢ be the relative amounts of volume occupied by the dielectric and
the steel inside the lamination respectively. Let us consider a small region of the
lamination, small enough so that the flux densities and field strengths are constant
in both materials and large enough to cover several laminations. Such a region is
depicted in Fig.3.8 (a), where By and Hy are the values of the flux density and the
field strength in the steel and B, and H, are the analogical values in the dielectric.
As described in Secion 2.1.2, B, # By and H, # H;. The model comes with an idea
of homogenization , i.e. replacing the lamination by a homogeneous block with proper
B-H characteristics. The final vector H (or B) should be a weighted sum of Hy (or
B¢) and H, (or B,) with weights being the relative quantities of steel and dielectric:

H=cH, + (1 —-¢)Hy, (3.51)
B =:B, + (1 - <)By. (3.52)

The aim is to give a method for computing H from B and vice versa.
We suppose that the material properties of the steel and the dielectric are given by
equations

Hf = g<Bf>7 H, = 1B, (353)

B; = F(Hy), B, = noH,. (3.54)

In this section, the subscript ¢ will denote the tangential part of a vector in the plane

of the sheets, similarly n the normal part. We have, for example, H; = Hy, + Hy,, etc.

The equations (2.8)—(2.9) guarantee the continuity of tangential part of the field
strength and normal part of flux density through the lamination, so we have
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H, = Hy, e H;, (3.55)
B.. = B;, @ B,. (3.56)

From (3.51)—(3.52) we obtain

H, =c¢H,, + (1 —¢)Hy,,
Bt = EBat + (1 — E)Bfta

and by expressing the dielectric quantities we have

H,, = -[H, — (1 —¢)Hy,], (3.57)

Nk m |

B:— (1 —¢)Bpl. (3.58)

at

From (3.51), (3.53), and (3.56) we obtain

H=cH,+(1-¢)H;=c1yB,+ (1 -¢)G(By) =
=c(Bu+B,) + (1 —¢)G(By + B,). (3.59)

Similarly, from (3.52), (3.54), and (3.55) we obtain

B=cB,+ (1-¢)By=cuH, + (1 —¢)F(Hy) =
= epo(Hy + Hyp) + (1 — ) F(H, + Hyy,). (3.60)

By placing B, from (3.58) and H,, from (3.57), the equations (3.59) and (3.60) can
be rewritten into the form

H = 1[eB,, + B;—(1 — )By] + (1 — ¢)G(By; + B,,), (3.61)
B = wleH; + H,—(1 —¢)Hy,] + (1 — &) F(H, + Hy,). (3.62)

In the cartesian system of coordinates with z direction being perpendicular to the
laminations, (3.61)—(3.62) lead to a set of equations

Hy = vo[B; — (1 — 2)X] + (1 — £)Gi(X, Y, B)
Hy =1g[By — (1 —e)Y]+ (1 —€)Ga(X,Y, Bs)
Hs =1vpeBs+ (1 —¢) G3(X, Y, Bs)

By = poeHy + (1 —¢e) Fi(Hy, Hy, Z)

By = ugeHs + (1 —¢) Fo(Hy, Hy, Z)

By = po[Hs — (1 — £)Z) + (1 — &) Fy(H,y, Ha, Z),

(3.63)

where (X,Y,Z) = (By11, B2, Hn 3) may be regarded as a vector of dummy variables
not needed as the output of the calculations.
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For every fixed H or B € R3, (3.63) represents a system of 6 nonlinear equations
for 6 unknowns. Solving the system gives the desired value of B or H.

The model was previously studied for ideally isotropic steels. In this case, the steel
characteristics are described by its relative permeability

B = pop, (H7) Hy, (3.64)
1

H,=—— B, 3.65

! MOMT(HJ%) ! ( )

Let us suppose a fixed value of field strength H and search for the corresponding flux
density B. Let py g denote the value of the steel permeability corresponding to H, i.e.

def
HfE = IU’OMT(H]%)'Hszf(H) . (3.66)

Due to the symmetry of the steel properties the vectors B; and H; are parallel, and
trivially, B,, and H,, are also parallel. So there exist constants p, i, such that

Bt = I[Lth, (367)
B, = 1, H,. (3.68)
In order to calculate B, we have to find p; and u,,.

By extracting the tangential part of (3.52) and with regard to (3.54), (3.55), (3.64),
and (3.66) , we obtain

Bt = EBat + (1 — E)Bft = €MOHt + (1 — 8)/,Lf7HHt. (369)
Comparing (3.69) with (3.67) results in

pe=¢epo + (1 —€)ppm. (3.70)

Similarly, by extracting the normal part of (3.51) and applying (3.53), (3.56), (3.65),
and (3.66) we obtain

1
H,=c¢H,, + (1 —-¢)Hy, =B, + (1 — €)M—Bn. (3.71)
fH

Comparing (3.71) to (3.68) gives
1 1—¢

— =&l + .
Hn HfH

(3.72)

We see from equations (3.70) and (3.72) that it is enough to compute pfu = popt (H7)
to obtain y; and pu, (the value of H]% is unknown).
Because By,, = B,,, we obtain from (3.64), (3.66), and (3.68)

H;, = " H,.
HrH
Thus, we have
HrH H ?
2 = (HY) = e (H? + H?) = T(H2+( ")Hg) 3.73
o M(f) ,u(ft f) H t JrE ( )

From (3.72) we obtain
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1—¢
o < + €Vo) ppp = (1 — ¢+ evopyn)

Hn HfH
and
2
Fon 1
— | = . 3.74
(Mf,H) (1 —e+evprn)? (374)
Placing (3.74) into (3.73) results in the final equation
HQ
v = | H? + £ )
om0 )

We see that in the case of an ideally isotropic sheet, there is just one nonlinear
equation to solve instead of the whole system (3.63).
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Chapter 4

The equations for scalar and vector
magnetic potentials

The objective of the engineering problem P is to compute the distribution of the
magnetic field strength H and magnetic induction B in a domain of interest 2. We
can limit ourselves to compute just one of these quantities because the other one can
be calculated from the constitutive relations, cf. Section 2.2. The domain {2 commonly
comprises more subdomains Vy, ..., Vy that represent the domains of various materials.
In this case, it would be difficult to work with equations (2.3)—(2.4) directly, because
H and B exhibit discontinuities on the material interfaces. Hence, it is more suitable
to reformulate these equations in terms of the vector and scalar magnetic potential for
the FEM computations. We introduce the potentials and present their mathematical
properties as deduced from particular problems, where the potentials are known.

Afterwards, the definition of an engineering problem P in terms of both potentials
is given. Further, the physical situation is often idealized in a way that leads to the
2D formulations for the potentials. These 2D formulations then serve as the basis for
defining an idealized engineering problem Q. In this work, we will mostly deal with
such an idealized 2D problem.

4.1 3D equations for magnetic potentials

4.1.1 Vector magnetic potential

Let V be a simply connected domain in R3 that is occupied by a homogeneous material.
Let the material’s constitutive relation is given by a function G such that

H = G(B). (4.1)

For convenience, we rewrite the equations (2.3)—(2.4):
rot H = j, (4.2)
divB = 0. (4.3)

From (4.3) we see that the vector field B is solenoidal on V. As a consequence, cf.
Theorem 3.1, there exists a (vector) function A : YV — R? such that

rot A(z) =B(z), x € V. (4.4)
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The function A is called the vector magnetic potential.

The above relation does not define the magnetic vector potential uniquely. There is
a degree of freedom left for choosing a gauge condition. The Coulomb gauge is usually
applied in case of a stationary magnetic field, that is,

div A = 0. (4.5)
From (4.1), (4.2), and (4.4) we obtain

rot(G(rot A(z))) =j, z € V. (4.6)

The above equation is the differential equation for the vector magnetic potential in the
classical form when just one piece of homogeneous material is considered.

4.1.2 Scalar magnetic potential

Let V be as in Section 4.1.1. We now assume that the constitutive relation is given by
a function F such that
B =FH). (4.7)

Let us suppose that there is no macroscopic current flow through the material.! Then
j=0onV and the equations (4.2)—(4.3) change to

rot H=0, (4.8)
divB = 0. (4.9)

From (4.8) we see that the vector field H is then irrotational on V. With regards to
Theorem 3.1, there exists a function ¢ : ¥V — R such that

grad p(z) = H(x), z € V. (4.10)

The function ¢ is called the scalar magnetic potential.
From (4.7), (4.9), and (4.10) we obtain

—div(F(gradp(x))) =0, x € V.

The above equation is the differential equation for the scalar magnetic potential in the
classical form when just one piece of a homogeneous material is considered and when
no current flow occurs inside that material.

4.1.3 Global potentials and their properties

Let © C R3 be a simply connected domain, Q = Q™ U Q™ and Q™ = Ufil Vi
are as in Section 2.1.2. Let the material constitutive relations are given by functions
Fi,Giyi=1,...,N.

The global vector (magnetic) potential A : € — R3 is defined as a vector function
that satisfies the equation

rot A=B on

in the sense of distributions. Let us suppose that the global vector potential exists.
Experiences indicate the following properties of A [35]:

More accurately, we would say no free macroscopic current flow. The so called bound currents
are hidden in the definition of H and are not included in the quantity j.
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(V1) A€ [C(QP; A;=Aly, are smoothon V;,i=1,...,N.
(V2) The derivatives of A are discontinuous in Q.

(V3) A € H(rot,Q) N H(div, ).
(V4)

The functions A; satisfy the equation

rot(G'(rot A'(z))) =j, z € V;.

The spaces H (rot, §2) and H(div,(2) are defined as

H(rot, Q) = {v € [L*(Q)]* : rot v € [L*(Q)]’},

H(div,Q) = {v € [L*(Q)]? : divv € L*(Q)},
where the operators rot and div are understood in the sense of distributions. Generally,
the derivatives 9;A; ¢ L*(Q2). As experiments show, the derivatives of the potential can

exhibit singularities at the corners of non-convex domains and material interfaces [9].
Moreover, if A fulfills the gauge condition

divA =0 on (4.11)

in the sense of distributions, then we say that the global vector potential fulfills the
gauge condition (4.11).

Similar properties are observed for the global scalar magnetic potential. When there
is no macroscopic current flow through €, we can define the global scalar (magnetic)
potential ¢ : 2 — R as a scalar function that fulfills

gradp =H on ()

in the sense of distributions.
The properties of the global scalar potential are analogous to that of the global
vector potential:

S1) ¢ € C(Q); @i = |y, are smooth on V;,i=1,..., N.

(S1)

(S2) The derivatives of ¢ are discontinuous on Q™.
(S3) p € HY(D).

(S4) The functions ¢; satisfy the equation

— div(F'(grad p;(z))) =0, = € V;.

4.1.4 Definition of the engineering problem P

Let Q C R? be a simply connected domain, Q = QU Q™ and Q™ = |JY | V; are as
in Section 2.1.2 and F;, G; are the material characteristics of the homogeneous material
that occupies V;, i =1,..., N.
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The engineering problem P4 is defined as the boundary value problem that is given
in its classical form as follows. Find a function A € [C’Q (ﬁ)] ? such that

rot(G(rot A)) =j in ,

where G is defined as
G(x;v) =Gi(v), x€V;,veR

Moreover, A satisfies prescribed boundary conditions on I' = 0). The boundary
conditions for 3D problems are fairly different from that for 2D problems and their
discussion is beyond the scope of this work. The engineering problem P4 will be also
called the boundary value problem P4.

The engineering problem P¥ is defined as the boundary value problem that is given
in its classical form as follows. Find a function ¢ € C%(Q) such that

—div(F(grad)) =0 in Q,
where F is defined as
Fl;v) =Fi(v), z€V;,veR.

Moreover, ¢ satisfies prescribed boundary conditions on I' = 0€). The engineering
problem P¥ will be also called the boundary value problem P?.
The engineering problem P then may refer to one of the problems P¥ or PA.

4.1.5 Comparision of 3D formulations

We have seen so far that there are two possible boundary value problems to solve
that lead to the computation of the respective potentials. The choice of the particular
formulation depends on the physical situation. Both have their advantages that can
be summarized as follows:

e The vector magnetic potential is defined generally without the limitation that
imposes no current flow through the region 2. Nevertheless, the computation
of the vector potential is much more complicated and resource demanding than
the scalar potential because a multidimensional FEM scheme must be used for
the computation. Moreover, when (2 is a non-convex domain, we have generally
A ¢ [HY(Q)]®. That requires a special choice of finite elements [9]. Further, the
gauge condition must also be reflected in the choice of the FEM space.

e The scalar magnetic potential is generally much easier to compute because it is a
scalar function and there are no further gauge conditions imposed to ensure the
uniqueness of the potential. However, the scalar potential is applicable in regions
with no current flow only.

4.2 2D equations for magnetic potentials

4.2.1 Obtaining 2D equations from 3D equations

In many practical problems, the magnetic flux occurs mainly in two dimensions. Let
us associate a cartesian coordinate system Oxyz with a physical situation where we
can suppose

Bs =0, H3 =0, (4.12)
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Figure 4.1: (a) The physical and mathematical domains of interest of an idealised
engineering problem Q. (b) A rectangle from Lemma 4.1.

where B = (By, By, Bs) and H = (Hy, Hs, H3).

In this case, the (mathematical) domain of interest 2 may be reduced to a 2D
section of that of the 3D problem. Accordingly, let Q C R? be a simply connected
domain, Q = QMU Q" and Q™ = vazl V; are defined in analogy with in Section
2.1.2. Now we have, cf. also (2.7),

meas, Q7 = 0. (4.13)
With regard to (4.12), we can assume

B,.H:Q — R?

B =B(z,y), H=H(z,y). (4.14)

Physically, this corresponds to an idealized situation with a (physical) domain of
interest Q* C R? being an infinite cylinder whose base is identical to €2, i.e. Q* = Qx R,
cf. Fig. 4.1(a).? In this case, all physical quantities, defined on the (physical) domain
Q*, are functions of first two variables only, e.g.

A% QF S RS,
A" =A%(v,y), §j =j(z,y).

Throughout this section, all corresponding physical domains and quantities are denoted
by asterisks, i.e. Vi =V; x R, (Q")* = Q™ x R etc. Obviously, it holds

meass(™)* = 0. (4.15)

We will now examine the equation for the vector magnetic potential (4.6) for an
idealized problem. We prove the following lemma first.

2This idealization is widely used in computations of the magnetic field in a steel sheet. The question
is to what extent is this physical model that implies an infinite thickness accurate when applied to a
0.30 mm thin sheet.
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Lemma 4.1. Let us suppose an idealized physical situation described in this section.
Let the global vector magnetic potential A* exist in * and let it have the properties
(V1)-(V2) from Section 4.1.3. Then

Ik

(i) The electric current j* = (j7,73,75) flows in the z-direction only, i.e. j* =
(0,0,73) a.e. in Q*.

(1) If V¥ : Q* — R?, V* = (A}, A3) denotes the first two components of the vector
potential A*, then it holds rota V* =0 a.e. in Q2*, where rote V* = 0, V5 — L, V}*.

Proof. (i) Let i € {1,..., N} be fixed. Let us choose an arbitrary rectangle R C V!
such that the unit normal ng to its surface (that is determined uniquely from the
orientation of JR) is perpendicular to the z-axis. One such rectangle is shown in
Fig.4.1(b). Let 9R =1 = |J._, I; be the (oriented) boundary curve of R, where I; are
line segments and Iy, 4 are parallel to z. From (4.14) we have

H"-ds=—- | H"-ds, (4.16)

l1 lS

and from (4.12) we obtain

H"-ds= | H" -ds =0. (4.17)

la lg

The equations (4.16)—(4.17) lead to

%H* ds = 0.

With reference to Ampere’s law (2.5) we obtain the net current / = 0 through the
rectangle R.

Now, let us suppose that there exists x € V such that jo 2f (Ji (=), j5(),0) # 0.
Because j* is continuous on V}, there exists a (small) rectangle RC V* such that the
unit normal to its surface ny is parallel to j, and

j**nz>0 VreR (4.18)

Obviously, n is perpendicular to the z-axis. From (4.18) we obtain that the net current

I through R is
IR:/j-dS:/j-anS>O.
R R

That is a contradiction with Iz = 0. This implies j; = j5 = 0 on V. Since this holds
for every i =1,..., N, from (4.15) we conclude that 57 = j; =0 a.e. in Q*

(ii) Let i € {1,..., N} be fixed. Let us denote, consistently with the above formu-
lations, V = V*|q, Vi = V*|» and V; = Vj|y,. The condition (V1) from Section 4.1.3
gives Vi € [CY(V7)]?. This implies

Vi - [CI(VZ)]Q

Let [ C V; be an arbitrary closed curve that embraces a surface S C V;. The
magnetic flow ®,, through S can be expressed as
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D, déf/B*-dS:/rotA*-dS:%A*-ds:%Vf-dSZfVi-ds, (4.19)
S S l l l

where we used (4.4) and Stokes’ theorem.
Because (4.12) holds, ®,, = 0 and we have

7{V,~ds:0,
l

for any closed curve | C V;. With regard to Green’s theorem we see that rot V, = 0 in
V;. Because V* = V*(z,y), we obtain rot, VI = 0 in V). Again, since this holds for
every i = 1,... N, with regard to (4.15) we conclude that rots V* =0 a.e. in Q*. O

Because it is the rotation of the vector potential A* that has the physical meaning,
we can add any irrotational vector field Z* to A* and preserve its physical information.
Let us choose

Z"=—(V*0)=—(A], A5,0).
It is easy to verify, with regard to Lemma 4.1, that rot Z* = 0 a.e. in Q*. We then put

A" = A"+ 7" = (A7, A}, AL) — (AT, A3,0) = (0,0, A%).

We emphasize, that the magnetic vector potential A* describes the same physical
situation as A*. Therefore, we may always consider the vector potential A* to be of
the form

A* = (0,0, A%).

Moreover, the potential in this form automatically fulfills the Coulomb gauge (4.5),
because A* = A*(x,y).

We see that it is obviously enough to compute A = A*|q, where Q C R?. Hence,
in case of this idealized physical situation, the magnetic vector potential is given by a
real function A = A(z,y) of two variables z, y.

If we put j* = ji and j = j*|q, the equations (4.2) and (4.4) then take the form

rot H = j, (4.20)
curl A = B. (4.21)

The mathematical properties of the global function A are analogous to that of the
vector potential A, cf. (V1)-(V2) in Section 4.1.3.
Let the 2D material characteristics G; : R? — R? are given, i = 1,...,N. The
equations for A; = Al|y, can then be derived from (4.1), (4.20), and (4.21):
rot(G'(curl A;(x))) =4, z € Vi, i=1,...,N.
Since rot A* = (0, A*, =01 A*,0), we see that the property (V3) reduces in 2D case
to

Ae HY(Q).
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The situation is more straightforward for the scalar magnetic potential. Let us
suppose our idealized physical situation with no current flow through Q*. Let ¢* =
©*(x,y) be the global scalar magnetic potential, ¢ = ¢*|q. The equations (4.9) and
(4.10) remain the same, i.e.

divB =0, (4.22)
grad p = H, (4.23)

where divu = dyu; + dus and grad v = (0yv, av).
When the 2D magnetic characteristics F; : R> — R? are given in V;, i = 1,..., N,
the equations for ¢; = ¢y, can be derived from (4.7), (4.22), and (4.23):

—div(F'(grad ;(x))) =0, x € V;, i=1,...,N. (4.24)

Again, the mathematical properties of the global scalar potential (¢ are analogue to
that in the 3D case, cf. (S1)—(S3) in Section 4.1.3.

4.2.2 Definition of an idealized engineering problem Q

Let Q C R? be a simply connected domain, = Q™@U Q™" and Q™ = Uf\il V; are
defined in analogy with Section 2.1.2 and F;, G; are the material characteristics of the
homogeneous material that occupies V;, 2 =1,..., N.

The (idealized) engineering problem Q4 is defined as the boundary value problem
that is given in its classical form as follows. Find a function A € C2(Q2) such that

rot(G(curl A)) =7 in Q, (4.25)

where G is defined as
G(r;v) =Gi(v), x€V;,veR

Moreover, A satisfies prescribed boundary conditions on I' = 0f2, see Section 4.2.3
below. The engineering problem Q4 will be also called the boundary value problem
Q4.

The (idealized) engineering problem Q¥ is defined as the boundary value problem
that is given in its classical form as follows. Find a function ¢ € C?(Q) such that

—div(F(gradg)) =0 in Q, (4.26)
where F is defined as
Flr;v) =Fi(v), z€V;,veR

Moreover, ¢ satisfies prescribed boundary conditions on I' = 02, see Section 4.2.3
below. The engineering problem QY will be also called the boundary value problem QOFf.
The engineering problem O then may refer to one of the problems Q¥ or o4,

4.2.3 Boundary conditions for idealized engineering problems

The nature of magnetic fields suggests the field expands to infinity. Hence, the in-
finite boundary conditions are sometimes prescribed on 0f). Practically, these condi-
tions are implemented by surrounding the device of interest by one layer of infinite or
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open-boundary finite elements[5]. However, in many cases we may suppose that the
magnetic flux is confined by a device’s outer boundary and thus the problem can be
restricted to a bounded domain of interest €2. We will limit ourselves to consider such
a bounded domain exclusively in this work.

By far the most common boundary conditions for both the vector and scalar mag-
netic potentials are the piecewise constant Dirichlet and homogeneous Neumann bound-
ary conditions. We will briefly examine the practical situations where these conditions
apply.

We see from equation (4.21) and from the definition of the curl operator that grad A
is perpendicular to B. Hence we deduce that the magnetic flux line, i.e. an oriented
curve whose tangential vector direction at any point is the direction of the magnetic flux
density vector B, is in fact a line of constant magnetic vector potential A. The constant
Dirichlet boundary condition imposed on A on a continuous curve I' C T'; C 9§ then
actually corresponds to the fact that I' is a magnetic flux line. This condition can
be used on the outer boundary of a magnetically closed device or when considering a
symmetry of the problem.

Now we deduce the physical meaning of the homogeneous Neumann condition. We
emphasize that we mean a generalized Neumann condition for nonlinear problems, as
is introduced in [14]. In case of equation (4.25), the condition on I'y C 05 is

G(curlA) -t =0 on Iy, (4.27)

where t = (t1,13) is a unit tangent vector to I'y. Since from (4.21) and (3.2) we get
G(curl A) = H, we see from (4.27) that

Hlt only,

where t = (¢1,t2) is a unit tangent vector to I'y, i.e. the magnetic field vectors enter
the boundary at right angles on I's. This boundary condition can be used at the air
side of the steel-air interface, where it is known that the magnetic field enters the steel
under right angles [3], or, again, as a consequence of some symmetry considerations.

There is a duality in the boundary conditions for A and . The constant Dirichlet
condition imposed on A corresponds to the same physical situation where we would set
the homogeneous Neumann condition for ¢ and vice versa. Indeed, when considering
the piecewise constant Dirichlet boundary condition for ¢ on I'y C 02, we obtain

gradp Lt on I'y,

and from (4.23) we have H L t on I'y.
Similarly, the homogeneous Neumann condition for equation (4.26) on I'y C 012 is

F(grady) -n=0 on [y, (4.28)

where n = (ny,n2) is a unit outer normal to I's. Since from (4.23) and (3.1) we get
F(gradp) = B, we see from (4.28) that B is parallel to t, from where we conclude
that each continuous curve I' C I's is a magnetic flux line.

4.2.4 Comparision of 2D formulations

Again, there are two possible boundary value problems to solve in the case of the
idealized physical problem. Being aware of the simplification of the equation for the
magnetic vector potential, we can conclude:
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e Since the solution of both boundary value problems is now equally difficult, the
description of the idealized situation in terms of the magnetic vector potential is
superior to that in terms of the scalar potential because no limits are imposed
on the physical problems, i.e. the electric currents can flow through 2.

There are two more advantages why to solve the boundary value problem Q4 rather
than Q. First, as we have seen in the previous section, a contour of the constant
potential A is a magnetic flux line. This facilitates the visualisation of the solution
since, in fact, it is the flow of the flux lines that an engineer is interested in.

Further, let C, D € R2. The magnetic flux ®,, through a curve whose end points
are C' and D, cf. also (4.19), can in the 2D case be written as

(D) (D)
o, = / B-dng = / grad A-dt = A(D) — A(C), (4.29)
(@) (@)

where ny = (t2, —t1) is the vector perpendicular to t and B = curl A = (0,4, —0, A).
This fact is helpful in analyzing the visualized solution as well as in determining the cor-
rect boundary conditions when a prescribed magnetic flux is supposed to flow through
a modelled device, see also Section 6.3.1.

From these reasons, we will primarily study the engineering problem Q4. However,
because of the analogy of the equations for both problems, the proposed theorems
for Q4 can easily be reformulated for Q¥. Thus, only the final results and theorems
without detailed steps of the proofs will be proposed for Q¥ in Chapter 5 and finally,
in Chapter 6, the problem QY will be omitted from our considerations.
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Chapter 5

Weak formulations of 2D boundary
value problems

This chapter examines the weak formulation of the boundary value problem Q. We
first introduce the definitions and theorems used in this and next chapters in Section
5.1. The weak formulation of the boundary value problem Q in terms of both the
vector and scalar magnetic potentials is presented in Section 5.2. The existence and
uniqueness theorems for the weak solutions are provided in Section 5.3. We also prove
that the problem of finding the weak solution of the boundary value problem Q is
equivalent to finding the minimum of a certain uniformly convex functional. This
functional will then be used in Chapter 6 in proving the convergence theorems for the
discrete solutions and in building a scheme for the FEM analysis.

5.1 Preliminary definitions and theorems

Theorem 5.1. Let G € [CY(R2)]>. For every z,y € R? the following equality holds

G(0) = G(a) = [ G+ s(y—a)(y—a) ds.
Proof. Let G = (G1,Gs). The function
ai(s) = Gi(z + sy —x))(y — )

is continuous on [0, 1] for i = 1,2. Then we have

1

| Gt sty =)y = 2)ds = [Gia + st = )], = 6:0) = G0

In the following, A™ denotes the set of Lebesgue measurable subsets of R”.

Theorem 5.2. Let Q € A" and I € A*. Let f be a measurable function on Q x I and
let there exist a constant K > 0 such that

/ (2, 1)) dadt < K.
QxI
Then the function F(x) defined by
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F(a:):/lf(:v,t)dt, x € ),

is measurable on Q, F € L'(Q), and

| Flloo) < K.

Proof. The statement of the lemma is an easy consequence of the Fubini theorem,
whose proof can be found in [27]. O

The symbol £" will denote the set of bounded domains in R™ with Lipschitz con-
tinuous boundary.

Definition 5.3. Let Q2 € £, m > 1 and
h = h(z;§)

be a function defined for almost all x € Q2 and for all £ € R™. The function h is said
to be a Carathéodory function if

(i) for all £ € R™ the function
he(x) = h(z;€)

(regarded as a function of the variable ) is measurable on (.
(i) for almost all z € © the function
ha(8) = h(z;€)
(regarded as a function of the variable £) is continuous on R™.
The fact that h is a Carathéodory function will be designated by h € CAR.
Theorem 5.4. Let Q € L™, m > 1 and h(z,§) € CAR. Let ui(zx),i =1,...,m are

measurable functions on 2. Then the compound function

g(x) = h(z;ur(x),. .., Uup(x))
1s also measurable on ().
Proof. See[15]. O
Definition 5.5. Let Q € L™ and h € CAR. The operator x defined for m-tuples of

functions u;, i = 1,...,m, that are measurable on ) by the formula

X(ut, ..oy um)(x) = h(z;u(x), .. upn(z)), z€Q

is called the Nemickii operator given by the function h.
In the following, we will deal with a special subclass of the Carathéodory functions.

Definition 5.6. Let Q € L, p > 1, ¢=p/(p—1). Then h € CAR(p) if h € CAR and
h fulfills the following condition; there exist ¢ > 0 and g € L9(£2) such that for almost
all z € Q and for all £ € R™

|h(z; )] < g(x) + CZ 131 (5.1)
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Theorem 5.7. Let Qe L™, p>1,q=p/(p—1). Let h € CAR(p). Then the Nemickii
operator x given by the function h is a continuous operator x : [LP(Q2)]™ — L(2).

Proof. See[15]. O

Let X be a Banach space. Its norm will be designated as ||-|x. Particularly, for
Q) € L™ the symbols ||-||[o and ||||; denote the standard norms in L?(Q) and H'(1),
respectively. The seminorm | - |; on H'(Q) is defined by

lul; = {2/ laiu|2dxr.
i=1 79

Theorem 5.8. Let Q € L™ and T'y is a relatively open subset of OQ, T'y # 0. Let

V={ve H(Q)|v=0onT}.

in the sense of traces. Then the form

g(u,v) = Z/Qaiu@vdx
i=1

is a scalar product on V', the couple (V,g) is a Hilbert space and the induced norm |- |
is equivalent to ||-||1-

Proof. The statement of the theorem is a consequence of the Friedrichs’ inequality
whose proof can be found in [42]. O

Definition 5.9. Let X be a Banach space and F': X — R. The functional F' is said
to be

e coercive, if

lim F(u) = oo.
llull x —o0

e strictly convex, if for all u,v € X, u # v and t € (0,1) it holds

F(tu+ (1 —t)v) <tF(u)+ (1 —t)F(v).

Definition 5.10. Let X be a Banach space, F' : X — R and u,v € X. If there exists
a finite limit

dF(u;v) = lim Futtv) = Fu)

—0 t ’

then dF(u;v) is called the differential of F in w € X in the direction v. Moreover, if
for u € X the differential dF'(u;v) exists for all v € X, and if the mapping

dF(u)(v) = dF(u;v)

is linear and continuous, i.e. dF'(u) € X*, then F is said to have the Gateauz derivative
F'(u) = dF(u) in w € X. If the derivative exists for all u € X, then F' is said to be
differentiable in the Gateauzr sense on X.

Let F'(u) exist for all u € X. Let u,vy,vy € X. If there exists a finite limit
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Q2 F (u; 01, v5) = Tim dF (u + tvy;v1) — dF (u;vq)

t—0 t ’

then d?F(u; vy, vy) is called the second differential of F inu € X in the directions vy, vs.
Moreover, if for u € X the second differential d*F(u;vy,vs) exists for all vy, vy € X
and, if the mapping

d*F(u): X — X*,
[d*F (u)(v2)] (v1) = d*F (u; vy, v)

is linear and continuous, then F' is said to have the second Gateauz derivative F"(u) =
d®F(u) in u € X. If the second derivative exists for all u € X, then F is said to be
twice differentiable in the Gateaux sense on X.

Definition 5.11. Let X be a Banach space, F': X — R and u € X. If there exists a
functional dF'(u) € X* such that

oy |Fluto) = Flu) - dF(u)(v)]
lollx—0 [vllx
then the functional dF(u) is called the Fréchet differential of F in uw € X. If the

differential exists for all u € X, then F is said to be differentiable in the Fréchet sense
on X.

=0, (5.2)

Theorem 5.12. Let X be a Banach space. Let the functional F : X — R be twice
differentiable in Gateauzr sense on X. Then for every u,v € X exists 0 € (0,1) such
that

F(v) = F(u)+ F'(u;v —u) + %F"(u—l—@(v —u);v —u, v —u).
Proof. See[6]. O

Theorem 5.13. Let X be a Banach space, F': X — R be a functional that is differen-
tiable on X in the Gateauz sense. Moreover, if d*F(u;vy,vy) exists for all u, v, vy € X
and if

d*F(u;v,0) >0, Yu,ve X,v#0,
then F s strictly convexr on X.

Proof. See [14]. O

Definition 5.14. Let X be a Banach space. Let the function F' fulfill the assumptions
from Theorem 5.13. Additionally, if there exists a constant C' > 0 such that it holds

d*F(u;v,0) > Clllx Yu,v € X,
then F' is said to be uniformly convexr on X.

Definition 5.15. Let X be a Banach space and X* its dual. Then the operator
T:X — X*is said to be

e bounded, if the image of every bounded subset of X is a bounded subset in X*.
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e strictly monotone, if for all u,v € X, u # v is

(Tu — Tv,u —v) > 0.
e strongly monotone, if there exists a constant K such that

(Tu —Tv,u—v) > Kl|lu—v||% Yu,veX.
e coercive, if

T
lim M = 0.
lulx—oo ||l x

e potential, if there exists a functional II differentiable in the Gateaux sense on X
such that

(I (u), v) = (T'(u),v)
for all u,v € X, i.e. Il'(u) = T(u) on X.

Theorem 5.16. Let X be a reflexive Banach space. Let the operator T : X — X* be
bounded, strictly monotone, coercive, and potential.
Then the problem of finding u € X such that

(Tu,v) =0 YveX

has a unique solution. Moreover, the solution u € X is the only one that minimizes
the potential 11 of the operator T, i.e.

u = arg minII(v),
veX

and

I(v) > (u), u#wv.
Proof. See [14]. O

5.2 Weak formulations for scalar and vector mag-
netic potentials

Let us consider an engineering problem Q. We recall that Q0 C R? is a simply connected
domain, Q = Q™ U Q7 Qmet = (JV 'V, where meas, Q% = 0. In the following we
will suppose just one kind of the ferromagnetic material involved in Q. This assumption
is for the sake of making the upcoming definitions and theorem proofs more simple and
clearer and the generalization to an arbitrary number of ferromagnets is easy. If V;, 1 =
1,...,m are the domains of the ferromagnetic material, then ©Q; = (J*, V; denotes
the subset of 2 that corresponds to that ferromagnet. Similarly, €y = Uivzm 1 Vils
the subset of ) that includes the domains of paramagnets and diamagnets. Their
constitutive relations can be modelled accurately by a single linear function, cf. (2.15).
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5.2.1 Weak formulation of the boundary value problem Q4

Let Q € £2? be a simply connected domain, I'; and 'y are disjoint relatively open
subsets of 9 such that I'; UTy = 09, T'; # () and both I'y and I'y have a finite number
of components. If we set & = A, we can rewrite the boundary value problem Q4 in the
classical form:

Find a function @& € C?(Q) such that

rot(G(curla)) =7 in €, 5.3)
4w=u on I, 5.4)
G(curla) -t =0 on I'y, 5.5)

where t is a unit tangent vector to I'y, j,u € C(2), and G is defined as follows:
vv  for x € Qp, v € R?,
Glz,v) =4 " 0 ) (5.6)
Gr(v) forxz e, velR?,

where  and € are disjoint measurable subsets of Q, Q = QyUQ;, and G; is a model
of the material characteristics of the ferromagnet involved. Let the function G; has the
properties outlined by Theorem 3.4.

The weak formulation of the boundary value problem Q4 consists of finding a
function @ € H'(Q) such that

ev, (5.7)
/Qg(curlu ~curlvde = /j vde Yv eV, (5.8)

where
V={veHQ)|v=00nT,} (5.9)

is the space of the test functions, u € H'(Q2) and j € L*(Q).
So far, we do not know whether the integral in (5.8) exists at all for 4,v € V. This
and other issues are addressed in Section 5.3.

5.2.2 Weak formulation of the boundary value problem QY

Let ©, I'y, and I'y are as in Section 5.2.1. If we set ¢ = ¢, we can rewrite the boundary
value problem QY in the classi_cal form:
Find the function ¢ € C?(Q) such that

—div(F(grad¢)) =0 in Q,
@ = @ on Fl;
F(grad¢) -n=0 on Iy,

where n is the unit outer normal to I'y, @ € C(Q), and F is defined as follows:

f Q R?
Flx,v) = {MOV orret veR, (5.10)

Fr(v) forz e Qy,veR?
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where (2 and 2y are as in Section 5.2.1 and F; = Q;l.
The weak formulation of the boundary value problem QY consists of finding a
function ¢ € H'(Q) such that

p-pev, (5.11)
/ F(grad ) - gradvde =0 Yv eV, (5.12)
Q

where V' is given by (5.9) and g € H'(Q).

5.3 The existence and uniqueness theorems for 2D
boundary value problems

We slightly revise the standard weak formulation of the boundary value problem Q4.
We will find the function u € V' such that

/Q(curl(u+ﬂ))-0urlvdx—/jvda::() Yo e V. (5.13)
Q Q

For v € V' we define the operator T' as follows:

(Tv,w) = / G(curl(v +7)) - curlwdx — / jwdr Yw e V. (5.14)
Q Q

Then the solution u € V fulfills

(Tu,v) =0 Yvel.

The aim is to verify the assumptions of Theorem 5.16, where X = V. Therefore,
we need to analyze the properties of the operator T'.

First, it follows from Theorem 5.8 that ||-|[; and |- |; are equivalent norms on V.
This fact will be utilized in the following without further explanations.

Lemma 5.17. Let
hi(z:&1,&2) = Gi(&, —&), =12,
where G = (G1,Gs) is a function defined by (5.6). Then h; € CAR(2),i=1,2.

Proof. Let € = (&,&) and let us perform the proof for i = 1.

Let € € R? be fixed. We see that hy(z,€) is a constant function on €y and .
Because €y and €; are measurable subsets of Q and Q = Qy U Q;, we conclude that
hi(z:€) as a function of x is measurable on Q.

In the following, we will refer to the properties of the function Gy from Theorem 3.4.
From (5.6) we see that hy(Z, ) is continuous on R? for Z € Q. Because G is continuous
on R?, we have that hy(Z, &) is continuous on R? for & € €. Since Qo UQ; = Q™ and
measy (2 \ Q") = 0 we conclude that h; € CAR.

To show that hy € CAR(2) we need to find the constant ¢ > 0 and the function
g € L*(Q) from Theorem 5.8. From (5.6) and (3.30) we obtain the analytical expression
of hy for [¢] > B,

bz, €) = &2, x € (o,
’ Voo — M*™e(&), © €y,
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where £ = (&1, &) and |e(&)] < 1.

Because the magnitude of magnetization satisfies |M¢| < M for |£] < B cf.
Section 3.1, we can choose ¢ = 1y and g = M** on Q, and then the relation (5.1) will
be fulfilled for p = 2, £ € R? and x € Q™ hence h; € CAR(2). ]

Theorem 5.18. The operator T' defined by (5.14) is a bounded operator T : V — V*.
Proof. Let u € V be fixed, |u|; < K. Let |u]; = K3. We have

A

Because curl(u +u) € [LQ(Q)}Q, it follows from Lemma 5.17 and Theorem 5.7 that

Go(curl(u + E))‘ |O1v| +

gl(curl(quﬂ))“ﬁgv@ da:—i—/ |jv|d.
Q

h; = Gi(curl(u + 7)) € L*(Q), i=1,2.
By using the Holder inequality and Theorem 5.8 we obtain

[(Tu,v)] < (DolIGi(ewl(u+ @)oo + Kalols,

i=1
for a positive constant Kj3. Since the Nemickii operator given by the function Ah; is
continuous and because

chrl(u + E)H[LQ(Q)]Q = |u + ﬂ|1,

we finally obtain

[(Tu,v)| < Kq|lu+ 1l |v|; + Kslv)y < [Ko(Ky + K2) + Ksl|v|1 = Ks|v,

where K, and Kj5 are positive constants.
Since Tu is obviously linear, we observe that T'u € V*. Moreover,

[Tu|

v < K,

when |u|; < K;. We conclude that 7" is a bounded operator on V.

Theorem 5.19. The operator T defined by (5.14) is strongly monotone.
Proof. We have

(Tu—T'z),u—v>—/

A [Q(curl(u + 1)) — G(curl(v + ﬂ))] curl(u — v) dz.

Let us define
Li(u,v) = / [Q(Curl(u + 1)) — G(curl(v + E))} curl(u —v)dz, i =0, 1.
Q;

From (5.6) we obtain
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Iy(u,v) = /Q vo[On(u+ 1) — 01 (v + )]0 (u—v)+
+ 19 [Oa(u+ W) — Oa(v + )| Do (u — v) da = /Q vo[grad(u — v)]? da,

and

I(u,v) = /Q [ = Gra(Ur,Us) + Gpo(Vi, Vo) (—Us + Va)+
(G (U1, Un) — G (Vi Va)] (U — VA = / [G:(U) — G, (V)] (U — V) da,

where U = (U, Us) = curl(u + @) and V = (V4, V3) = curl(v + w).
Let K be the constant of uniform monotonicity of G;. Then

Ii(u,v) > K|U-V]*dz =
951

=K | [curl(u —v)]*dz =K [ [grad(u — v)]*da.
Ql Ql

If we set K = min {vy, K}, we then get
(Tu —Tv,u—v) > K [ [grad(u —v)]*dz = K|u — v|*.
971
O]

Theorem 5.20. Let the function w have bounded derivatives, i.e. there exists a con-
stant K > 0 such that O;u(x) < K a.e. in Q, i =1,2. Then the operator T defined by
(5.14) is coercive.

Proof. Without the loss of generality, we may assume 0;u(z) < K for all x € Q.
In the following we will use the notation

I (u) = =Gy(curl(u + u)) Oy u,
Ly(u) = Gi(curl(u + @) dau,

Let us set K = 2(B** + K) and define for u € V

Qp = Qu(u) = {z € Q: |Qu(z)] > K}, (5.15)
Q, = Q,(u) = {z € Q: |du(z)] > K}, (5.16)
Qy = Qo(u) = Qu(u) UQ,(u), (5.17)
Q3 = Q3(u) = 2\ Q(u) (5.18)

Our aim is to find the estimates of I;(u) and Ir(u) on 2. Fig.5.1 shows a sketch of
how the domain €2 will be divided in order to find the estimates in different parts of 2
that are denoted by (i)—(v). All cases will be treated separately.

(i) Let © € Q3 N Q,. Let us examine the argument of the function G. We have
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(iv) (iv)

(iii)

Q, I(w) Q, Lw)

Figure 5.1: The divisions of the domain €2 for estimates (a) of I;(u) and (b) of I5(u).

(curl(u +10))* = (dru(w) + Oi(z))” + (Dau(x) + Bru())”* = (B*)",

because x € {2,. We see that the argument reached the saturation region. Hence

Il (U) = —gf,z (agu + 625, —81u - aﬁ) al’LL =
= [(01u + o1w) — M** ey (u)] v,

where |e;(u)] < 1. Since
|I/081U,| — |V062ﬂ| — |M5“teg(u)| Z
> vo[|Ohu| — (K + poM**)] = vo[|0hu| — (K + B*)],

we see that [;(u) > 0. Then we obtain

Li(u) = |L(u)| = Vo‘ﬁlu + 0\t — ung“tel(u)Halu] >
> o ([0l = 101 — oM er ()] ) [Bhu] >
> v (|0ru] = (K + B ) 0] = 2]orul”,
where the last inequality follows from (5.15), because for x € €2, it holds
|01u| > 2(K + B**),

hence 1
(K + BS‘”) < §|81u|.

Analogously, for z € 2, N2, we obtain
]Q(U) Z %{82142
(ii) Let © € Q9N Q,. Then

[1 (U) =1 (alu —+ (%ﬂ)@lu

Since z € €),, we see that [1(u) > 0. We can write
_ 1% 2
Il(’LL) = Vo‘alu + 31uH81u\ Z 5|81U| s
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where the last inequality is obtained similarly as for z € 2, N €.
Analogously, we have for z € 5N,

IQ(U) > %|82U|2

(1i7) If x € QN (Qy\ ), then

|[1(u)] = |V0(81U + 81@)—Msat€1<U)|’31U| S
< [w(K + K) + M*'| K = M.

Analogously, for x € O N (€23 \ ©,) we obtain

(iv) For z € 1 N Q3 we have

‘Il(u)’ = ‘— ijg(ﬁgu + 82@, —alu - 81ﬂ)}]81u| S Mg,

where

M3 = f( . sup ‘gm(al, 042)‘.
|ai| <K 4K,
i=1,2

Notice that M3 < co because Gy is continuous on R2.
Analogously, for z from the same set x € Q; N Q3 we obtain

(v) Finally, for x € Qo N (2 \ Q) we have

111 (w)] = |vo(Oru + 01)|[0hu] < wo(K + K)K = Mo,
and similarly for z € Qo N (Q2\ Q)

| I (u)| < M.
Now, we obtain from Theorem 5.8 that there exists C' > 0 such that

/judx
Q

Let us examine the norm |u|;. We have

lu|3 = /(81u)2 + (Oyu)’dz =
Q
:/ (81u)2dx+/ ((91u)2dx+/ (82u)2dx+/ (Opu)?dr < (5.19)
Qu O\Qe Qy Q\Qy

< / (Oyu)*dx + / (Bpu)?dz + 2K meas, € = R(u) + 2K meas; ©,
xT Q

Y

where we set

R(u) :/Qz(ﬁlufdx—i-/ﬂ (Oqu)?da.

Yy
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From (5.19) we see that
luly = 00 < R(u) — oc.

From the above results we obtain

uéézgmymziégn@ym+
+LIJ@dw+l&hhwmw+/‘ I(u) dz > (5.20)

Yy Q\Qy

= { [ @upas | @2“)2014 — Mmeas, & = 2 R(u) — Mmeas, 2,
Qz Qy

where

M = gllax M;.

i=1,2,3

Since we need (5.20) to be non-negative, we will consider only such v € V that
fulfill

2
R(u) > — M meas, (2.
Yo

From (5.19) and (5.20) we finally obtain

(T, u) 1{

S S R(u) — Mmeas, @

N \/R(u) + 2K meas, Q

R(u)—o0

C

]

Lemma 5.21. Let G be defined by (5.6) and h = (hy, hy) € [L*(Q)]?. Then the function

is measurable on Q2 and F(z) € L'(Q).

Proof. By selecting a line segment as the integration curve, whose parametrization is

v(z;t) =th(zx), te(0,1),x € Q,

we obtain

h(z) 1
F@:/ g@@:/gm@mma
0 0
The aim is to verify the assumptions of Theorem 5.2 for the function

f(z,t) = G(th(z))h(z), (z,t) € Qx]0,1].
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The function f is measurable on Q x [0, 1], ¢f. Lemma 5.17 and Theorem 5.4.
We shall find the upper bound of the functions

gi(x,t) = Gi(th(x)), i=1,2.
that is independent of . For x € €}y we have

|9:(, )] = [nothi(z)] < volhi(2)].
Let x € Q. If |th(z)| < B**, then the field magnitude

|G (th(x))| < H*,
cf. Section 3.1. We obtain

]gl(x,t)\ — |gf,z(th(37))’ S Hsat — VOBsat _ Msat § VoBsat.
If |th(z)| > B**, then we have from (3.30)

|gi(,t)| = |wothy(x) — M>e;| < vo(lhi(z)| + poM*™) < vo(|hi(x)| + B>).
From the above relations we see that

lgi(z,t)| < vo(|hs(z)] + B**), 2 Q™ tel0,1].
Finally, by using the Fubini theorem and the Holder inequality, we obtain

/ L xt|dxdt<2/ )| + B[ hy(z)| dudt =
Qx[0,1]

Qx[0,1]
2
= Z/ vo(|hi(x)] + B*")|hi(x)| dz <> wollhi + B* o] allo = K
i=1 7@ i=1
where K > 0 is a constant.

[]

Theorem 5.22. The operator T defined by (5.14) is potential. The potential 11 of the
operator T is differentiable in the Fréchet sense and twice differentiable in the Gateaux
sense on V. The potential is given by the formula

II(v) = /Q (/OCMI(UW) G(s) ds) dz —/Q (v+u)dz, velV.

Moreover, 11 is coercive and uniformly convex on V.

Proof. With regard to Lemma 5.21 we see that the functional is defined correctly for
v €V, since curl(v + 1) € [L*(Q)]*.

In order to prove the potentiality of T, we need to show, cf. (5.14), that the
functional dII(u), defined for every u € V' by the equation

(dIT(w) /(] (curl(u +@)) - curlvdz — / juvdz, Yv eV, (5.21)
is the differential of IT in v € V.
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Let u € V be fixed. First, dII(u) € V*. The linearity is obvious and continuity
follows from Theorem 5.7. For v € V' we have

curl(u+v+u)
< / G(s) ds) dz—
o \Jo
curl(u+u)
— / (/ G(s) ds)dx - / G(curl(u 4+ @)) - curlv dz|.
o \Jo Q

Because fl s)ds = 0 for every closed curve [, we obtain

ITI(w 4 v)—TI(u) — (dII(u),v)| =

‘H(u +v) —(u) — (dH(u),v>| =

curl(u+v+u)
/ (/ G(s) ds) dz — / G(curl(u 4+ @)) - curlv dz|.
Q curl(u+a) Q

The linear parametrization

y(z;t) = curl(u(z) +w(x)) + t curl(v(x))
yields

curl(u+v+a) 1
/ G(s)ds = / G(curl(u + u) + t curlv) curl v dt.
curl(u+u) 0

Since G (z,-) € [Cl(]Rz)]2 a.e. in €, we then get, with regard to Theorem 5.1,

(w4 v) — — (dII(u), v)| =

G(curl(u +a) + t curlv) — G(curl(u + )] dt curlv dz

{/ / (tcurlv)’' G (curl(u + @) + st curlv) curlv dsdt} dz
o Jo

Let us estimate the norm |G’ (z,-)|. It follows from (5.6) and (3.27) that

R? Q
(s <] ERLTEM, (5.22)
1/Cpet) Vs e R% x € Q.

If we then put

M = max{vy, 1/C"*}, (5.23)
we obtain
11
1TI(u 4 v) — () — (d(u),v)| < M/ [/ / |t|(curlv)2dsdt} dz <

o Jo (5.24)

< H/ (curlv)® da = M/ (gradv)®dz = M|v|? < M|v|>.

Q Q
The division of the last equation by ||v||; affirms, cf. relation (5.2), that dII(u) is indeed
the Fréchet differential of 1T in u. Then, trivially, dII(u) is also the Gateaux derivative

of II in w.

66



The coercivity of II follows from the coercivity of 7" and it is proved in [14]. Let us
calculate the second Gateaux differential of II. Let w,vy,vy € V' be fixed. The formal
differentiation of (5.21) yields

d
d*TI(u; vy, v9) = 1 [dH(?H‘tW; Ul)”t:() =

= /(curl v1)7G (curl(u + @ + tvy)) curl vy da .= (5.25)
Q t=

= / (curlvy)"' G’ (curl(u + @)) curl vy dz .
Q

We still need to justify the change of the order of integration and differentiation. The
assumptions of the standard theorem from the theory of Lebesgue integral need to be
verified. Particularly, we must find the integrable majorant g of the function

F(x,t) = (curl v) TG (curl(u + @ + tvs)) curl vs.
If we define

G(z) = M| curl vy || curl vy,

then, with regard to (5.22) and (5.23), we see that
|F(2,t)] < g(x) Vte€Rae. in .

Moreover, it is seen easily that g € L'(2). The other assumptions needed to justify
the interchange of the integration and differentiation can be verified easily as well.

Now we show that the operator d?F(u) is linear and continuous. The linearity is
obvious from (5.25). Let 93 € V be fixed, |0o| < K. Then

[d*T1(u) (T2)] (v1) = d*IL(u; v, Tg) <

< M/ | curl vy || curl Oy | do < M|vi|1|Oa]1 < K M|uvyls,
Q

hence
| d* I (w) (02)]| .. < KM
and d?I1(u) is continuous.
For v; = v9 = v we obtain
d* T (u; v,v) = /(Curlv)Tg'(curl(u + 7)) curlvder =: / B(x)dx. (5.26)
Q Q
From (3.27) we have
Blx) > vo(curlv)?, x € Qo,
1/Cyt(curlv)?.  x € Q.
If we put M = min {vg, 1/C"**}, we get
d*TL(u; v, v) > M/(curlv)zd:v = M/(gradv)de = M|v|}, (5.27)
Q Q
hence II is uniformly convex on V. O
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Theorem 5.23. Let Q2 € L2 be a simply connected domain. Let I'y and T'y be disjoint
relatively open subsets of OS2 such that Ty UTy = 0, 'y # 0 and both T'y and T'y have
a finite number of components. Let the function G be defined by (5.6), where Gy has
the properties outlined by Theorem 3.4. Let the function u have bounded derivatives.

Then the boundary value problem Q4 defined by relations (5.7)~(5.8) has a unique
weak solution 4 € HY (). Moreover, the function v € V, u = 4 — U minimizes the
functional 11, defined as

II(v) = /Q < /0 Curl(M)g(s) ds)d:v— /Q (v + ) de

on V. The functional 11 is differentiable in the Fréchet sense, twice differentiable in
the Gateaux sense and uniformly convexr on V.

Proof. The assumptions of Theorem 5.16 are fulfilled by the operator 7', as it is shown
in Theorems 5.18, 5.19, 5.20 and 5.22. Because T is strongly monotone, it is also
strictly monotone. The reflexivity of V follows from the reflexivity of H'(2) and the
fact that V is a closed subspace of H'(£2). Hence there exists a unique solution u € V/
of the problem defined in (5.13) that implies the existence of the unique weak solution
@ € H'(Q) of the boundary vlaue problem Q#. The minimization property of II and
its mathematical properties are shown in Theorem 5.22. O

Remark 5.2/. The assumption of bounded derivatives of the function u is not limiting
at all. As we have seen in Section 4.2.3, the constant values of the potential u are
usually prescribed on different parts of 02 that make such a choice of w possible.

In an analogous manner, we could prove the following theorem for the scalar mag-
netic potential.

Theorem 5.25. Let Q € L£? be a simply connected domain, 'y and Ty are disjoint
relatively open subsets of O such that T1 UTy = 09, T'y # () and both T'y and T'y have
a finite number of components. Let the function F be defined by (5.10), where Fy has
the properties outlined by Theorem 3.4. Let the function @ have bounded derivatives.
Then the boundary value problem Q¥ defined by relations (5.11)—(5.12) has a unique
weak solution ¢ € H'(Y). Moreover, the function o € V, ¢ = @ — @ minimizes the

functional ®, defined as
grad(v+p)
P (v) :/ (/ F(s)ds)dx
o \Jo

on V. The functional 11 is differentiable in the Fréchet sense, twice differentiable in
the Gateaur sense and uniformly convex on V.

Remark 5.26. Realizing that curl(u +u) = curla = B and grad(¢ + @) = grad ¢ = H,
we can write the potentials IT and ® in the forms that are well known in the engineering
community,

M(v) = /(/g db)dx—/]vdx—/ ()dx—/gjvdx,
/(/]—" dh)dx—/ '(x) da,

where w(z) and w'(z) are the magnetic energy and coenergy densities, cf. relations
(3.12) and (3.13).
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Chapter 6

The FEM modelling of the
boundary value problem

6.1 Discretization of the boundary value problem

Throughout this chapter,  will be a polygonal domain. We will study the most
common piecewise linear approximation of the weak solution of the boundary value
problem Q4. We first formulate the discrete problem and show the existence and
uniqueness of the discrete solution in Section 6.1.1. Two convergence theorems are
then proved in Section 6.1.2.

6.1.1 Formulation of the discrete problem

Let us suppose an engineering problem Q4. Let 7 be a triangulation of ) that consists
of standard first order triangular finite elements. Let the triangulation is consistent
with boundary conditions, i.e. the interior of each edge of a triangle K € T}, is disjoint
with Ty N T5. We define the function spaces

Xh:{UhGC(ﬁ)‘ Uh’KG Pl(K) VKET(K)}, (61)
Vh:{vaXh|Uh:O onFl},

where P;(K) denotes the space of linear functions on K.
The discrete formulation Q3 of the boundary value problem Q4 can be formulated
as finding the function u;, € X} such that

Up, — Up, € Vh, (63)

/ G(curlay,) - curlv, do = /jvh dr, You, €V, (6.4)
Q Q

where u;, € X}, is an approximation of the Dirichlet boundary data w.

The same procedure as when proving the existence and uniqueness of the weak
solution of the boundary value problem Q4 results in the existence and uniqueness
theorem for the discrete problem Q3.

Theorem 6.1. Let 2 be a polygonal domain, I'v and T's be disjoint relatively open
subsets of O such that Ty UTy = 0Q, T'y # (). Let the function G be defined by (5.6),

69



where Gy has the properties outlined by Theorem 3.4. Let Ty be a triangulation of
introduced above.

Then the discrete boundary value problem Qi defined by relations (6.3)—(6.4) has
a unique solution i, € Xy. Moreover, the function uy, € V', up, = Uy — up minimizes
the functional 11, defined as

H(vh)z/ﬂ(/Ocurl(vh+Uh)g(s)ds)dx—/Qj(vh + ) dz

on Vi,. The functional 11 is differentiable in the Fréchet sense, twice differentiable in
the Gateaur sense and uniformly convexr on V.

Proof. Vj, and X, are finite dimensional subspaces of V and H'(Q) respectively, hence
these are reflexive Banach spaces. The function 7; has bounded derivatives since
uy, € Xp. For the rest of the proof, see the proof of Theorem 5.23. O

6.1.2 Convergence of the approximate solutions

Let x = {7Tn},so be a regular system of triangulations of €2, where each 7, € x is
consistent with boundary conditions. We recall that a system of triangulations is
reqular, if there exists a constant x > 0 such that for every 7, € x and every K € T,
the inequality

2
khi < measy K,

holds, where hyx = diam(K).
In the following we will assume that the function w € H'(Q), cf. (5.4), fulfills

ue X, Vh>O0.

As we have seen in Section 4.2.3, we usually prescribe a piecewise constant value of u
on I'y, hence this assumption is reasonable. Then, obviously, we have

u=u, Vh>O0. (6.5)

We are going to study the convergence of the discrete solution 4, to the exact
solution 4 in the ||-||; norm when h approaches zero and prove an estimate of the error
when the solution @ is regular. Because (6.5) holds, we have

[an = ally = [ (un +an) = (u+u)|lr = fun = ully, (6.6)

thus we can study the convergence of u; to u instead. We first formulate the standard
interpolation theorem. We recall that the interpolation operator 7, is defined for every

function v € C(£2) as

T - C(Q) — Xh,
(mpv) (B) =v(B), B node of Tj.
Theorem 6.2. Let x = {Tn} be a regular system of triangulations of a polygonal
domain €0, where each T, € x has the properties from Section 6.1.1. Let v € H*1(Q),

where k € N. Then there exist constants hy,C' > 0 such that for every triangulation
Tn € x with h € (0, hg) the inequality
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lv — 7ol < Ch¥ (o]
holds.

Proof. Tt follows from the Sobolev embedding theorem that 7,v € C(f2), hence the
interpolation is well defined. The proof can be found in [8]. O

Lemma 6.3. Let ) be a polygonal domain. Let V and V), are the function spaces
defined by (5.9) and (6.2). Then for everyu € V and § > 0 exists hs > 0 such that

h € (0, h(s) = dwy € V) : ||U — wh||1 < 0. (67)

Proof. Letu € V and § > 0. Since C*°(Q)NV is dense in V, there exists u® € C=(Q)NV
such that 5

||u5 —ulj; < 7

We obtain from Theorem 6.2 (for k£ = 1), that

Hu5 — 7rhu5\|1 < C’h\u‘slg.

If we then choose 5
hs = min{ho, },

20|U5|2
we have 5 s
|u — mpul ||y < Jlu— ||y + |Ju’ — mul |y < 3 + 5= )
for h € (0, hs). Because each triangulation 7, € x fulfills the consistency condition, it
holds m,u® € Vj, Vh € (0, hs). Then we can take wy, = intromu’. O

Theorem 6.4. Let €2 be a polygonal domain. Let I'v, I'y and the function G fulfill the
conditions from Theorem 6.1. Let X = {Tn},~, be a regular system of triangulations of
Q that satisfies the conditions from Theorem 6.2. Let w € X, for all h > 0.

If 4 is the (unique) solution of the boundary value problem Q4 and 4y are the
(unique) solutions of the discretized problems Qi h > 0, then

lim [[@ — |, = 0.
lion [ — |1 = 0

Proof. We have seen in this section, cf. (6.6), that we can find the estimate for the
norm ||u — upl[; instead. As was stated in Theorems 5.23 and 6.1, the functions u and
up, minimize the functional IT on V' and V), respectively.

Let € > 0. Because II has the Fréchet differential in u, it is continuous in u. Then
there exists 0 > 0 such that for every v € V' it holds

lu—v|y <6 = [II(u) —I(v)] <e. (6.8)

Lemma 6.3 ensures the existence of hs > 0 such that (6.7) holds. We get from (6.7)
and (6.8) that
|H(u) — H(wh)| <e Vhe (0, h5) .

From here and from the fact that

I(u) < M(up) < T(wy),
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we obtain
lim IT(uyp,) = H(w). (6.9)
h—0

The Euler extremal condition II'(u) = 0 implies

I'(u;v—u)=0 YvelV. (6.10)

Because II is uniformly convex on V| there exists a constant M > 0 such that
1
Mlw||} < §H/’(U;w,w) Yw,v e V. (6.11)

From (6.10), (6.11), and from Theorem 5.12 we get

Mjw = up|ff = Mljw — up[f + I (u; up — u) <

1
< §H"(u + O (up, — w)yup — uyup — w) + ' (w0 —u) = (6.12)
= I(up) — (u).
We see from (6.9) and (6.12) that |u — up||? — 0 when h — 0. O

Theorem 6.5. Let the assumptions of Theorem 6.4 are fulfilled. Additionally, if the
function u € H?(SY), then there exist constants ho, K > 0 such that

|t — ap|ly < Kh Yh e (0,h).
Proof. Theorem 6.2 ensures the existence of constants hg, C' > 0 so that
|lu — mpully < Chluls Yh € (0, hy) . (6.13)

Again, because each triangulation 7, € y fulfills the consistency condition, we have

mu € Vp, for all h € (0, hg). If we put in (5.24) v = Tpu — u, then we obtain from

(5.24), (6.10), (6.12), and (6.13)

Mlju = upl[i < up) — (u) < (mpu) — M(u) =
(mpu) — T(u) — I (u; mpu — u) <
< M||lu — mpul|? < MC?h?|ulf3.

| M

6.2 Finding the discrete solution

Finally, the choice of

completes the proof.

Let h > 0 be fixed. We now approach the problem of finding the discrete solution 1y,
of the discrete problem Qﬁ, resp. the shifted function u, = uy, — uy,.
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6.2.1 Introducing the discrete functional

Let
N
uh(‘rv y) = Z ukd}k(xa y)7
k=1

where ¥ (z,y), k= 1,..., N are the (global) basis functions of V},.
We define the functional II; as

I, : RY - R,
My (vr, ... o) = H(Z Uk¢k(xuy))
k=1
for (vq,... ,’UN)T € RY. The functional II, retains the properties from Theorem 6.1,
while the vector (uy,...,uy)" minimizes the functional on RN. A nonlinear iterative

scheme for finding the minimum of a functional thus may be used to find the vector
<U’17 s 7uN)T‘

6.2.2 Adaptive Newton-Raphson method

Let J be a twice differentiable functional with nonsingular Hessian matrix on RY. Let
there exist a vector u., € R” that minimizes the functional J on R", i.e.

Uer = argmin J(v), v € R™.
veER™

and let the vector u., be unique. The adaptive Newton-Raphson iterative scheme for
finding the vector u,, is defined as follows. If u(™ € R" is the vector obtained by the
scheme at the n-th iteration step, then u(™*V) is obtained by

utD =y — o [ ()] I (W™,

where o™ is the relazation factor at the n-th step of the iteration. The vector u(®
can be chosen arbitrarily, in our computations we used u(®) = 0. We set

w™ = [J"(@W™)] 7T (™). (6.14)
The vector w™ can be calculated by solving the linear system
[J”(u("))}w(”) — J’(u(n)).

The distance of a vector v € RY from u,, is measured by the residual function R(v).
The Euler extremal condition implies

I (tez) = 0.
We define the residual function as
Rw) = |J'(v)]}, veRY.
The iteration process is stopped when for some n > 0 and € > 0 is

Ru™) < e.

73



u(0)= 0' cx(O)= 1

|
calculation of T1(u™)

’

calculation of R(u™)

calculation of I'I"(u‘”’)'
solving the linear system for w: 1"(u™)w = M'(u™)

l

l
(n+1)

u™ = - (X(")W,
n=n+1
[

Figure 6.1: Flowchart for the nonlinear Newton-Raphson iterative scheme with adap-
tive determination of the relaxation factor a/(™.

The vector ™ is then the final approximation of u.,. In our computations, we used
the value ¢ = 1071,

We now discuss how the relaxation factor o™ is determined. We start every itera-
tion step with o™ = 1. Because of the strong nonlinearity of the problem, an iteration
may slip out occasionally so that the whole process gets out of control. To prevent
this, every time the residual increases such that

Ru™) > K, . .R(u™)

for a constant K., the iteration step is repeated with a new relaxation factor o™ =
a™ /2. Our experience shows that a reasonable value of K ,es ranges from 2 to 10. The
flowchart for the iterative scheme is illustrated in Fig.6.1.

However, sometimes it is harmful to apply this adaptivity from the first iteration
step because the iteration process may need to settle down. Hence, the adaptivity is
omitted in first Ny steps and in these steps we use a fixed value of a™ = o 7. Again,
our experience suggests the value of ay = 0.1 — 0.5.

6.2.3 Application of the iterative scheme

At the n-th step of the Newton-Raphson iterative scheme, IT} (u(™) and IT/ (u(™) have
to be calculated. We have the following formulas, cf. also (5.21) and (5.26):
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[H’h(u("))}k = IT'(a™); o) = / G(curl(@™ +y,)) curl ¢ dz — / Jjipdz,  (6.15)
Q 0

[H’é(u("))}w = II"(a™; oy, ) = /Q(curl Ur) TG (carl(a™ + @) curl ¢y, (6.16)
where @™ = ij:l ufﬂ")wk. The elements of the Jacobian matrix G’ can be calculated
for x € ; as

81Q}71(x; s, t) = [Qf,l(s + ds,t) — gfyl(s,t)]/ds, s,teR?* x ey (6.17)

with §s = 10710 etc.
Because (3.25) holds, the matrix G’ is symmetric. We have

[HZ(u(n))]l’k = /(Curl wl)Tg/(Curl(a(n) + ﬂh)) curl wkdl’ =

. (6.18)

= /(curl V)T [Q’(curl(ﬂ(") + ﬂh))}Tcurl Ydr = [HZ(u("))]kl )
Q ,

We see that the matrix [II}(u(™)] is also symmetric. Because IIj, is uniformly convex
on R¥Y, the matrix is (uniformly) positive definite. Hence, it is nonsingular and the
expression (6.14) makes sense.

The calculation of the Hessian matrix [Hg(u(”))] is the most time-consuming proce-
dure in every iteration step and it is desirable to optimize its effectiveness. First, from
(6.16) and (6.17) we see that it highly depends on the effectiveness of calculating the
value of G(s,t) for given (s,t) € R?. The second important factor is the actual choice
of the finite element space for the computation. For instance, the piecewise linear
approximation leads to just one calculation of the derivative G’ per element, because

curl(w™ +7,) = const. on K VK € Ty,

thus our choice of X}, is very suitable for the computation.

As we have seen in Section 3.2.7, the function G for a full 2D model is not necessarily
irrotational. Hence, its Jacobian matrix G’ is not symmetric. In this case, the potential
IT of the boundary value problem Q4 does not even exist. However, we can apply the
Newton-Raphson iterative scheme even in this case regardless the nonexistence of the
potential IIj, since the right sides of the equations (6.15)—(6.16) are well defined even
when G’ is non-symmetric. Nevertheless, from (6.18) we see that the matrix for the
linear system to solve in every iteration step is also non-symmetric in this case. This
has a significant impact on the convergence rate of the iteration process.

6.3 Application of the nonlinear scheme in practical
computations

The nonlinear iterative scheme was applied to a benchmark problem and to the com-
putation of the magnetic field distribution in a three phase transformer core model.
As a programming tool, we used the high level programming language FreeFEM++.
All computations were performed twice — the solution of the first computation on the
initial, non-adapted mesh served for the generation of the final, adapted mesh. For
that purpose, we used FreeFEM-++’s adaptmesh(...) primitive. The results of the
computations are included in Appendix B.
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Figure 6.2: The benchmark problem for models of anisotropic steels. All dimensions
are in mm.

6.3.1 A benchmark problem for anisotropic models

The following benchmark problem was proposed in [31] and serves as a demonstration
problem that emphasizes the differences among various models of anisotropic steels.
The problem models a one phase transformer core under load. When taking into
account the symmetries of the problem, we can consider only one quarter of the core,
cf. Fig.6.2.

The input for the benchmark problem is the average flux density Bj., flowing
through the upper yoke of the core. With regard to (4.29) we have

D, u(D) —u(C)
~[cD]  |CD]

Hence we obtain

@W(D) — (C) = |CD|Biey = 0.07 - By,

If we assume no flux leakage through the boundary of the core, we may prescribe the
Dirichlet boundary conditions on the inner and outer boundaries as

71|mner =0.07- Bleg7

ﬂ'outer = 0.

The symmetry considerations suggest us to define the homogeneous Neumann condi-
tions on the cuts through the core.

Appendix B shows the results of the computations for the conventional and full 2D
model of the AISI-MOH grain oriented silicon steel. For comparision, we included also
the model of an isotropic steel defined in [24]. The suggested values of B'® are 0.5T
and 1.7T.

Fig. 6.3 shows the convergence rates of the iterative scheme at Bj., = 1.7T for both
models of the anisotropic steel. While a stable convergence was observed in case of
the conventional model, when the full 2D model was used the convergence was more
problematic. This was probably due to solving the linear systems with non-symmetric
matrices.

6.3.2 The model of a three phase transformer core

Next to the benchmark problem, we have applied the iterative scheme to the model of
a three phase, three limb transformer core under full load. The model was proposed
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Figure 6.3: Convergence rate of the iterative scheme for the benchmark problem at
By, = 1.7T. Conventional (left) and full 2D model (right).
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Figure 6.4: The model of a three phase, three limb transformer core. All dimensions
are in mm.

in [13]. Again, the symmetry considerations allow us to limit the domain of interest to
one half of the core, see. Fig.6.4.

Phase-shifted alternating currents flow through the coils embracing the limbs with
the amplitude I,,,, = 1kA. The individual currents in the branches of the core are
then

i1(t) = Lyae cos(wt),
i9(t) = Lnae cos(wt —2/37),
i3(t) = Lnax cos(wt +2/3 7).

We applied the homogeneous Dirichlet boundary condition on the outer boundary and
homogeneous Neumann condition on the horizontal cut through the core.

We performed the calculations at four different time phases, wt = 0°, 30°, 60° and
90°. Again, we used the material AISI-MOH as the reference material for both the
conventional and full 2D models. The behaviour of the convergence was similar to that
of the benchmark problem; while a stable convergence was achieved for the conventional
model, the convergence was more problematic in case the full 2D model was used.
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Chapter 7

Conclusion

We have covered in a comprehensive manner the current state of the stationary mag-
netic modelling including anisotropic ferromagnets. We made an advance in theoretical
description of the problem, where we suggested a different mathematical representation
of the material characteristics than it is usual. This representation allowed us to prove
the existence and uniqueness theorems for the weak solutions of the boundary value
problems under the unique assumption on the material to be anhysteretic. Further, we
made some improvements to the current 2D models and we suggested an extension of
the Bastos-Quichaud model for the laminated cores [2]. We also proved the convergence
theorems for the discrete solutions.

Two models of the reference material AISI:M-OH were chosen for our computation,
the conventional model that is widely used in practical computations and the full 2D
model that is the most accurate one. Significant differencies were observed in the
results of the benchmark problem mainly for the value of B, = 1.7T. The model of a
three phase transformer also showed some differencies in the obtained solutions, most
notably at the time phase wt = 90°.

Our theory can probably be further developped to cover anhysteretic materials and
it can be possibly extended to a full 3D case. These extensions of the current theory
may be subjected to further research.
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Appendix A

Figures of 2D model construction

These figures complement the text from Section 3.2.7.

80000 80000,
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30000 30000-
20000 200007
10000 10000
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00 02 04 06 08 1o 12 12 16 18 00 02 04 06 08 10 12 14 16 18
By By

Figure A.1: The behavior of the function g; when defined on IC; by a cubic interpolation
(left) or a function from the class T8 +Co+D (right). For G, at constant B, = 1.4T.
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Figure A.2: The function g; for G, at constant B) = 0.2 T. Big (left) and small (right)
scale.
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Figure A.5: The function hy, for G, at constant B¥ = 0.2T (left) and for G, at constant
B} = 1.8T (right). The marks denote the interpolation nodes. The first and last nodes

are defined from the derivatives of hy at 71 = 0 and 7as,+1 = B}
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Figure A.6: The resulting full 2D model function G,(B,, B,) for material AISI:M-0H
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Figure A.7: The resulting full 2D model function G,(B,, B,) for material AISI:M-0H
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Figure A.9: Full 2D model function G(B,, B,) for the material AISI:M-0H
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Appendix B

Results of the computations

The benchmark problem discovered the differences between the conventional and full
2D model, mainly at the value of Bj., = 1.7T. The bending of flux lines in the corner of
the core is unnatural and obviously erroneous when the conventional model is chosen,
compare Fig. B.7 with Fig. B.8. The differences are also noticeable at B, = 0.5T,
compare Fig. B.4 with Fig. B.5.

Our results obtained for the model of a three phase transformer core under full load
showed that, in case of the electric current amplitude of I,,,, = 1 kA, the average flux
density through the magnetic circuit exceeds 1.9 T. The differences between the models
were observed mainly at the time phase wt = 90°, where, in case of the convential
model, the magnetic flux penetrates the center limb of the core much more than when
the full 2D model is chosen, compare Fig. B.17 and Fig. B.18. Some minor differences
are also observed for wt = 30° and 60°.

The results obtained by our computations are in good agreement with the ones
previously published, see [13, 31].
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Figure B.1: Adapted mesh for the benchmark problem at Bj, = 0.5T.

Figure B.2: Adapted mesh for the benchmark problem at By, = 1.7T.
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Figure B.3: Benchmark problem, isotropic material, Bj., = 0.5 T, AISI:M-0H.



Mo.0183
M0.0201
Mo.0218
M0.0236
Wo.0078 M0.0253 -
Mo.0096 M0.0271
Mo.0113 M0.0288
Wo.0131 M0.0306
mo.0148 M0.0323
Wo.0166 M0.0341

T

Figure B.4: Benchmark problem, conventional model, B, = 0.5T, AISI:M-0H.
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Figure B.5: Benchmark problem, full 2D model, B, = 0.5 T, AISI:M-0H.
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Figure B.6: Benchmark problem, isotropic material, B, = 1.7 T, AISI:M-0H.
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Figure B.7: Benchmark problem, conventional model, Bj., = 1.7T, AISI:M-0H.
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Figure B.8: Benchmark problem, full 2D model, B, = 1.7T, AISI:M-0H.
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Figure B.9: Benchmark problem with deviated RD by 30° from the horizontal axis,
conventional model, AISI:M-0H.
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Figure B.10: Adapted mesh for the the transformer core problem at wt = 30°.
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Figure B.11: Transformer core problem at wt = 0°, conventional model, AIST:M-0H.
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Figure B.12: Transformer core problem at wt = 0°, full 2D model, AISI:M-0H.
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Figure B.13: Transformer core problem at wt = 30°, conventional model, AISI:M-0H.
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Figure B.14: Transformer core problem at wt = 30°, full 2D model, AISI:M-0H.
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Figure B.15: Transformer core problem at wt = 60°, conventional model, AISI:M-0H.
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Figure B.16: Transformer core problem at wt = 60°, full 2D model, AISI:M-0H.
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Figure B.17: Transformer core problem at wt = 90°, convential model, AISI:M-0H.
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Figure B.18: Transformer core problem at wt = 90°, full 2D model, AISI:M-0H.
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