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Zusammenfassung

Diese Arbeit befasst sich mit der Analyse von isogeometrischen nicht-symmetrischen Kopplungen der Me-
thode der finiten Elemente (FEM, von engl. Finite Element Method) mit der direkten Randelementmethode
(BEM, von engl. Boundary Element Method) fiir Aufgabestellungen, wie sie bei der Modellierung elektrome-
chanischer Energiewandler vorkommen.

Das (elektro)magnetische Teilsystem eines solchen multiphysikalischen Problems lésst sich mit der Wirbel-
stromnaherung der Maxwellschen Gleichungen beschreiben. Sowohl das statische als auch das quasistatio-
nére Verhalten des Systems werden in dieser Arbeit behandelt. Dafiir werden Wirbelstromformulierungen
auf Basis des magnetischen Vektorpotentials in zwei- und dreidimensionalen Lipschitz-Gebieten hergeleitet.
Es werden dabei keine Einschrankungen beziiglich der Topologie der Gebiete vorausgesetzt.

Die FEM wird in solchen Gebieten eingesetzt, in denen nichtlineare Materialien zul&ssig sind. Im Gegensatz
dazu ist die Anwendung der BEM auf Gebiete beschréankt, die lineares Materialverhalten aufweisen, da eine
Fundamentallésung benotigt wird.

Es wird bei der vorliegenden Analyse von der Theorie Lipschitz-stetiger und streng monotoner Operatoren
ausgegangen. Diesem theoretischen Rahmen entsprechen auch die physikalischen Eigenschaften der betrach-
teten nichtlinearen Materialien.

Um Wohlgestelltheit der Kopplungen zu zeigen, wird je nachdem entweder eine implizite Stabilisierung ein-
gefiihrt (in zwei Dimensionen) oder eine Formulierung in geeigneten Quotientenrdumen betrachtet (in drei
Dimensionen). Aullerdem wird die Quasioptimalitédt der Galerkin-Approximation nachgewiesen. Daraus wer-
den Fehlerabschitzungen optimaler Ordnung fiir konforme B-Spline-Rdume abgeleitet. Dariiber hinaus weist
der punktweise Fehler beziiglich Funktionalen der Losung in BEM-Gebieten eine Verbesserung der Konver-
genzraten auf, die unter bestimmten Bedingungen zur Verdopplung dieser Raten fiihrt. Diese Eigenschaft
wird Superkonvergenz genannt.

Zur Geometriemodellierung werden NURBS (von engl. Non-Uniform Rational B-Splines) benutzt, so dass
keine weiteren numerischen Fehler durch die Approximation der Geometrie eingefiihrt werden. Zusétzlich
erleichtert dieses Diskretisierungsverfahren die Durchfiithrung von A- und p-Verfeinerungen.

Die theoretischen Resultate werden durch numerische Beispiele validiert. Zur Illustration des gekoppelten
elektromechanischen Problems wird das magnetische mit dem mechanischen Teilsystem schwach gekoppelt.
Die fiir die Kopplung benoétigten Krafte und/oder Drehmomente werden mittels des Maxwellschen Span-
nungstensors ausgehend von den Cauchy-Daten der Losung des magnetischen Teilsystems berechnet. Bei
den zeitabhdngigen numerischen Beispielen wird die Zeitdiskretisierung mittels eines klassischen implizi-
ten Euler-Verfahrens durchgefiihrt. Alle Resultate entsprechen den Erwartungen und den Referenzlosungen.
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Abstract

The main contribution of this thesis consists in providing a rigorous analysis of non-symmetric isogeometric
couplings of the Finite Element Method (FEM) and the direct Boundary Element Method (BEM) for some
model problems that are relevant for the simulation of electromechanical energy converters.

The corresponding (electro)magnetic subsystem of such a multi-physics problem can be modeled by the eddy-
current approximation of Maxwell’s equations. We study this type of models in both the static and quasis-
tationary case, which we formulate in terms of the magnetic vector potential in two-dimensional (2D) and
three-dimensional (3D) Lipschitz domains with a general topology. We associate FEM with bounded domains
that may be filled with non-linear materials, whereas BEM is applied for bounded and unbounded domains
that contain linear materials, i.e., for which a fundamental solution is available.

Our analysis is based on the framework of strongly monotone and Lipschitz continuous operators, which also
incorporates the required physical properties of the considered non-linear materials.

To establish well-posedness and stability of the continuous settings, we use either implicit stabilization (in
two dimensions) or a formulation in appropriate quotient spaces (in three dimensions) depending on the
specific model. Moreover, we show the quasi-optimality of the method with respect to a conforming Galerkin
discretization. For the concrete discretization, we consider an isogeometric framework, in particular, we
employ conforming B-Spline spaces for the approximation of the solution, and Non-Uniform Rational B-
Splines (NURBS) for geometric modelling. This approach facilitates h- and p-refinements, and avoids the
introduction of geometrical errors. In this setting, we derive a priori estimates, and discuss the possible
improvement of the convergence rates (super-convergence) of the method, when the pointwise error in func-
tionals of the solution (more precisely its Cauchy data) is evaluated in the BEM domain. This improvement
may double the usual convergence rates under certain circumstances.

The theoretical findings are confirmed through several numerical examples. To validate our approach for
the complete electromechanical system, we couple the (electro)magnetic and the mechanical subsystems
weakly, and compute the needed forces and/or torques by using the Maxwell Stress Tensor (MST) method.
For the sake of illustration, time derivatives are discretized by means of a classical implicit Euler scheme.
The results of numerical experiments are in agreement with the expectations and the reference solutions.
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1 Introduction and motivation

Energy cannot be created or destroyed, it can
only be changed from one form to another.

A. Einstein

Under electromechanical energy converters we understand every device that converts electrical energy into
mechanical one, and vice versa. They are involved in a broad spectrum of applications, ranging from micro
to macro scales, and from complex industrial processes to common household items used on a daily basis.
For instance, food processors, refrigerators, microphones and loudspeakers, electric cars, and some types of
power-plant facilities rely particularly on these devices. In general, a pattern can be recognized: The input
energy, which is either electrical or mechanical is transferred to a coupling carrier field, usually a magnetic
field, where it is temporarily stored and then released in terms of the other type of energy. Inevitably, some
energy may dissipate during the process, e.g., in form of heat. For convenience, we classify these devices in
two categories:

* Linear motion devices: the linear motion is caused by the (electromagnetic) force.

* Rotating machines: depending on the direction of conversion, they can be labeled either motors or
generators. The former rely on the conversion of an electrical to mechanical energy, and vice versa for
the latter.

We also use the term electric machines generically to designate both types. More details about the physical
foundation of the topic and its significance can be found in [54]. The development and optimization of such
machines requires first of all a good knowledge of their physical background. Indeed, it consists in a multi-
physics problem with (electro)magnetism as the core physical field coupled at least with the corresponding
mechanical equations. After having a suitable model at our disposal, its resolution poses the next challenge.
An analytical solution is either too complex or not possible in general. Hence, we resort to numerical meth-
ods, which offer a relatively wide spectrum of approaches that may have advantages and disadvantages
depending on the case and on the goal. The most widespread one is the Finite Element Method (FEM). It is
well-established and advantageous in many cases, in particular, in the presence of non-linear materials and
inhomogenities. For an introduction to mathematical modelling and FEM for this type of devices we refer,
e.g., to [113]. However, FEM requires a domain discretization. Hence, considering unbounded or very thin
domains may lead to difficulties. In these cases, the Boundary Element Method (BEM) turns out to be an
attractive alternative, because it transfers a problem from the domain to the boundary. Nevertheless, BEM is
reserved to linear problems with computable fundamental solutions. To cope with this, we opt for a coupling
of FEM and BEM, which we discretize by using the isogeometric paradigm, i.e., by using the same type of
basis functions for the geometric design and for the approximation of the solution. Typically, these basis
functions are B-Splines and/or Non-Uniform Rational B-Splines (NURBS). We will further discuss the choice
of our numerical approach in Section 1.2, but first we address the physical framework encountered in this




work. The current chapter is then concluded by Section 1.3, where we give an overview on the structure and
content of this treatise.

1.1 Physical framework

In the following, we present the relevant equations that are needed to derive suitable model problems for
machines that rely on electromechanical energy conversions. First, we start by introducing the governing
equations in electromagnetism. These are based on the well-known Maxwell’s equations. In particular, the
considered regime for most electromechanical applications happens to be in the low-frequency range, see
[66, Section 2.2]. In this case, the full set of Maxwell’s equations can be reduced to the so called eddy-
current model, which is also known as the magnetoquasistationary case. In addition, since non-linear ma-
terials are widely considered in this type of applications, we discuss their properties and the required as-
sumptions that are needed for an appropriate physical model. Then, we address the underlying equations
of motion along with the Maxwell Stress Tensor (MST) method, which we utilize for the computation of
forces and torques. Last, we introduce the considered approach to couple the electrical and mechanical
subsystems, which consists in a weak coupling that allows to solve the electromechanical problem sequen-
tially.

1.1.1 Maxwell's equations

The publication of James Clerk Maxwell [85] is regarded as the foundation of classical electrodynamics.
Thereby, he provided a mathematical model consisting in a set of partial differential equations that describe
electromagnetic fields. In their modern formulation, as given, e.g., in [67], the differential form of Maxwell’s
equations reads

divd(x,t) = o(x,t), (1.1a)
divb(z, t) = 0, (1.1b)
curle(x,t) = —0;b(x, 1), (1.1c)
curl h(z,t) = 0yd(x,t) + j(x, t) (1.1d)

for any z € R3 and ¢ > 0. Equation (1.1a) is known as GauR’s law. It relates the electric flux density d(zx, t)
to its source, namely, the electric charge distribution o(«,t). The second equation (1.1b) is its equivalent
for magnetism. It states the important result that the magnetic flux density b(x, t) is source free, hence, it
points out to the absence of magnetic monopoles. Equations (1.1c¢) and (1.1d) are known as Faraday’s and
Ampére’s law, respectively. They relate electric quantities to magnetic ones. In particular, (1.1c) means that
a time-varying magnetic flux density induces a spatial variation of the electric field e(x,t), and vice-versa.
Similarly, a time-varying electric flux density is always accompanied with a spatial variation of the magnetic
field strength h(x,t). In addition, electric currents, denoted by j(x,t), also contribute to the last equation.

In certain situations, the consideration of the full set of Maxwell’s equations is not necessary. Indeed, ne-
glecting the term 0;d(x,t) for low-frequency applications yields a valid approximation, which is labeled in
the literature as the magnetoquasistationary case or eddy-current approximation. Justifications about its va-
lidity are furnished in [11, 16, 105, 112]. Note that for our specific applications, the inductive and resistive
effects are dominant. More generally, when the capacitive effects dominate, a different type of low-frequency
approximation is required, see [112]. Indeed, eddy-current approximation is the standard model to choose




for the simulation of electric machines, see [102], for instance. We also refer to [99, Section 2.2-2.3] for an
introduction to the subject. Therefore, the system (1.1) simplifies tol

dive(z,t) = Q(:’;’ 2 (1.2a)
curle(x,t) = —0b(x, t), (1.2b)
curl h(zx,t) = j(x, ), (1.20)
divb(, t) = 0. (1.2d)

Note that due to 9,d(x,t) = 0, the electric charge distribution p(x, ¢) is constant in time, i.e., d;0 = 0. This
yields the continuity equation
divj(zx,t) = 0.

Moreover, the electric charge distribution g is decoupled from the magnetic field equations in this context.
Hence, it can be computed in a post-processing step, see [112, Section 3.2].
These equations need to be supplemented by constitutive laws, which define the relation between field quanti-
ties and their fluxes. In the linear isotropic case, we have for the magnetic field

b(x,t) = ph(x,t), (1.3)

where p is a scalar known as the magnetic permeability. It is defined by u = pruo, where u, denotes the
relative magnetic permeability of the material, and pg is a physical constant called the vacuum permeability.
In this context, we restrict ourselves throughout the thesis to the homogeneous case. In general, ;s is a
non-linear second-rank tensor. For simplicity, we consider an isotropic case, and focus on the non-linear
dependency of 1 on h(x,t), in particular on its magnitude, which we denote by H. Correspondingly, the
magnitude of b(x, ) is designated by B. A positive or negative sign are also associated to the values B and
H to indicate a specific field’s direction.

With the aid of Figure 1.1, we showcase coarsely the response of a generic ferromagnetic material to an
external magnetic field, and refer the reader, e.g., to [66, 102] for more details. For this, let us first assume
that the material is not magnetized a priori. With magnetization, we mean the ability of a material to create
an internal magnetic field, when it is subjected to an external one. For ferromagnetic materials the created
field tends to align itself with the external one. This process is not only non-linear, but it also depends on the
history of the magnetizing field; hence the name hysteresis. Note that because it relates B to H, the hysteresis
loop is also called B-H curve. In the following, we use both terms interchangeably. A gradual increase of the
external field strength H causes the magnitude of the induced one to increase following path (I), which is
commonly known as initial magnetization curve. After reaching the plateau b, called magnetic saturation,
the slope behaves like in vacuum. Next, applying a magnetic field in the opposite direction leads the material
to demagnetize gradually according to path (II) until B = 0 for H = —h,. The magnetic coercivity h. is
hence the amount of magnetic field that needs to be subjected to a material in order to demagnetize it. Then
the induced field increases in the opposite direction until saturation at B = —bg. Last, a repetition of the first
step yields path (IIT) and closes the loop at B = bs. The slope of the secant between a specified point of the
hysteresis and the origin corresponds to the permeability of the material, and its width, which is given by
h¢, determines the type of the magnetic material. We characterize here two types: hard and soft magnetic
materials. In Figure 1.2, we show a representative hysteresis loop for each one of these two categories as
well as a possible approximation in the corresponding relevant domain. On one hand, hard materials are

For (1.2a) we used the constitutive relation for the electric field d(x, t) = ce(zx, t), where the electric permittivity ¢ is assumed
to be a scalar.
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Figure 1.1: [llustration of a hysteresis loop for a ferromagnetic material. The paths (I)-(IIl) indicate
the curves that are traced by the magnitude B of the induced magnetic flux density sub-
jected to an increase-decrease-increase sequence of the magnetic field’s magnitude H
until saturation. The latter is designated by b, and the hysteresis’ width by the magnetic
coercivity he.

recognized by a large coercivity h. and a high remanence b;.> The latter provides information about the
memorized magnetization in the material after removing the applied magnetic field, and thus, about the
strongest possible magnetic field it can produce as a magnet. Therefore, hard materials are employed in
electric machines for permanent magnetization. For simulation purposes, and by considering a properly
designed permanent magnet for this class of applications, a line approximation, as depicted by the red line
in Figure 1.2a, represents a sufficiently good approximation of the B-H curve, see [102, Section 3.1]. The
restriction of the relevant magnetic characteristic to the second quadrant, i.e., for B > 0 and H < 0, is a result
of the Ampére’s law and the conservation of flux®, see [66, Section 4.5.4] for a more extensive explanation.
In this case, (1.3) can be rewritten as

b = ph + by, 1.4)

where b, is the remanent magnetic flux density. Its relation to the coercive field h. is stated by b, = phe.
On the other hand, soft magnetic materials are characterized by a narrow hysteresis with a low remanent
flux density. Due to their high magnetic permeability, such materials are suitable to channel and guide the
flux through them, e.g., to generate a force or create a magnetic field. They are employed in both Direct
Current (DC) and Alternating Current (AC) applications. In particular, energy losses have to be taken into
account in the latter regime. We mention the hysteresis loss, which is related to the area enclosed by the
hysteresis loop, and eddy-current loss, which depends on the electric conductivity. Both sources can be
counteracted with a relatively narrow hysteresis, and by laminating the material. Therefore, soft magnetic
materials are widely considered, i.a., in electric machines, and for magnetic circuits. A good approximation
for the material properties is provided by the initial magnetization curve, which is specified in Figure 1.2b by
the red curve, see [66, Section 4.5]. This characteristic is in general not analytically predefined. It is rather

“We take as a representative example for our purpose and hence as a reference an NdFeB magnet, which is an alloy of Neodymium,
iron, and boron.

3For an arbitrary closed contour ~ consisting of +; and e, such that +; is contained in the permanent magnet and 7. in the
surrounding air, the integral form of Ampeére’s law yields H; = —Hell—f. Thereby, l. and ; are the corresponding lengths of e and ~;,
respectively. Moreover, by conservation of flux, B; and B. have the same direction along ~.




(a) hard magnetic material with a line approximation (b) soft magnetic material with the initial magnetiza-
of the characteristic (in red) tion curve (in red)

Figure 1.2: Examples of hysteresis loops for hard and soft magnetic materials.

constructed by interpolation and/or approximation starting from measured data, which are usually subject
to measurement errors, see [91, Section 3.1] and the references cited therein. From now on, we reserve the
term B-H curve exclusively for the approximations of hysteresis loops, as described above and illustrated by
Figure 1.2b. In order to obtain a physically meaningful B-H curve, some assumptions have to be made, cf.
[91, 96].

Definition 1.1 (Admissible B-H curve). We call a non-linear function g : Rar — Rg , g(H) = B that describes
a B-H curve admissible if it exhibits the following properties:

e g is continuously differentiable on R,

* g'(s) > po, Vs > 0,

¢ lim g'(s) = po.

S—00

As an immediate consequence, if g is admissible then it is Lipschitz continuous and strongly monotone, i.e., for
all s,t € ]Rar

3CY >0:  g(s) —g(t)| < Cfls —t] (Lipschitz continuity),
3CY>0: (g(s) —g(t)) (s —t) > O (s — t)° (strong monotonicity)

hold. In particular, C{ := SUD, e+ g'(s) and CY; = po, see [91, Corollary 2.2].

Assumption 1.2. Throughout this work, all considered B-H curves are assumed to be admissible in the sense of
Definition 1.1.




The permeability, which is related to g by

(&) g((:), s> 0,
u(s) = (1.5)
lim ﬁ, s=0
s—=0 S
is continuous on R{. This can be readily seen for s > 0. For s = 0 we see that ;(0) := lir% 9() = ¢'(0),
S— S

because ¢(0) = 0. Moreover, 4 is bounded by 119 < 1 < C{ as can be demonstrated analogously to the proof
of [91, Corollary 2.2.6] by using the mean value theorem and I’Hopital’s rule. With this, the constitutive law
for a soft magnetic material can be written as

b(x,t) = u(H)h(x,t). (1.6)
Furthermore, we also need the inverse of the permeability. Indeed, the existence of an inverse function
gt RY — R of g follows from its strong monotonicity. In addition, g~! satisfies similar properties as
-1
g. In particular, it is also strongly monotone and Lipschitz continuous with a monotonicity constant Cy;, =
(C¢)~! and a Lipschitz constant CY o (GAREES i := 1, where 1y is the vacuum reluctivity. With this,
we characterize the reluctivity of a magnetic material that is described by an admissible B-H curve g by
1
S
. g 8( ). 5> 0, .
v(s) = 1 1.7
. S
lim < ( ), =0
5—0 S

Analogously to y, the reluctivity v is continuously differentiable on R*, and bounded with Cﬁ’,{l <v < .
We refer to [91, Corollary 2.2] for proofs of the assertions on g~! and v.

In the presence of conductive materials, we further state Ohm’s law
Jj(x,t) = ke(x, t), (1.8)

where x > 0is another material constant, known as electrical conductivity. For simplicity, we restrict ourselves
to the linear, isotropic, and homogeneous case. Note that (1.8) is considered only for passive conductive
materials. Indeed, the Ohm’s law as given above does not apply for active material, see [11, Section 1.2.2],
where additionally to the explanation a more general formulation is furnished. Therefrom, a generalized
Ohm’s law reads

Jj(x,t) = ke(x,t) + jg(x, 1), (1.9)

where j,(x,t) is an imposed electric current density, which is specified as an input, and thus it is indepen-
dent of the electromagnetic field. Moreover, note that (1.8) and (1.9) are only valid for conductors at rest.
However, they can be extended to take into account moving domains that contain conductive materials. This
will be addressed in the next subsection, which is devoted to motion.

Up to now, the presented setting is only valid in a local sense. For instance, let us consider a field, which is
defined over two bounded domains €2; and ), that share a common interface I';o, i.e., Q3 N Qy = 9. In
this case, the field lines may be discontinuous across the interface I'y5, even if the field itself is continuous
over both domains separately. This arises, e.g., if ; and 2, are filled with different materials. Provided




their existence, we denote by n; and n, the outward pointing normal vectors of ; and 5, respectively. In
addition, we choose n = n; = —nsy to be the reference direction. In the absence of surface currents, the
continuity is only guaranteed in one component, namely,

(bi(x,t) — ba(z,t)) - n(x) =0, (1.10a)
(hi(z,t) — ha(z,t)) x n(z) = 0, (1.10b)
(e1(z,1) — ea(z, 1)) x n(z) = 0, (1.10c)

(J1(z,t) = Ja(, 1)) - () =0, (1.10d)

cf. [11, Section 2.2.1]. These conditions, also known as jump conditions, mean that the normal component
of the magnetic flux density b(x, ¢) and the electric current density j(«, t) as well as the tangential part of the
magnetic and electric field h(x,t) and e(x,t) are continuous. Consequently, the other components can be
discontinuous. In the presence of surface currents, which we express by k(«, t), the tangential component of
h(x,t) is no longer continuous. Equation (1.10b) is then extended to include surface currents in the following
way,

(hi(x,t) — hao(x,t)) X n(x) = k(x,t).

Remark 1.3. Note that these results, as presented above, are in disagreement with the implicit regularity as-
sumption that we made for (1.2). Indeed, for the latter to be well-defined in a strong sense, the components of
the involved fields should be differentiable in order to guarantee the existence of the corresponding differential
operators. This is obviously not satisfied in the considered example due to the above discussed discontinuities. Ney-
ertheless, this contradiction can be fixed if we resort to weaker regularity assumptions in a suitable mathematical
setting for both interior or exterior domains and their related boundaries. This is the subject of Chapter 2.

To complete the magnetoquasistationary setting, suitable decay conditions of the fields in unbounded do-
mains should be stated. As demonstrated in [16, Proposition 3.1], if (e(x, t), h(x,t)) solves the eddy-current
model (1.2) supplemented with

e(x,t) = O(|z|™!), uniformly for |z| — oo,
h(z,t) = O(Jz|™"), uniformly for |z| — oo,
then they admit the following decay condition:

e(x,t) = O(|z|~%), uniformly for |z| — oo, (1.12a)
h(z,t) = O(Jx|™%), uniformly for |x| — oc. (1.12b)

In the next subsection, we introduce the underlying equations of the mechanical subsystem, and the used
method for the computation of forces and torques.

1.1.2 Equations of motion

In the context of electromechanical energy converters, motion is usually ruled by rigid-body dynamics. The
term rigid implies that regardless of the involved external forces and torques, all deformations of the moving
bodies can be neglected. The content of the current subsection is based on [75, 78, 81].

A trajectory is characterized by the kinematic variables (x, &, &, - - - ), which correspond to the position of the




moving body; its velocity, acceleration, and if needed further time derivatives of .

Depending on the position of the reference frame as well as its dynamics, the kinematic variables take differ-
ent representations. Conventionally, we distinguish two main approaches: the Lagrangian and the Eulerian
description. First, the former describes motion as experienced by the material itself. In other words, the
reference frame, which we denote by ¥}, is attached to the moving body, e.g., such that its origin and axes
coincide with the center of mass and the principle axes of inertia of the body, respectively. Note that the
Lagrangian reference frame is not an inertial frame, in general.

Second, the Eulerian description is formulated from the perspective of a so called laboratory frame, whose
movement is not accelerated and is independent of the body motion. The Eulerian reference frame is
an inertial frame. We denote it by ¥.. The center of mass of the moving body is represented in Y. by
xl(t), for t > 0. Furthermore, we designate by x. and x; the coordinates in ¥ and ¥, respectively.
The position in Y. can be expressed as an affine transformation of the Lagrangian coordinates as follows

xe = 20(t) + T (t)x. (1.13)

Thereby, 7 (¢) is an orthogonal transformation, which can be obtained by composing the corresponding rota-
tion matrices associated to each Eulerian angle ¥, ©, and @, i.e., by 7 (t) = Ty (t)7o(t)Ts(t) with ¢ > 0. We
refer to, e.g., [75, Section 2.3.1] for an explicit representation of 7 (¢). Taking the derivative of (1.13) yields
the velocity field in X, namely,

Ee(Te,t) := e = (1) + w) X (e — 2(t)), (1.14)

where wj denotes the angular velocity, which can be computed from 7 (¢) following [78].

As mentioned in the previous subsection, Ohm’s law (1.8) does not take motion into account. Indeed, from
the point of view of Y, (1.8) need to be extended such that

J(xe,t) = K (e(xe,t) + Te(xe, t) X bxe, t)) . (1.15)

The velocity term (e, t) X b(x,t) results from the effect of the Lorentz force on moving charges, see [36,
78]. As for the rest of the model problem defined by (1.2) and (1.3), nothing changes. A similar result is
proved also for the Lagrangian description, namely, the equations of the eddy-current model stay valid even
when they are written with respect to such accelerated reference frame, see [79]. In addition, the velocity
term in (1.15) vanishes in this case, since by definition the reference frame is fixed in the moving conducting
body. Interestingly, a free choice of the reference frame can be made in our context, we refer to [75, 79, 81]
for more details. Therefore, we can choose the Lagrangian description for moving bodies in order to avoid an
explicit representation of the velocity field in the model problem, and for convenience also for the stationary
parts. This allows a decoupling of the electrical and mechanical systems in the sense that they do not need
to be handled simultaneously, as will be explained subsequently.

Motion is a result of external forces and torques exerted on the considered rigid body. Their relations to kine-
matics are given in terms of Lagrangian coordinates by the second Newton law’s of motion [81, Section 1.7.1]

Jm = m&) + w) X may, (1.16a)
™ = @(.f)l + wp X (-)wl, (1.16b)




where on the left-hand sides f,; and 7y denote the total force and torque, respectively. On the right-hand
sides m denotes the mass, and © the inertia tensor. In particular, the considered trajectories for electrome-
chanical energy converters are usually guided and limited to either a translation or rotation. In the case
where only one degree of freedom is involved, (1.16) reduces to

fM = ma'c'l (1.17)

for a pure translation, and to
™ = 0y (1.18)

for a pure rotation around one specific axis. In the above equation, 6 refers to the moment of inertia. In our
context, the computation of the magnetic force and torque plays a central role, considering that they represent
the coupling quantities of the electrical and mechanical systems. For this, we first define the magnetic part
of the MST in empty space, cf. [75, Section 2.2], by
2
Tu=‘bob_ (1.19)
1o 210
where ® denotes an outer product, and Id the identity operator. Then, we choose a surface I'e such that it en-
closes the Region Of Interest (ROI) where the magnetic force and/or torque are aimed at. As it will be clarified
in the remainder of this work, independently of the ROI, which may contain non-linear materials, the points
of the closed surface I'e are always chosen to be in air regions. Whence the validity of (1.19). With this, the
magnetic force is obtained by computing the following surface integral

fM:/ Twm-ndx, (1.20)
Te

and the torque is calculated by

™ = / x X (Ty-n)de. (1.21)

Thereby, the integrals have to be understood with respect to Cartesian components.

With this, we address in the next subsection the considered coupling technique for the electrical and the
mechanical subsystems.

1.1.3 The coupled electromechanical system

Usually, the electrical and the mechanical subsystems have to be solved simultaneously, since a change in
the electrical state of the subsystem affects the mechanical one, and vice versa. In this case, we speak about
a strong coupling. In general, a direct solution is challenging, because of the possible non-linearity of all
involved unknowns in the electromechanical system. However, over a finite set of increasing time steps, the
strongly coupled problem can be simplified and solved using suitable predictor-corrector methods, see [75,
Section 4.6] and the literature cited therein for more details.

As an alternative, we opt for the simpler approach of weak coupling, which consists in solving the electri-
cal and mechanical subsystems sequentially over a finite set of increasing time steps. To give sense to this
simplification, smaller time steps have to be chosen, such that the force/torque and the electromagnetic field
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Figure 1.3: A flowchart representing the main blocks for the solution of an electromechanical prob-
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lem over a set of n increasing time steps,1.e, g <... <t; < ... <t 1.

can be assumed to be constant within two steps. In other words, the changes have to be small enough to
be neglected, which depends on the concrete application. Then, the solution of the electromechanical prob-
lem follows the flowchart of Figure 1.3. Thereby, input refers to all the prescribed physical quantities that
are needed to solve the electromechanical problem, such as the right-hand sides, the initial positions, the
material profiles etc. Update geometry and input means the implementation of the body’s new state after
experiencing a motion, which is caused by the exerted force/torque. These information serve then as new
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inputs to the eddy-current problem for the next iteration, and the loop is iterated until the last time step. For
this, the force and torque are obtained by the MST method, i.e., by computing the surface integrals (1.20)
and/or (1.21). The main subsystems of the coupled problem are represented by the eddy-current model and
the equations of motion. The former consists of system (1.2) supplemented by the corresponding constitutive
law depending on the material, i.e., (1.3), (1.4), or (1.6), Ohm’s law (1.9), as well as further boundary and
initial conditions that will be specified in the next chapters, whereas the latter is fully represented by the
equations of motion (1.16) together with suitable initial conditions.

In general, the solution of the coupled problem can not be achieved analytically, especially for complicated
geometries and inhomogenities. Therefore, we resort to numerical methods. Choosing suitable schemes is
dependent on the specific problem. In the next section, we discuss this subject for our particular type of
applications.

1.2 Choice of the numerical method

Let us recall the problem that we have at our disposal by means of a concrete example, consisting in a
Permanent Magnet Synchronous Machine (PMSM). Due to its translational symmetry along the height of
its cylindrical shape, we depict only a two-dimensional (2D) cross-section of the machine in Figure 1.4. It
consists of two disjoint ring domains that are separated by a thin air gap. The outer and inner domains
are called stator and rotor, respectively. Indeed, as the name suggests, the stator which contains the coils
that carry the imposed currents is immobile, whereas the rotor possesses a rotational degree of freedom.
Embedded in the latter are Permanent Magnets (PMs), which provide a permanent magnetic field. The core
of the machine is constructed by stacked steel laminations, in order to reduce eddy-current losses. Both
the PM and steel exhibit non-linear magnetic behavior, in particular, they can be classified as hard and soft
magnetic materials, respectively, see also Figure 1.2. The rotor’s motion results from a mechanical torque,
which is due to the interaction of magnetic fields in the thin air gap. Note that these fields are produced by
the PMs on the rotor’s side, and by the currents that are passing through the coils on the stator’s side.

This example is representative because it manifests the most challenging aspects that need to be taken into
account in order to choose a suitable numerical method for the simulation of electromechanical energy con-
verters. On one hand, we have two disjoint domains that contain non-linear materials. On the other hand,
there is a gap that may be very thin, and which is filled by a linear material. A straightforward choice to deal
with non-linearity and non-homogeneous equations would be FEM. It is well-established theoretically as well
as numerically, and widely used for this type of applications. We refer to the textbooks [88, 102, 113] and to
the manuscripts [11, 13, 60], for instance. FEM relies on a tessellation of the geometry into finite elements,
such as tetrahedrons or hexahedrons, for example. This is called meshing, and it turns out to be a hurdle
when it comes to the meshing of very thin domains. This becomes even more challenging if motion is included.

A way around this is provided by BEM. In particular, BEMs are more suitable for problems that are for-
mulated in unbounded domains or in thin geometries, because they require only surface meshing. Indeed,
by means of potential operators a representation formula can be derived. Further steps lead to Boundary
Integral Equations (BIEs) that are formulated on the boundary. However, the existence of a fundamental
solution is conditional to BEM. Hence, non-linear equations are excluded from its range of validity. Other ap-
parent drawbacks of BEM have slowed down its popularity at first glance. Even though the matrices produced
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Figure 1.4: Cross-section of a 6-pole Permanent Magnet Synchronous Machine (PMSM), which con-
sists of: Permanent Magnets (PMs) (red), coils (yellow), and a steel core (gray).

thereby are way smaller compared to FEM as the system’s dimensionality is reduced, they are structurally
dense, whereas the FEM matrix can be stored as a sparse matrix by choosing suitable basis functions for
assembling. Moreover, the mathematical foundation of BEM for Maxwell’s equations lacked for a long time
an appropriate characterization of the corresponding trace spaces in a general Lipschitz setting. Neverthe-
less, thanks to [17, 18, 20] this problem has already been solved. Besides, the time and memory consuming
assembling of BEM matrices can now be tackled by several fast assembling techniques, such as [8, 97, 98].
We also refer to [103, 109] for more BEM-related content.

Hence, an intuitive approach consists in coupling FEM and BEM. In relation to the PMSM example of Fig-
ure 1.4, FEM is considered in the rotor and the stator domains, whereas BEM is applied in thin air gap. As
a consequence, disjoint domains can be modeled separately, which facilitates the incorporation of motion.
Moreover, FEM-BEM couplings, thanks to the BEM part, are suitable for force and torque calculations with
the MST method, as introduced above with Equations (1.19) to (1.21). Furthermore, an interesting feature
can be observed: under some assumptions, the convergence of the numerical solution towards the exact one
is ameliorated in the BEM domain and can even reach a doubling of the standard convergence rates of FEM
with respect to h-refinements. A demonstration in the 2D static case is furnished in [42], and its validity in
the three-dimensional (3D) case is discussed in [43].

Depending on the BIEs that are utilized to supplement the FEM part, three main coupling types that involve
two unknowns arise: a direct symmetric coupling a la Costabel [30], an indirect non-symmetric one as pro-
posed by Bielak and MacCamy in [9], and a direct non-symmetric coupling, called Johnson-Nédélec coupling,
see [69]. Furthermore, an additional coupling with three unknowns, known as the three-field method, has
been considered in [45].

FEM-BEM couplings are usually discretized by means of collocation or Galerkin techniques. Our focus will

12



be on the latter. In their classical form, the Galerkin couplings rely on a discretization with lowest order basis
functions. However, one of the main goals of simulation for electromechanical devices is the calculation of
forces and torques, which involves the computation a posteriori of derivatives of the solution. Thus, going
up to higher order basis functions seems more favorable. Moreover, a good representation of the geometry is
necessary in order to avoid an induced approximation error and to facilitate motion. For this, we consider an
isogeometric framework, which was first proposed in [65]. The method is called Isogeometric Analysis (IGA),
and it relies on B-Splines together with some of its extensions such as NURBS. These basis functions play
a central role in Computer Aided Design (CAD) software, because they allow an exact representation of
industry-relevant geometries. We refer the reader to [94] for an introduction to B-Splines and NURBS. In
other terms, the isogeometric framework allows the unification of two processes that are typically separated,
namely, design and analysis. This is achieved by employing the same type of basis functions for both steps.
Moreover, we benefit from an efficient 4-refinement that does not alter the original geometry. Furthermore,
basis functions of arbitrarily high order can merely be computed thanks to the definition of B-Splines and
NURBS. The refinement step with respect to the basis functions’ order is called p-refinement. Several works
considered IGA as an alternative to classical FEM and BEM for electromagnetic applications, we mention [10,
29, 119], for instance.

As implied by the PMSM example in this section, the 3D problem can indeed be reduced in some cases to a
2D one. Nevertheless, we are interested in both cases in this thesis. Furthermore, in order to solve the eddy-
current problem, several formulations can be considered either with respect to the fields, which yields, e.g.,
an e-based formulation or by invoking scalar and/or vector potentials. Here, we choose a vector potential
formulation, see Chapter 3. Moreover, we study the magnetoquasistationary case as well as the static one,
which might follow in a steady state context. In the following, we give a brief overview on some related
works.

Related works In the 3D case, we refer to [61], where the mathematical foundation of the symmetric
FEM-BEM coupling for an e-based eddy-current model is provided. Moreover, a numerical validation for the
symmetric and the indirect non-symmetric coupling with a vector potential formulation is furnished, e.g., in
[71] for both the eddy-current and the magnetostatic case. For the latter, a direct coupling approach with
a reduced magnetic potential can also be employed as in [14], for instance. The introduction of auxiliary
quantities such as magnetic potentials is a widely considered approach to deal with magnetostatic problems.
For instance, [52, 57, 101] are based on a total and/or reduced scalar magnetic potential. However, the
stability of these methods depends on the considered permeability of the materials, and may deteriorate in
some cases. This drawback was fixed in [74], where an alternative approach that consists in the consider-
ation of a vector potential formulation for the FEM part, along with a total scalar magnetic potential in the
exterior BEM domain was proposed. Nevertheless, this method is only valid for simply-connected domains.
For more general topologies, a reduced scalar magnetic potential for the BEM part instead of the total one
relaxes the topology assumption, see [95]. In the context of electromechanical energy converters, FEM-BEM
couplings reveal to be promising alternatives, see, e.g., [75, 78, 81]. In the 2D case, we refer to [41, 56, 82,
106] and the references cited therein in the magnetoquasistatic regime, and to [6, 42, 46, 108], for instance,
for the magnetostatic case. In the same context, [86] used the isogeometric FEM-BEM coupling with a collo-
cation based discretization for magneto-mechanical problems in two dimensions. Moreover, see [77] for an
application of FEM-BEM coupling on a watch stepping motor.

Regarding the mathematical foundation of IGA, we refer the reader to [24, 25] and [21, 119], where the
approximation properties of B-Splines and their trace spaces are studied in the context of Maxwell’s equations.
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In the next section we describe the goals of this treatise and give an overview on its structure along with the
content of each chapter.

1.3 Goal and structure of this treatise

In the preceding sections, we introduced the physical background and the numerical method that we con-
sider in this work, respectively. Our main goal is to provide a rigorous mathematical analysis of direct non-
symmetric FEM-BEM couplings for the simulation of electromechanical devices in the isogeometric frame-
work. Moreover, we aim to verify the established theoretical findings numerically to highlight the practical
relevance of the proposed method.

In the presence of symmetries, the physical problem can be reduced from 3D space to a 2D one. The gov-
erning equations of the obtained model problems are structurally different: in the 3D case, we deal with
curl curl equations, whereas diffusion problems arise in the 2D one. Both cases are addressed in this thesis,
which is organized as follows:

e Chapter 2 is dedicated to the introduction of the mathematical framework that is needed for a suitable
formulation of the physical problems at hand. First, we address briefly the notion of connectedness,
smoothness, and regularity. We follow up with the relevant Sobolev spaces in bounded domains and on
the boundary as well as the corresponding Bochner spaces. Afterwards, we present the main theorems
on monotone equations, which are crucial to show well-posedness of our non-linear problems. Then,
we introduce the energy spaces and discuss their relations with respect to the differential operators
for trivial and non-trivial topologies. Last, and in the same context, we give the corresponding trace
spaces, the Green’s identities, and some further fundamental results.

* In Chapter 3, we derive a vector potential formulation of the eddy-current model in interior and exterior
domains separately. Then, we address the basics of Boundary Element Methods (BEMs). We introduce
the considered representation formulae, we discuss the Boundary Integral Operators (BIOs) and their
properties, and present the corresponding Boundary Integral Equations (BIEs). An essential tool in our
analysis resides in estimating the double-layer operators by means of the Steklov-Poincaré operators.
The chapter is concluded with an introduction to the isogeometric paradigm, where we also present
the relevant discrete spaces for our method.

* Chapter 4 is devoted to the analysis of the non-symmetric coupling. We start it with the elliptic-elliptic
interface problem, which arises, e.g., from the magnetostatic model in two dimensions. We estab-
lish well-posedness and provide a stability result for a specific type of practice-oriented non-linearities.
Moreover, we state well-posedness of the discrete problem, and derive an a priori estimate with respect
to h-refinements for an approximation via B-Spline spaces. Then, we use these results to extend the
analysis to the parabolic-elliptic interface problem. With similar tools, we further analyze an additional
class of Boundary Value Problems (BVPs) that are topologically similar to electromechanical devices,
such as the PMSM of Figure 1.4. Besides well-posedness and stability, we also address the possible su-
perconvergence of the solution when evaluated in the BEM domain. In other words, due to the integral
nature of BEM, the convergence rates are ameliorated and may double under some circumstances. In
the last section of this chapter, we analyze the 3D magnetostatic case, and provide analogous results as
for the previous 2D problems.
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* In the penultimate Chapter 5, we validate the theoretical results numerically by means of several aca-
demical but yet representative examples. Furthermore, we address the explicit computation of forces
and torques, which play the role of the coupling quantities of the electrical and mechanical systems.

* We end the thesis in Chapter 6 with a conclusion on the proposed method. We address possible ex-
tensions and improvements that would contribute to the consolidation of the isogeometric FEM-BEM
coupling as an attractive alternative for the simulation of electromechanical energy converters.
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2 Mathematical framework

As any human activity needs goals,
mathematical research needs problems.

D. Hilbert

In Remark 1.3, we evoked that the smoothness of vector fields in a componentwise sense is incompatible with
an interface problem. Besides, if the bounded domain 2 is not globally smooth, the existence of a normal
vector is not guaranteed in every point of its boundary. Hence, the specification of the domain’s regularity
is primordial. To cope with this, the problem has to be formulated in an appropriate mathematical setting.
This represents the content of this chapter. Obviously, the fields have to be set in so called energy spaces,
which are the standard Hilbert spaces for Maxwell-based Boundary Value Problems (BVPs), see [11, 60], for
instance. For the time-dependent problem, we also introduce a class of Bochner spaces, which we define as a
time-parameterized collection of energy spaces. In addition, the notion of quotient spaces turns out to be use-
ful in the three-dimensional (3D) case, such that the problem can be formalized in the sense of equivalence
classes [76]. The issue in the 3D case stems from the infinite-dimensional kernel of the curl operator. In
other words, the uniqueness of a potential field can only be guaranteed up to a gradient. Furthermore, going
to a boundary formulation requires the definition of suitable trace spaces. We use the results of [20], where
a characterization of the relevant trace spaces is specified, along with the required trace and differential op-
erators. The validity of the setting also includes Lipschitz domains. Moreover, we present some fundamental
results such as Green’s identities that are needed for the derivation of Boundary Integral Equations (BIEs).
More details can be found, e.g., in [17, 22, 58, 109]. The chapter is organized as follows: In Subsection 2.1.1,
we first clarify the meaning of connectedness, regularity and smoothness. Moreover, we define some relevant
spaces that play a central role in the study of Partial Differential Equations (PDEs), and give an overview on
the used notations. Then, we end the section with some fundamental results related to non-linear operators
in Subsection 2.1.2. In Section 2.2, we introduce suitable Hilbert spaces endowed with graph norms that ren-
der the application of corresponding differential operators Lebesgue integrable, and discuss the elements of
the de Rham complex, whose structure depends on the topological properties of the domain. In Section 2.3,
we proceed similarly to introduce and characterize the corresponding trace spaces, along with the needed
tangential differential operators and evidently the trace operators.

2.1 Fundamentals

This section consists of two parts. First, we first introduce the considered geometries, and briefly recall the no-
tions of smoothness and regularity. Then, we introduce the spaces of test functions and distributions. Last, we
provide a short introduction to Sobolev and Bochner spaces. As we go along, the notational conventions that
we use will be highlighted. The content of the first part of this section consists of well-established definitions
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(a) a two-dimensional (2D) domain €2, with two
holes. I', = I'yUTI'; UT'; denotes the boundary of  (b) a 3D domain 2, with one hole. I'c is the red “cut”
Q; and I'c = T'¢, UT, consists of the “cut” seg- surface.
ments.

Figure 2.1: Examples of non simply-connected 2D and 3D domains.

and results in the field of functional analysis. We rely for this mostly on [1, 34, 87, 109], for instance. Sec-
ond, we introduce the main theorems on monotone operators, which are central in our analysis to prove well-
posedness of the coupled problem. We refer to [122] for more details.

2.1.1 Preliminaries and notational conventions

Geometry Let 2 C R? with d = 2,3 be a bounded domain, and let I" denote its boundary. Unless specified,
a domain €2 is implied to be open and connected, and I" is assumed to consist of Nt connected components.
For example, we illustrate in Figure 2.1a such a domain §2; with d = 2 and a boundary I', = ToUT'; UT', i.e.,
with Np = 3. Obviously, €, is connected but not simply-connected!. Nevertheless, €2, can be made simply-
connected by “cutting” it along I'c, and I'c,. The necessary number of “cuts”, which we denote throughout
the thesis by N¢, can be determined in this case from the number of connected components of I" by N¢ =
Nr—1=2.

In the 3D case, a similar (but more involved) approach can be considered to gain a simply-connected domain
from one that is only connected. For instance, the torus domain in Figure 2.1b, which we label €, is connected
but obviously not simply-connected, however Q;\I'¢ is, as stated in [34, Section 5.2]. This idea will be
formalized in Subsection 2.2.3.

Smoothness and Lipschitz continuity Let D € {R? Q,T} and k € Ny, we denote by C*(D) the space of
k-times continuously differentiable functions over D, and by C°°(D) the space of smooth functions, which
consists of indefinitely continuously differentiable functions. To express the smoothness of a vector field

!We refer the reader, e.g., to [59, Chapter 1] and [64] for a formal definition of simply-connected domains.
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v = (v1,...,vq) over a domain D, we use C*(D) and C*°(D), which have to be understood in a componen-
twise sense.

Furthermore, we say that a domain (2 is smooth, if its boundary I" is represented by a family of smooth
parametrizations. In other words, let us assume that there exists a regular tessellation of I', such that

N
I'= U Tis
=1

and foralli,j =1,..., N,, 7; N7, is either empty, reduces to a single vertex, or consists of a whole common
edge. Thereby, every boundary segment 7; can be represented via a local parametrization

n={zxeR et z=p;¢]}, (2.1)

where 7 € R%"! is an open parameter domain. With this, we say that Q is smooth if all functions p, : 7 — 7;
are of class C*°(T"). However, the smoothness assumption is too restrictive so that only a small class of ge-
ometries can be considered.

A more general concept of continuity can be reached by means of Holder continuous parametrizations. For
k € Ny and 0 < ¢ < 1, we introduce the corresponding space

CPY(D) := {v:v e C*¥D),|v|o, < co}.

Thereby, |v]o, is a semi-norm defined by

(2.2)

|v

oSv(x) — ogv(y
e S e B -

o=k x,yeD,x#y |£E - y’L

The vectorial counterpart is defined analogously, and is denoted by C**(D). In particular, for £ = 0 and
1 = 1, we obtain the spaces C*!(D) and C%!(D) of Lipschitz continuous functions and vector fields over D,
respectively.

Analogously to the smooth case, we label a domain €2 Lipschitz, if I" is represented by a family of Lipschitz
continuous parametrizations, i.e., functions of class C%(T).

LP-regularity The regularity of a function can be described by differentiability and integrability in the sense
of Lebesgue integrals. For this, we introduce Banach spaces of equivalence classes containing ;-measurable
functions over a domain D € {R? Q,T'},d = 2, 3. Thereby, two functions are considered equal, if they differ
only in a zero measure set, see [1] for instance. For p > 1, we define them by

LP(D) = {v is p-measurable : [|v| ., p) < oo},

where p is a Hausdorff measure and [|-|| .,y is the LP-norm, which is computed for v € LP(D) by

[ ( /| \v<w>|Pdw) ' for1 < p< oo,
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V|| 700y = €8S sup |v(x)| = inf sup |v(x for p = 0.
ol oy = esssuplo(e)l = inf  sup [o(a)

For convenience, we write as integral measure generically d« instead of du.. However, note that the inter-
pretation of dx depends on the dimension of the considered manifold. For further reading we refer to [116,
Section 2.3] and the literature cited therein. For 1 < p < oo, choosing ¢ as the Holder conjugate (or adjoint)
of p, i.e.,

R
p q

yields the Holder’s inequality, namely, foru € LP(D)and v € L4(D), we have

| 1u(@)@) dw <l oo 24

and we say that L(D) is dual to LP(D). In addition, we can express the norm of the dual space by means of
the operator norm as

[(u, v) p|
HUHLQ(D) - sup L , V& Lq(D)a
u€LP(D),u#0 HU’HLP

where the notation (-, -), is called duality pairing that is evaluated over the domain D. It is computed for
u € LP(D) and v € LY(D), with LY(D) dual to LP(D) by

(u,v>D—/Du(:v)v(:c)dw.

For more details, and especially for the Banach dual spaces of L'(D) and L>°(D), we refer to [1, Chapter 2].
Of particular interest for our purpose is the space of square integrable functions, which arises for p = 2. The
space L?(D) is self dual, and it satisfies the Cauchy-Schwarz’ inequality, which follows merely from (2.4) for

| (@@ dw < Julla oz 25)

Furthermore, it is endowed with an inner product

(u,v)D:/Du(az)v(az)d:c,

which induces the norm
HUHL2(D) =4/(v,0)p.

Hence, it follows that L?(D) is a Hilbert space. Conform to our notation, we use L”(D) to denote the space of
equivalence classes of Lebesgue measurable vector fields v over D with respect to the L”-norm. Note that the
previous definitions and results transfer accordingly from LP(D) to LP(D).

Test function spaces and distributions Let D C R? with d = 2,3. We denote by D(D) the space of test

functions, which consists of infinitely smooth functions with compact support in D, formally we define it
by

D(D) :={p € C*(D) : suppy C D compact} with suppy = {x € D : p(z) # 0},

see [117, Definition V.1.9]. Note that D(D) is a vector space that is additionally equipped with a topology,
which defines uniform convergence of sequences. We refer the reader to [117, Satz VIIL.5.2] and [87] for
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more details.

We call a linear map V' : D(D) — C a distribution, if for all compact sets K C D, there exists a constant
C = C(K) > 0 and k € Ny, which may depend on K such that

Vo € D(D), suppp C K : [V(9)| < C Y sup [0%(a)) (2.6)
|| <k xeK
witha = (a1,...,aq) € Nd being a multi-index. Thatis, forx = (z1,...,74) we have

d o
@] =Y o and  9%p(z) = 7 p(@)
i=1

B I

The evaluation of a distribution V" on a test function ¢ € D(D) is also denoted by angular brackets, namely,

V(e)=(V,0)p.

We collect distributions that are applied to a test function ¢ € D(D) in D(D)’. Note that the space of distri-
butions D(D)’ corresponds to the dual space of D(D).

In particular, we see in the following that a function v € L?(D) can be identified with a distribution V' €
D(D)'. For an arbitrary compact subset X C D, and an arbitrary ¢ € D(D) with supp ¢ C K, we obtain by
applying the Cauchy-Schwarz’s inequality (2.5) that

[ (v, 0)p | < llvlle2pyllellc2py < HKTl0ll2(p) Slelglw(w)l-

Hence, the identification holds by (2.6), and we may write
V,o)p=(,9)p  VYpeDD). 2.7)

A distribution V' that satisfies the representation (2.7) is called regular. Otherwise we call V' singular, e.g., a
Dirac distribution, which is defined by

0z(p) = (02, 0)p = p(®) Vo € D(D). (2.8)
Given a distribution V € D(D)’, differentiation in a distributional sense is computed by [88, Equation 3.1]

0V, 9)p = (=1)I*V,0%), Ve e D(D). (2.9)

This allows to find a weak derivative for a function that would be non-differentiable in a strong sense.
In addition, since we also need spaces for truncated test functions, we define

D) :={¢: ¢ =g ¥ € DR}

In order to stick to our notational convention, we denote by ¢ and V' a vector that contains test functions
and distributions as components, respectively. Moreover, in the same componentwise sense, the space of
test vector fields ¢ is designated by D(D) and its dual by D(D)’, where D can be replaced by R, €, or
Q.
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Sobolev spaces The next step towards an appropriate mathematical setting for our purpose is delivered
by Sobolev spaces. Indeed, they are Banach spaces, i.e., they are complete and normed; additionally, the
corresponding norm allows the measurement of a function’s or vector field’s magnitude as well as its regularity
by measuring the associated derivatives up to a given order. The latter are understood in a weak sense.
Sobolev spaces can be defined in different ways. In this work, we present a standard definition which is
based on weak derivatives, and refer to [1, Chapter 3], [87, Chapter 3] for more details. Withp > 1, « a
multi-index, and k£ € Ny, we denote by

WEP(Q) = {v € LP(Q) : 9%v € LP(Q), V|a| < k}
a Sobolev space defined over €. It can be equipped with the following norms

)
oo = | 3 10%00E,q for 1 < p < oo,
lee| <K

= max ||0%||feo(q)-
V][00 (02) |a\§kH | ()

This definition can be extended to non-integer coefficients [87, Chapter 3]. Let s = k+¢, where. € (0,1) C R.
Moreover, k is the same as above, and d = 2,3. For 1 < p < oo, we introduce the Slobodeckii semi-
norm

|0z v(x) — Oy v(y)l”
[vlwsp) = Z// \a:— |d?j-pL dxdy

la|=k

The semi-norm turns out to be the usual Holder semi-norm as given in (2.2) for p = oco. With this, we endow
the Sobolev space of fractional order W*?(€2) with the norm

S =

lellweriy = (10lppigy + [0fasi))” forl<p<oo,
which renders it a Banach space.

In particular, we are interested in the case where p = 2. Indeed, similarly to the LP-spaces, W*2(Q) is a
Hilbert space. We adopt therefore the notation H*(Q2) for W*2(Q2). Note that this notation stems from a
second definition of Hilbert spaces, which is based on the Fourier transform of distributions [87, Chapter 3].
For Lipschitz domains, we know from [109, Theorem 2.16] that both definitions are equivalent for all s > 0.
As previously, a Hilbert space is equipped with an inner product structure. It is expressed for u,v € H*(Q)
and k£ € Ny by

(U7U)Hk(ﬂ) = Z (8au78av)97

la| <k

and for a fractional order s = k + ¢, with ¢ € (0,1) C R by

30‘ 0%v(x) — 0%v
(U7U)HS(Q) (u,v) HE(Q // (y))( zv(@) Y (y)) dx dy.
| |=Fk

!w — y|

Consequently, the following norm is induced for s > 0 and v € H*(12),

HUHHs(Q): (va)HS(Q)'
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For s = 0, H°(f2) reduces to the space of square integrable functions, i.e., L?(12).

In addition, we introduce Sobolev spaces, which are defined as the closure of D(£2) as follows
H () = D) @, (2.11)

For k € Ny, H}(Q) can be understood as a Sobolev space H*(Q) with k weak derivatives in L?(Q2) that vanish
at the boundary of 2. We will come back to this in the next subsection.

By setting s > 0, we define the Sobolev space H~*(2) with negative exponents as the dual space of Hj(12),
and endow it with the dual norm

[(u; v)g|
HuHH—S(Q) = sup HHiQ
veHS ()00 IVIIHS ()

Similarly, the dual space of H*(£2) corresponds to H, *(f), cf. [109, Section 2.2]. Furthermore, let Q¢ = RN\Q
be an unbounded exterior domain. We need functions with local behavior. We collect them in

Hig (Q°) :={v: Q° = R : yg € H(K), VK C Q° compact}, (2.12)

where v stands for the restriction of v to the set K. Note that for s = 0, the space of functions with local
L?-behavior is denoted by L2 (Q°).

loc

Furthermore, we need Sobolev spaces on the boundary I'. We recall here that I is Lipschitz. The construction
of such spaces depends on the specific local parameterizations p; and the partition of I" as introduced in (2.1).
However, the corresponding norms are equivalent. For a more explicit explanation, see [109, Section 2.5]. We
denote the Sobolev space defined over the boundary by H°(I"). Note that for Lipschitz boundaries, the depen-
dence on the parametrization limits the choice of s to s € [—1, 1]. In the following, we provide a definition for
H#(I") for completeness but refer the reader, e.g., to [109, Section 2.5] for more details. First, we introduce
the corresponding Slobodeckii semi-norm, which reads for s € (0, 1)

1
v(z) — v(y)l? ’
[0l bs(r) = </F g dedy :
Then, H*(T") is a Banach space when equipped with the norm

1

lollzsey = (I013ae) + o))

where we used H°(T") = L?(T"). With this, the Sobolev space H*(T") can be defined as the closure of the space
of smooth functions in the Sobolev-Slobodeckii norm |- || s (r), formally, we write

9 (T) = ey e,

Moreover, the dual space of H*(I") is denoted by # ~#(I"). Similarly to the domain spaces, H ~*(I") is obtained
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by the duality relation

fully oy = sup el
vers (w0 [Vl Es ()

As an alternative notation, we also designate by H (D)’ the dual space of some Banach space H (D) defined
over D.

Concerning vector-valued Sobolev spaces, i.e., spaces that contain vector fields, they are expressed as usual
with a bold font, namely, we write H*(D) with s > 0and D € {Q, T}, and L2 (Q°), H} .(Q°) for the spaces
with local behavior defined over an unbounded domain. Note that vector-valued Sobolev spaces have to be
understood in a componentwise sense.

In this treatise, we also encounter spaces of functions that are defined over a time interval, whose instan-
taneous values consist of functions that lie in some Banach space H. Such spaces are known as Bochner
spaces [48, Section 5.2.9]. We denote them here by using the following convention: For a specific time in-
terval T' = [0, tmax], tmax > 0, and a space of instantaneous values H (D), which is defined over a domain
D € {Q,T'}, the corresponding Bochner space is expressed for p > 1 by

LP(T; H(D)) := {v € LP(T) : v(t) € H(D), Vt € T}.

In particular, we focus on the case p = 2. For v € L?(T; H(D)) with an instantaneous value v(t) € H(D) for
t € T, the Bochner space L?(T; H(D)) can be equipped with its natural norm

tmax 2
feliegroanon = ([ 1ol dr) 2.13)

The dual space of a Bochner space that relates to H (D) is understood as the time-parametrized collection of
the dual spaces of H (D), since L?(D) is self-dual. Concretely, we have

LX(T; HD)') := {v e L*(T) :v(t) € H(D), Vt € T}

as the dual space of L?(T; H(D)). In the sense that the above defined Sobolev norms measure the spatial regu-
larity of a function, we define a generic time-parameterized Sobolev space

L*(9,,T; H(D)) := {v e L*(T; H(D)) : 0y € L*(T; H(D)"}, (2.14)

and endow it with the norm

||UHL2(8,5,T;H(D)) - \/HUH%Q(TJ{(D)) + ”at,UH%Q(T; H(D)) (2.15)

to allow the measurement of temporal regularity. Analogously to the weak derivatives in space, J;v exists
in a weak sense. Note that we restrict ourselves here to the first time derivative, since it is sufficient for our
purpose.

For consistency, Bochner spaces of a vector-valued Banach space H (D) are denoted by L*(T; H(D)). In ad-
dition, the vector-valued counterpart of L?(9;, T; H(D)) is L*(0;, T; H(D)). The definitions can be adapted
accordingly.

The next part is dedicated to the definition of quotient spaces, along with some important results for Hilbert
spaces. In the following, let H denote a Hilbert space, and let U C H be closed.
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Theorem 2.1 (Best approximation in Hilbert spaces, [88, Theorem 2.7]). For H and U as defined above, we
have
Ve H NuelU: ||v—uly= 125{”1}—11}”1{} (2.16)

As a consequence, a direct sum decomposition can be stated. Two functions are said to be orthogonal in H,
if for u,v € H their inner product vanishes, i.e., (u,v)g = 0.

Theorem 2.2 (Projection theorem, [88, Theorem 2.9]). For H and U as mentioned above, the orthogonal
decomposition
H=UaU"*

holds. Thereby, U~ is called the orthogonal complement of U in H. In other terms, we have

Voe H,ueUandut e U : v =u+ut.

In particular, this result plays a central role to provide a characterization of quotient spaces, and in the
Helmholtz decomposition, which we will encounter in the next section.

Definition 2.3 (Quotient space). A quotient space [H| := H /U consists of the equivalence class
v ={v—w:welU}, veH.
Equipped with the best approximation norm (2.16), namely,
:= inf -
01l = inf (o = wllr}

the quotient space [H| turns into a Banach space. Due to the uniqueness of the representation, which is stated in
Theorem 2.1, and for ease of notation, we write v := [v] € [H|. The interpretation of the elements of a quotient
space should be clear from the context.

Corollary 2.4. The quotient space [H] := H /U can be identified with U=, the orthogonal complement of U in
H.

Proof. By using the direct sum decomposition of Theorem 2.2 we define a canonical isomorphism ¢ : [H] —
UL, v v —u, u € U, which is well-defined and unique because of Theorem 2.1. Moreover, the same holds
for the inverse mapping :~! : U+ — [H|,u* + ut +u, u € U. O

For instance, let d : H — V be a differential operator with a non-trivial kernel ker(d). Thus, d is clearly
not injective. As a workaround, we expect a representation in quotient spaces with respect to ker(d), i.e.,
H /ker(d) to enforce the injectivity of d by selecting representatives from the orthogonal complement space
of ker(d), i.e., ker(d)*.
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2.1.2 Main theorems on monotone operators and evolution equations

Motivated by the physical problem introduced in Chapter 1, non-linear problems, which are formulated ei-
ther by elliptic or parabolic equations play a central role in this thesis. Fortunately, there is a standard
theoretical framework that allows us to show well-posedness for such operator equations. This is provided
in [122, Chapter 25 & 30], for instance. Here, we only state the main results that are relevant for our purpose.

Throughout this subsection, let H be a Hilbert space, and H' be its dual. First, let A : H — H' be a non-linear
operator, which is Lipschitz continuous and strongly monotone, i.e., for all u,v € H
3CA>0: | Au — Av|| e < C{Yju —v||g  (Lipschitz continuity), (2.17a)
3C; >0:  (Au— Av,u —v)> Citllu —v||% (strong monotonicity). (2.17b)

First, we state the main theorem on strongly monotone operators, which goes back to Zarantonello [120]. In
particular, this is a crucial result for the study of non-linear elliptic equations.

Theorem 2.5 (Well-posedness, [122, Theorem 25.B]). Let f € H’, and let A be a non-linear operator that
satisfies (2.17). Then, the operator equation Au = f with f € H' admits a unique solution v € H, which
depends continuously on the right-hand side f.

Remark 2.6. Note that if we were only interested in well-posedness, then strict monotonicity instead of (2.17b)
is sufficient to guarantee the existence and uniqueness of a solution [6, Remark 3]. The definition of strict
monotonicity is provided in Appendix A, for convenience.

Second, we consider the first order evolution equation
Jwu(t) + A(t)u(t) = f(t). (2.18)

Let V be defined as the pivot space of H and its dual H’, i.e., such that (H,V, H') form a Gelfand triple
with H CV C H’, see [118, Theorem 17.3]. Moreover, for the non-linear operator A(t) : H — H’, let the
following properties hold:

1. For each ¢ € (0, tmax), the operator .A(¢) is monotone, coercive, and hemicontinuous, see Appendix A
for the corresponding definitions.

2. A(t) satisfies the following growth condition: There exists a non-negative function C(¢) and Cs > 0
such that
[A@B ()7 < Cit) + Cofjv]la- (2.19)
3. The function ¢ — (A(t)v(t), w(t)) is measurable on (0, tmax) for all v(¢), w(t) € H.

For more details, we refer to [122, Section 30.2].

The main theorem on monotone first order evolution equations can be stated.

Theorem 2.7 (Well-posedness, [122, Theorem 30.A]). In the framework given above by the properties 1-3,
the operator equation (2.18) supplemented by an initial condition u(0) = uy € V, and for a right-hand side
f € L*(T; H'), admits a unique solution u € L*(;,T; H).
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Remark 2.8. Note that the initial condition u(0) = ug € V is meaningful, since L?(0;, T; H) is continuously
embedded in C(T'; H), see [121, Proposition 23.23] for more details.

In particular, we will consider uy = 0 throughout this thesis for simplicity. Nevertheless, our analysis can be
adapted to non-homogeneous initial conditions without complications.

Lemma 2.9. Provided A(t) is strongly monotone, Lipschitz continuous, and hemicontinuous, then Theorem 2.7
applies.

Proof. First, monotonicity and coercivity follow from the strong monotonicity, see Lemma A.3 for the latter.
Then, the Lipschitz continuity induces a bound for A(¢) in the sense of (2.19). In particular, for v(0) = 0,
which is the concrete case we will consider, this can be established as follows

LA 2 = [AL)(E) — AO)0(0) + AO)0(0)]]
< JA(E)u(E) — A©O)(0) |17 + [A©O)0(0)]]
< G o(t) = v(O) |l + OO (with (2.172))
< Ca (1+ P lo(t) 1)

with Cg = max (1, || A(0)v(0)| ). O

Remark 2.10. In practice, i.e., with non-linear reluctivities given by an admissible B-H curve according to
Definition 1.1, weak differentiability of the corresponding operator has been established, see [91, 99], for instance.
In this regard, note that a Gateaux (weak) differentiable operator is hemicontinuous. Indeed, provided it exists,
the Gdteaux derivative of some functional g reads

dg(t)r = lim g(t+er) - g(t).

e—0 €

In particular, we see that lir% g(t + er) = g(t) is guaranteed. That is, g(t) is hemicontinuous. In addition, it
€E—

is per definition strongly monotone and Lipschitz continuous. Therefore, choosing an admissible B-H curve in
the sense of Definition 1.1 automatically covers the theoretical prerequisites of Lemma 2.9 and per extension of
Theorem 2.7 as well as those of Theorem 2.5.

Remark 2.11. Although the setting of Lemma 2.9 is less general than that of Theorem 2.7, it is more convenien-
t/simple from a practical point of view because of Remark 2.10 as well as from an analysis perspective, since it
allows us a straightforward transfer of results from elliptic to parabolic problems.

In the next section, we introduce and address the properties of the natural spaces that arise in the context of
Maxwell’s equations.

2.2 Energy spaces and de Rham complex

Energy spaces provide a suitable functional setting for BVPs that are based on Maxwell’s equations. In fact,
they can be physically interpreted as spaces of potentials and fields with finite energies, which are measured
by means of graph norms that are in turn induced by inner products. The first part is dedicated to their
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introduction. Moreover, we give explicit integration by parts formulae. Indeed, they play a central role in the
derivation and study of variational problems.

A fundamental feature of energy spaces consists in the fact that they form a sequence with respect to the
appropriate differential operators, also known as de Rham complex. The structure of the sequence depends
however on the topological properties of the domain. We start by considering an interior domain with a trivial
topology. Then, we generalize the characterization of the spaces to a more general geometrical setting. We
finish the subsection by discussing additional related spaces, namely, energy spaces with local behavior, and
the time-parameterized counterparts.

2.2.1 Energy spaces

We recall that © is a bounded Lipschitz domain, and that I' is its boundary. In particular, we consider 2 € R3.
Analogously to (2.9), we first define the differential operators V, curl, and div in a distributional sense. Then,
we introduce spaces that contain square integrable functions (vector fields) with weak derivatives in €2, and
give some fundamental characterizations and results.

Similarly to (2.7), we have:
e For V € D() and v € L?(Q),

(VV,p)o = =(Vidivp)g = (Vu,p)q = —(v,divep), Ve € D(Q). (2.20)

s ForU € D(Q) and u € L*(Q),

(curlU, ), = (U, curlp), = (curlu, ¢)q = (u,curl ) Vo € D(Q). (2.21)

s For V € D(Q) and v € L?*(Q),

(divV,p)g = —(V,Vp)q = (dive,p)g = —(v, Vo), Ve € D(Q). (2.22)

With this, we introduce the following energy spaces as in [35, Section IX.A.§1.2]

H(V,Q):={ve L*Q): Vve L*Q)},
H(curl,Q) := {v € L*(Q) : curlv € L*(Q)},
H(div,Q) := {v € L*(Q) : divw € L*(Q)},
where the differential operators V, curl, and div are understood in a weak sense as defined in (2.20),

(2.21), and (2.22), respectively. Energy spaces are Hilbert spaces when equipped with the inner prod-
ucts

u,v € H(V,Q) : (W V) (v, = (W, v)g + (Vu, Vu)g,
u,v € H(curl, ) : (U, V) g (curt ) = (8, V) + (curlu, curlv)g,

u,v € H(div,Q) : (u, V) g (giv,0) = (¥, V)q + (dive, dive)g,
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which induce the graph norms

veH(V,Q): ||UHH(V,Q) = (UaU)H(V,Q)’
v E H(curl, Q) : HvHH(curl,Q) = (v?U)H(curl,Q)’
ve H(div,Q): vl g@iveo) = /(v mivo)

respectively. Therefore, they turn into Banach spaces with respect to these norms. An important result that
is provided by the Riesz representation theorem allows us to identify the dual of a Hilbert space H, denoted
by H’, with itself. Hence, writing a duality pairing (V,v) with V' € H' and v € H, as an inner product (u, v)
with u,v € H is meaningful, see [87, Theorem 2.30].

For notational consistency, note that we changed the notation of H'(Q) to H(V, ).

The following density results play a central role in the study of energy spaces.

Lemma 2.12 ([27, Lemma 1 & 2]). The following properties hold:
D(Q) is dense in H(V,Q).
D(Q) is dense in H (div, Q) and H (curl, 2).

With this, an assertion can be first proved for smooth functions, then extended continuously by density to
energy spaces.

As motivated in Section 1.1, the model problems that we will consider in this thesis may involve non-linear
operators. To take this into account in our analysis, we characterize in the following the considered class of
non-linear operators.

Assumption 2.13 (Lipschitz continuous and strongly monotone operators). Let i : L*(Q) — L*(Q) be a
possibly non-linear operator. We assume U to be Lipschitz continuous and strongly monotone:
* Lipschitz continuity:

G >0: Uy —Uw||p2iq) < Cff v —wll2q)  Vo,w e LP(9). (2.23)

* Strong monotonicity:

ICY >0:  (Uv —Uw,v —w)g > C¥|lv — wHiz(Q) Vv, w € L*(Q). (2.24)

In the process of deriving weak formulations, integration by parts represents a crucial tool. For this, we
first define the corresponding trace operators that map domain functions or vector fields to the boundary, cf.
[116].
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Definition 2.14 (Trace operators). Let 2 be a Lipschitz domain with a connected boundary I". Moreover, we
denote by n(x) an outward pointing normal vector with respect to ) that is evaluated at € T', and assume
that n(x) exists almost everywhere (a.e.) on I'. Then, we define the space of tangential vector fields

L}T)={ve L*T):v-n=0, ae onT}, (2.25)

and the trace operators:

e Standard trace: Yo : 73(5) — L2(F)
li .
p(x) = olim e(y)

Conormal derivative: #: D) — LA(T)

o(x) — Qlirn UVp(y) -n(x).
SY—ax

e Vector restriction trace: Yo : D(ﬁ) - L2(F)
li .
() — olm »(y)

e Normal trace: m: D) — LZ(F)

) = leyrgm o(y) - n(x).

5
D

Tangential trace 2: v : D) — LT
p(z) = lim o(y) x n(z).

SY—x

Dirichlet trace 3: T D) — L{(T)

p(@) = lim n(z) x (py) x n(z)).

e Neumann trace: ¥ DO)— L)
p(x)— lim Ucurlp(y) x n(x).

DWy—x

Thereby, U is a possibly non-linear operator according to Assumption 2.13. To simplify the notation, if U = Id
we write vy and 1 instead of ¥ and A4, respectively.

Then, the following characterizations for generalized integration by parts formulae can be stated.

Theorem 2.15 (Integration by parts). Let €2 be a bounded Lipschitz domain with a connected boundary T', and
let v € H(curl, Q) and w € H(div, (). Then, there exist unique distributions -, vdr and y,wdr such that

(V< vor, @) = (v,curl @), — (curlv, @), (2.26a)
(Ynwdr, )r = (divw, ), + (w, Vo), (2.26b)

2also known as rotated tangential trace.
3if ~, is labeled rotated tangential trace, then -, is usually called tangential trace.
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hold for all ¢ € D(2) and ¢ € D(2). Thereby, or denotes a Dirac distribution with support T, ¢f. (2.8). For
instance,

(Ynwir, o)r = <7'nw’ @|F>F'

Proof. First, we derive the formulae for distributions. The divergence theorem, see [88, Theorem 3.19] is
our starting point for the proof. For convenience, it states that for u € C*(Q),

/divudac = / ur - ndz. (2.27)
Q r

It is obvious that this result holds also for u € D(2). With this, (2.26b) follows by choosing u := we. For
(2.26a), we set u := v x ¢ and use the vector identity div(v x ¢) = ¢ - curlv — v - curl .

Then, by applying Cauchy-Schwarz’s inequality to the right-hand sides of (2.26a) and (2.26b), respectively,
we can merely establish well-posedness of the distributions «, vdr and v, wdr in the sense of (2.6). Now
using the density results of Lemma 2.12 closes the proof. For more details and explicit proofs, we refer to
[116] and [35, Section IX.A.§1.2]. O

Remark 2.16. By using similar arguments as for (2.26b) but for a fixed w € H (div,(2), the existence of the
standard trace yow can be established for w € H(V,Q), see [116, Section 2.5].

In the following, we further derive two spaces that contain the solutions of the curlcurl and the Laplace

equations.

H (curl curl, Q) := {v € L*(Q) : curlcurlv € L*(Q)},
H(A,Q):={ve L*Q): Ave L*(Q)},

where A = divV denotes the Laplace operator. Similar to the energy spaces defined above, the spaces
H (curl curl, Q) and H (A, ) turn to Hilbert spaces when equipped with the inner products

u,v € H(curl curl, () : (%, V) g (curt curt,0) = (W, V)q + (curl curlw, curl curlv)g,
u,v € H(A,Q): (uvv)H(A,Q) = (u,v)q + (Au, Av)g,

which induce the norms

ve H(curl curl, Q) : |1v]| greur curt ) = \/ (0, V) H (curl curl, )
veEH(A Q) [[vllgan =/ (v, V) ga0)
respectively. For these spaces, we also find appropriate integration by parts formulae.
Corollary 2.17. Let Q2 be a bounded Lipschitz domain with a connected boundary I, and U a possibly non-linear
operator according to Assumption 2.13. Then, there exist unique distributions +4 wor and v wér such that:
* Forw € H(A,Q), it holds

(divUVw, ¥), + UV, Vi), = (ff wir, ). Vo € D(Q). (2.28)
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* For w € H(curl curl, ), it holds

(U curlw, curl ), — (curlf curlw, @), = (Y wir, @) Vo € D(Q). (2.29)

r

Proof. The first assertion (2.28) follows similarly to (2.26b) by setting w := UVw with w € H(A,Q).
Analogously, the second assertion arises by choosing v := U curlw in (2.26a), which yields (2.29) for
w € H(curl curl, 2). O

By taking boundary conditions into account, we introduce the subspaces

HA(V,Q) = {ve H(V,Q) : yv = A}, (2.30a)
H(curl, Q) :={v € H(curl,Q) : v, v = A}, (2.30b)
H (div, Q) := {v € H(div,Q) : 7v = A} (2.300)

The mapping properties of the trace operators applied to elements from H(V,(2), H(curl, 2), and H (div, 2)
will be specified explicitly in the Section 2.3. Nevertheless, we already know from Theorem 2.15 and Re-
mark 2.16 that they exist. In particular, we can define energy spaces with homogeneous boundary conditions,
i.e., Hy(V,Q), Ho(curl, 2), and H(div, ) similarly to (2.11) by

Ho(v.9) = D) 1™ Ho(eurl, 0) = D)7 pr (div, ) = Doy IHee,

see [88, Theorem 3.25 & Theorem 3.33]. Furthermore, in case we have a boundary with several connected
components, it is convenient to specify the part of the boundary, on which a boundary condition is assigned.
With I'; denoting some connected subset of I", we write

H)\(V,Q, 1) :={ve H(V,Q) : vov =AonTI};}, (2.31a)
Hy(curl,Q,T;) :=={ve H(curl,Q) : v, v=AonI};}, (2.31b)
H)\(diV, Q,Fi) = {’U € H(diV, Q) D YU = Aon Fi}. (2.310)

The spaces H(V,(?), H(curl, (2), and H (div,2) are related by the differential operators V, curl, and div,
such that they form a sequence

H(V,Q) % H(curl, Q) % H(div, Q) 2% £2(Q).

The structure of the sequence depends on the topological properties of 2. Hence, we distinguish in the fol-
lowing between simply-connected domains, and connected ones that (sloppily speaking) may possess holes,
which we will specify later and refer to as topologically non-trivial. We refer, e.g., to [3, 12, 55, 60] for more
reading.

2.2.2 De Rham complex for trivial topologies

A trivial topology can be represented by a simply-connected domain 2 C R? with a connected boundary T,
see [11, Section 5.1.4]. In other words, the domain (2 has a trivial topology if it is contractible to a point.

In Figure 2.2, we visualize the structure of the de Rham complex, where the mentioned spaces form an exact
sequence. It is the case when (2 has a trivial topology, see [4, 11]. The rectangles schematize a splitting of
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R 2 v, 0) - Hcurl,0) ¥ H(div,0) —4 12

Figure 2.2: De Rham complex for a topologically trivial domain.

the function domains on which the differential operators V, curl, and div act: The green areas RO R1 and
R2 represent each the domain’s elements that map to a non-zero element in the kernel of the succeedlng
operator in the sequence, which we illustrate with the blue areas R, Rk, and Rk, respectively. This gives rise
to the closed subspaces

H(V0,Q):={ve HV,Q): Vv=0},
H(curl0,?) := {v € H(curl,Q) : curlv = 0},
H(div0,Q) := {v € H(div,Q) : dive = 0},
and we say that the elements of H(V0,2), H(curl0,), and H(div0,(2) are closed. Obviously, we also

notice that the image of each differential operator coincides with the kernel of the next one in the sequence.
In other words, we have

R = ker(V), (2.33a)
Im(V) = ker(curl), (2.33b)
Im(curl) = ker(div), (2.33¢)
Im(div) = L*(Q), (2.33d)

where Im(-) denotes the image and ker(-) the kernel of an operator. In terms of spaces, the relations in (2.33)
translate to

= H(V0,Q), (2.34a)

V(H(V, )) = H(curl0,Q), (2.34b)
curl(H (curl,Q)) = H(div0, ), (2.340)
div(H (div, Q)) = L*(Q). (2.34d)

As a direct consequence, we present the following result, which establishes the existence of potentials.
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Theorem 2.18 (Existence of potentials). For a bounded topologically trivial Lipschitz domain €2, we have,

ve H(curL): curlv=0= 3Fpec H(V,Q) :v=Vy, (2.35a)
ve H(div,Q): divov=0 = Jw € H(curl,Q): v = curlw. (2.35b)

We call a function ¢ and a vector field w that are obtained as above a scalar potential and vector potential,
respectively.

Proof. The result is standard and can be found, e.g., in [55] and [115, Theorem 2.19]. O

It is evident that the potentials defined above are not unique. Indeed, because of (2.33), there exists a
whole class of scalar potentials of the form ¢ := ¢ + C, with ¢ € H(V,Q) and C' € R that satisfy the
right-hand side of (2.35a). Similarly, all vector potentials of the form w := u + V¢, with u € H(curl, Q),
¢ € H(V,Q) are possible representations of divergence free fields. In order to guarantee the uniqueness
of potentials, further conditions have to be prescribed for a specific choice of the constant C. We present
for instance one possible choice of unique potentials, and refer, e.g., to [3, 55], for more extensive re-
sults.

Corollary 2.19. For a bounded topologically trivial Lipschitz domain ), it follows that

ve H(curl0,Q) = 3o e H(V,Q):v=Vy with (p,1)5 =0, (2.36a)
ve H(div0,?) = JFwe H(curl,Q) N H(div,Q2) : v =curlw with divw =0 and v,w = 0. (2.36b)

Conditions that fix the choice of potentials are called gauge conditions.
Proof. The relation (2.36a) is straightforward, because the condition (¢, 1), = 0 yields a potential that is

orthogonal to the constants. Hence, the kernel is removed by definition. The proof of (2.36b) can be obtained,
e.g., by adapting the more general result of [88, Theorem 3.38] for topologically trivial domains. O

For convenience, we define the space of divergence free vector fields with vanishing normal traces
H(div0,9) := {v € H(div0,Q) : y,v = 0}, (2.37)

and note that w as given in (2.36b) is an element of H (curl, Q) N H(div0, §2). The subspaces H(V0, ),
H (curl0,$?), and H(div0, 2) are closed subsets of Hilbert spaces. Hence, Theorem 2.2 applies. We denote
the corresponding quotient spaces by
[HV,Q)]:= H(V,Q)/H(V0,Q) =H(V,Q)/R,
[H(curl, Q)] := H(curl, Q)/H (curl0,) = H(curl,Q)/V(H(V,Q)),
[H(div, Q)] := H(div,Q)/H(div0,Q) = H(div,)/curl(H (curl, (2)).

For visualization, the quotient spaces [H(V, )], [H (curl, Q)], and [H (div, )] correspond to the regions R,
Rcll, and RZ in Figure 2.2. With this, Corollary 2.19 can be rewritten in terms of quotient spaces.

Corollary 2.20. For a bounded topologically trivial Lipschitz domain ), it results that

ve H(curl0,Q) = I e [H(V,Q)] :v=Vyp, (2.38a)
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ve H(div0,Q?) = 3w e [H(curl, Q)] : v = curlw. (2.38b)

Proof. 1t is sufficient to show that these formulations and the ones in Corollary 2.19 are equivalent. First, by
Corollary 2.4, we identify [H(V, Q)] with H(V0,Q)*, and [H (curl, Q)] with H(curl0,Q)". Per definition
of the orthogonal complement, there holds

Yo € H(V0,Q)" and C € H(V0,Q) =R, (,C)g =0, (2.39)

which coincides with the gauge condition in (2.36a).
Then, for the second equivalence, we know from (2.35a) that for wy € H(curl0, Q) there exists a ¢ €
H(V,Q) such that wy = V. With this, orthogonality of w € H(curl 0,Q)" and Vo € H(curl 0, ) means

(w, V) = 0. (2.40)

The integration by parts (2.26b) extends by continuity to ¢ € H(V, () because of the density of D(Q2) in
H(V,Q), see Lemma 2.12 and Remark 2.16. Then, we see from

(w7 VSD)Q = <7’nw7 'YOQO)F - (diV’LU, SO)Q

that for w to be an element of the orthogonal complement H (curl 0, Q) in L?(2), it has to satisfy divw = 0
and y,w = 0. Hence, H(curl0, Q)" C H(curl, Q) N Hy(div0, (). Similarly, the reverse inclusion follows
merely by means of integration by parts. Therefore, H (curl 0, )", thus [H (curl, Q)], can be identified with
H (curl, Q) N Hy(div 0, §2). O

A similar de Rham complex can also be derived for energy spaces with homogeneous boundary conditions,
see [27, Theorem 7].

2.2.3 De Rham complex for non-trivial topologies

The general type of de Rham complex arises when §2 has a more general topology. In particular, we consider
Q2 C R3 to be connected but not simply-connected, for instance, as visualized in Figure 2.1. First, let us intro-
duce the notion of pseudo-Lipschitz domains, and refer to [3, 88] for more details.

Definition 2.21 (Pseudo-Lipschitz, [3, Definition 3.11). Let B;(xo; r) denote the d-dimensional ball with center
x and radius r. We consider d = 2,3. A domain 2 is pseudo-Lipschitz, if we have

Ve € 0, Ing € {1,2}, 319 > 0: V0 < p < 1o, QN By(x; p) = {wi},=, with wy, connected and Lipschitz.

Until now, we assumed the existence of a set of N¢ connected surfaces {Fck}ffil that render a connected
domain simply-connected. In the following, we formalize this idea and specify the requirements that should
be fulfilled to account as an admissible interior cut.

Definition 2.22 (Interior cuts, [88, Section 3.7]). We call I'c, with k = 1,..., Ng, interior cuts of Q) if the
following properties are satisfied for all k = 1,..., N¢:

* I'c, are open parts of smooth surfaces.

° 8Fck C 0.

35



R 2w, 0) Y Hcurl, @) < Hdiv,0) — 1 r20) Loy

Figure 2.3: De Rham complex for a topologically non-trivial domain with cohomology (in red).

* All surfaces I'c, are disjoint.

N¢
* O\ U I'c, is simply-connected and pseudo-Lipschitz.
k=1

Remark 2.23 ([3, Remark 3.2]). Definition 2.21 on pseudo-Lipschitz domains allows the consideration of cuts in
multiply-connected Lipschitz domains. Let us consider a domain 2 with boundary I'. Then, in the neighborhood
of x € T, which is specified by a d-dimensional ball with positive radius and center x, n, = 1 arises if the
considered intersection of the neighborhood of « with S lies completely on one side of I, whereas n, = 2 means
that the latter lies on both sides. For an illustration, see Figure 2.1a, where we find n, = 1, e.g., for x € Ty and
ng = 2 on I'c,. Note also that pseudo-Lipschitz domains possess the cone property.

As highlighted in Figure 2.3, we see that additional partitions arise in this case comparing to Figure 2.2. The
corresponding subspaces of GV, G*, and G? contribute as well to the kernels of V, curl and div in H(V, Q),
H (curl, Q) and H(div, 2), respectively. Moreover, the div operator maps the elements of H (div, ) to a sub-
space of L?(Q2) denoted by R3. The orthogonal complement of R? in L?((?) is represented by G*3. From [27,
Theorem 7], we know indeed that the equalities in (2.33) change to inclusions, i.e.,

R C ker(V),
Im(V) C ker(curl),
Im(curl) C ker(div),
Im(div) C L*(Q).
Moreover, the images of the differential operators on left-hand sides form closed subsets in the corresponding

kernels [35, Section IX.A.§1.3]. In particular, ker(curl) and ker(div) being closed can be expressed by means
of Theorem 2.2, which leads to

H(curl0,Q) = ker(curl) = VH(V,Q) @ (VH(V,Q))>°, (2.42a)
H(div0, Q) = ker(div) = curl H(curl, Q) @ (curl H (curl, Q))-°. (2.42b)




Thereby, orthogonality is understood in the H(curl,2), and H (div,(2) sense, respectively. Note that
the subspaces (VH(V,))>? and (curl H (curl, 2))-? are the orthogonal complements of VH(V, () and
curl H (curl, ) in the corresponding null-spaces H (curl 0, 2) and H(div 0, 2), respectively. Hence, to avoid
a notational conflict with the orthogonal decomposition in the whole spaces H (curl, ) and H (div, §2), we
used the notation (-) instead of (-)*.

The spaces (VH(V,Q))>° and (curl H (curl, ©2))+ are isomorphic to the first and second de Rham coho-
mology spaces (or groups), respectively. We label them

H,(Q) := (VH(V,Q)*°, (2.43a)
Hy () := (curl H (curl, Q). (2.43b)

In addition to H(div 0, 2), which we defined in (2.37), we introduce
Hy(curl0,$?) := {v € H(curl0,Q) : v, v =0}.

The spaces H(div0,Q) and Ho(curl 0, ) correspond to the orthogonal complements of (VH(V,))* and
(curl H(curl, Q))* in H(curl, Q) and H(div, Q2), respectively. This can be established similarly to the proof
of Corollary 2.20 by a direct application of the integration by parts formulae of Theorem 2.15 and by us-
ing the density arguments of Lemma 2.12 to extend the assertion to the corresponding energy spaces. For
convenience, we write

Hy(curl 0, Q) = (curl H(curl,Q))*,
H(div0,Q) = (VH(V,Q))*.

Therefore, the cohomology spaces H; (€2) and Hy(£2) can be further characterized as follows

H;(Q2) = H(curl0,Q) N Hy(div0, ), (2.45a)
Hy(Q2) = Ho(curl0,2) N H(div0, §2). (2.45b)

We refer to [27, Definition 2.4] and [60] for more details about the cohomology spaces, and in addition
to [35, Section IX.A.§1.3] for a more concrete characterization of the corresponding spaces associated to
the regions in Figure 2.3. Therefrom, we also know that H; (2) and H(2) contain harmonic Neumann and
Dirichlet vector fields, respectively. Moreover, their dimensions are finite, and match with the first and second
Betti numbers of €, i.e.,

dim H, (2) = 51(92),

Betti numbers are topological invariants that are defined as the dimensions of the respective cohomology
spaces. In our connected 3D case, 5;(2) and 32(£2) correspond to N¢ as in Definition 2.22 and to the number
of connected boundaries Nr minus one, respectively, cf. [88, Theorem 3.42 & 3.43]. Informally, 5;(f2) can
be interpreted as the number of one-dimensional (1D) or “circular” holes, and 35(£2) as the number of 2D or
“surface” holes. Note that 5y(2) and £5(2) can also be defined: [y(f2) designates the number of connected
components of €2, thus, 5y(2) = 1, whereas §3(2) = 0, see [4].

The last pieces of the puzzle reside in the characterization of the orthogonal complements of H (curl0, 2)
and H(div0, ) in H(curl,Q?) and H (div,?), respectively. They arise when inspecting the properties of the
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Hieud,0) — ., Hdiv.0)

H(div0,Q) < > Ho(curl0, Q)

/

H(curlo, ) < > H(div0,Q)

Figure 2.4: Orthogonal decompositions of H (curl, Q) and H (div, 2). The curl isomorphism (2.48) is
represented by the arrows.

curl-operator. Let H§(div0, Q) and H' (div0, Q) denote the subspaces of H (div0,2) with vanishing fluxes
through the individual cuts and boundary pieces, respectively, i.e.,

H§(div0,Q) := {v € H(div0,Q) : (v,v, D, =0 Yk=1,...,Nc},
H"(div0,Q) := {v € H(div0,9) : (ypv,1)p =0 Vk=1,...,Np}.

Theorem 2.24 (Isomorphisms of the curl-operator, cf. [12, Theorem 1 & 21). Let H (curl, Q) N H§(div 0, )
and H' (div0, Q) be endowed with the H (curl, ) and L?(Q) norms, respectively. Then, the operator

curl : H(curl,Q) N HS(div0, Q) — H"(div0,Q) (2.48)
is a homeomorphism. Furthermore, the same property holds also with

curl : Ho(curl, Q) N H  (div0,Q) — H§(div0, Q). (2.49)

Interestingly, notice the apparent correspondence (symmetry) of the structures of the spaces in (2.48) and
(2.49). In fact, as explained in [12, Section 3.3], (2.49) is an isomorphism in a dual structure of the de Rham
complex, which can be represented, e.g., as the sequence of energy spaces with homogeneous boundary
conditions. In Figures 2.4 and 2.5, we illustrate the above mentioned observation along with the relevant
orthogonal subspaces of H(curl, Q) and H (div,{2) on one hand, and Hg(curl,Q?) and H(div,{2) on the
other hand. We refer, e.g., to [88] for more details on the decomposition of spaces with homogeneous
boundary conditions.

As a consequence of Theorem 2.24, we state the following result.

Corollary 2.25. For v € H' (div0, ), there exists a unique w € H (curl, Q) N H§(div0, Q) with v = curl w.
Moreover, there exists C7 > 0 such that

HUHH(curl,Q) < Cl||curlw||L2(Q)'
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Hy(curl, Q) Lﬂ) H(div, Q)

H(div0,Q) < > H(curl0, )

\

Hy(curlo, ) <

J

> Ho(diVO, Q)

H{(div0, Q)

Figure 2.5: Orthogonal decompositions of Hg(curl, ) and H(div,?). The curl isomorphism (2.49)
is represented by the arrows.

Reversely, a vector field w € H (curl, Q) N H§(div0, Q) implies that v is an element of H' (div 0, ), and there
exists Cy > 0 such that

chrleLz(Q) < C2H’UHH(curl,Q)'

In addition, similar results hold for v € H§(div0,Q) and w € Hg(curl, Q) N HY(div0, Q).

Proof. The assertions are a direct consequence of Theorem 2.24. For instance, the results can also be obtained
from [3, Theorem 3.12 & 3.17] or as a special case of the more general setting in [50, Lemma 3.1]. O

Altogether, we come to the well-known Helmholtz (Hodge) decompositions.

Theorem 2.26 (Helmholtz decompositions). Every vector field u € L*(Q) admits the following orthogonal
decomposition,
u=-curlv+ Vo +mn, (2.50)

with unique o € H(V,Q) (up to a constant), n, € Hy(Q), and v € Ho(curl, Q) N H'(div0, Q). Alternatively,
it holds for any w € L*(Q2) that
u = curlv + Vo + 1y (2.51)

with unique ¢ € Hy(V,Q), ny € Hy(Q), and v € H(curl, Q) N H§(div0, Q).

Proof. The decompositions are readily obtained by using Theorem 2.24 together with the orthogonal decom-
positions illustrated in Figure 2.4 and its “dual” in Figure 2.5. For convenience, we also refer, e.g, to [88,
Theorem 3.45, Remark 3.46] and [35, Corollary IX.A.§1.6]. O

Remark 2.27. For a topologically trivial domain ), the Helmholtz decompositions given above reduce to

Vu € L2(Q),3 ¢ € H(V,Q) and v € Hg(curl, Q) N H(div0,Q) : u = curlv + V,
Vu € L(Q),3 ¢ € Hy(V,Q) and v € H(curl, Q) N Ho(div0,Q) : u = curlv 4 V.

Note that in the first statement,  is unique up to a constant.
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In addition, the orthogonal decompositions

H(curl, Q) = H(curl0,Q) ® (H (curl, Q) N HS(div0,Q)),
Hy(curl, Q) = Ho(curl0,Q) @ (Ho(curl, Q) N H(div0,Q))

motivate the consideration of quotient spaces for analysis purposes. By Corollary 2.4, we obtain the identifi-
cations

[H (curl, Q)] = H(curl, Q) N H§(div0,Q), (2.52a)
[Ho(curl, Q)] = Ho(curl, Q) N H' (div0, Q). (2.52b)

With this, we close the discussion about the existence and uniqueness of potentials in dependence of the
topology. For more details, and more exhaustive contents, we refer the interested reader to [3, 27, 35, 55,
60]. Similar results for spaces with mixed and non-homogeneous boundary conditions are provided in [49]
and [50].

In this work, 2* may be bounded or unbounded. For the latter case, we recall the definition of Hj; (2°) in
(2.12). With s = 1, we refer to this space as the local H'(¢) space, i.e., H'(K) for every compact subset K
of Q€¢. Accordingly to the notation used for the energy spaces, we write H,.(V, ) instead of Hlloc(Qe). In
the same sense, we introduce

H . (div, Q¢
H,(curl, Q°
Hioe(A, Q°
Hy.(curl curl, Q°

ve € L (9Q°): dive® € LY (29},

v® € L (Q°): curlv® € LY (Q°)},

v € Lin(Q°) + Av® € L (29},

v® € L (92°) : curlcurlv® € LE (Q°)},

) = {v°
) = {v°
) o= {of
) = {of

which are Hilbert spaces that inherit the structure of the corresponding L2 .(Q°) or Lj (€2°) space. For
convenience, we also give the notation of Bochner spaces that take instantaneous values in energy spaces.
They are defined equivalently to (2.14), i.e.,

L*(9,,T; HV,Q)) :={ve L}T; H(V,Q)) : 0w € L*(T; H(V,Q))}, (2.53a)
L?(0;,T; H(curl,Q)) := {v € L*(T; H(curl,Q)) : ;v € L*(T; H(curl,Q))}, (2.53b)
L?(0,,T; H(div,Q)) := {v € L*(T; H(div,Q)) : 0w € L*(T; H(div,Q))}, (2.53¢)

where T' = [0, tmax|, tmax > 0 is again a specific time interval. Furthermore, the Bochner spaces associated to
H(A,Q) and H (curl curl, ) can be defined in complete analogy. We denote them by L?(9;,T; H(A,Q)),
L?(0;,T; H(curl curl, Q2)), respectively. In addition, Bochner spaces that take values in quotient spaces are
defined by

L0y, T; [H(V,Q)]) := {v e L}(T; [H(V,Q)]) : 0w € L*(T; [H(V,Q)))}, (2.54a)
L?(0;,T; [H(curl,Q)]) := {v € L*(T; [H(curl, Q)]) : d;v € L*(T; [H(curl, Q)])}, (2.54b)
L?(0;,T; [H(div,Q)]) := {v € L*(T; [H(div,Q)]) : dyv € L*(T; [H(div,Q)])}. (2.54¢)

Eventually, boundary conditions are incorporated in the spaces with a similar notation as in (2.30) and (2.31).
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In the next section we focus on the formulation of the problem on the boundary, and introduce the setting
that will lead to BIEs. For instance, suitable trace spaces have to be characterized. The latter arise by
application of the trace operators from Definition 2.14 to energy spaces. For this, specifying the ranges of the
trace operators such that we obtain continuous and surjective operators is necessary. Moreover, a de Rham
complex that relates energy spaces to their traces summarizes the setting.

2.3 Trace spaces

In the Maxwell framework presented in Section 1.1, we saw for instance that boundary conditions are for-
mulated in terms of tangential and normal components of the fields. Hence, a straightforward applica-
tion of Gauld’s divergence theorem, cf. (2.27), to an interface problem suggests that an appropriate trace
space should satisfy weak normal continuity on the boundary. Similarly, the Stokes theorem, cf. [88, Corol-
lary 3.21], points out the need of spaces that guarantee tangential continuity. Before introducing such spaces,
we motivate briefly our requirement that I', which is the boundary of a domain €2, should be Lipschitz. First
of all, this choice is general enough to cover most technical geometries. Second, Lebesgue integrals make
sense for Lipschitz boundaries, and we know from the Rademacher theorem [103, Theorem 2.7.1] that nor-
mal vectors (outward pointing) exist a.e. on I', and are bounded. Last, the theory of Sobolev spaces on the
boundary is well-established, see, e.g., [87, 103, 109]. Even though finding trace spaces for H (curl, 2) de-
fined over Lipschitz domains was a missing piece in the theory, it no longer poses a restriction thanks to the
results provided by Buffa, Costabel, and Sheen [20].

Following the procedure of the last section, we first define tangential differential operators. First, let ¢ €
H!(T'). We denote by ¢ € D(f2) an extension of ¢ into the domain €2 such that

© = Y0P

Then, the surface gradient operator Vr, and the vectorial surface curl-operator can be defined as traces of
the gradient V as follows

Vre = vp(Vo), (2.552)
curlp p = v, (V). (2.55b)

Their adjoint operators are called surface divergence and scalar surface curl-operator. They are denoted by
divr and curly, respectively. Formally, they are computed by duality

(dive @, p)r = — (¢, Vro)r, (2.56a)
(curlr o, o) = (¢, curly )y, (2.56b)

where ¢ € L?(T"). We refer to [20, Section 3] for a intrinsic construction of the above mentioned tangential
differential operators for Lipschitz domains. Beside the Sobolev space H > (T") and its dual H -3 (I"), we re-
quire traces for H(curl, Q). A characterization for Lipschitz domains is furnished in [20, Section 4]. In the
following, we present some related results for convenience, and refer the reader to the cited paper, and e.g.,
[22], for more details.
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Let v, : HY(Q) - H %(F) be the vector restriction trace [20, Section 2]. Similarly to the derivation of
1
tangential differential operators, applying the traces v, and vp, to H'(Q) yields the Hilbert spaces H2 (I") :=
1 ~ ~
v (H'(Q)) and H2(T") := vp(H"'(Q)). For convenience, let £ € H' () be defined such that (£ = &. Then,
1 1
we equip H; (I') and Hj(I") with the norms
¥ 1 = inf {||&||...  with v, £ =),
0,30y = E (1€l gy with 7€ =)

90,3 = I (1€l 0 0 = ),

which assure the continuity of the operators «, and ~p, see [20, Definition 2.2]. In other words, along an
1
edge, a function in H}(I") exhibits a weak tangential continuity, whereas the normal component of a function
1 _1 1
in HZ(T'") is continuous in a weak sense. Moreover, we designate by H, *(I') and H,*(I") the dual spaces

1 1
of H}(I') and HJ(T'), respectively.

1 1
Remark 2.28. For a smooth I', the spaces H 2 (I') and H}(I") coincide, and they can be identified with the space
of tangential vector fields of regularity %, namely,

1

HZ(T):={p € H2(T) :¢p-n = 0}.

1 1

_1 _1 _1 _1 1
Similarly, H,*(I') = H,*(I') = H, *(I"), where H, *(I") denotes the dual space of H¢ (I), see [20, Section 2].
Altogether, the trace spaces of H (curl, 2) for Lipschitz domains are specified as

H 3 (dive,T) = {o € H.*(T) : divrep € H-3(T)},
H % (curlp,T) = {4 € H2(T) : curlp 4 € H3(T)}.

They are endowed with the graph norms

_1 . .
weH 2(dive, D) 1l gy ) = \/ 117 ot dive I3, 4 (2.57a)

_1
we H bl D), (%l 0 = \/”¢”i]-%<p>+ Jeurle g . (2.57b)
’ D

The next result concerns the mapping properties of the trace operators that are employed to map the energy
spaces to their traces, building up to a de Rham sequence on the boundary, which we depict in Figure 2.6,
and will discuss subsequently.

Theorem 2.29 (Mapping properties of trace operators). The following trace operators can be extended to linear;
continuous, and surjective operators:

* The standard trace is uniquely extended to vy : H(V,Q) — H 2 ("), and there exists Cy > 0 such that

H'yovHH%(F) < Collvll (v 0 Yv e H(V,Q). (2.58)
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Figure 2.6: Commutative de Rham complex relating energy spaces to their traces.

* The tangential trace is uniquely extended to ~, : H(curl,Q) — H _%(din, '), and there exists Cy > 0
such that
H7>< HH 2 (divp,T) — CX HUHH curl,2) Vv € H(curl, Q) (2.59)

* The Dirichlet trace is uniquely extended to ~yp : H(curl,Q)) — H~ (curlp, I'), and there exists Cp > 0
such that

”7D HH 3 (curlp,T) — CDHvHH(curlQ) V’UEH(CUI‘I,Q). (2.60)

* The normal trace is uniquely extended to 7y, : H(div,Q)) — H —3 (T"), and there exists Cy, > 0 such that

H%vHH*%(F) < Cullvl| g divio) Vv € H(div, Q). (2.61)
Moreover, vo, v, Yp, and vy, are surjective with continuous right inverses.

Proof. The assertions are obtained by density arguments. For instance, the extension and properties of ~
and ~,, are provided in [87, Theorem 3.37] and [88, Theorem 3.24], respectively. For the results of v, and
~p, we further refer to [20, Theorem 4.1]. O

By recalling the expressions of «, and -y in Definition 2.14, we notice that they are connected geometri-
cally by means of the rotation operator xn : L? — L? (or its adjoint nx). As stated in the next theo-

rem, this yields a definition of a duality pairing for H -2 (divp,T') and H -2 (curlp, T") with L?(I") as a pivot
space.

Theorem 2.30 (Extrinsic relation of H *%(din, I') and H *%(curlp, I')). The rotation operator xn and its
adjoint nx can be extended to linear and continuous isomorphisms:

* The operator xm is uniquely extended to xn : H -2 (curlp,T) - H -2 (divp, I'), such that

e H 2(curlp,T), 36 € H 2 (divp,T): (3 x n, @)y = (€, ) Ve € H 2(curlp,T).
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* The operator nx is uniquely extended to nx : H (divp,I') — H: (curlp, T'), such that

¢ € H 2(divp,T), N¢ € H 2(curlp,T) 1 (o, n x ) = (@, &) Ve € H 2(divy, T).

Proof. The essence of the result is demonstrated in [20, Section 2], and phrased in [116, Theorem 2.5.4],
for instance. dJ

Corollary 2.31. The conormal derivative ; and the Neumann trace ~yy, with U = Id, can be extended accord-
ingly such that

v H(A,Q) — H2(T), (2.62)
v : H(curl curl, Q) — H_%(diVF,F) (2.63)

are linear, continuous, and surjective. Therefore, there exists C; > 0, Cy > 0 such that

Imwl -3 < Cillvlaa o Vw e H(A,Q),
H™2(T)

Nl s ey < OV Ercunt eunt) Y € H (curd curl, ©).

Proof. The extensions follow from Theorem 2.29, in particular from the properties of ~,, and -, respectively.
Namely, the assertions arise by choosing v = Vw, with w € H(A, ), in (2.61), and by setting v = curl w in
(2.59). O

With the aid of Figure 2.6, the tangential differential operators Vr, curlr as well as their adjoint opera-
tors, i.e., divp and curly, respectively, can be extended to linear and continuous operators such that the
de Rham complex commutes. For instance, the following mapping properties are proposed in [20, Proposi-
tion 3.6]

Vi HY(T) —s HL2(I),
curly : HY(T) — Hy*(T),
dive : HZ(T) — H-3(I),
curlp : HZ(T) —s H3(T).

Similarly to Figure 2.2 and Figure 2.3 the structure of the de Rham sequence on the boundary depends as
well on the topological properties of (2 and I". Hence, we write

R C ker(Vr), (2.64a)
R C ker(curly), (2.64b)
1
Im(Vr) C ker(curlp) N H, 2 (T), (2.64¢)
Im(curly) C ker(divr) N Hy 2 (T), (2.64d)

and define the null-spaces by

ker(curlr) := H_%(curlp 0,1 ={y € H_%(curlp,l“) : curlp ¢ = 0},
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ker(divr) := H2(divp 0,T) = {4 € H 2 (divp,T) : divp 4 = 0}.

The subspace H —2 (divr 0, ") will be of particular interest in the formulation of the 3D problem in the exterior
domain. Similarly to the de Rham complex for energy spaces, the inclusions in (2.64) might be strict for gen-
eral topologies. This is due to the fact that harmonic fields contribute also to the kernel. Such fields live in the
following space, which is isomorphic to the first surface cohomology space, namely,

H,(T) = {» € L3(T") : curlp ¥ = 0, divp ¥ = 0}.

Hence, the dimension of H; (I") is determined by means of the first Betti number associated to the boundary
I'. Note that H; (T") consists of the direct sum of tangential traces of the cohomology spaces associated to 2
and Q°¢, see [23, Remark 3.5] and [15, Corollary 1] for more details. Hence, the dimension of H; (I") given
by $1(I") can be determined as follows

B1(T) = B1(2) + B1(2°).

. . . 1. . .
With this, we can further characterize the null-space H ~z(divp 0,I") via a direct orthogonal decompo-
sition into the space of surface stream functions and H(T"), which contains surface cohomology vector
fields.

Theorem 2.32 (Direct decomposition for H -2 (divp 0,T"), [23, Equation 3.3]). Let I be a Lipschitz boundary
of some domain (). Then, the space H —3 (divp 0,I") admits an orthogonal decomposition

H~2(divp 0,T) = curlp H2(T") & Hy(T)
with dim H, (T') = fy(T).

Remark 2.33. For a simply-connected T, the non-strict inclusions C in (2.64) turn into equalities. For a proof,
we refer to [20, Corollary 3.7, Theorem 5.1, Corollary 5.3]. In particular; it clearly follows that

H~2(divp 0,T) = curlp Hz(T),
since 51(I') = 0.

With this, we present a fundamental result that delivers a characterization of H -2 (divp, T'). Indeed, it can be
perceived as the boundary counterpart of Helmholtz decompositions of Theorem 2.26 and Remark 2.27.

Theorem 2.34 (Hodge decomposition, [18, Theorem 5.5]). Let I be a Lipschitz boundary of some domain €,
and let )
H(Ap,T):={pc H' () : Arp € H 2(I')}

denote the boundary counterpart of H(A,)), where Ar = divp Vi = — curly curly is known as the Laplace-
Beltrami operator. Then, the following direct decomposition holds

H 2 (divy,T) = Vo H(Ar, T) & H™2 (divr 0,T),

where H™2 (divp 0,T") admits the decomposition of Theorem 2.32.
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Note that the same type of decomposition holds also for H —3 (curlp, T'), see e.g., [15, Theorem 3], where the
decomposition of H -3 (curlp, T') is valid for Lipschitz polyhedra. An extension to Lipschitz domains can be

conducted as in [20, Theorem 5.5].
The following theorem is a continuation of Corollary 2.17. In particular, it showcases besides the de facto

duality of H 2 (T') and H 3 (I"), the correspondence
H 2 (divr, F), —H > (curlp, T), H 2 (curlr, I‘), —H 2 (divp, T).

Moreover, the integration by parts introduced therein, which we also call first Green’s identities, plays a central
role in the derivation of our variational formulations in interior domains.

Theorem 2.35 (First Green’s identities). Let ), T, and U be defined as in Corollary 2.17. The following
integration by parts formulae can be stated.

* Forw € H(A,Q), it holds

(divUUVw, v)g + UVwW, Vv)g = (W w,yv). Vo€ H(V,Q). (2.65)

* For w € H(curl curl, Q), it holds

(U curlw, curlv), — (curlf curlw, v), = <'y% w,ypv), Vv e H(curl, Q). (2.66)
Proof. The extension of (2.26a) to
(w, curlv)g, — (curlw, v), = (v, w,vp ’U>F (2.67)

for all w, v € H(curl,?) is demonstrated in [17]. With this, the proof follows from Corollary 2.17. The
same holds true for (2.65) by using [109, Equation 4.3]. O]

As in the previous section, we introduce according to Definition 2.3 some relevant quotient spaces on the
boundary by

[Hz(I)] := Hz(I')/R, (2.68a)
[H 3 (curlp, T)] i= H 3 (curlp, I')/H 3 (curlr 0,T) 0 H L (I). (2.68b)

In addition, as an analogon® to H _%(diVF 0,T) for the scalar setting, we define the following subspace of
1
H2()

1

H.>(T) = {p € H2(I) : (4, 1) = 0}. (2.69)
In this setting, we can prove in complete analogy to [20, Corollary 5.4] that the restrictions

Vi [HE(D)] — H2(D),

curly : [H2(T')] — Hp*(T)

“The condition divr ¢ = 0, which holds for all ¥ € H 3 (divr 0,T"), leads also to (¢, Vrep)p = 0 for all ¢ € H2 (T"). Hence,

H® (divr 0,T") contains vector fields that are orthogonal to the gradient fields. In complete analogy, the scalar counterpart should
satisfy orthogonality with respect to the constants.
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yield continuous and normally solvable Vi and curlr. Consequently, their adjoint operators divy and curlp
are continuous and surjective with respect to the mappings

1 1
divp: HZ(I') — H, (D),

1 1

curlp : H3(I') — H, *(I),
see [19].
Starting from the eddy-current approximation (1.2), and by using the mathematical framework of this section,

we introduce in the next chapter the considered model problems, and the tools needed for a coupling of the
Finite Element Method (FEM) with Boundary Element Methods (BEMs).
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3 Modelling and discrete setting

Physics is mathematical not because we know
so much about the physical world, but
because we know so little; it is only its
mathematical properties that we can discover.

B. Russell

This chapter is devoted to pave the way to the concrete model problems that will be addressed in the
next chapter, and which are aimed to be solved by using non-symmetric couplings of the Finite Element
Method (FEM) and the direct Boundary Element Method (BEM) in an isogeometric context. First, we de-
rive the necessary equations for a vector potential formulation in bounded domains starting from the eddy-
current approximation discussed in Section 1.1. In addition, the linear and static cases for both bounded
and unbounded domains are addressed. We recall that non-linear Partial Differential Equations (PDEs) are
exclusively intended to be handled with FEM, whereas BEM is considered for model problems that are formu-
lated in a static regime and in domains that are filled with linear materials (either bounded or unbounded).
In order to use BEM, additional tools such as Boundary Layer Potentials (BLPs) and Boundary Integral Op-
erators (BIOs) are required. Their definitions and properties are furnished in Subsection 3.2.1 along with
the involved Boundary Integral Equations (BIEs) and Steklov-Poincaré operators both for the scalar and vec-
torial case. In particular, we present contractivity estimates for the double-layer operators by means of the
corresponding interior Steklov-Poincaré operator. In the last section of this chapter, we introduce the tools
of the isogeometric framework, i.e., we define the B-Spline and Non-Uniform Rational B-Splines (NURBS)
basis functions that are employed in the design step [65, 94] in most Computer Aided Design (CAD) soft-
ware. Additionally, they are used as the building blocks for the discretization of the de Rham sequence and
its traces. Thereby, we refer mostly to [21, 33, 119]. If not stated otherwise, the operators and equations in
this chapter are understood in a weak sense.

3.1 Vector potential formulations

Throughout this section, the domain (2 is assumed to be bounded, Lipschitz and connected. Hence, it
may have holes, and its boundary I" consists in general of N connected components, i.e., we assume I =

Nr—1
k=0 Lk

Let us first recall the governing equations of the eddy-current approximation as introduced in Section 1.1:
Forxz € Qandt € T := [0, tmax|, tmax > 0, we have

Qb(m,t), (3.1a)

curle(x,t) = ~ o
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curl h(x,t) = j(x,t), (3.1b)
divb(x,t) =0, (3.10)
h(z,t) = v(|b(x,t)])b(x, 1), (3.1d)
J(x,t) = ke(z,t) + js(x, t). (3.1e)

Thereby, x > 0 is a constant in the whole domain 2. Note that the constitutive law (3.1d) is defined for soft
magnetic materials but can merely be replaced by (1.3) and (1.4) for linear and hard magnetic materials,
respectively.

In the presence of an interface I', between two domains ©; and €, i.e., I'c = Q; N Qo, the following jump
conditions have to be satisfied by the vector fields on I'},

(bi(x,t) — ba(z,t)) - n(x) =0, (3.2a)
(1 (1) — G, 1)) - 1) =0, (3.2b)
(hi(x,t) — ho(x,t)) X n(x) = k(x,t), (3.20)
(ei(x,t) — ea(x,t)) x n(x) =0, (3.2d)

where the subscripts -; and -, indicate a corresponding field defined on 2; and ., respectively, and n is
a normal vector on I';, directed from 2; to Q2. Obviously, if there are no surface currents on I'y, k(x,t) in
(3.2¢) should be set to zero.

To solve the eddy-current model (3.1), the equations have to be supplemented by suitable Boundary Condi-
tions (BCs), which may naturally arise for some concrete physical problem from (3.2). For instance, by assum-
ing that ) is a Perfect Electric Conductor (PEC), it is usual to set ex(x, t) xn(x) = 0 and by (x, t)-n(x) = O on
the interface. Hence, (3.2a) reduces to b(x,t) - n(x) = 0 and e(x, t) x n(x) = 0 with b(x,t) := by (x, t) and
e(x,t) := ej(x,t). Typically, the derivation of the corresponding vector potential formulation involves the
assumption that the periods of b and of e + 0,a vanish, which is (topologically) stronger than local Maxwell’s
equations. These assumptions have a physical background, namely, they mean that the flux through any
closed surface vanishes (absence of magnetic monopoles) and that except for magnetic induction, no loop
voltage exists that could drive a current through a closed conducting loop (energy conservation).

In the following, we rather propose a mathematical approach using the framework of Section 2.2 to derive
vector potential formulations from the above equations. Concretely, we consider two cases, which are known
in the physical literature as electric wall (or PEC) and magnetic wall (or Perfect Magnetic Conductor (PMC))
cases. Both derivations are completely analogous but yield as expected different vector potentials. Hence,
we present here only the latter, and refer to Appendix B for the former.

In the sequel, to simplify the notation, we omit to specify the function’s arguments whenever they are clear
from the context, i.e., a function or vector field in a Bochner space depends on x and ¢, whereas an element
of a Hilbert space depends only on x.

For every t € T, (3.1c) and (3.2a) suggest that b € H(div0, 2). As illustrated in Figure 2.4, the decomposi-
tion
b="br+mn,

with br € H'(div0,Q) and 1, € Hy () is readily obtained. By using Corollary 2.25, there exists a unique
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vector potential a € H (curl, Q) N H§(div0, Q), such that
b =curla + n,. (3.3)

In addition, the vector fields involved in (3.1) are time dependent. In particular, we have a first order time
derivative in (3.1a). Then it is natural to set a € L%(9;, T; H(curl, Q) N H§(div0,Q)), which is for conve-
nience defined in (2.54b).

Now, from Faraday’s law (3.1a), and the jump condition (3.2d), we infer that the electric field e is an element
of LZ(T; H(curl, Q)). Inserting (3.3) in (3.1a) yields

curl(e + d;a) = —9m, = 0. 3.4)

This can be explained as follows: for every ¢ € T, we know that curl(e 4+ d;a) € H' (div0,). Moreover,
H'(div0, Q) is orthogonal to Hy(9), i.e., H' (div0, Q) N Hy(Q) = {0}. Therefore, d;n, = O.
As a consequence of (3.4), for all ¢ € T, it follows that (e + d;a) € H(curl0, §2). Then, by the decomposition
(2.42a) together with (2.43a), there exists a unique scalar potential ¢ € L*(T; H(V,)) (up to a constant)
and n, € L*(T; H;(%)), such that

e+ da=—-Vp+n,. (3.5)

Note that the minus sign on the right-hand side is motivated by the physical interpretation of —V¢, namely,
an electric field. In this case, it is a convention to introduce the gradient of the scalar potential with a negative
sign. By inserting e from (3.5) into (3.1e), we arrive at

J=Js+r(=0a+mn — Vo), (3.6)

which gives us a representation of the right-hand side of Ampere’s law (3.1b). Moreover, with divn; = 0 we
obtain a continuity condition
div(j, — kVy) = div(koia) = 0.

In this magnetic wall case, in addition to Ampere’s law, we prescribe zero tangential magnetic field, thus, we
have that h € L?(T; Ho(curl,()). With this, we see from Ampére’s law (3.1b) that j € H§(div0,Q), see
Figure 2.4. Note that j is in the same constrained divergence space as the one of a, which yields consistency.
Using the constitutive law (3.1d), which relates the magnetic field strength h to the magnetic flux density b
leads with curln, = 0 to

curl v(Jcurl a + ny|) curla + kKOia — kM = —KkVp + j. 3.7)

Thereby, we have the vector potential a € L?(d;, T; [H (curl,)]), a scalar potential ¢ € L*(T; H(V,)),
and cohomology vector fields i, € L*(T; H;(Q)) and n, € L*(T; Hy(f2)). Moreover, we used (2.52a), i.e.,
the identification H (curl, Q) N HS(div0, Q) = [H (curl, Q)].

By assuming that V¢ is known, e.g., computed a priori with suitable boundary conditions, then it can be con-
sidered as an additional source term. Thus, we may define j;, = —xV+j € L2(T; HS(div0,Q)).

Remark 3.1. The topological terms 1, and 1o are linked in the setting of (3.7) to the electric field e and to
the magnetic flux density b, respectively. To eliminate the topological effects of the domain on the vector po-
tential formulation, suitable additional boundary conditions can be prescribed. Indeed, it can be shown by
following and adapting the steps from the derivation of (3.7) that this can be achieved by restricting (b, e)
to L3(T; H (div0,Q)) x L?(d;, T; [H(curl,Q)]). Physically, these spaces correspond to the assumptions that
there is no flux through closed surfaces and that no loop voltage exists that could drive a current through a closed
conducting loop.
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Keeping the aimed numerical methods in mind, namely, couplings of FEM and BEMs, we may need mixed
boundary conditions. For simplicity of notation, we prescribe the same boundary condition to all connected

Nrem
parts of I'ppm = U I'rem . with Npgpm denoting the number of all interior boundaries, and similarly to
k=1
Npem
I'eem = U I'gem, k>, Where Npggm = Nr — Ngpgum are the interfaces that separate a FEM and a BEM domain.

k=1
Note that Ny is again the total number of boundary components, as introduced in the beginning of the section.

For instance, with respect to Figure 2.1a, we may set I'rgy = I'y U T2 and I'ggm = I'g. For convenience, we
refer the reader to (2.31) for the definition of energy spaces that are endowed with BCs assigned only on a
boundary part.

An extension of the presented theory to mixed and non-homogeneous boundary conditions is furnished in
the magnetostatic regime in [50, Section 3.1]. An adaptation to the eddy-current model is straightforward.
Then, we can arrive at a vector potential formulation of the eddy-current problem (electric wall case) in a
bounded domain (2 that reads:

Find a € L?(9;,T; Ho(curl, Q, Trey) N HY (div0,Q)) = L2(9;, T; [Ho(curl, 2, Trgy)]) such that

curl v(|curl a|) curla + x0;a = j, in Q x T\{0}, (3.8a)
Wa= g, on I'ggm x T\{0}, (3.8b)

TYx @ = U on FBEM X T\{O}, (3.8C)

a=0 in Q x {0} (3.8d)

with 5, € L2(T; H(div0,Q)), ¢, € L(T; H 2 (divp,T)), and ug € L*(T; H2(divp,T)).

Thereby, U should be adapted depending on the magnetic properties of the material, i.e., Uu := v(|u|)u
for soft magnetic materials, and A/u := vu if the dependence is linear, see Section 1.1. Moreover, note that
Equations (3.8b) and (3.8c) stem from the jump conditions (3.2c) and (3.2a), respectively, when the value
of the field coming from the other side of the boundary is supposed to be known. More details on ¢, and ug
will be given in Section 3.2. Furthermore, the initial condition (3.8d) is necessary to determine the solution
at the initial step, here supposed to be t = 0, see Remark 2.8. For convenience, we restrict ourselves to the
special case of zero initial field.

Note that for the magnetic wall case, a similar initial Boundary Value Problem (BVP) follows with a €
L?(0;,T; [H (curl,Q, Teem)]) and j;, € L3(T; HS(div0,Q)).

Remark 3.2. For a FEM only approach, assuming v, a # 0 on the boundary of the virtual computational
domain would be in practice difficult to build from v,b # 0, cf. [50, Section 3.1]. Therefore, the restriction
vy a = 0 is a convenient modelling choice, which also agrees with the physical laws, in particular with the
divergence-free property of the magnetic flux density. In our case, the FEM and BEM domains are coupled via
the boundary data, and particularly, via their jump relation across the interface. Hence, it is more suitable to
assume non-homogeneous boundary conditions, as will be made clear in the next subsection.

The condition v{a # 0 makes sense from a physical perspective, even in the FEM only approach. It would suggest
the existence of surface currents on the considered boundary, because it is directly related to (3.2c).

In addition to vector potential formulations for eddy-currents in three dimensions, some other particular cases
are also relevant to our study. Independently of the additional BCs prescribed for b and e, see Remarks 3.1
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and B.1, if Q is filled with an insulator, i.e., a non-conducting material with x = 0, the topological term that is
related to « in (3.6) and (B.3), i.e., either n; or 1, (depending on the magnetic or electric BCs) vanishes, as
well as the scalar potential gradient and the non-stationary term of a. This gives rise with the restriction on
either b or e as in Remarks 3.1 and B.1 to the equations of magnetostatics:

Find a € [Ho(curl, Q,T'rem)] (or @ € [H (curl, ©, T'reym)]) such that

curlv(|curlal) curla = j;  in Q, (3.9a)
na = ¢y on I'pey, (3.9b)
Y« @ = Ug on FBEM (3.9C)

with j, € HY(div0,Q) (or j, € H§(div0,Q)), ¢, € H_%(din, I'), and ug € [H_%(curlp,l“)].

As motivated by Figure 1.4, we are also interested in the two-dimensional (2D) case. Let 2 C R? be repre-
sented in a local Cartesian coordinate system (1, z2, z3). There, the vector potential reads a = (a1, as, as).
Considering a symmetry along the z3-axis reduces the problem to find a3 in the x1-x5 hyperplane. Then, it
can be shown that a de Rham complex with similar structure as Figure 2.6 (the boundary part) arises, i.e., we
can define two curl-operators. The first one takes a scalar as input and can be defined as a rotated gradient in

the z1-x2 hyperplane, i.e., curl = Id(V X m), with Id : R? — R2? is the augmented identity matrix Id = (Id|o),
and n = (0,0,1)". Formally, we write curl ¢ = (0z,a, —0y,a). The second one takes a planar vector from
the x1-z9 hyperplane as input. It can be computed for w = (u,u2) by curlu := (curlw) - n = 9, us — 9z, u1,
where u = (u1,u2, @) and « is an arbitrary differentiable scalar function, see [113, Section 1.4], for instance.
It can be shown, e.g., by a direct computation of curl curl that the curl curl-operator in three dimensions turns
into a Laplace operator (with negative sign) in the 2D case. Similarly, curl/ curl transforms to diviUV, cf.
[113, Chapter 3]. Moreover, we can also verify that ‘al;l a‘ = |Va|. With this, we state equivalent problems to

(3.8) and (3.9) for Q C R?. In the magnetoquasistationary regime, we obtain:

Find a € L*(0;, T; Ho(V,$, Trem)) such that

—divv(|Va|)Va + kda = j in Q x T\{0}, (3.10a)
via=¢9 onTggy x T\{0}, (3.10b)

Yoa =ug onI'ggy x T\{0}, (3.100)

a=20 in Q x {0} (3.10d)

with j € L3(T; H(V,Q)"), ¢o € L*(T; H~2(T")), and ug € L*(T; Hz(T)).
In the magnetostatic case, the problem above reduces to:

Find a € Hy(V,Q,T'rgm) such that

—divr(|Va|)Va = j in Q, (3.11a)
Ya=¢o onppum, (3.11b)
Yoa = ug onI'pgm (3.110)

with j € H(V,Q), ¢o € H™3(T), and ug € H? (T).
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The boundary conditions can easily be derived from [113, Equation 3.10]. Note that we did not require a
special gauging in the above formulation. The kernel of the gradient operator contains the set of real num-
bers, by ruling them out, e.g., by prescribing suitable boundary conditions to fix the constant, the interior
problem can be uniquely solved.

In the next section, we consider the exterior problem, and introduce the needed tools for a boundary integral
formulation.

3.2 Boundary integral equations and Steklov-Poincaré operators

Let us first clarify our interpretation of some terms. Under boundary data we understand functions or vector
fields that are defined over the boundary. In particular, we call Cauchy data the set of boundary data that are
obtained via an application of appropriate trace operators, and which render the solution of the corresponding
BVP or Initial Value Problem (IVP) unique, or at least ensure its existence. For instance, the sets of Cauchy
data that we will encounter in this work are either (yov, 74/ v) for scalar BVPs, or (ypv, ¥ v (,7nv)) for
vectorial ones. They correspond to Dirichlet and Neumann boundary conditions. At this point, we also have
to distinguish between traces that approach the boundary from the interior and from the exterior side of the
domain that it encloses. Instead of 2 in Definition 2.14, considering Q¢ yields the exterior trace operators,
which we differentiate from the interior ones by a superscript -¢. In particular, because in our context exterior
domains are only filled with linear materials, e.g., i = Id, the exterior counterparts of 4 and ~¥ are denoted
by ~{ and ~y,, respectively. Moreover, the extension results hold accordingly for the exterior traces with self-
evident notational adaptations; for example, Q¢ instead of Q2 and Hj,.(£2¢) instead of H(Q€) for a generic
space H(2°), if Q€ is unbounded. A last remark is due, an exterior domain is not necessarily unbounded in
this work, we rather mean a domain, where BEM is applied. Hence, we may use the terms exterior domain
and BEM-domain interchangeably.

3.2.1 Boundary integral equations

The model problems for the exterior domain derive from the magnetostatic case with linear reluctivity. In
particular, we assume v = Id for simplicity throughout this work. Note that this can be achieved by a suitable
normalization from v = yyId, with v being the vacuum reluctivity. Moreover, no source current is supported
in the exterior domain. Hence, the corresponding equations are homogeneous. Therefore, the topological
terms are clearly eliminated from the explicit equations independently of the considered BCs on b and e.
This can be seen by setting to zero the term of (3.6) in (3.7) and a linear v.

If Q€ is unbounded, we additionally require a decay condition that describes the behavior of the field or func-
tion at infinity. For the vector potential, this follows from the decay condition of the magnetic field (1.12).
However, it does not hold in general for 2D problems. Therefore, we first assume a logarithmic decay, which
is a standard choice for unbounded Laplacian interface problems [87, Theorem 8.9]. This choice will be
addressed again later.

We start with the following problems (in a weak sense): Let a® € Hj,.(curl, Q) N Hy(div, Q¢) and a€ €
Hipe(V,Q°). In three-dimensional (3D), we have a curl curl-equation

curlcurla® =0 in Q°, (3.12a)
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diva® = 0 in Q°, (3.12b)
a® =0 (|lz|™) for |x| — oo, (3.120)

and in 2D a Laplace equation

—Aa* =0 in Q¢, (3.13a)
a® = C log(|z|) + O (Jz| ') for |x| — oo. (3.13b)

For now, we leave C, unspecified. For convenience, it is a constant in the static regime and a time-dependent
function in the quasistationary one, which can be computed from the solution. Furthermore, if Q€ is bounded,
there is no need to prescribe a decay condition, and the local behavior of the spaces may be dropped.

The core of boundary integral formulations is based on linear operators, known as potential operators, that
map boundary data to smooth functions off the boundary. For this, an operator equation should possess a
fundamental solution. We refer to [48, Section 6] for a rigorous introduction, and more details about the
subject. For instance, the fundamental solution of the Laplace equation reads for =, y € R% and = # y

Llog(lx—y|), d=2,
i (@,y) = { 7" 1g(l yl) - (3.14)
I To—al’ d=3,

see e.g. [109, Section 5.1] for a detailed computation. We consider in this work two types of potential
operators that can be associated to Dirichlet and Neumann BCs, which we call single-layer and double-layer
potentials, respectively. Moreover, for each type we distinguish between potentials that take scalar functions
and vector fields as input. This gives rise to the subsequent four potentials.

Definition 3.3 (Potentials). Let T be a Lipschitz boundary of Q C R?, d = 2,3. For & € R\T, and for smooth
enough inputs, we define the following potentials:

The scalar Single-Layer Potential (SLP)

sy (0)(@) = /F o (@, y)p(y) do,. (3.15)
e The vectorial SLP (d = 3)
Vsi(@)@) = [ v y)ely)doy, (3.16)

The scalar Double-Layer Potential (DLP)

Upp(v)(x) = /F (Vyu*(z,y) -n(y)) v(y) doy. (3.17)

* The vectorial DLP, also known as Maxwell DLP (d = 3)

Wp(v)(x) = curl, ¥gp, (v X n) (x) = curl, /F u*(z,y) (v(y) x n(y)) doy. (3.18)
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The above potentials can be extended to continuous mappings as follows.

Lemma 3.4 (Boundary Layer Potentials). Let d = 2, 3. The potentials of Definition 3.3 can be uniquely extended
to linear operators such that

st : H2(T) = Hige(V, RY),

Wy : H2(divp, T) — Hyoe(curl, R3),

Wpr : H2(T) = Hige(V, RA\T),

Wpy : H 2 (curlp, T) — Hge(curl, R3\I') N Hyoe(div0, R3\T)

are bounded.
Proof. We refer to [31, Theorem 1] for the scalar potentials, and to [61, Section 5] for the vectorial ones. [

With this, representation formulae can be derived, which allow the computation of a scalar function or a vector
field evaluated in 2 or Q€ solely through the corresponding Cauchy data.

Theorem 3.5 (Representation formulae). Scalar functions a € H(V,Q) and a® € Hy,(V, Q°) that solve (3.13)
in a weak sense in the interior and exterior domain, respectively, can be represented as

a(x) = ¥si(m a)(x) — YpL(v00)(T) for x € €, (3.19a)
a®(x) = UpL(y5a®)(x) — Usp(7] a®)(x) for x € Q°. (3.19b)

Moreover, vector fields a € H (curl, Q) and a® € Hy.(curl, Q) that solve (3.12) in a weak sense in the interior
and exterior domain, respectively, can be represented as

a(x) =¥ (yya)(x) + Yor(vp a)(x) + V¥s(yna)(x) for x € Q, (3.20a)
af(x) = =g (v a®)(x) — ¥pL(vp a®)(x) — Vs (75a%)(x) for z € QF. (3.20b)

Proof. The representation formulae for the scalar case follow from [87, Theorems 7.12 & 7.15]. The result
for our vector fields is given in [62, Section 3], for instance. O

The next step is to introduce the corresponding BIOs. They arise by taking the traces of the BLPs. Note that
the potentials are not necessarily continuous across the boundary. Hence, possible discontinuities should
be taken into account. This motivates the definition of BIOs as averages of the corresponding potential
traces.

Definition 3.6. Let {v} := %(76 + ) denote the average of some exterior and interior trace operator ~y. We
define the following BIOs:

* single-layer: Vo := {0} o Ygr,
* double-layer: Ko := {7} o Ypr,
* adjoint double-layer: Ki = {7} o ¥g,,
* hyper-singular: Wo := {71} o ¥pL
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as well as:
* vectorial single-layer: Ay :={vp} o Pg,
* Maxwell double-layer: Co:={vp}o ¥pL,
* adjoint Maxwell double-layer: Bo = {vn} o ¥sL,
* vectorial hyper-singular: No:={yx} o ¥pL.

Concretely, the jump relations of the potential operators are specified below.

Theorem 3.7 (Jump relations). Let [yV]r := vV —~+°W¥ denote the jump of some function ¥ across a boundary
I'. The BLPs involved in the representation formulae of Theorem 3.5 satisfy the following jump relations:

[vo¥sL]r =0, [vp ¥sL]r = 0,
[vo¥pLlr = -1d,  [vp ¥pL]r = —1d,
[v1 YsL]r = 1d, [vn ®sL]r = —1d,
[ Yor]r =0, [~ ¥oL]r = 0.

Proof. We refer, e.g., to [87, Theorem 6.11] for the jump relations of the scalar potentials ¥g;, ¥Upy, and to
[61, Section 5] and [62, Theorem 3.4] for those of W, Wpy.. O

Then, we give some properties of the newly introduced BIOs.

Theorem 3.8 (Mapping properties of BIOs). The boundary integral operators

Vo:H 2(T) = H2(T), Ko:H2(T)— H2(T),

1

Ky H2(T) — H 2(T), Wy:H2(T)— H 2(I)

-
-

as well as
Ay : H 2 (divp,T') — H 2 (curlp,T), Co: H 2 (curly,T') — H 2 (curlp, T),
Bo: H2(divp,T') — H2(divp,T), No: H 2(curlp,T') — H ™2 (divr, T)
define continuous and linear mappings.
Proof. See [87, Theorem 6.11] and [61, Section 5]. O

Theorem 3.9 (Properties of Vy and W;). The BIOs Vy and W, are symmetric, i.e., for all o, v € H -3 (") and
u, v € H%(F) we have
(W, Vop)r = (0, Vov)r,  Wou,v)p = Wov, u)p. (3.21)

Moreover, let Q2 C RY. The single-layer operator V, is H —3 (I')-elliptic (but under a condition on §2 when d = 2),
i.e., there exists Cy, = Cy,(I') > 0 such that

(@, Voo)r = Owllely g ford =3, (3.22)
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(0, Vo) > cv0||gouir%(r) ford =2, if diamQ < 1. (3.23)

The hyper-singular operator W is positive definite on H 3 (T") and elliptic on [H 3 (I')], i.e., there exists Cyy, =
Cw, (T') > 0 such that

Wou, u) forallu e H2(D), (3.24)
Wou,u)p = Copllull? 1 for all u € [Hz(T))]. (3.25)

—~
v
o

Proof. The symmetry is provided, e.g., in [87, Chapter 7]. For the ellipticity results we refer to [109, The-
orem 22 & 23] for the single-layer operator, and to [109, Theorem 24] for the hyper-singular operator,
for instance. Obviously, the latter proof is also valid in the quotient space formulation because of Corol-
lary 2.4. O

Remark 3.10. Note that the requirement diam Q2 < 1 to ensure a H™ 2 (T')-elliptic single-layer operator is in
practice not restrictive. Indeed, it can be merely achieved by scaling the domain or the fundamental solution.

Analogously, we find similar results for the vectorial single-layer and hyper-singular operators.

Theorem 3.11 (Properties of Ay and N ). The Boundary Integral Operators (BIOs) Ay and N o are symmetric,
ie. foral ¢, ¥ € H_%(divr, I'and u, v € H‘é(curlp, ') we have

<¢, AOLP>1" = <SD7 A0¢>1"a <N0’LL, ,U>1“ = <N0U7 ’U,>F. (326)
The vectorial single-layer operator Ay is H -2 (divr 0, I)-elliptic!, i.e., there exists C 4, = C.4,(T") > 0 such that

(0. Aoe)r > Cagllelyy 3 gy, o Joralle € H 2(divr0.1). (3.27)

The vectorial hyper-singular operator N is positive definite on H -3 (curlp, I') and elliptic on [H ~3 (curlp, )],
i.e., there exists Car, = Car,(I') > 0 such that

(Now, w)p >0 forall w € H™ 2 (curlp, T), (3.28)

(Now, w)p > CNOHqu_r%(cuﬂr . for all w € [H™ 2 (curlr, ). (3.29)

Proof. The symmetry and H -3 (divr 0, T")-ellipticity of Ay follows from [62, Theorem 4.4 with x = 0]. For
the hyper-singular operator, an alternative representation, which can be found in [44, Remark 4.26 with
k = 0], for instance, makes the proof of the related assertions straightforward, namely,

(Nou, u)p = (curlru, Vo curlpu).  forallu € H 2 (curlp, T). (3.30)
Then, by using (3.22), namely, the H -3 (I")-ellipticity of Vy, and the inclusion (2.64c), we obtain

(Nou,u)p = (curlru, Vocurlpu). > 0 forallu e H’%(curlp,l“). (3.31)

!Note that .4, is even elliptic on the whole space H > (divr,T), see [19, 31].
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However, by using the same argument for representatives in [H —3 (curlp, I')], we establish the ellipticity of
N, i.e., there exists Cr, > 0 such that

Nou, u)p > CNOHuHH b (eurlr) (3.32)

forall u € [H_% (curlp, T)]. O

Moreover, the Maxwell double-layer C and the adjoint Maxwell double-layer B are related in the following
sense: for p € H _%(diVF, INandue H~ (curlp, I') it holds that

<<Pac0u>1‘ = _<BO<P7U>[‘7 (333)

cf. [61, Theorem 3.9 with x = 0].

Corollary 3.12 (Equivalent norms). For ¢» € H _%(F) and ¥ € H _%(din 0,T), the following norm equiva-

lences
191y, = /(W Vod)p =M1l (3.34)
bllay = /(s Aot)r = 190l oy i (3.35)
hold.

Proof. The assertions follow merely from the properties of V, and Ay, in particular, from the H *%(F)-
ellipticity of V, and the H -2 (divp 0, I')-ellipticity of Ay, see (3.23) and (3.27), respectively. O

For implementation, a concrete representation of the BIOs is necessary. Indeed, provided the inputs are
smooth enough, they admit an integral representation. Subsequently, we only state those that are relevant
for actual implementation.

Lemma 3.13 (Integral representations). The following representations hold:
o I°), (Vo) // (@, 9)e(@)(y) doy dog v € L),
ver=r), (wkowy = [ [ V(e n@u@u)doy o, we 130,
peI*M). (g Al = [ [ (@v)ple) vy d,do, v € L2(T),

ve L®I), (v,Cow)y — /F/Fvyu*(a:,y)(v(x) < w(y))doydoy Vo € L(T).

Proof. cf. [109, Section 6] and [22, Section 5]. O

Remark 3.14. Note that the integrals above are singular when x — y. Hence, they have to be understood as
improper integrals, if the corresponding kernel is weakly singular (O(|x — y|™')), and as a Cauchy principal
value if it is strongly singular (O(|z — y|2)).
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By taking the corresponding traces of the representation formulae of Theorem 3.5, and by considering the
jump relations of Theorem 3.7, we obtain two BIEs per representation formula. On one hand, we arrive for
the scalar case at

1 1
Yoo = (5 — Ko)voa + VYo a, 7 a=Wovoa + (5 + Ko) 1 a, (3.37a)
1 1
50" = (5 + Ko)yga® —Voria®,  Hfa® =—Woypa® + (5 — K§) 5 af, (3.37b)

which for convenience can be rewritten as

ya) _ (1 Yoa vwat\ _ (1, Y5a° : (Ko W
<’y1a>—<21d+775> (71@)’ (fyfae = 2Id Ps M with Ps = We k)

The operators %Id + P, are known as interior and exterior Calderén projectors, respectively, see [109, Sec-
tion 6.6], for instance. However, the arising BIEs for the vectorial case are

1

Ypa=Ayvya+ (5 +Co)vpa + VrYo(na), (3.38a)
1

vNa=(§+Bo)7Na+NovDa (3.38b)

for the interior problem, and

1
75 at = — Ao el + (5 €7 at — Vivi(r5a), (3.39)
1
N at = (5 —By)vna® — No~pa® (3.39b)

for the exterior one. Hence, an analogous extraction of Calderdn projectors is not possible in this case due
the presence of the terms including the normal trace. Getting rid of this term is also convenient for the
definition of Steklov-Poincaré operators, which are crucial for our analysis of the coupled problem. We in-
troduce them below in Subsection 3.2.2. Therefore, in accordance to the vector potential formulation in the
interior domain, cf. Section 3.1, and similarly to [43], we project (3.38a) and (3.39a) onto [H -3 (curlp, T')].
Moreover, by taking the commutativity of the de Rham complex into account, see Figure 2.6, the iden-
tity
divp v, w = v, curl w

holds forallw € H(curl, 2) (or w € Hj,.(curl, Q°)). In particular, if we choose w = curlv € H(curl curl, 2)
(orw = curlv € Hy(curl curl, 2°)) such that the curl curl-equation (3.12a) is satisfied, we obtain

divp v v = yn curl curl v = 0.

Therefore, (3.38b) and (3.39b) have to be set in H _%(divr 0,T). In the following, we show that the du-
ality pairing defined by H _%(curlp, I') and H _%(din, I') transfers to the quotient space [H _%(curlp, 1))
and the subspace H -3 (divp 0,T"). The proof follows the same idea as for the duality of H -3 (curlp,T') and

H> (divr, I'), which can be found in [20, Lemma 5.6] for simply-connected boundaries. An alternative proof
is furnished in [43, Proposition 3.2].

Lemma 3.15. Let I be simply- or multiply-connected. The quotient space [H *%(curlp, I')] and the subspace
H (divr 0,T) define a duality pairing with L?(T") as pivot space.
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Proof. Letu e H ~3 (divr0,T") and v € [H ~3 (curlr, I')]. By Theorem 2.32, we know that there exists unique
B e H2 (T') and n € H;(T"), such that w = curly 5 +n. Moreover, using Corollary 2.4 and [20, Theorem 5.5],
there exists a unique « € H(Ar,T") such that v = curly «. Note that the latter representation is independent
of the topology. Now, let {3, }nen, € H'(T') such that 8, — 3. Then, for w, = curlp 3, + 1 € L%(T) and
v € LY(T") we have

(un,v) = —(Ara, Bn),

where we used (2.56b), curlr n = 0, and curly curlr @ = —Ap. By taking the limiting case n — oo, we arrive
at a well-defined duality pairing in the sense of [H 3 (curlp,I')] and H 3 (divr 0,T) with LZ(T") as a pivot
space. O

3.2.2 Steklov-Poincaré operators and contractivity results

In the following, we introduce Dirichlet-to-Neumann maps, which are given by Steklov-Poincaré operators.
Let us first focus on the scalar case. By rearranging the first BIEs of (3.37a) and (3.37b), and by using the
oz (I')-ellipticity of V,, we arrive at

1
Ta= Vo*l(g + Ko)oa, (3.40a)
1
75 at = —ngl(i — Ko)v5a®, (3.40Db)

and define the interior and exterior Steklov-Poincaré operators S™™, St : [f 2 ) —H ~3 (I") with

S = vo—l(% + Ko), (3.41a)
1
S =W (5 — Ko)- (3.41b)

Moreover, inserting the Dirichlet-to-Neumann maps defined above in the second equations of (3.37a) and
(3.37b) yields an equivalent representation of the Steklov-Poincaré operators,

: 1 1

SM =W, + (5 + /c’o)vo—l(§ + Ko), (3.42a)
1 1

S =Wo + (5 — Ko)Vo ™' (5 — Ko). (3.42b)

Obviously, the representation above is symmetric because of the symmetry of 1, and W,. Moreover, we can
also see that the ellipticity of Steklov-Poincaré operators is inherited from the ellipticity of Wj. In particular,
it follows that S and St are [H 3 (I')]-elliptic?, see (3.25). For further reading, we refer to [31, 109], for
instance.

Our analysis requires the ellipticity of the Steklov-Poincaré operators, which is with respect to S only
guaranteed for Dirichlet data that are in [H 2 (I")], as we saw above. Now the question that arises in this case

is where do the corresponding Neumann data live? In other words, the dual space of [H 2 (T")] needs to be
specified.

*Note that S®" is even elliptic on the whole space H 2 (I"), see [26].
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Lemma 3.16. The dual space of [H 2 (T)] can be identified with H, *(T).

Proof. Leta € H(V,Q) satisfy Aa = 0in Q. Then, with yga € H%(I‘), yia € H*%(F), and V, "'y = Ko/ Vo1,
see [109, Corollary 6.19], we note that

1 1
(ma, ) = Voma, Vo '), = <(2 + Ko)70a7V011> = <70a, (5 + KOI)V011>

T r

1
= <’yoa, Voil(§ + /C())1> =0.
r

_1 _1

Hence, via € H, ?(I") with H, *(I") being the subspace of H *%(1‘) with zero average elements, see (2.69).

With this, and by the duality of H %(F) and H *%(F), we obtain a well-defined duality pairing (u,v) with
1

ue [H2(D)] and v € H, *(T). O

- , . . . _1
Similar operators can be defined for the vectorial case in our new setting, namely, [H 2 (curlp,I")] and

1. . . . .
H ™z (divp 0,T") instead of the whole trace spaces. Before proceeding to their introduction, some remarks
are due:

Remark 3.17. By using integration by parts and the definitions of the trace operators ~p and -y, we can verify

that their mapping properties transfer to the setting given by [H _%(curlp, I')] and H _%(din 0,T) with self-
evident adaptation. In addition, together with Definition 3.3 and Lemma 3.4 it follows that the BIOs obtained
by Definition 3.6 inherit the properties and relations that were established in the previous subsection.

By using the H 3 (divp 0, I')-ellipticity of Ay, we define analogously the interior and exterior vectorial Steklov-
Poincaré operators S, S H: (curlp, T') — H2 (divp 0,T') from (3.38a) and (3.39a) by

1 .
NU = A0_1(§ —Co)vpu =S8 ypu, (3.43a)
R u = —Ao_l(% +Co) 75 u = —SF v u. (3.43b)

Furthermore, inserting the above definitions of S and S in (3.38b) and (3.39b) leads to a symmetric
representation of the Steklov-Poincaré operators:

Sint — <; +BO> .A{)il <; _CO> +N07 (3443)
Sext _ (; o BO> A()_l <; _|_C0> —|—J\/0, (3.44b)

An analogous observation as in the scalar case allows us to establish the symmetry of S and 8, and
to relate the properties of the vectorial Steklov-Poincaré operators to those of the vectorial hyper-singular
operator N. In particular, we notice that S S are only positive semi-definite if we consider the entire
space H -2 (curlp, T'), but elliptic in the quotient space [H -2 (curlp, )], see (3.32).

For analysis purposes, the subsequent contractivity results for the double-layer operators play an important
role.
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Lemma 3.18 (Contractivity of Ko, [110]). Let S™ : H 3 () —H ~3 (T") be the scalar interior Steklov-Poincaré
operator as defined in (3.41a). There exists a contraction constant Ci, := 3 +1/+ — Cy,Cy, € [3,1) such that

()

1
Thereby, Cy, and Cyy, are the ellipticity constants given in Theorem 3.9, and ||-||, -1 = ot 2.

2

< Cig (S™,0) . € HA (D),

)
r

V071

In the 3D vectorial case, we prove the existence of a similar result.

Lemma 3.19 (Contractivity of Cy, [43]). Let S : [H —3 (curlp,T)] - H 3 (divr 0,T) be the vectorial interior
Steklov-Poincaré operator as defined in (3.43a). There exists a contraction constant Cg,, := %—h / i —Ca,Cn, €
[2,1) such that

1 1
1= Ce)llar < |(5-€0) 8| <Calbllar v el e,

|(5-0)

1
Thereby, C 4, and Cps, are the ellipticity constants given in Theorem 3.11, and ||-|| 4,1 = (Ao, ).

and
2

< Ceo(S™y, %) . % € [H 3 (curly, D))
At .

Proof. The first assertion follows analogously to the scalar case in [110]. Using the symmetric representation
of the interior Steklov-Poincaré operator, given in (3.44a), together with the H ~3 (divr 0, I')-ellipticity of Ay,

it holds
2
|(z-e0) o], = (a7 (-e0) v (5-0) )
Ayt r (3.45)

= (8™p.v) — Now, ).
Using the same argumentation as in [110, Proposition 5.4], we rely on [100, Theorem 12.33], which states
that there exists a self-adjoint square root A{)% of Ay, which is also invertible, since Ay is a self-adjoint, and
invertible operator in H _%(din 0,T'). We denote the inverse of the square root operator by .A{)_%. As a
consequence, it follows that .AO*% = .AO%.A{l and HAO*%'U) L

steps of [110, Theorem 5.1], we get for the first term of the right-hand side of (3.45)

: = |[v|| 4,1~ With this, and following the

(8™, ) = (A2 AS™p, Ay Hep)
<|(z-0)v], Iwla

where we used the first identity of S™ given in (3.43a). For the second term, we need the following result

Cap (Ao, ) < )12 s ,

H™ 2 (curlp,I)

(3.46)
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which can be derived as in [110, Proposition 5.2] by a duality argument, and by making use of the bijectivity
of Ay in H™2 (divp 0,T"). Then, it follows from the [H 3 (curlp, I')]-ellipticity of Ny (3.32) that

<N‘O¢a 'lnb>1" Z CNQCAO <A0_111b’ ¢>F

) (3.47)
= CONoCag 1P|, -

Inserting (3.46) and (3.47) in (3.45), yields

|(5-)v

Therefore, solving the second order inequality leads to the assertion

2
1
< H (2 - Co) wH [0l,-1 = Cnvo Coto 901124,
Ayt Ayt

(- Ce)lwla = |(5-c0) | < Celivla
Ap—!

with Ce, := 5 + /1 — C.4,Cnr,. Moreover, it follows clearly that Ce, lies in [3, 1).
The second assertion follows similarly to [90, Lemma 2.1]. Equation (3.45) reads

e -|G-e)o

The second term of the right-hand side can be estimated by (3.47) and the first assertion. Hence

(z-e)

By observing that C' 4,Car, = C¢, (1 — C¢,), the assertion follows merely. O

2

+ (No, ). (3.48)
A071

C.4,Cn, ?

<N0w>¢>f‘ Z C(on

Aofl'

Until now, we introduced the targeted types of model problems that we aim to consider in the interior (Sec-
tion 3.1) as well as in the exterior domain. The coupling, variational formulations, and analysis of the coupled
system is postponed to the next chapters. In the next section, we give an overview on the framework of the
discrete setting.

3.3 The isogeometric framework

The goal of this section is providing a discrete counterpart for the energy and trace spaces that are involved
in the de Rham complex given in Figure 2.6. For this, we use the framework of Isogeometric Analysis (IGA),
which allows the linkage of design to numerical analysis, such that simulations are conducted on the exact
geometry, see [32, 65]. Obviously, this avoids meshing errors. In particular, the geometry is not altered by
h-refinements, as it can occur for standard finite elements. Moreover, the definition of the basis functions in
IGA offers a straightforward way to perform p-refinements, which stands for a refinement with respect to the
basis functions’ degree. Usually, these basis functions are represented by B-Splines or some of their exten-
sions, such as NURBS, T-Splines etc. In this thesis, we use B-Splines for discretization purposes, and NURBS
for geometrical modelling. We refer to [94] for a more extensive introduction to B-Splines, and to [21, 33,
119] for the mathematical analysis and approximation properties of B-Spline spaces that are involved in the
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discretization of the de Rham complex.

B-Splines of a specific degree are defined over a parametric domain. In contrast to classical finite elements,
the parametric domain is intrinsic to the definition. Hence, refinements and evaluations are performed in
there, then mapped to the physical domain. In one dimension, parametric domains can be characterized
by a so called knot vector, which is a collection of knots = := {&,...,&,} for a certain m € N giving
rise to a non-decreasing sequence of numbers. In the following, we define a specific type of knot vec-
tors.

Definition 3.20 (p-open knot vector, [33, Section 2]). Let p € N be the aimed at degree of the B-Splines. Given
m > 2p + 1, the knot vector = := {&, ..., &n } is said to be p-open if

0250:...:fp<§p+1S...ngfpfl<§m7p:...:fm:1.

Throughout this thesis, we assume that all knot vectors are p-open.
With this, we define B-Splines in one-dimensional (1D) parametric domains.

Definition 3.21 (B-Splines, [33, Section 2]). Given a knot vector = := {&,...,&n}, let k :=m — p, with m
and p defined as above. Then, the corresponding B-Splines can be computed recursively using the Cox-de-Boor
formula, which starts for p = 0 with a piecewise constant function

W(z) = {1 if& <x<&i

0 otherwise

and proceeds for p > 1 by
Wlp) = E T8 -1, +Mbp—l r
/(@) Sitp—& " (@) Eitpr1 — & w1 (@)
foralli =0...k — 1. Moreover, note that k := m — p, which gives the number of B-Splines, can also be readily
obtained from the corresponding knot vector.

Some further remarks are due:

* Let 0 <14 < m and let m; denote the multiplicity of a knot &;. The regularity r; of the B-Splines at &; is
readily obtained from the corresponding multiplicity m;, and the degree p, namely, ; = p—m,. Hence,
as the name suggests, a p-open knot vector gives rise to B-Splines with r; = —1 at the extremities &,
and &, i.e., discontinuous. Therefore, by assuming a p-open knot vector, the basis function’s degree
can be merely determined from the multiplicity of &, or &,,.

* In the context of IGA, one h-refinement step can be in general interpreted as the insertion of a distinct
knot in the knot vector =, whereas p-refinement can be reached by elevating the multiplicity of £y or
&n by one. This is showcased for p = 1 and p = 2 in Figures 3.1a and 3.1c at an h-refinement’s level
¢ =0, and in Figures 3.1b and 3.1d at ¢ = 1.

The Definition 3.21 of 1D B-Splines can be merely extended to a d-dimensional domain, in particular to
d = 2,3. For this, let 2 = =1 x --- x E; denote a multidimensional knot vector, which is given by a Cartesian
product of p-open knot vectors. Analogously to the 1D case, = induces a vector p € N¢ that contains the
degrees {p;}i1. 4 in every parametric direction, and a vector k € N with the corresponding dimensions
{k;}i=1..q of the space.
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(a) Knot vector = = (0,0,1,1),p=1,£=0 (b) Refined knot vector = = (0,0,3,1,1),p=1,(=1
— b () —b3(z) —bi(x
| o) bite) () [ =Be —#e) ke —Re
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X

(c) Knot vector = = (0,0,0,1,1,1),p=2,£=0 (d) Refined knot vector = — (0,0,0,3,1,1,1),p— 2, ¢ — 1

Figure 3.1: Examples of B-Splines in a 1D parametric domain with degrees p = 1 and p = 2, respec-
tively. Thereby, / = 0 and ¢ = 1 denote the corresponding refinement level.

Definition 3.22 (B-Spline space in the parametric domain). A B-Spline space on a d-dimensional parametric
domain can be defined as
Sp(E) = span {b}’},

where VY := H?:l{bfj Fij=0..kej—1-

To shorten the notation, we associate to & = Zy X -+ X Z4, p = {pi}i=1..4, and k = {k;};=1. 4 a multi-

index i € Z := {1 = (41,...,4q) : 95 = 0,...,k; — 1 with j = 1,...,d}, which is interpreted in the sense of
Definition 3.22. With this we define NURBS basis functions as follows
P ()
(@) = (3.49)
ZjeI wjb?(m)

where ¢ € Z, and w; is a set of weighting functions. For more details about NURBS, we refer to [32, 94].
In this thesis, NURBS are only utilized for design purposes. The reason behind this choice will be explained
below.
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Next, we introduce the derivative of a B-Spline space. Let © = {z;},—1,_.q € R?. We know from [33,
Section 5.2] that the derivative of S,(Z) with respect to z; consists of B-Splines with a reduced knot vector
in the i-th component in the following sense,

0 _ 0 _ — _ _ — —
%SP(:‘) = %S(pl,...,pi,.“,pd) (:‘17 Y IR :‘d) = S(pl,‘..,pi—l,...,pd) (‘:1) TR :‘d)a
1 (A
where =} = {&1,...,&,-1}. Let E represent a 3D parametric domain. Again from [33, Section 5.2], we know

that the following B-Spline spaces

Sp(E) = S(py pa.ps) (B1, E2, B3),

Sp(E) = So1-1.p2.08) (B1> 22, E3) X S(py py—1,p8) (B15 E2, E3) X S(py po,ps—1)(E1, B2, Z3), (3.50)
Sp(E) = S(py pa—1.3-1) (E1: 52, E5) X S(pr—1paps—1) (E15 22, E5) X S —1,pg—1,p) (B0, Sy 3), .
Si’,(E) = Stp1-1,p2—1,p5-1)(Z1,E2, E3)

form a sequence with respect to the differential operators V, curl, and div, which is analogous to the contin-
uous case, namely,

0.:V 1.:curl 2,=div 3 (=

For the spaces to be relevant for numerical methods, it is necessary to find suitable invertible mappings that
permit the transfer of the basis functions from the parameter to the physical domain, and vice versa. These
are known as pull-backs and push-forwards. Before we get to a concrete characterization, let us first specify
the representation in the physical space. We focus on the 3D case, and note that an analogous representation
holds for 2D problems with self-evident adaptations.

Definition 3.23 (Multipatch domain). Let K be a compact, orientable manifold of dimension d = 1,2, 3, which
is embedded in a 3D Euclidean space. Moreover, let us assume that there exists a regular tessellation

Ni—1

K= U Rl
=0

with k; open, such that for all 11,1l = 0,..., N, — 1, l1 # lo, ki, N Ky, is empty, and that {k;}i—o,... .1 s given
by a family of diffeomorphisms {f, : [0,1]* — Ki}i=0,... N.—1. In this case, we call k; a patch. Furthermore, at
all patch interfaces, i.e., for all Iy # ly with Ok;, N Ok, # 0, we require the corresponding parametrizations
to coincide (up to orientation). This yields p and E to coincide on every patch interface, which either consists
of a common surface or edge, or reduces to a single common point. Under these considerations, K is called a
multipatch domain.

Definition 3.24 (Elements and mesh size). Let = = {&,...,&n} be a p-open knot vector. A patch element in

the parameter domain is defined as [¢;,&;+1] for some 0 < i < m that satisfies { # & +1. The local mesh size

is defined as the length of an element, i.e., h; = §4+1 — &;. Furthermore, we denote by h, = Or<r1'ax h; the global
<<m

mesh size of a single patch. Equivalently, h denotes the largest local mesh size of all patches for a multipatch
domain.

Assumption 3.25. Henceforth, we assume the following:
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(a) Control polygon (black lines) linking the control (b) The patches and the elements in each patch are de-
points (red dots). limited by the bold and thin lines, respectively.

Figure 3.2: An example of a 2D multipatch NURBS representation of a geometry using eight patches,
each described by the knot vector E = {0,0,0, 5,1,1,1} x {0,0,0,3,1,1,1}.

* All knot vectors are locally quasi-uniform, i.e., for all non-empty elements [&;,, i, +1] and [&;,, &i,+1), there
exists Cy > 1, such that
Cy' < hiyhi! < Cy.

* The multipatch geometry of ) is generated by a family of regular, smooth parameterizations.

In the context of IGA, the parametrizations {f;};=o,. n,—1 from the previous definition are given in terms
of B-Spline basis functions (or an extension of B-Splines, e.g., NURBS). For instance, we formally have

filx) = cith(x), (3.52)

1€,

where Z; denotes the set of multi-indices corresponding to the patch with index [, and ¢; € R? are elements of
a set of control points, which have to be specified by the user to obtain a certain form, see [94] for more details
about the concrete computation of the suitable control points. That is, changing the position of a control point
affects the shape of the geometry locally. Nevertheless, conic sections cannot be represented exactly when
using B-Splines as basis functions. A remedy to this is provided, e.g., by NURBS [94]. Formally, to obtain a
NURBS parametrization, we replace b2 (x) in (3.52) by 7 (x). As an example, let us consider Figure 3.2. To
reach the represented geometry, we chose a set of control points, which form a control polygon, as depicted
in Figure 3.2a. In addition, we employed NURBS basis functions of degree p = {2, 2} at a level of refinement
¢=1,ie.,with= = {0,0,0, %, 1,1,1} x{0,0,0, %, 1,1, 1} in each of the eight patches visualized in Figure 3.2b
by the bold lines. Besides the control points, a NURBS parametrization allows more control on the local shape
than a parametrization with B-Splines due to the additional degrees of freedom consisting in the weighting
functions. For this reason, NURBS parametrizations are widely considered in common CAD softwares for
the modelling of free-form and sculptured surfaces; in short, most technical geometries. In the underlined




example, the weighting functions in each patch read w; = {1, (2+v2), 2 (2+v2), 1} x {1, 12+ V2), 1 2+
v/2),1}. However, because of these weighting functions in the denominator djer wjbg.’ (z), multivariate
NURBS spaces cannot be simply constructed by means of tensor products, which is a central property used
for the definition of our ansatz spaces. This explains the motivation behind resorting to B-Spline spaces for
the discretization of the de Rham complex.

Remark 3.26. Using B-Splines for discretization and NURBS for design violates one of main claims of IGA,
which consists in using the same basis functions in both steps. Nevertheless, by observing the definition of NURBS
(3.49), we see that B-Splines can be interpreted as NURBS, which are defined on the hyperplane corresponding
to (w;)i=0,.. k—1 = 1. This can be seen from the fact that B-Splines form a partition of unity, see [94]. Therefore,
we choose to keep labeling the presented couplings isogeometric.

The required parametric mappings are given by the following push-forwards

o (f) () ==vo (3.53a)
) () = (df ) T wo £, (3.53b)
_(df)wofih)

0w )W) = de(df) (3.53¢)
Vo ~1
i3 (f1) () o= det({llfl), (3.53d)

where df, denotes the Jacobian of f;, and +;, j = 0,1, 2, 3, are the corresponding inverse mappings, called
pull-backs. Indeed, the application of «o, ¢1, and 5 preserves the differential operators V, curl, and div,
respectively, see [33, Section 5.1]. With this, the equivalent B-Spline spaces on a particular patch €; can be
merely defined by,

S?,(Ql) ={v:v=13(f)(u),uc Sg(E)}, (3.54a)
Sp() = {v:v=1"(f)(u),u €S,(E)}, (3.54b)
Si(Ql) ={v:v=u"(f)(u),uc SZ(E)}, (3.540)
S;’,(Ql) ={v:v=13"(f)(u),uc S;’, =)} (3.54d)

Due to the properties of the pull-backs, we obtain a commutative diagram relating the B-Spline spaces in the
parametric domains to the ones above with respect to the pull-backs, see [60, Section 2.2].

Then, we address the above discrete spaces in a multipatch setting. In accordance to Definition 3.23, we define
the following global B-Spline spaces in a physical domain K = Q C R3 by

Sp(Q) = {v € H(V,Q) : v, € Sh(r), VO <1 < Ny},

Sp(Q) = {v € H(curl,Q) : v}, € S}(k1), V0 <1 < Ny}, (3.55)
Sp(Q) = {v € H(div,Q) : v}, € S2(ky), VO <1 < N}, ’
S3(Q) = {v € L*(Q) : v}, € Sh (1), VO <1 < Ny},

where €); denotes a patch, and N, the number of patches. With this definition, the sequence (3.51) holds.

If we consider K = 02 := T to be a 2D manifold, which is constructed according to Definition 3.23, a
first possibility to obtain the corresponding global B-Spline spaces can be reached by squeezing the third
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dimension in (3.50), i.e., by removing =3 and the corresponding dimension p3, together with the third terms
in S,,(E) and S3,(E). Henceforth, we denote by p and & the reduced vector of degrees and the reduced knot
vector, respectively. This way, we obtain

S%(E) = S(m,m)(Elv Ea),

[P . o
Sﬁn(:') - S(Pl—l’m)(:‘,l? Z2) X S(py po-1)(E1, =5),

1,1 ,= — = o (3.56)
Sﬁ (‘=') = S(phpz—l)(:la ‘:‘2) X S(pl—lpz)(:l’ :2),

S3(E) = Spi-1,,-1) (51, Eh)-

For some boundary patch x; C I, applying the corresponding push-forwards (3.53) to (3.56) yields S%(nl),

%’” (K1), S%’L(/sl), and S%(m) equivalently to (3.54). In a multipatch setting in the sense of Definition 3.23,
we define with K =T

SU(T) = {y € H3(T) : 4, € So(r1), VO < I < N},
s;1(0) = {w € H2(curlp, 1)« € S5 (), VO <1< N, 357
57
SyH(D) = {3 € H3(divy,T) : by, € S (), VO < 1 < N},
S2(T) = {y € H3(T) : 4y, € S3(), YO <1< N},

see [21, 119].

Remark 3.27. An alternative definition can be obtained via the application of the appropriate trace opera-
tors to (3.55), namely, vo : H(V,Q) — H%(I‘), vp : H(curl, Q) — H_%(curlp,F), vy : H(curl,Q) —
H (divr,I'), and 7y, : H(div,Q) — H -2 (T"), which we defined in Section 2.3. We note that both cases yield
equivalent spaces [21, 119].

Thereby, note that S%’” (I") and S%’L(I‘) are both trace spaces of S},(€2). This follows from the fact that the trace
operators v, and ~p act both on vector fields in H (curl, §2). It is shown in [21, 119] that the B-Spline spaces
given above are also related with respect to the surface differential operators and form a sequence, which is
understood similarly to the continuous case, illustrated with Figure 2.6. Altogether, a full discretization of
the de Rham complex using conforming B-Spline spaces is depicted in Figure 3.3. Of particular interest is the
definition of a discrete counterpart of H 3 (divp 0,T"). Let S%”é (I") be the subspace of S}%’L(I‘) that contains
solenoidal surface divergence conforming B-Splines, i.e.,

Sy (1) = {4 € S;(I) : divr ¢ = 0}

Similarly to [61] and in complete analogy to the continuous setting, see Theorem 2.32, this subspace can
be characterized by exploiting the properties of the discrete de Rham complex. This yields the following
orthogonal decomposition

S%”é(r) = curlp S§(I') + Hy o(I'), dimH,; , = gi(D), (3.58)

where H; ,(I') is the discrete first surface cohomology space, whose dimension 3 (I") corresponds to the first
Betti number of I', and ¢ > 0 is the refinement level. We refer the reader to [63] for a concrete construction
of the needed bases for H; ,(I).
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SO(Q) —— Sh(Q) <= §2(Q) — S3(Q)

D
Yo S%’” (F) Yn
Vr yh‘
S2(T) Y |xn S2(T)
cuk‘ Ar
1,1
SLH (D)

Figure 3.3: Conforming discretization of the de Rham complex of Figure 2.6 using B-Spline spaces.

Remark 3.28. In the case of a trivial topology, the characterization (3.58) reduces to S%’é(l“) = curlp S%(F).

Analogously, a similar complex as in Figure 3.3 starting from a 2D domain can be derived. We refer the inter-
ested reader, e.g., to [21, 119] and the literature cited therein. In this thesis, we need only a discretization

of H(V,Q) and H 3 (I") in 2D problems. For convenience, they read
Sp(Q) = {v € H(V,Q) : v, € SH(r1), VO <1 < Ny}, (3.59a)
S2(T) = { € H 2(T) : ¢y, € S2(k1), VO <1 < N} (3.59b)
Thereby, and in accordance to the 3D case, p = p — 1. Moreover, note that « refers to a domain patch in

(3.59a), and to a boundary patch in (3.59b), i.e., with K from Definition 3.23 corresponding to 2 and T,
respectively.

With this, we close the section as well as the chapter. In the next one, we proceed to the derivation and
analysis of the Johnson-Nédélec coupling for some relevant model problems in the continuous and discrete
Galerkin setting in the isogeometric context.
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4 The direct non-symmetric couplings

The only way to learn mathematics is to do
mathematics.

P. Halmos

Starting from the equations given in Chapter 3, we can readily derive several interface problems. As men-
tioned throughout this thesis, we consider a coupling of the Finite Element Method (FEM) with a Boundary
Element Method (BEM). The weak formulations with respect to the interior domains, which are associated
to possibly non-linear Partial Differential Equations (PDEs) are obtained in a standard way by testing the
equation, integrating, and applying a suitable Green’s identity. For exterior domains, which are exclusively
filled with linear materials, the corresponding equations in the domain are transferred onto the interface and
represented via some Boundary Integral Equations (BIEs), according to Subsection 3.2.1. The choice of the
BIEs depends on the specific coupling strategy. On one hand, we differentiate between symmetric and non-
symmetric couplings. The former utilize both BIEs, whereas the latter employ only one. On the other hand,
we have direct and indirect approaches. The unknowns in the direct formulation correspond to the Cauchy
data, thus, they have a physical interpretation and can be used directly to compute derived quantities. How-
ever, indirect approaches rely on a potential ansatz, which requires the resolution of an additional system to
obtain physically meaningful quantities. We refer to [9, 30, 69] for the original papers, and for instance to
[6] for an overview on the mentioned coupling techniques and a historical development of their mathemati-
cal background. For completeness, we also refer the reader to [45] for an additional strategy, known as the
three field coupling. In this thesis, we opt for a direct non-symmetric coupling, which is also named after
the authors of [69] the Johnson-Nédélec coupling. In contrast to (direct) symmetric couplings, the approach
of Johnson and Nédélec uses only one BIE, which involves two Boundary Integral Operators (BIOs) versus
four when both BIEs are considered. Moreover, by keeping in mind the application’s field of our method,
namely, a multi-physics problem, which is coupled to a mechanical subsystem via forces or torques, it is more
reasonable to favor a direct method over indirect ones. Note that a complete mathematical analysis on Lips-
chitz domains for the Johnson-Nédélec coupling has only been known for about ten years, starting with the
seminal work of Sayas [104].

In this chapter, we study some relevant and standard model problems. A good starting point is the Laplacian
interface problem. In Section 4.1, we show the well-posedness by extending the results of [46] to non-linear
operators. In particular, we consider the framework of Lipschitz continuous and strongly monotone opera-
tors, as employed in [6]. The theory behind this framework is provided extensively in [122]. Moreover, we
provide a stability result for a specific practice-oriented type of non-linear materials, see Definition 1.1. The
problem is discretized by means of suitable B-Spline spaces with a conforming Galerkin method, such that
well-posedness can be transmitted to the discrete setting, and that a Céa-type quasi-optimality can be merely
stated. Based on this, we derive a priori error estimates with respect to h-refinements. Thereby, we use the
approximation results for B-Spline spaces and their traces that are furnished in [21, 33]. The content of
this section is already published in [42]. These results facilitate an extension of the analysis to the parabolic
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case. In the linear case, a complete analysis of the non-symmetric FEM-BEM coupling is provided in [41].
To adapt these results to our non-linear case, we consider the framework of monotone equations, see [122].
This is the subject of Section 4.2. As a more concrete model problem for the simulation of electric machines,
see Figure 1.4, for instance, we derive in Section 4.3 an adapted variational formulation for this purpose,
and analyze the direct non-symmetric coupling by using similar tools. Furthermore, we study the behavior
of the solution in the BEM domain, and notice an amelioration of the convergence rates, which may double
under certain circumstances. This behavior is known as super-convergence, and it is indeed advantageous
considering the fact that forces and torques are evaluated in this domain. This has also been published in
[42]. As a last model problem, we address the three-dimensional (3D) case in Section 4.4. In particular,
we restrict ourselves to the magnetostatic regime for convenience. Note however that an extension to the
parabolic case or to a similar Boundary Value Problem (BVP) for the simulation of electric machines can be
conducted similarly to Section 4.2 and Section 4.3, respectively. We formulate the 3D problem in suitable
quotient spaces to rule out the difficulty caused by the infinite dimensional kernel of the curl operator, then
proceed analogously to the two-dimensional (2D) case. This is made possible by the contractivity result of
Lemma 3.19, and a Friedrichs’ inequality, which provides an equivalent norm in H (curl, 2). The latter can be
found in [88], for instance, in a slightly different form, which is however easily adapted to the quotient space
formulation. The results of Section 4.4 are already published in [43].

4.1 The two-dimensional (2D) elliptic-elliptic interface problem

Let Q C R? be a bounded domain with Lipschitz boundary I' = 99, and let Q¢ := R?\Q be the corre-
sponding exterior domain. Furthermore, motivated by Theorem 3.9, we assume that diam (€2) < 1 to ensure
the H—2 (I")-ellipticity of the boundary integral operator V. A suitable model problem can be obtained by
coupling the corresponding equations of the interior and exterior problems, which are given by (3.11) and
(3.13), respectively. As pointed out in Chapter 3, the coupling is performed via the jump conditions of the
Cauchy data ([~youlr, [+{ u]r).

We consider the following interface problem (in a weak sense):

Problem 4.1 (Classical problem). Find (u,u®) € H(V,Q) x Hy,(V, Q) such that

—div(UVu) = f in Q, (4.1a)

—Au =0 in Q°, (4.1b)

[voulr := you —§u® =u onT, (4.1¢0)
[ ulr o= A u =25 u = onT, (4.1d)
u® = Cx log|z| + O (Jz| ) for |x| = oo (4.1e)

~

with (f,4,6) € H(V,Q) x Hz(T') x H2(T).

Furthermore, the following remarks are due:

* For the sake of a more general analysis, we allow both u # 0 and aAﬁ # 0. Moreover, if not stated
otherwise, the non-linear operator U/ is assumed to be strongly monotone and Lipschitz continuous
according to Assumption 2.13 .
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* In contrast to (3.11), we seek for u € H(V, () instead of the subspace Hy(V,(2). There, we recall that
the homogeneous boundary condition was needed to fix the constants, which correspond to the kernel
of the gradient operator. However, in this case, this role is taken over by the exterior problem (3.13),
in particular, by the decay condition (4.1e).

* The constant C, in (4.1e) follows from the corresponding representation formula. It reads C, :=
% (7§ u®, 1) .. From the weak formulation below, we find the equivalent representation

1 ~
Coo = _% <<f7 1>Q + <¢7 1>F> .
Hence, (4.1e) can be replaced by
u® =0 (|lz|') for |z| — oo

with a further compatibility condition on the data

(f.1)q + <$, 1>F —0.

4.1.1 Well-posedness and stability

The derivation of a variational formulation for the non-symmetric coupling follows a standard procedure: For
the interior part, we test (4.1a) with v € H(V, ), apply the integration by parts (2.65), then use the jump
condition (4.1d) to introduce ~§ u® in the weak form of the interior problem. For the exterior part, the weak

formulation follows similarly by testing the first BIE in (3.37b) with ¢ € H ~3 (T"), and inserting the jump
condition (4.1c), such that the exterior problem is coupled with the interior one via you.
Formally, by writing ¢ = +§ u®, the weak formulation of the non-symmetric coupling of Problem 4.1 reads:

Find u := (u, ¢) € H(V,Q) x H~2(T') such that
UV, Vo)g — (6,700 = (f.0)g + (B700) .
(03 ) ) = . (3-5)1),
hold v := (v,v)) € H(V,Q) x H2(T").

For convenience, we write the variational form above in a compact form. For this, we introduce the product
1 o
space H := H(V,Q) x H2(I'), and endow it with the norm

Ml = | Ioloy + I, gy forv=(0.9) < . +2)

Problem 4.2 (Compact form). Findu € ‘H := H(V, ) x H2 (T") such that a(u,v) = ¢(v) holds Vv € H with
the linear form (linear in the second argument) a : H x H — R

alu,¥) = UV T0)g (63000 + (1, (5 =Ko ) o)+ (0 Vo, (43

r
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and the linear functional ¢ on H,

(06)i= (oo + (B, + (o (3~ Ko) 7). (44

T

It is easy to find a counterexample to show that a(v, v) is not elliptic, we mention v = (1, 0), for instance. To
prove well-posedness of Problem 4.2, we proceed as in [6] by considering an equivalent stabilized problem
that is amenable to analysis. We mean by equivalent that a solution of the original problem is also a solution
of the stabilized one and vice versa. Provided this is the case, this approach is called implicit stabilization.
The proposed stabilized problem reads:

Problem 4.3 (Stabilized problem, [6]). Find u € H such that a(u,v) = £(v) holds Vv := (v,1) € H, where

we define with
s(v) = <17 (; - ’C(J) ’Yov> + (L, Voy)r
r

the stabilized linear form

and the functional

The equivalence is stated in the following.

Lemma 4.4 (Equivalence of the formulations, [6]). The original and the stabilized formulations are equivalent,
i.e., u € H solves Problem 4.2 if and only if it solves Problem 4.3, and vice versa.

Therefore, the analysis can be performed with the aid of the stabilized form. In particular, Lemma 4.4 im-
plies that well-posedness of the stabilized problem transfers to the original one. However, for implementation
purposes, we still use the original one for simplicity.

According to Theorem 2.5, well-posedness follows, provided the considered operator is Lipschitz continuous
and strongly monotone. First, let H' denote the dual space of . Then, we define the induced non-linear
operator A : H — H' by

<ﬂ(u),v> = a(u,v) VYu,veH. (4.5)

The following result establishes the needed properties of A.

Theorem 4.5 (Lipschitz continuity and strong monotonicity). Let us consider the non-linear operator A : H —
H' defined in (4.5) with H = H(V,Q) x H 3 (T"). We state the following three assertions.

1. Ais Lipschitz continuous, i.e., there exists C1, > 0 such that
| A = AW, < cuu—viy,

forallu,v e H.
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2. If C¥ > 1§ then
(A(w) = Aw), 0~ v) > Cuay (V= Vol2aggy + 16— w3, + s —v)?) 4.6)

forallu = (u,p) € H, v= (v,¢) € H with the norm Hz/JHf,O = (¢, Vo) and with

1
Cstab:min{172<1+01\u/[_ (Clz\/{/[—l)2+1>}.

3. IfCY > % then A is strongly monotone, i.e., there exists Cy; > 0 such that
(Alw) - Aw),u=v) = Cullu - vlj3,

forallu,v e H.

Proof. The Lipschitz continuity of A follows from the Lipschitz continuity of ¢/, and the continuity of the
integral operators.
The proof of the second assertion follows the lines of [46, Theorem 1] for § = 1. We replace the coerciv-
ity estimate of the bilinear form (UVu, Vv), considered in [46] for a linear ¢/ by the strong monotonicity
property of U, i.e,

UV = UV, Vu—Vo)g > Cif |V — Vo 72

The restriction CYf > % is a direct result of the use of the contractivity result for the double-layer operator g
of Lemma 3.18, where we use the worst case of Cx,, = 1 in the statement, see also [89, Lemma 2.1].
For the last assertion we note the norm equivalence (3.34), and by a Rellich compactness argument it can be
shown [6, Lemma 10] that

VI = V0] 2200y + 112, + 5(v)°
defines an equivalent norm in H for all v := (v, ) € H. Together with (4.6) this leads to the last assertion
with C’ﬁ[ > i, which is required for (4.6). O

Remark 4.6. The constants Cy, and Cy; in Theorem 4.5 depend on various other constants, namely, the continuity
constants of the boundary integral operators Vy and K, the ellipticity constant of )V, C’f’, C’f,l’ and Cy, in
particular on ) and I". Thereby, Cy > 0 is the constant from the trace inequality (2.58) .

With this, we state the main result of this section.

Theorem 4.7 (Well-posedness). Provided that CYf > %, there exists a unique solution u := (u, ¢) € H of the
variational Problem 4.2 for any (f,u, (;AS) € H(V,Q) x H%(F) X H*%(F)_

Proof. From Theorem 4.5, it follows that the induced operator A of a(-,-) is strongly monotone and Lipschitz
continuous for CYf > %. Hence, by using Theorem 2.5, there exists a unique solution u := (u, ¢) € H of the

variational Problem 4.3 for any (f, u, &5) € HV,Q) x H %(F) x H *%(F). Thanks to the equivalence stated
in Lemma 4.4, this is also the unique solution of Problem 4.2. O
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In the context of electromechanical energy converters, it is usual to consider UVu := v(|Vu|)Vu in the
sense of Definition 1.1. For this particular type of non-linearity, we can establish the following stability
result.

Lemma 4.8. Let C{f > I and let the non-linear operator U be of the form UVu := v(|Vu|)Vu with a non-linear
function v : R — R induced by an admissible B-H curve according to Definition 1.1. Then, for the solution
u := (u, ¢) € H of Problem 4.2, we have the stability result

b < € (Il + 30 + 3], 4,)  withC>0

Proof. Let v € H be arbitrary. We know from the strong monotonicity of A that
Cullu = Vi3, < (A(w) = Av),u—v).

Without loss of generality, we choose v := (0, 0) and note that /Vv = 0. Thanks to Lemma 4.4 u := (u, ¢) is
also the unique solution of the Problem 4.3. Thus, we conclude that

Cullully, < (A(w),u) = U(w),

= (fruq+ {b,70u) + <¢, (; - ico) a>r + <1, <; _ /Co) a>rs(u)

with s(u) := (1, (3 — Ko) you) + (1,Vo¢). Next, we use the Cauchy-Schwarz inequality along with the
boundedness of £y and Vy, and the trace inequality Equation (2.58). Then, rearranging the terms yields

2 - |
cMuuHHs<||f||H<v,Qy+coH¢HH_%(F)+ulnH;m (2+00 Collily oy | llzce

1 . _
1l (54 €5) @4 ) iy 0 ) 101,

where C*o, CY0 > ( are continuity constants of the boundary integral operators Ky and V), respectively,
which arise from Theorem 3.8. From this follows the assertion with a constant C' > 0 that depends on
C’CO, CVO, C(], CM and I'. O

The next subsection is dedicated to the discretization of the original Problem 4.2 via a Galerkin approximation.
Recall that this allowed by the equivalence stated in Lemma 4.4.

4.1.2 Galerkin discretization

Let V, ¢ H(V,Q)and X, C H _%(F) be some finite dimensional subspaces, where the index ¢ expresses
a refinement level, see Section 3.3. In order to be able to transfer the implicit stabilization to the discrete
problem, we need to make the following assumption.
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Assumption 4.9. The discrete space X, contains the constants, i.e.,

I e ﬂ Xy such that (¢, 1) # 0.
£eNg

The discrete problem is then obtained by replacing the spaces H(V, ) and H _%(P) in Problem 4.2 with
Vp and X, respectively. We consider a conforming Galerkin discretization of the Problem 4.2. By de-
noting the discrete product space by H,; := V; x X,, the discrete problem can be written in a compact
form.

Problem 4.10 (Discrete problem). Find u; = (u¢, ¢¢) € H¢ = Vy x Xy such that a(uy,vy) = £(vy) holds
Vg = (vg, ¢¢) € Hy. Thelinear form a(-, -) and the linear functional ¢ are defined in (4.3) and (4.4), respectively.

Note that we consider a conforming Galerkin discretization. Provided that Assumption 4.9 is satisfied, the
analysis for Problem 4.10 is done analogously to the continuous Problem 4.2 since the discrete spaces are con-
forming. In other words, all the above results including the introduction of a stabilized form and Lemma 4.4
also apply for the subspaces.

Corollary 4.11 (Well-posedness). Let u € H be the solution of Problem 4.2. The solution u, € Hy of Prob-
lem 4.10 exists, converges to u such that elirn u, = u, and is unique.
—00

Proof. The assertion follows with Theorem 4.7, and by taking into account the conforming Galerkin dis-
cretization, see [122, Corollary 25.7]. O

In the same context, we can establish a quasi-optimality result in the sense of a Céa-type lemma. This is
a central result for a priori error estimates of the non-symmetric coupling, as will be addressed in the next
subsection.

Theorem 4.12 (Quasi-optimality). Let Assumption 4.9 hold, and C{ > %. Moreover, let u := (u,¢) € H be
the unique solution of Problem 4.2, and u; := (ug, ¢¢) € H, the solution of its discrete counterpart Problem 4.10.
Then

l— el .0y + 16 = 0l 3 gy < Ceea, _min (= vellggw.) + 16— el 3 )

with Coga = G-

Proof. The assertion follows as a result of the main theorem on strongly monotone operators, Theorem 2.5.
That means with v, = (vg,y), as a consequence to Lemma 4.4, the strong monotonicity, Galerkin orthogo-
nality, Cauchy-Schwarz inequality, and the Lipschitz continuity we get

Cmllu—uy|)3, < <Z(u) — A(uy),u— llg> = <ﬂ(u) — A(uy),u— Ve> < H«Z(u) - X(UZ)H,H/HU — Vel
< Crfju—uyf[3flu = velly,

where the assertion follows directly. O
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4.1.3 A priori error estimates

Let the assumptions of Section 4.1 on 2 hold. We consider the discrete Problem 4.10 with V; = S)(2) and
X = SXT), with p = (p,p) and p = p — 1, cf. (3.59), and let H, := S}(Q) x SZ(I"). Note that with this
particular choice the degrees of the B-Spline spaces are solely fixed by one parameter p > 0. Hence, we say
that #, is of degree p.

In the following, we need to define regularity in a patchwise sense.

Definition 4.13. Let K € {Q,T'} be a multipatch domain with N, patches. For some s € R, we define the space
of patchwise regularity by
Hp(K) = {u € L*(K) : |[ull gy, () < o0},

where

4.7)

||“”§15W(K): Z 21|

0<I<Ng

2
H(K)'

For an a priori error estimate for the non-symmetric isogeometric FEM-BEM coupling, we first recall a result on
the approximation properties of the considered B-Spline spacesin H(V,2) and H -3 (T).

_1
Lemma 4.14 (Approximation properties). Let u € H(V, Q)OH;;;S(Q) and ¢ € H*%(F)OHPWZ’ +S(F). Consider
Sg(}?)hand S%(I‘) as given above. There exists C, Co > 0 depending only on p and Cy from Assumption 3.25
such that

1 S

ot vl ey < Cublull gy 0S5 <P,
. 1 1
inf 6=,y ) < CaROl y0 gSsSpEg

$e€SE(T)
Proof. The first estimate is given in [21, Corollary 2], and the second one follows from [21, Corollary 4]. O

With this, we state the following result.

Theorem 4.15 (A priori estimate). We assume C{f > 1. Let (u,¢) € H be the solution of Problem 4.2
and let (ug, ¢p) € Hy = Sg(Q) X S%(F) be the solution of the discrete Problem 4.10. Then, for 0 < s < 1

2)
ue H(V,Q) N HL(), and ¢ € H3(T) N HY,(T)

= wellgrew.gy + 19 = Gl -3y < C1* (Il agocey + 181y, ) ) -
1
For 5 <s<pueH(V,Q)nN Hyk#(2), and ¢ € H_%(F) N pr2+ (T") we have

[ = well v ) + 16 — ¢Z||H7%(F) <Ch’ <”uHHI}j,'S(Q) + H¢\|H5+S(F)>

pw

with a constant C' = C(Ccga, p, Cy) > 0, which is in particular independent of h.
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Proof. From [21] we know that S (€2) and S%(F) are closed subspaces of H(V,) and H ~3 (I"), respectively.
Moreover, Assumption 4.9 is fulfilled per construction of the B-Spline spaces. Hence, the usual analysis for
a conforming Galerkin discretization of a non-symmetric FEM-BEM coupling can also be considered in the
isogeometric context. Now, using Lemma 4.14 and the quasi-optimality stated in Theorem 4.12 yields the
assertion. O

Remark 4.16. Throughout this section, we required for the analysis that CY, > i. However, this assumption is
sufficient for the solvability of the Johnson-Nédélec coupling, but not necessary. See also [6] and [46, Remark
10], where numerical experiments still converge although the condition is violated.

4.2 The two-dimensional (2D) parabolic-elliptic interface problem

Let us consider the same configuration as in the previous section, namely, an interface problem with a
bounded domain Q2 C R? with Lipschitz boundary I' = 9. The unbounded exterior domain is denoted
by Q¢ := R?\(Q2. For the same reason as previously, we assume that diam (Q2) < 1. In this section, we study
a non-linear evolution problem of first order. The model problem stems, e.g., from the 2D magnetoquasista-
tionary case, and can be obtained by coupling (3.10) (instead of (3.11)) with (3.13).

The following Initial Value Problem (IVP) has to be understood in a weak sense:

Problem 4.17 (Classical problem). Find (u,u®) € L?(0;, T; H(V,Q)) x L*(T; Hy,(V,Q®)) such that

—div(UVu) + kO = f in Q x T\{0}, (4.8a)
AW =0 in Q¢ x T\{0}, (4.8b)

[voulr =u onI' x T\{0}, (4.8¢)

W ulr = ¢ on T x T\{0}, (4.8d)

u=20 in Q x {0}, (4.8e)

u® = Cxlog|z| + O (Jz| ) for || — co and T\{0} (4.80)

~

with (f,4,8) € L3(T; H(V,Q)) x L3(T; H2(T)) x L3(T; H™2(T)), T = [0, tmax), and x > 0.
Similar arguments and remarks to the ones that led to Problem 4.1 can be employed here with the following
adaptation:

* In addition to Assumption 2.13, we require the non-linear operator I/ := U(t) to be hemicontinuous.

* Note that the term Cy in (4.8f) reads Coo(t) == 5= (7§ u®(t), 1)p-.
In complete analogy with the previous section, we derive a variational formulation for the non-symmetric
coupling. With ¢ := ~§ u® we obtain:

Find u := (u, ¢) € L2(8,,T; H(V,Q)) x L2(T; H~2(T')) such that u(0) = 0 and

UV, Vo)g + k (9h, v)g = (6,500)r = (fr0)g + (6,700)
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(. (550 ) )+ oo = (v (5 -K0) 7).

hold Vv := (v,¢) € H := H(V,Q) x H*%(F) and almost everywhere (a.e.) on 7 := (0, tmax)-

We denote by Hrt := L2(0,,T; H(V,)) x L*(T; H (T")) the Bochner product space, and endow it with the
norm

2 2 2
VI3, ::HUHL?(&,T;H(V,Q)) + ||¢||L2(T;H_%(F))
=[[0l122 ¢z, mrv.2y) + 100 220 1w ) + WH;(T;H%(P)),

where v := (v,¢). Thereby, we used the definition of ||-[ .2, 7, (v q)) @ccording to (2.15). For convenience,
we also recall that [|-[| 2y, ;) is defined for some generic space H in (2.13).

With this, the variational formulation above can be written in compact form.

Problem 4.18 (Compact form). Find u := (u, ¢) € Hrt such that ar(u,v) = £(v) holds Vv := (v, ) € H with
the linear form (linear in the second argument) at : Ht X H — R,

ar(w,v) := K (Opu, v)g + a(u,v). (4.9)
Thereby, a(-,-) and the linear functional {(-) are defined in Problem 4.2.

To analyze the problem above, we proceed similarly to [41, Remark 10] by considering an implicit stabiliza-
tion in order to profit from the results of Section 4.1.

Remark 4.19. Note that [41] proposes in the first place a more general approach based on energy estimates
without resorting to a stabilized problem. That is, the analysis of [41] could also be adapted for our problem
independently of the non-linearity in the interior domain.

Problem 4.20 (Stabilized problem). Find u := (u, ¢) € Hrt such that ar(u,v) = ¢(v) holds Vv := (v,¢) € H
with the linear form (linear in the second argument) at : Ht X H — R,

ar(u,v) := k (Qu,v)q + a(u,v). (4.10)

Thereby, a(-,-) and the linear functional ¢(-) are defined in Problem 4.3.

Lemma 4.21 (Equivalence of the formulations). The original and the stabilized problems are equivalent, i.e.,
u € Hrt solves Problem 4.18 if and only if it solves Problem 4.20, and vice versa.

Proof. The equivalence carries out verbatim from the linear case in [41], since the argument used therein is
based on the choice of a test function, such that ar(u,v) is expressed only in boundary terms. O

Let A(t) : H — H’' be asin (4.5). The following result establishes the needed properties of A(t).
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Lemma 4.22 (Properties of A(t)). Let us consider the non-linear operator A(t) : H — H' with H = H(V, Q) x
H 2 (T"). We state the following assertions.

1. A(t) is Lipschitz continuous.

2. If ¥ > 1 then ﬂ(t) is strongly monotone.

3. A(t) is hemicontinuous.

Proof. The first and second assertions are proved in Theorem 4.5. Recall that for u(¢),v(t) € H
(A1), ¥(1) ) = @Tu(t), Vot))g ~(6(1), 200y
(000, (5 =Ko ) 0ute)) -+ (900 Yoot -+ s(u(0)s(v(0)

with s(-) as defined in Problem 4.3. The hemicontinuity of .A(t) is clearly inherited from the properties
of (UVu(t), Vu(t))q, because the second term is bilinear and bounded, and all other boundary terms are

continuous due to the continuity of BIOs, see Subsection 3.2.1. The hemicontinuity of .A(¢) is a result of the
hemicontinuity of ¢(¢), and [73, Theorem 2.1.6]. O

By using the main theorem on monotone operators, we establish well-posedness of Problem 4.18.

Theorem 4.23 (Well-posedness). Provided that C{ > i, there exists a unique solution u € #Hr of the varia-
tional Problem 4.18, for any (f, 4, %) € L*(T; H(V,Q)') x LX(T; Hz(T")) x L2(T; H~2(T)).

Proof. The assertion results from Lemma 4.22, Theorem 2.7, Lemma 2.9, and the equivalence of the stabilized
problem with the original one, which follows from Lemma 4.21. O

Similarly to the previous section, if we consider U(t)Vu(t) := v(|Vu(t)|)Vu(t) to be defined in the sense of
Definition 1.1, the following stability result can be established.

Lemma 4.24. Let C{ > 1 and let the non-linear operator U be of the form U(t)Vu(t) := v(|Vu(t)|)Vu(t)
with v : R — R being a non-linear reluctivity v : R — R induced by an admissible B-H curve according to
Definition 1.1. Then, for the solution u := (u, ¢) € Ht of Problem 4.18, we have the stability result

, C>0.

e = € <Hf”L2(T;H(V*Q)’> Nl oy ) + Hd" L2(T;H%<r>>>

Proof. By profiting from the linearity of the integral, the #r-norm Section 4.2 can be written as

tmax
lulZ,. = /0 ()30 + [9u(®) I gy .
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where || - ||3 is defined as in (4.2). First, the approximation for |lu(t)||3, is given in Lemma 4.8. Second, the
estimate for H@tu(t)H?{(V Q) is provided in several works and manuscripts, e.g., [48, Part II. Section 7.1.2].

In [41, Lemma 11] an estimate with the aid of the dual norm leads to

ol oy < € (IO ay + 1Ol + [50] -y 0, ) G0

Therefore, combining both results, integrating over the time interval 7', and taking into account that u(0) = 0
yields the assertion with a constant C; > 0, which has the same dependence as C' in Lemma 4.8. O

In a semi-discrete setting, namely, by using a Galerkin approach as in Subsection 4.1.2, existence and unique-
ness of a discrete solution are direct consequences of [122, Theorem 30.A]. Moreover, we can show quasi-
optimality in the sense of a Céa-type lemma by adapting the proof of [41, Theorem 12].

Remark 4.25. In this thesis, we do not address a concrete time discretization, and refer to [41] for the anal-
ysis of the fully discretized problem, where no duality argument is used (which is in general not available for
non-symmetric systems). Furthermore, a variant of a classical implicit Euler scheme is considered for the time
discretization with the advantage of avoiding time regularity assumptions. The classical implicit Euler, which is
the scheme that we will consider for simplicity in our related numerical experiments, arises therefrom as a special
case. By introducing a regular subdivision of the time interval T, we arrive at an ordinary differential equation
with implicit components in the algebraic part, and a stiff differential part. This explains the choice of an implicit
approach, since it avoids the numerical stability problems that arise for explicit schemes.

In addition, note that higher order time discretizations are without doubt expected to be more advantageous for
our isogeometric approach. For the analysis of a full discretization with a higher order time discretization, a Tay-
lor expansion technique as demonstrated in [47] can be adapted with the drawback of the usual higher regularity
assumptions in the time component. An investigation in this respect in future works would be beneficial.

4.3 A possible extension for the simulation of electric machines

In this section, we go back to the static case of Section 4.1 for convenience, but extend the geometrical con-
figuration such that the arrangement of domains mimics a typical type of electrical machines, such as the one
visualized in Figure 1.4.

Let Q1,Q¢, Qs C R? be bounded Lipschitz domains with diam (2¢) < 1, see Figure 4.1, and let Q C
be a Lipschitz inclusion with boundary I'g ;. We denote by I'* = I'y U I'; the boundary of 2¢ and associate
I'p,1 and I'g 2, which correspond to the “interior” and “exterior” boundary of €2; and », respectively, with
homogeneous Dirichlet BCs.

For the sake of clarity, we use throughout this section a different notation for the Cauchy data of some
w € H(V,Q,T'y): We write wjr, to denote the standard interior trace of w on the boundary part Iy, of (,
and U Vwr, - ny, for the corresponding interior conormal trace. Thereby, ny is as usual the outer normal
vector of {2 on I'y. Note that a formal definition can be made by adapting Definition 2.14. The exterior
traces follow similarly. For convenience, we refer to (2.31a) for the definition of spaces with BCs.
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Figure 4.1: A possible multi-domain arrangement that is, e.g., topologically equivalent to Figure 1.4.
0 and Q, are filled with possibly non-linear materials, whereas Q¢ contains air. I'p ; and
I'o2 are associated with homogeneous Boundary Conditions (BCs).

We consider the following boundary value problem (in a weak sense):

Problem 4.26 (Classical problem). Find (u1,ug,u®) € Ho(V,Q1,T01) x Hy(V,Q2,T02) x H(V, Q¢) such that

—div (U V) = f; inQ;, =12 (4.11a)

—Aut =0 in Q°, (4.11b)

up, — wir, = U; onl;, i=1,2, (4.11¢)

UiV uir, - 1 + Vb, - e = ¢ onT;, i=12, (4.11d)
uir,, =0 onTg,;, i=1,2 (4.11e)

with (fi,ﬂi,qASi) € Hy(V,Q) x H%(Fi) X H_%(Fi) for i = 1,2, and n. being the outer normal vector with
respect to Q)€ on T'C.

The non-linear operators U; are assumed to be strongly monotone and Lipschitz continuous. Note here that
the exterior domain Q€ is bounded. Therefore, we replaced the decay condition with the homogeneous BCs.
A similar analysis follows merely with non-zero constant BCs.

4.3.1 Well-posedness and stability

To derive a weak formulation for Equation (4.11), we first derive a weak formulation in ©; and 5. For
this, we multiply (4.11a) with test functions v; and apply the first Green’s identity (2.65) in each part to get
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(UsVui, Vvi)g, — UsVuir, -1, vipr, ) = (fiyvidg, (4.12)

for i = 1,2. We used thereby the BCs u; = 0 on I'g ; with ¢ = 1,2. In Q¢ the Laplace equation is represented
by the interior BIE (3.37a)

Voo = (; + Ko) ue|Fe (4.13)

_1
with ¢ := Vupe - ne. From Lemma 3.16, we choose the Neumann data with ¢ € H, *(I'*). Consequently,

~ _1
we set ¢; € H, *(I';), i = 1,2. The choice of the corresponding space for Dirichlet data will be discussed
below.

Furthermore, similarly to Section 4.1 we introduce the product space

it
Ho = Ho(V,Q1,To1) x Hy(V,Q2,T02) x H, 2(I'®), (4.14)

and endow it with the norm

[Vilag, == \/ o1l ) + el + 1012y oy forv= (or,e2,) € Ho.

Using I' = I'1UTI'9 and inserting the corresponding jump conditions (4.11¢) and (4.11d) in (4.13) and (4.12),
respectively, yields the following weak formulation for Problem 4.26:

1
Find u := (ul,uQ, qb) e Hpy:= H()(V, Q, FO,I) X Ho(v, Qg,rgg) x Hy ? (Fe) such that

(UrVur, Vi), + (dpry, vipry )p, = (1,010, + <<$17’U1\r1>rl :

(UsVuz, Vz)q, + (D, v2iry ), = (f2,v2)0, + <<$27’02\r2>r2 ;

2 2

1 1 ~
(¥, Vood)re - E_; <w, (2 + /co> ui|pi>re = Zl <w, (2 + /co> “>r
hold Vv := (Ul, V2, w) € Ho.

Because of (% + ICO) 1r, = 0 with ¢ = 1, 2, the Dirichlet data %; can be considered in the corresponding whole

space H 2 (T;) instead of [H 3 (T';)]. With this, we first write the problem in a compact form.

Problem 4.27. Find u := (uy, us, ¢) € Ho such that b(u,v) = 1(v) holds Vv := (v1, va,¥) € Hy.
Thereby,

b(u,v) := Z ((Uivuz‘, Vui)g, + <¢|Fi7Ui\Fi>FZ, - <¢7 <; + Ko) Ui|ri>re> + (¥, Vod)re

=1

and

Uv) == Z (<fi,vi>9i + <$ivvi|ri>ri + <1/J, <; + IC0> ai>re> .

=1
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In this case no stabilization is needed, because the Dirichlet BCs clearly allow the application of the Friedrichs’
inequality, which establishes a norm in interior domains. Therefore, we prove directly the strong mono-
tonicity of b(-,-). Analogously to (4.5), the form b(-,-) induces a non-linear operator B : H, — H( with

(B(u),v) :=b(u,v) Yu,ve Hy. (4.15)

The next theorem establishes the strong monotonicity of the method for the extended BVP. It is based on the
idea used for a stability estimate for an interior Dirichlet BVP of a diffusion equation with a hard inclusion,
see [90]. The key idea therein is to estimate the energy of the bounded finite element domains with the
energy of some related problem in the exterior domain. Let A > 0 be the minimal eigenvalue of the related
exterior problem. If both corresponding Steklov-Poincaré operators are H %(F)-elliptic, then we have that

NSt0,0) < (S™,v), forall v e HE(T), (4.16)

where S and S™ are the Steklov-Poincaré operators of the exterior and the interior domain, respec-
tively, cf. [90]. The constants in the following theorem have similar dependencies as described in Re-
mark 4.6.

Theorem 4.28. Let us consider the non-linear operator B : Ho — Hj, defined in (4.15) with H being the
product space introduced in (4.14). Furthermore, \1, Ao > 0 are the eigenvalues in (4.16) with respect to the
domains Q1 and 9. We state the following three assertions:

1. B is Lipschitz continuous, i.e., there exists C, > 0 such that
1B(u) — B()llay, < Cillu—vllyy, (4.17)
forallu,v € H,y.
2. IfCHi > o fori = 1,2, then
(B(u) — B(v),u—v) > Csap (HVul — Vvllliz(gl) + ||Vug — vaH%Q(QQ) + || — wlli()) (4.18)

for all u := (uy,ug, @) € Ho, V:= (v1,v2,9) € Ho with
S 1 U U 2 i 1 U Us 2 i
Cstab_mln{1,2<1+C’M \/(CM 1) +)\1>,2<1+CM \/(CM 1) +A2>}.

3. If Cl\u,f > 4%\_ for i = 1,2, then B is strongly monotone, i.e., there exists Cy; > 0 such that

(B(u) — B(v),u—v) > Cylu—v|3, (4.19)

for allu,v € H,.

Proof. The Lipschitz continuity follows merely from the Lipschitz continuity of /; and U, and the continuity
of the boundary integral operators.

The stability estimate follows strongly the steps of the proofs of [90, Theorem 2.2.ii.] and [90, Section 5.1].
Since we are dealing with a different BVP and non-linear material tensors, we sketch the main steps of the
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proof, for convenience.
For ease of notation, let w := (wy,w2,£) =u—v = (u; — v1,us — v2, — ) € Hgp. From (4.15), we get

2

(B(u) — B(v),w) := > <(L{iVui — Ui, V), + <§, @ - /c0> w¢|pi>

i=1 re

) eV, (4.20)

First, we start with the domain parts. Provided ¢{; with i = 1,2 are strongly monotone, then it holds
(Ui Vu; — Ui Vi, Vwy)g, > Cypi [ Vwil|72 (0,

For w; € Hy(V,€;,Tg;), we now consider the splitting w; = w; + wo ;, where w; is the harmonic extension
of wyp, and wo; € Ho(V, €2, 08;); see, e.g., [46]. From this follows

2 2 i
IVl a0,y = Vel + (S wir, war, )
k2

where S}m with ¢ = 1,2 denote the interior Steklov-Poincaré operators of the bounded domains 2; and €,
respectively. Hence,

Next, by using a contractivity-based result for Ky with respect to Sf*, as given in [90, Lemma 2.1], as well
as the invertibility of V;, we obtain

1 .
<5, (2 - IC0> wi|r,-> < [€lly, \/<5§xtwi|ri,wi|pi>re, i=1,2,
Fe

1 1 . ’ N . .
where S : Hz(I'*) — H~2(I'®) are the Steklov-Poincaré operators associated to the corresponding exterior
eigenvalue problem, see [90, Section 2.2]. Note that we considered in the above estimate the worst case
Ck, = 1 with the same constant as in Lemma 3.18. Similarly, we assume the following spectral equivalence

1 .
<S§thi|ri7wi|ri>ri < y<8§ntwi|pi,’wi‘pi>r for all w; € Ho(v, Qi, FO’Z'),
7 i

where )\;, i = 1,2 are characterized as minimal eigenvalues of the related problem, respectively. Thus,

1 1, .
<§7 (2 — ICO) ’LUiFi> < [i€lly, \/)\,<3;mwiFwwiFi>pi> i=1,2. (4.22)
Ie 7

Inserting (4.21) and (4.22) in (4.20) leads with (£, Vo&)pe = H§||%,0 and some manipulations as in the proof
of [46, Theorem 1] to the assertion.

To prove the last claim we consider v := (v1,v2,%) € Ho. Note that v; = 0 on 'y ; and v, = 0 on I'g 2 with
\.F071|, \F0:2| > 0. Due to Friedrichs’ inequality and (3..34) it follows that ||Vv1|\%2(91) + HVUQ||%2(Q2) + ||¢||$/o
is an equivalent norm on Hy. Thus, (4.19) follows directly from (4.18). O

With this follows well-posedness of the extended problem.

Theorem 4.29 (Well-posedness). Provided that C¥{ > i, there exists a unique solution u := (uy, ug, ®) € Ho :=

88



_1 ~ —~
Ho(V,Q1,T01) x Ho(V,Q2,T02) x Hy * (I'®) of Problem 4.27 for any <fi7ai7¢z’> € Ho(V, ) x H3(T;) % §; €
1

H, *(T;) withi =1, 2.
Proof. The assertion is an immediate consequence of Theorem 4.28 and Theorem 2.5. O

The non-linear operators U;, i = 1,2 are now considered to have the form /;Vu := v;(|Vu|)Vu with non-
linear functions v; : R — R that are admissible in the sense of Definition 1.1. Similarly to the interface
problem, we state the following stability result.

Lemma 4.30. Let Cﬁi > ﬁ, i = 1,2, with \; as in Theorem 4.28. Furthermore, the non-linear operators
U, i = 1,2, shall have the form U;Vu := v;(|Vu|)Vu with admissible non-linear functions v; : R — R in

the sense of Definition 1.1. Moreover, let u € H be the unique solution of Problem 4.27 and ( fis U, $1> €

Ho(V,8;)" x H%(I‘i) X H_%(Fi) with i = 1,2, being some inputs. Then, there exists C' > 0 such that

2
ey < €3 (Wilo.ay + ol + 1600y, )

Proof. We know from the strong monotonicity of B that
Cullu = vlf3,, < (B(w) — B(v),u—-v)

holds for all u, v € #,. Without loss of generality, we choose v = (0,0, 0) and note that ¢/;Vv; = 0,i = 1,2,
for our specific non-linearity. Since u := (u1, u9, ¢) is the unique solution of the problem, we conclude that

Cuml[ul3, < (B(w),u) = u(u)

2 R 1 N
= ; <<fi;ui>Qi + <¢i,uim>ri + <¢7 <2 + ’Co) Uz‘>re> :

Using the trace inequality (2.58), along with the boundedness of Ky and V), and rearranging the terms
provides the assertion. O

4.3.2 A priori error estimates and super-convergence

Let us consider the same conforming isogeometric Galerkin discretization as in Section 4.1. Namely, the dis-

_1
crete problem is obtained by replacing u := (uy,u2, ¢) € Ho := Ho(V,Q1,To1) x Hy(V,Q2,T02) x H, *(T'¢)
in Problem 4.27 with ug := (uy ¢, uz¢, ¢¢) € Ho := Sh(Q1,Lo1) xS (Q2,To2) X S]%(Fe). Note that accordingly
to the notation in the continuous setting, Sg(Q, I') denotes the B-Spline space Sg(Q) of order p with a Dirichlet
BConI' C 09, and S%(Fe) is of order p = p — 1, see Subsection 4.1.3.

Problem 4.31 (Discrete problem). Find uy := (u1¢, uz¢, ¢¢) € Hoe := SH(1,To1) x S9(Q2,To2) X S%(Fe)
such that b(uy,v;) = +(v¢) holds for all vy := (v, v2.0,%¢) € Ho e
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In complete analogy to the interface problem, we state in the following theorem the quasi-optimality in
the sense of a Céa-type lemma of the discrete Problem, as well as an a priori error estimate for the intro-
duced B-Spline discretization. For convenience, let us introduce a piecewise defined product space s > 0
with

Hiy = (H(V, Q1) N HE () x (H(V, Q) N HY 2 (Q0)) x (H, 2(T) N Hpe (1)), (4.23)

and equip it with the norm || - [|3,, which is defined as in (4.7). Then, we can establish the following
results.

Theorem 4.32. For i = 1,2, let Cl\z’,{f > 4%\2_, with \; as in Theorem 4.28. Moreover, let u € H be the solution
of Problem 4.27 and u, € H be the discrete solution of Problem 4.31. Then we have the following results:

* Quasi-optimality:
lu— w3 < Coga_min [[u— vell3, (4.24)
\ZASE A

where Ceen, = %{
* A priori estimate: For 3 <s<pandue€ M,
[u—ugllpg, < CR°ullpg,

with a constant C' = C(Cgga, p, Cy) > 0, which is independent of h. For 0 < s < 1, we get a similar result
1
as stated in Theorem 4.15 with ¢ € H, 2 (I'®*) N Hp,, (T®).

Proof. Quasi-optimality follows from the strong monotonicity and Lipschitz continuity stated in Theo-
rem 4.28, by following the lines of Theorem 4.12. The a priori estimate follows from the quasi-optimality
and Lemma 4.14, as is done in Theorem 4.15 for the interface problem. O

In many practical applications, we might not be directly interested in the solution (u, u2, ¢) of Problem 4.27
rather than in some derived physical entities, which are, for example, evaluated in the exterior/air gap do-
main. As it can be observed for standalone BEM applications, estimating the error in functionals of the
solution may lead to so called super-convergence, i.e., linear functionals of the solution may converge better
than the solution in the energy norm, see [103, Section 4.2.5]. With enough regularity the convergence rate
doubles.

In the following, this behavior is also shown for the coupled problem. For this, we use the following Aubin-
Nitsche argument, similar to [103, Theorem 4.2.14].

Theorem 4.33. Let § € H|, be a continuous and linear functional. Moreover, let u := (uy,ug,¢) € Ho :=

1
Ho(V,0,To1) x Hy(V,Q9,T2) x H, *(I'®) be the solution of Problem 4.27 and uy := (u1 ¢, u2¢,¢¢) € Hoye
be the discrete solution of Problem 4.31. By assuming that w € H,, is the unique solution of the dual problem

b(v,w) = F(v) (4.25)
for all v € H,, there exists a constant C; = C1(CL) > 0 such that

[F(w) = F(ue)| < Crflu = vellao [[W — 2|24, (4.26)
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for arbitrary vo € Ho g, 2o € Ho. Furthermore, let % < s,t < p and recall the product space defined in (4.23).
Provided u and w are additionally in ’Hf)w and ’Hf,w, respectively, there exists a constant Cy = Cy(CL, p,Cy) > 0
such that

[§(w) = F(ug)| < Coh* [z, W5y, (4.27)

Proof. The proof follows strongly the lines in [103, Theorem 4.2.14]. Since we allow non-linearities, we give
a brief sketch. First of all, we note that Theorem 4.28 holds for arbitrary vector fields in H,. Thus, well-
posedness, and hence the existence of a unique solution can be established for the dual problem (4.25) as
well. Furthermore, the dual problem (4.25), the Galerkin orthogonality b(u — uy,z,) = 0 for all z, € H,,
and the Lipschitz continuity of the form b(-, -) provide

IF(u) — F(u)| = [F(u —up)| = [b(u — g, W — 2¢)| < Crf[u— w34, |W — 2|34,

for arbitrary z, = (214, 22,0, ¢) € Hoe-

With (4.24) we get the claim (4.26). Since Lemma 4.14 holds for arbitrary u, (4.27) follows from (4.26). [

Remark 4.34. In practice the functional of Theorem 4.33 may be, e.g., the representation formula of the exterior
BEM part QF, see (3.19b), i.e., for u = (u1,ug, ¢) € Ho

ut(z 22: (/ (z,y)opr, (y) doy — / Vyu'(z,y) - n(y)(ur, +ui)(y) dgy)-

=1

Next, let us assume the regularity u € Hg,, for the solution of Problem 4.27 and w € Hp,, of its dual prob-
lem (4.25), where the spaces are defined in (4.23). Then, with the discrete solution u, € # of Problem 4.31
and (4.27) we calculate the pointwise error in Q€ as

[uf(x) — uf(@)] = [F(u)(x) - Fue)(x)| < Ch?, (4.28)

which is the maximal possible super-convergence. Since the constant C' depends on ||u||7t§w and HWHle;W, a
possible estimate of these norms would probably involve their right-hand sides. The right-hand side of the dual
problem (4.25) is the functional §(u). Thus, the constant C might include a factor like

2
;(nu*(w,-nrwp IV @) nC) ) - (4.29)

Note that this term is finite for all x € R?\I'® and p > 0. However, because of the singularity of the kernels,
(4.29) tends to infinity when approaching the boundaries. Thus, also C from (4.28) might tend to infinity. It
should be noted however that this effect can be avoided or reduced by employing suitable integration techniques.
This will be discussed and illustrated numerically in Subsection 5.1.1. Finally, we mention that the regularity
assumptions might hold only for smooth surfaces.

Remark 4.35. As stated in (1.19), the computation of forces and torques requires the knowledge of the magnetic
flux density b®. If we interpret u® as the magnetic vector potential, we know that for x = (x1,x2), we have
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be(x) = curl u®(x), see Section 3.1. Then, the functional § on u can be chosen such that

e(r o fri Oy (2, y) oy, (y) doy — fr s ( (x,y) - n(y))(usr, +u;)(y) doy
blw) = 5w “Z<— T oo g) oo (5) dog + I O e () (g, +0)(8) doy)'

=1

We can easily check analogously to the previous remark that the constant C, which arises in this case depends on
a higher degree of singularity because of the additional derivatives. Hence, it might tend more rapidly towards
infinity, when approaching the boundaries.

Remark 4.36. In the linear case, the dual problem to Problem 4.2 or Problem 4.27 is the corresponding Bielak-
MacCamy coupling [6]. Hence, the same approximation properties hold for the dual problem, see [6].

Remark 4.37. Note that similar results as in Theorem 4.33 and in Remark 4.34 for the extended Problem 4.27
can be gained for the interface Problem 4.2 and analogously for the parabolic Problem 4.18.

4.4 The three-dimensional (3D) magnetostatic case

Let Q C R3 be a Lipschitz bounded domain with a boundary I' = I'ggy U I'gem as defined in Section 3.1,
and let Q¢ := R3\Q denote the exterior domain. In this section, we study the equations of magnetostatics as
given in Chapter 3 in the 3D case. Thereby, we observed that the model problem depends on the topology
and on the specific BCs. We derived for instance two types of vector potentials. In the interior domain, the
first one lies in [Ho(curl, Q, T'rgym)] (electric wall) and the second in [H (curl, 2, T'rpy)] (magnetic wall). In
this respect, the right-hand side is either in H' (div0, Q) or HS(div0, Q). Basically, the subsequent analysis
works for both cases with self-evident modifications. The crucial point for the interior part is the existence
of a Friedrichs’ inequality, which can indeed be derived for both types of spaces, cf. [88, Corollary 3.51].
Therefore, we conduct the analysis with the latter mentioned spaces, namely the couple [H (curl, 2, I'ggy )]
and H§(div0,Q). With a slight abuse of notation, we drop the explicit mention of I'rgy in the definition of
the energy spaces, and write I' as an argument of the trace spaces but mean I'ggy instead.

The concrete interface problem derives from the coupling of (3.9) and (3.12) via the jump conditions. In a
weak sense, it reads:

Problem 4.38 (Classical problem). Find u € [H (curl, Q)] and u® € Hy.(curl, Q) N Hy,.(div, Q€) such that

curl U curlu) = f in €, (4.30a)
curlcurlu® =0 in QF, (4.30b)
divu® =0 in QF, (4.300)
pu—vput=u onT, (4.304)
A — A ut = o onT, (4.30e)
u* =0 (=) for |x| — oo (4.300

with (f, 4, ¢) € (Hg(divo, Q), [H~3 (curly, T)], H~ 3 (divr 0, r)).
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4.4.1 Well-posedness and stability

Let us consider Problem 4.38. Testing (4.30a) with v € [H (curl, )], applying the Green’s identity (2.66),
and inserting (4.30e) leads to

(U curlu, curlv), — (YR us, ypv)p = (f,v)g + <c7>, b ’U>F. (4.31)
The equations of the exterior domain are modeled by the BIE (3.39). By taking into account that v u® €

H: (divp 0,T"), see Subsection 3.2.1, inserting (4.30d) in (3.39) yields together with (4.31) to the following
variational formulation:

Find u := (u, ¢ := v u®) € Hy := [H(curl, Q)] x H*%(diVF 0,T") such that
(Z/[ curl u,curlv)Q - <¢7FYD ,U>I‘ = (.fvv)ﬂ + <$77D U>F7
1 1 .
(At + (. + Cvou) = (.5 +Coi)
r r

for all v := (v, 1) € Hy, and (f,a, Z;) = (Hg(divo, Q) x [H~3 (curlp, T)] x H~* (divy o,r)).

For convenience, we equip the product space Hy := [H (curl, Q)] x H ~3 (divr 0,T") with the following norm

¥l = ¢ 0y + 1%y gy 0PV (0,9) € Ha, (4.32)

and write the variational formulation derived above in a compact form:

Problem 4.39 (Compact form). Find u := (u, ¢) € Hy such that b(u,v) = £€(v) for all v := (v,¢) € H,.
Thereby,

b(u,V) = (Z/[ curl u, curlv)Q - <¢a D U>1" + <,¢7 AO¢>I‘ + <’¢a (% + CO) 7D U>
T

is a linear form (linear in the second argument), and
~ 1 R
0) = (0l + (Bowwo), + (. +Coa)
r
is a linear functional.

In the subsequent analysis, we employ similar arguments as in the previous sections. This can be done with
Lemma 3.19. Let ‘H,’ denote the dual space of H., and let B : H, — H.,’ be the induced non-linear operator

<z§(u),v> —bu,v) VuveH,. (4.33)

Then, we establish Lipschitz continuity and strong monotonicity of the non-linear operator .

Theorem 4.40 (Lipschitz continuity and strong monotonicity). Let B:H, > H, be defined as in (4.33)
with Hy := [H (curl, )] x H_%(din 0,T"). Then, it holds for all u,v € H, that:
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e Bis Lipschitz continuous, i.e., there exists a constant Ct, > 0 such that

|Bw ~ B, , < Cullu Vi,

o IfCY > iCcO, then B is strongly monotone, i.e., there exists a constant Cy > 0 such that

<z§(u) ~B(W),u— v> > Cwflu—v|2,.

Proof. The Lipschitz continuity of B follows from the Lipschitz continuity of the operator ¢/, and the continuity
of the boundary integral operators.
The second assertion follows the same approach as in the scalar case. Let w = (w,§) := u—v € H,. Then,

<Z§(u) — g(v),w> = (U curlu — U curlv, w)(, — <£, (1

5~ Co)7p w> +(&, Ao)
(I)

r

(1)
First, the strong monotonicity of { yields the estimate
(U curlu — U curlv, w), > C]L\’4|\curlw||2Lz(Q),

which holds for all w,v € H(curl,?). Hence, it remains true for any representatives in [H (curl, ©2)]. Next,
we consider for a representative w € [H(curl, )] the splitting w = wr + w with w € [Hy(curl, Q)], and
wr being the solution of the following BVP

curlcurlwr =0 in Q,

Yp Wr = Yp W onl
Applying (2.66) (with ¢/ = 1d) to the BVP leads to
(curlwr, curl wr), = (yywr, vp wr)p = <Sim Yp Wr, Yp wF>F,

where St is the interior Steklov-Poincaré operator. Since by construction (curlwr,curl@), = 0 for all
w € [Ho(curl, ©2)], we have

||curlw|\2LQ(Q) = ||curlfv||iz(g) + ||Cur1w1“”2L2(Q) (4.34)
= ||curlﬂ)||iz(m + <Smt 7D Wr> YD '“’F>F' |

Hence, (/) can be estimated by
(Ucurlu — U curlv, w), > C’]L\’/[chrlﬂ;ﬂiz(m + C’JL\’/1<Sim Yp WT, Yp wp>r.

To estimate (I/) we have that

(e -comuw) —(Aga G- enmw)

T
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1
< lella (G~ o]

< 1€l gy \/Ceo (8™ vp wr, vp wr ).

where we used Lemma 3.19 in the last step. Altogether,

</§(u) ~ B, w> > ) eurl @22 ) + C%<Sint o wr “’F>p

— 1]y Ceo (8™ vp wr v wr ) + (€],

which can be written in quadratic form as

. _ N cu -1./C
<B(u) - B(v),w> > Clflleurl @||2: o) + <<—§\/MCTO 2\/1 co> X, x>

. T
with x = (\/ (8™ yp wr, ypwr)y, [|€]] Ao) . We see that positive definiteness of the quadratic form is

guaranteed, if CYf > %Cco holds. By using the smallest eigenvalue of the matrix, we reach with Cg, =
min {CI\Z’,’[, i <C’% +1-— \/(C’l\zf/’I -1)*+ Cco> } the estimate

(Blw) = Bv),w) > Cuap (Jleurl @320 + (S™ ypwr.ypwr) + €]%,)

(4.34) C

, , (4.35)
b (lleurl w3 + 11€1%, )

The remaining step consists in showing that \/ ||curl wH2Lz(Q) + 1€ ||f4O defines an equivalent norm to ||w/, .
1.
(dive.T) for§ € H™2(divp 0,1").

This reduces the problem to the proof that [lcurl w|| 2 () is an equivalent norm to ||w|| g cun o) for the rep-
resentatives in [H (curl, 2)]. From the definition of [H (curl, ©2)], we can show the validity of the Friedrichs’
inequality [88, Corollary 3.51]. Whence, by using v,v = 0 on T', there exists Cr > 0 such that

From Corollary 3.12, we know that ||£]| 4, defines an equivalent norm of [|§ HH%

[Vl L2q) < Crlleurl |2 ).

Therefore, inserting

[l g (eurto) < (1 + Cp)[curlw|| 2o with w € [H (curl, Q)]
in the estimate (4.35) establishes together with the norm equivalence of |[£[| 4, and ||§ HH* b (dive) for € €
T,
H (divp 0, T"), the strong monotonicity of the non-linear operator B. O

Finally, we state the main result of this section.

Theorem 4.41 (Well-posedness). Let B : H, — H,' be as defined in (4.33), and let Cl\zf[ > %C’co- Then,
for B Lipschitz continuous and strongly monotone, Problem 4.39 admits a unique solution, for any (f,, c?&) €
HES(div0,Q) x [H 2 (curlp, T)] x H~2(divp 0,T).
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Proof. The result is a consequence of the main theorem on strongly monotone operator equations, see The-
orem 2.5, together with the assertions of Theorem 4.40. O

In complete analogy with the previous sections, we arrive at a stability result for non-linear operators ¢/ that
take the form Yw := v(Jw|)w with v : R — R defined in the sense of Definition 1.1. In this special case, a
stability result can further be obtained.

Lemma 4.42. Let the non-linear operator U be of the form Uw := v(|w|)w with v : R — R being a non-linear
reluctivity, which is induced by an admissible B-H curve according to Definition 1.1. Moreover, we assume that
c > iCCo- Then, for the solution u € H., of Problem 4.39, and the right-hand sides (f, %, ¢) € H§(div0, Q) x

[H 2 (curlp, T)] x H~2(divp 0,T), there exists C' > 0 such that

e, < € (Il + 1804 )+ [ s e )

Proof. Theorem 4.40 states that B is strongly monotone for C¥ > %C’co- Moreover, the boundary integral

operator Cy : [H *%(curlp, N —[H *%(curlp, I')] is a continuous operator, see Theorem 3.8. Hence, there
c c

exists C“° > 0, such that ||C01,b]|H b (eurlp 1) = <C 0||¢||H } (curlp 1y’ P e [H (curlp, I')]. By Theorem 2.29,

there exists a Cp > 0, such that ||vp 'v||H_§(Curl n = CD||vH H(curl,) Dolds for all v € H(curl, (2). There-

fore, it holds also for representatives in v € [H (curl, ©?)]. With this, the proof can be done analogously to
Lemma 4.8, when removing the stabilization term. O

The next section is devoted to the discretization framework intended to the approximation of the variational
formulation given in Problem 4.39.

4.4.2 Galerkin discretization

Similarly to the previous sections, we also consider here a conforming discretization, such that the results of
the continuous setting can be transferred to the discrete one.

Let V, C H(curl,2),and X, C H 2 (divr,I") be some finite dimensional subspaces with refinement level
¢, and let

V07g = {Ug eVy: curl Vy = 0},
Xoyg = {1#5 S Xg : diV’l,be = 0}

be the discrete counterparts of the subspaces H (curl0,(2) and H _%(din 0,T"), respectively. Equivalently
to the continuous setting, we define the discrete quotient space [V;] := V;/V . Note that by considering
an orthogonal projection P, : V, — Vd:g, where V&z denotes the orthogonal complement of Vi, in V/,
representatives can be chosen from VoL,e~

Replacing ‘H, := [H(curl, Q)] x H_%(divF 0,I') by Hy e := [V] x X, in Problem 4.39 yields a discrete
variational formulation.
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Problem 4.43 (Discrete problem). Find u, := (uy, ¢;) € Hy such that

(U curluy, curlve)g — (&, v i)y = (F,00q + (S0 ve)

(e Aot + (0§ +C0) 70 W>r ~ (b5 +cot)

r

for all vy := (vg,4,) € Hy .

Due to the conforming discretization, Theorem 4.41 applies. Consequently, there exists a unique u, :=
(we, py) € Hyy := V] x X that solves Problem 4.43 under the same conditions, namely, Lipschitz conti-
nuity and strong monotonicity of ¢/ with C{f > iCco, see Corollary 4.11.

Theorem 4.44 (Quasi-optimality). Let Assumption 4.9 hold, and C%i > i. Moreover, let u = (u, ¢) € Hy be the
unique solution of Problem 4.39, and u, := (uy, ¢,) € Hy 4 the solution of its discrete counterpart Problem 4.43.
Then, there exists Ccga = g—]@ such that

1 < Ceg min ( U — Uy
H % (divp,I) Cea”zEVz,’WGon H ||H(curl,Q)

+ [l — 2ol

Ju — ufHH(curl,Q) + I — @l
(4.36)

H™ 3 (divp,I')

Proof. The assertion follows analogously to Theorem 4.12. O

4.4.3 A priori error estimates and super-convergence

Now we set V, = SL(Q »(€2) and X, = S%’l(f‘). We refer to Section 3.3 for the definition of the B-Spline spaces.

Moreover, we set X = S~ ( ) as a suitable discrete space for the Neumann data. We refer to (3.58) and
Remark 3.28 for its deﬁmtlon

In addition, let us define the kernel of the curl operator in S, () by
S;,(curlo, Q) ={v, € S;,(Q) :curlvy = 0}.
As for the scalar case, we need to define spaces of patchwise regularity.

Definition 4.45. Let K € {Q,I'} be a multipatch domain with N, patches, and let d be some differential
operator. For some s € R, we define the space of patchwise regularity endowed with the norm

||u||ilgw(d7K): > Hu\ﬁluils(d,l{)
0<I< N

by
H}(d,K) = {u € L*(K) : el s, a1y < 20%

Thereby, H*(d, K) denotes an energy space of regularity s, formally,

H(d,K) := {v € H'(K) : dv € H*(K)}.
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The approximation properties of B-Spline spaces and their trace spaces for the discretization of the de Rham
complex in Figure 2.6, see Figure 3.3, are provided in [33] and [21] for multipatch domains, respectively. In
particular, for S,(Q2) and S%’L(F), we state the following results.

Lemma 4.46. Let u € H(curl, Q) N H},(curl, Q) and ¢ € H_%(divF,F) N Hj,(divy, T'). There exists
Co, C1.1, C12 > 0 such that

weiéljlgf(m [ = well freunt,) < Co P°l[el frs, curt.) 2<s<p, (4.372)
. s 1
inf ¢ =Sl -3 ey < CLa PNl g gy 0<s<g, (4.37b)
(eSLHm)
1 1
inf h? ~<s< —. 3
eeég* 16 = bell -3 (giyyry = Cr2 P12l b ey 5Ss<pty (4.370)

Proof. The first estimate in H (curl, ) is given in [21, Corollary 5]. The H -3 (divp, T") estimates are proved
in [21, Theorem 3]. O

Theorem 4.47 (A priori estimate). Let C¥ > 1Ce¢,. Moreover, let (u, ¢) € Hy be the solution of Problem 4.39
and let (ug, ¢py) € Hyyp = Sp() X S;;’é(l“) be the solution of Problem 4.43. Then, for 0 < s < 1, there holds

with w € H(curl, Q) N H, (curl, ) and ¢ € H 3 (divp,T) N H~ 2 (divp, T)
Hu - uf”H(curl,Q) + ”¢ - ¢£‘|H7%(d1VF,F) S Chs (H’U’HHSW(CHI‘],Q) + ||¢||H7%+S(dlvr71—\)) .

iy
For 5 < s < 2, there holds with w € H (curl, ) N Hp, (curl, Q) and ¢ € H 3 (divr,T) N HP‘,‘?Jr (divr,T)

||u - uZHH(CurLQ) + Hd’ - ¢€||H*%(divr,1“) <Cw <‘u”H§w(C“l‘LQ) + Hd)HH%H(din,F)) .

pw

—14s, ..
For 2 < s < p, there holds with u € H (curl, ) N H},(curl, Q) and ¢ € H_%(divF, rn Hp‘,\?Jr (divp, )

e — el e + 16 = el g g,y < O (”“”st@url,m + "¢‘|pr%+s(divr,l“)>

with a constant C > 0.

Proof. Due to Theorem 4.41, Problem 4.39 possesses a unique solution in [H (curl,Q)] x H *%(divr 0,1).
Moreover, well-posedness of the discrete Problem 4.43 follows analogously to Corollary 4.11. Indeed, let
u € H(curl, ©2). We know from [21, Appendix A] that there exists a projection II : H(curl,Q) — S%,(Q),
which commutes with the respective differential operator, namely, IT o curl = curl o II.

Let P : H(curl,Q) — (H(curl0,9Q))* C H(curl, ) be an orthogonal projection, which is defined analo-
gously to the one used in the proof of [43, Proposition 3.2]. Then, IT; := 1o P : H(curl,Q) — [S%,(Q)] =
(Sp(curlo, )t c S;(€2) defines a projection, which retains the same convergence rates with respect to h-
refinement as the ones given by II, due to the optimality of orthogonal projections.
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Furthermore, for smooth enough functions, the commutativity of the de Rham complex leads to
Yn © curl = diVF oYy -
Hence, by using vy = v o curl, we obtain for u, := ITcurlv = curl ITv
divp yyv¢ = ypcurlcurlvy, =0 with vy := Tw.

Therefore, v, := vy v/ € S~ (T) satisfies divp P, =0,1e.,, € SEL( r).
With this, the approx1mat1on results of Lemma 4.46 and Theorem 4 44 may be utilized, which leads merely
to the asserted a priori estimates. O]

In the following, we give an adaptation of Theorem 4.33 and Remark 4.34 to the 3D case, where the possible
super-convergence of the solution of the scalar problem in the BEM domain was discussed. For notational
simplicity, let

H = (H (curl, Q) N H, (curl, 2)) x (H ™2 (divy, I) N Hi, (divy, T))

be a product space of patchwise regularity. Its corresponding norm, denoted by ”'H’HS o is defined accord-
ingly to Definition 4.45.

Theorem 4.48. Let § € H,, be a continuous and linear functional. We denote by u := (u,¢) € Hy :=
[H (curl, Q)] x H_%(din 0,I") the solution of the continuous problem 4.39, and by uy := (ws, ¢y) € Hyy =
S}D(Q) X S%’é(l“) the solution of the discrete problem 4.43. Moreover, let w € H be the unique solution of the

dual problem
b(v,w) = F(v), (4.38)

for all v € H,. Then, there exists a constant Cy > 0 such that
1§(0) — (ue)| < Cr [[u—vellgg, [[W — 2|34, (4.39)

for arbitrary v, € Hyy, Z¢ € Hyy. Furthermore, provided u € H; W and w € ’Hvltjw, with 2 < s,t < p, there
exists a constant Cy > 0 such that

[§(w) = F(uo)| < Co ™l W5y, - (4.40)
Proof. The assertions can be shown analogously to Theorem 4.33. O

Remark 4.49. In particular, the functional of Theorem 4.48 may be, e.g., the representation formula of the
exterior domain (3.20b). Assuming a maximal regularity for u and w in (4.40), i.e., u € ’vaw and w € ?-ngw
yields the following pointwise error: For x € QF, it holds

[ul (@) — uf(@)| = [F(u®)(x) - F(uf)(x)| < Ch*, C >0. (4.41)

This suggests that under some regularity assumptions, the convergence rate may double. This behavior is called
super-convergence. Analogously to Remark 4.34, the constant C' in (4.41) depends in particular on the fun-
damental solution u*(x,y). Hence, it tends to infinity, when approaching the boundary. However, suitable
numerical schemes similar to [107] may be considered to reduce this non-desirable effect, and profit from the
faster convergence.
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5 Numerical validation and results

The greatest mathematicians, as Archimedes,
Newton, and Gauf3, always united theory and
applications in equal measure.

F. Klein

This chapter consists of two parts. We start in Section 5.1 by validating the theoretical results that we es-
tablished in the previous chapter. For this, we consider three examples that correspond to Sections 4.1, 4.3
and 4.4, respectively. In the first one, we study the optimal convergence behavior using a standard academic
problem, for which we prescribe a smooth solution, and calculate the input data accordingly. Besides the con-
vergence rates in the interior domain, we address the pointwise error associated with the exterior domain to
verify the predicted possible super-convergence. For this reason, by considering a linear material we ensure
a concrete characterization of the dual problem. Therefore, we expect a doubling of the convergence rates,
see Remarks 4.36 and 4.37. Moreover, as mentioned in Remark 4.34, we discuss the effects of numerical
integration and the position of the evaluation path on the super-convergence. The second example involves
a multiply-connected domain with non-linear materials. Via this experiment, we highlight the advantages of
the isogeometric coupling of Finite Element Method (FEM) and Boundary Element Methods (BEMs), which
consists in particular in the super-convergence of the solution in a thin air gap, which separates two domains
that are filled with non-linear materials. This can be thought of as a simplified 2-pole synchronous machine.
To showcase the effects of the field on a non-linear material, we show its saturation effects, which can be
given by the magnetic reluctivity. The third example is dedicated to the proof-of-concept of the method in
the three-dimensional (3D) case. For simplicity, we restrict ourselves to a simply-connected domain and a
uniform magnetization, which leads to a linear system. However, as expected from our theoretical results,
our method is also suitable for general applications involving multiply-connected domains with non-linear
behavior, as for the two-dimensional (2D) case. Surely, the implementation for the 3D case is more involved,
and subjects such as preconditioning, and advanced software engineering techniques have to be set in the
foreground. For this, we refer to [61, 62, 71, 72, 111], for instance.

The second part of the chapter, i.e., Section 5.2 is devoted to the coupled discrete electromechanical problem,
which we solve as illustrated in Figure 1.3. For this, we consider our non-symmetric FEM-BEM coupling’s
formulations for parabolic and elliptic problems, according to Sections 4.1 and 4.2. Throughout the section,
we employ an isogeometric discretization in space, and use a classical implicit Euler method in the time
domain. In particular, we consider three experiments to highlight the following aspects: In the first one,
we address practice-oriented non-linear materials. There, the B-H curve is reconstructed from experimen-
tal data such that the physical prerequisites of Definition 1.1 are fulfilled. To verify our approach for force
computations with the Maxwell Stress Tensor (MST) method, we utilize for benchmarking the commercial
software JMAG [68]. In the second experiment, we consider an electromechanical problem that is coupled
via the mechanical torque, and for which a reference solution for the trajectory can be gained from the com-
puter algebra system Wolfram Mathematica [83]. The last experiment is an extension to the previous one to
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discuss the effects of conductors in the electrical system.

All results for the 2D problems are obtained by means of an implementation in MATLAB/Octave [40, 84]. For
this, we used several structures and functionalities from the open-source package GeoPDEs, which provides
a framework for the implementation of isogeometric methods, see [37, 114]. In particular, this involves
all the necessary tools to define the appropriate B-Spline basis functions, e.g., parametrizations, h- and p-
refinements etc. For geometrical modelling, we use the NURBS toolbox, which is included in GeoPDEs, to find
multipatch representations of domains via Non-Uniform Rational B-Splines (NURBS) mappings. An example
is given in Figure 3.2. The implementation of the FEM part is rather standard, and we use classical assembling
techniques for the stiffness and mass matrices. For efficiency purposes, the code is vectorized. Concerning
the Boundary Integral Operators (BIOs), we use the integral representations as given in Lemma 3.13, which
obviously hold for the B-Splines basis functions. Due to the singularities that may occur during the assembly
of the matrices, see Remark 3.14, special integration techniques have to be adopted. For instance, we follow
the approach of [7, Section 4.3], where Duffy-type transformations have been considered for identical and
neighboring elements. For the single-layer BIO, we further employ for the singular parts a combination
of logarithmic and Gaussian quadrature. Otherwise, for regular contributions, we use a standard Gauss-
Legendre quadrature. In the 3D case, the only difference is that we use BEMBEL, which is a freely available
C+ + library, see [38], for an efficient assembly of BIOs in the isogeometric framework.

We employ throughout this chapter only uniform h-refinement, thus the first assumption in Assumption 3.25
is clearly fulfilled. Furthermore, non-linear problems are solved by using a standard Picard iteration method
[93].

5.1 Numerical validation of the isogeometric approach

This section is devoted to the numerical validation of the theoretical results of the previous chapter. Therefore,
we will consider the following subsections, three complementary examples. In each one of them, we set the
emphasis on different specific aspects, which may require for the purpose some simplifications or adaptation.
The results and figures of the first two sections have already been published in [42], and those of the last one
in [43].

5.1.1 Mexican hat

To verify the convergence rates in the interior domain, an exact solution is needed. Moreover, in order to
validate the super-convergence behavior in the exterior domain, concrete knowledge about the dual problem
is required. Therefore, let us consider the following academic problem; see [46]: Let 2 := (0.25,0.25)? be
a square domain with boundary I". Obviously, the second assumption in Assumption 3.25 is satisfied by a
single patch representation.

We consider Problem 4.1 with a linear material. For simplicity, let &/ = Id. Similar to [46], we prescribe the
exact solutions

u(@) = (1— 10022 — 10022) e 0C1H2D) g eq,

u®(z) = log(y/z? + 23), x € Q°,
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Figure 5.1: Example of Subsection 5.1.1: Solution (u, u§) € S5 (Q) x SY(Q¢) with degree p = 2 and an
h-refinement level ¢ = 20. The exterior solution is represented in Q¢ := (-0.5,0.5) \Q, and
is obtained by the evaluation of 25 points in each of the four exterior patches [42].

where = (x1,x2). Therefrom, the right-hand side f and the jump data u and ¢ follow by direct computa-
tion. The discrete variational problem corresponds to Problem 4.10 with H, = Sg(Q) X S%(F). Remember
that p = (p,p) and p = p — 1. By solving the discrete problem, we obtain the solution in the interior domain,
from which the interior Dirichlet data yyu, can be extracted, together with the exterior conormal derivative
¢ := 7§ uj. These Cauchy data together with (4.1c), namely (y§jui = yous — u, ¢¢), allow the computation
of the solution at any point of the exterior domain using the representation formula (3.19b). For instance,
we show in Figure 5.1 the solution of the above discrete problem with p = 2 and a level of h-refinement
¢ = 20. The exterior domain is unbounded, thus, for convenience, we plot the exterior solution only in
Q¢ := (—0.5,0.5)\(, which consists of 4 patches. There, the depicted solution is obtained from the evalua-
tion of 25 points in each patch.

Next, we want to validate numerically the a priori estimates of Theorem 4.15. Because the norm || - ||H_ b
is not computable, we consider the equivalent operator norm |-, instead, see (3.34). Hence, the error is

measured with respect to the norm \/ llu — WH%{(V o tllé— ¢gH]2,O. Due to the smoothness of the prescribed

solution, we expect an optimal convergence order, i.e., equal to the degree of the considered discrete space
H,. In Figure 5.2, the results of the simulations for B-Spline spaces of degree p = 1, 2, 3, 4, respectively, con-
firm this behavior. With the same configuration, let us discuss in the following the possible super-convergence
behavior that results in the BEM domain, see Remarks 4.34 and 4.35, and Remark 4.37. With ¢/ = Id, we can
easily check that the dual of the bilinear form a(u,v), see (4.3), coincides with the bilinear form that arises by
a Bielak-MacCamy FEM-BEM coupling of Problem 4.1, see [6]. Then, following the same steps as in our anal-
ysis guarantees the same a priori estimates of Theorem 4.15. Together with the smoothness of the prescribed
solution, the latter consideration should yield a doubling of the convergence rates in the pointwise error. We
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Figure 5.2: Example of Subsection 5.1.1: Convergence of discrete solution (u,, ¢;) € H, to the solution
(u,¢) € H. The considered B-Spline spaces have the degrees p = 1,2, 3, 4, respectively,

and the error is presented in the norm \/ 13w ) + II-I[3,,, which is equivalent to the stan-
dard # = H(V,Q) x H2(T") norm [42].

verify this by using similar functionals to Remarks 4.34 and 4.35, namely,

u(z) = §(u) == /FU*(w,yW(y) doy — /FVzu*(w’y) -n(y)(vou + u)(y) doy,
and

e(x) = — (— Jr 0w (@, y)6(y) doy + J; O, (Veu™ (@, y) - n(y)) (You + U)(y) do
Ol@) = Bulu) = < [0 (0, )6(w) Aoy — [ B, (Vs () - 1)) (0 + 0)(w) do—yy) ’

which evaluate the exterior solution u€ and ¢ = curlu® at some point x = (x1,x2) € Q°. In particular,
we set N = 20 uniformly distributed points on the evaluation path I'e, which we choose as the boundary of
(—0.35,0.35)2, and compute the pointwise errors for ¢ and b by

error, = max |uf(x;) — uj(x;)|, error, = max |[b(x;) — by (x;)],
i=1,....N i=1,...,.N
respectively. In Figure 5.3, the expected behavior is confirmed. Moreover, we also readily notice the effect of
the leading constant, which depends on the order of singularity related to the kernel v*(x, -), see the discus-
sion in Remarks 4.34 and 4.35. For instance, by comparing the convergence for p = 4 in both Figure 5.3a and
Figure 5.3b, which correspond to error, and errory, respectively, we see that machine precision is reached for
the former at a significantly smaller refinement level compared to the latter. Furthermore, we investigate
the effects of position and quality of integration on the constant C' of Remark 4.34. We repeat the experiment
above with p = 3, and evaluate the exterior solution on three evaluation paths, namely, I'c; = 9(—1, 1),
Leo = 0(—0.35,0.35)%, and T'e3 = 9(—0.26,0.26)?. Thereby, the notation D denotes the boundary of D.
The results are plotted in Figure 5.4a, where we observe the expected behavior. The evaluation on I'c ; even
reaches machine precision. The closer we get to the boundary of (2, the bigger the super-convergence’s con-
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(a) Convergence of the exterior solution with respect (b) Convergence of the curl of the exterior solution
to error, = max;—, . n |u®(x;) — uj(x;)|. Forp =4 with respect to error, = max;—,  n [b°(z;) —
the error even achieves machine precision [42]. bj(x;)|.

Figure 5.3: Example of Subsection 5.1.1: Super-convergence of the example in Subsection 5.1.1. The
errors are calculated with N = 20 evaluations points on I'e, which is the boundary of
(—0.35,0.35)2. The considered B-Spline spaces have the degrees p = 1,2, 3, 4, respectively.

stant is. For the closest path I'e 3, we notice that the quality of the computation deteriorates. This is made
clearer in Figure 5.4b, where we compare the evaluation on I'c 3 with different numbers of Gaussian quadra-
ture points Ng = 25,50, 100. For Ng = 25, there is practically no improvement of the convergence rates in
the BEM domain. We call this observation a saturation effect. It is caused by the approximation of a nearly
singular integral by means of Gauss-Legendre quadrature. By increasing the number of quadrature points,
we can improve and even restore the optimal super-convergence. However, this has two apparent drawbacks:
On one hand, increasing the number of quadrature points is time-consuming. On the other hand, the sat-
uration effects can not be circumvented in the asymptotic area. However, note that there are better-suited
alternatives to these types of applications. For instance, [107] proposes special extraction techniques, which
avoid or reduce the issue substantially.

In the next section, we want to investigate the super-convergence for a more complicated problem.

5.1.2 A two-pole synchronous machine

In this subsection, the example that we consider can be modeled by Problem 4.26. In particular, we define
Q1 and Q9 analogously to Figure 4.1 but over circular domains. Moreover, )¢ is the bounded domain that
separates (2; and (2. We call it the air gap. Concretely, let B ((z1,z2); r) denote a circular domain with mid-
point (z1,x2) and radius . Then, Q; = B ((0,0);0.39) \B ((0,0);0.1) and Qs = B ((0,0);0.6) \B ((0,0);0.4).
The air gap is then defined formally by Qe = B ((0,0);0.4) \B ((0,0);0.39). In contrast to the previous ex-
ample, there exists no regular parametrization that can represent €2; and {2, by a single patch. Nevertheless,
a multipatch approach similar to Figure 3.2 is straightforward. An exact representation can be obtained by
NURBS of degree p = 2. A possible representation is depicted in Figure 5.5.
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(a) Dependence on the position of the evaluation (b) Dependence on the number of Gaussian points Ng.
points, which are taken in I'. 5, with ¢ = 1,2,3. We The evaluation path is thereby I'. 5. We observe an
see an increase of the super-convergence constant amelioration of the undesirable saturation with in-
the closer to the boundary the paths are. creasing Ng. For Ng = 100, the expected super-

convergence is restored to some extent.

Figure 5.4: Example of Subsection 5.1.1: Dependence of the super-convergence on the position of the
evaluation points and the number of quadrature points. We use N = 20 evaluation points
to calculate the error, = max;_; . n |u®(x;) — uj(«;)|, and choose the paths I'e ; = 0(—1, 1)?,
Feo = 0(—0.35,0.35)%, and I'e5 = 9(—0.26,0.26)2. The considered B-Spline spaces are of
degree p = 3 [42].

This example is interesting both from a theoretical and a practical point of view. Indeed, the eigenvalues
A1 and \g of C’gu > 4%\1, in Theorems 4.28 and 4.32 are in general not explicitly known. However, we know
for circular domains that the values are \; = Xy = 1, see [90, Section 3] for more details. This allows
us to test the validity of the coupling beyond the above mentioned restriction on Cﬁﬁ', which seems to be
a theoretical one, cf. Remark 4.16. Moreover, it can be thought of as a simplified two-pole synchronous
machine [75, Section 5.2]. Domain 2; can then be labeled the rotor and (2, the stator. Typically, these
devices are mainly made of ferromagnetic materials, which interact non-linearly with the magnetic field. In
practice, the corresponding B-H curve needs to be constructed from experimental data. We postpone this

technicality to the next section. Here, we choose the following model for the non-linear material tensors

for s =0,
UiVu; = g(|Vu|)Vu;, i = 1,2, with g(s) = %tanh_l(fs) for 0 < s < s¢:=bs — ¢, (5.1)
1+ pexp(—as) for s > s,

and specify the parameters such that the corresponding B-H curve is admissible in the sense of Definition 1.1,
and such that it is realistic from a physical perspective. In the model above, the parameters h. and bs depend
on the material. Moreover, e > 0 can be chosen arbitrarily to fulfill g(s) < 1, for all 0 < s < s, whereas «, 8
are expansion coefficients that can be computed by

a= g/(SC) B

1 g(s0)’ = (g(sc) — 1) exp(asc).
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Figure 5.5: A possible multipatch representation for the example of Subsection 5.1.2 with four
patches per domain. The interfaces between the patches and boundaries are highlighted
by bold lines.

With this, it can be easily verified that g is globally continuously differentiable and strongly monotone in its
domain of definition. Concretely, we choose ¢ = 1072, he = 3-1073, and bs = % In the following, this specific
choice is discussed.

Remark 5.1. On the one hand, note that the non-linear material tensor (5.1) in this particular setting leads to
C’gﬁ = Z—SC = 21073, which clearly violates the condition Cgﬁ > i. On the other hand, choosing h. and bs such

that ﬁ—g > }1 holds is not realistic in the context of electric machines. With such particular applications in mind,
it is primordial to test the numerical validity of the method beyond this theoretical restriction.

Now, let us prescribe the following input data:

fl(m) 0 for x := (1‘1,1‘2) S Ql,
fa(x) = 100 sin(p) for x := (x1,22) € Qa,

where ¢ is the standard angle in a polar coordinate system. In addition, we set the jump conditions to zero,
ie,u;=0and ¢; =0,7i=1,2.

To solve the non-linear discrete Problem 4.31, we use a classical Picard iteration. For a discrete product space
. with B-Splines of degree p = 3 and at a level of refinement ¢ = 28, we required 35 iterations to reach the
stopping criterion 10719, The obtained solutions u; and us in the interior domains §2; and 2., respectively,
are visualized in Figure 5.6a. In the context of electric machines, u;, i = 1,2 can be interpreted as the
axial component of the magnetic vector potential. Hence, the equipotential lines, i.e., the thick continuous
black lines in Figure 5.6a are the magnetic field lines. In a post-processing step, we compute the magnetic
reluctivity, which is given by the function g(|Vu;|), i = 1,2, in (5.1), to highlight the non-linear behavior of
the material. This is depicted in Figure 5.6b.

The next computation is dedicated to the numerical verification of Remark 4.49. For this, we choose the
parametrized circle I'e := 9B(0;0.395) to be our evaluation path. Similar to the previous subsection, the
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(a) The solutions «; and u, in the interior domains Q; (b) Saturation effects caused by the non-linear mate-
and Q. rial tensors. The color-bar and the thin lines repre-
sent the levels of the magnetic reluctivity, which is

given by g(|Vu,|) fori =1, 2.

Figure 5.6: Example of Subsection 5.1.2: A simulation of a two-pole synchronous machine with B-
Splines of degree p = 3, at a refinement level ¢ = 28. The thick equipotential lines show
the magnetic field [42].

evaluation of the solution in a point of I'e is performed by means of the functional of Remark 4.34. An
analytical solution for our model problem is however not known. Hence, to verify the convergence order,
we follow a standard procedure: The mesh of the current solution is successively refined three times. Then,
we calculate the corresponding discrete solutions, and apply the Aitkin’s A2-extrapolation to this sequence
of discrete solutions [5]. This extrapolated value is considered as the reference solution u®(x;) in error =
-max_|u®(xz;) — ug(x;)| with N = 20 evaluations points, and where uj(x;) is the discrete solution at a

=1l,...

refinement level ¢, which can be computed by means of the obtained Cauchy data and the representation
formula, see Remark 4.34. This error is visualized in Figure 5.7 for ansatz spaces of degree p = 2 and p = 3,
where we observe an amelioration of the convergence rates. Note that this improvement depends on the
quality of the numerical integration, as showcased in Figure 5.4b. For this example, noticeable ameliorations
of the convergence rates were only observable for a high number of Gaussian quadrature points. Concretely,
we considered Ng = 400 points for the assembling of the BEM matrices, which is very time-consuming. As
mentioned in the previous subsection, the dominance of the quadrature error for this type of evaluation can
be tackled by using special extraction techniques. Moreover, efficient assembly of the BEM matrices based
on B-Spline tailored quadrature rules, as given in [2], together with suitable compression methods, see
e.g., [39], would accelerate the computation considerably. However, this investigation is beyond the scope of
this work.
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Figure 5.7: Example of Subsection 5.1.2: Convergence of the solution on the evaluation path I'. =
0B(0;0.395) in the air gap Q°¢. Thereby, error = max |u®(x;) — ug(x;)| is calculated with

=1,..,

N = 20 evaluations points [42].

5.1.3 Uniformly magnetized ball

In this subsection, we aim to verify the optimal super-convergence behavior of the isogeometric non-symmetric
FEM-BEM coupling in the 3D case with the aid of an academic problem, for which an exact solution can be
computed.

The bounded domain (2 is a 3-dimensional ball B5(0; R), i.e., with radius R and a center that coincides with
the origin of the coordinate system. Moreover, we embed a permanent magnetization into (2. The treatment of
such materials follows the discussion illustrated by Figure 1.2a. A sufficiently good approximation can then be
obtained by replacing the constitutive law (1.3) by (1.4), which can be written as

h = vb — he,

where h. denotes a coercive field, h the magnetic field strength, and b the magnetic flux density. More-
over, the reluctivity v > 0 is a scalar constant, hence the constitutive law is linear and isotropic. With
this consideration and in the absence of an impressed electric current density, we may replace (4.30a) by

curl v curl a = curl h, in Q, (5.2)

where a is the magnetic vector potential. For simplicity, we choose a normalized reluctivity, i.e., v = 11. In
the exterior domain Q¢ := R3\(), the magnetic vector potential a® satisfies (4.30b). By taking into account
the jump conditions (3.2a) and (3.2c), we know that the normal component of b is continuous, whereas a dis-
continuity is expected in the tangential part of h due to the contribution of the magnetization on the surface.
To see this, let h. represent a uniform unidirectional magnetization. In particular, we choose h. = (0,0, k)",

! Approximately, the model could be seen as NdFeB magnet, where 4, is often taken as y, = 1.05 ~ 1.
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with h¢ # 0, similar to [67, Chapter 5.10]. There, an analytical solution in terms of magnetic vector potentials
in spherical coordinates is provided for both the interior and exterior domains. In our Cartesian coordinate
system and for = (1, 22, v3) € R3, the solutions transform to

a(x) = % (—xg,xl,O)T for x € Q, (5.3a)
a®(x) % <r(}i)>3 (—$2,£L‘1,0)T for x € Q°, (5.3b)
where r(x) = \/x? + 23 + 22. Moreover, the magnetic flux densities read
b(x) = curla(x) =§hc forx € Q, (5.4a)
b¢(x) = curl a,e(a:):};cr(ljf)5 (3z173, 3w0x3, 275 — 77 — x%)T
_ <T(}i)>3 <ff(f)’n(a;) _ ;h> for = € OF. (5.4b)

Thereby, n(x) = T(m) (x1,29,23) . Let ' denote the boundary of 2. From the expressions above, we can
readily verify that v,a = v,a® = 0, [vpa]r = 0, and diva = diva® = 0, which is in accordance with
the physical constraints and the Coulomb gauge (continuity of the normal components and divergence-free
property). In addition, we have [v,b]r = 0, and [yy a]r = n(x) x he, for all & € T'. This corresponds to an
effective magnetic surface charge density. More details can be found in [67, Chapter 5.10].

To simulate the physical problem described above, we consider the model Problem 4.38 with the adaptation
(5.2) to incorporate the permanent magnetization. By applying a direct non-symmetric FEM-BEM coupling,
we arrive at a variational formulation according to Problem 4.39. Then, an isogeometric Galerkin discretiza-
tion yields Problem 4.43 with uy := (us,¢,) € Hvy = S;,(Q) X S%’ﬁé (I"). The obtained system of linear
equations is singular, due to the infinite-dimensional kernel of the curl-operator in the FEM-domain. How-
ever, by considering a consistent right-hand side, i.e., divergence-free also on the discrete level, an iterative
Conjugate Gradient (CG)-based solver converges properly. A correction of the data can be applied to ensure
the discrete consistency, if it is not provided, see [70], for instance. Moreover, the introduction of Lagrange
multipliers may be necessary to enforce gauge conditions in the interior domain, see, e.g., [74]. Neverthe-
less, as demonstrated in the proof of Theorem 4.47, the commutativity of the discrete de Rham complex
guarantees that ¢, € Sk L( I'). Hence, together with the mapping properties of the involved Boundary Layer
Potentials (BLPs), the representatlon formula

S(ue)(z) := aj(x) = — (Ys1(pe) (@) + Wor(yp ue — we)(x)), =€ (5.5)

yields a unique exterior solution, which is expected to enjoy a super-convergence behavior, for the same
reasons as in Subsection 5.1.1, see also Remark 4.49. In the following experiment, we prescribe (5.3a) and
(5.3b) for the interior and exterior problems, respectively. This translates to f = 0, u = 0, and $ = n(x)x he,
for all x € T, as right-hand sides. Note that by f = 0 we mean that there is no impressed current density
and that the volume contribution of the magnetization vanishes, i.e., curl h. = 0. Moreover, without loss of
generality, we choose h. = 1 and R = 1. A multipatch representation of the considered ball B3(0; 1) using
seven regular NURBS patches is illustrated in Figure 5.8.
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(a) A front view of the sphere. (b) A cross-section to highlight the interior patch
(grey).

Figure 5.8: Multipatch representation of the ball B5(0;1) from Subsection 5.1.3. It consists of seven
volume patches that are glued at interfaces. The patches with a boundary side have the
same shape.

To verify the convergence of the magnetic vector potential and the magnetic flux density in the exterior
domain, we perform a uniform h-refinement for polynomial degrees p = 1, 2. In every refinement level £ > 0,
the element size & is equal 2~¢, where h is the length of a univariate element in the parametric domain. The
numerical solution is achieved with a solver’s tolerance of 10~%. We used thereby the BiCGSTAB solver of
MATLAB/Octave [40, 84]. In Figure 5.9, we show the obtained interior solution with a polynomial degree
p = 2 at a refinement level £ = 3.

For the evaluation of the exterior magnetic vector potential aj and the magnetic flux density b7, we choose
N = 20 equally distributed points on the boundary 9B3(0;1.5). Besides (5.5), the evaluation involves the
following functional

Sp(ug) () := curlaj(x),

which can be derived analogously to the functional of Remark 4.35. With the exact solutions (5.3b) and
(5.4b), the pointwise error is then computed by

error, = max la®(x;) — aj(x;)|,
i=1,...,
error, = max |bS(x;) — bj(z;)|,

i=1,...,

respectively. In Figure 5.10, we observe a doubling of the convergence rate, as expected from the discussion
in Remark 4.49.

The next section is devoted to the electromechanical problem, namely, we inspect the coupled system with
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Figure 5.9: Example of Subsection 5.1.3: An interior solution depicted on the boundary of B3(0;1). The
arrows encode the solution u, and the color bar encodes its magnitude. The considered
B-Spline space has the degree p = 1, and a refinement level / = 3.

different magnetic model problems, and address the computation of forces and torques, which represent the
coupling of physical quantities.

5.2 The electromechanical problem

In this last section, we address the full discrete coupled system as illustrated in Figure 1.3. The magnetic
part may be time-dependent. Then, the model problems follow either Section 4.1 or Section 4.2. In both
cases the mechanical problem is given by an ordinary differential equation, see (1.16). We employ a classical
implicit Euler method for all time discretizations. In the same spirit of the previous section, we consider three
examples and emphasize some specific aspects with each one of them.

5.2.1 Iron plates versus magnet

In this example, we verify our implementation with respect to the computation of forces. In addition, we
discuss a standard approach that allows the construction of admissible B-H curves from experimental data.
To achieve this, we follow [91]. Recall that we characterized two types of non-linear materials that are rele-
vant for our purpose, which can be classified as either hard or soft magnetic materials, see Subsection 1.1.1.
We consider a non-symmetric isogeometric FEM-BEM coupling to solve Problem 4.1 with a domain 2 with
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(a) Convergence of the exterior magnetic vector po- (b) Convergence of the exterior magnetic flux density.
tential. Thereby, error, = i:IR??fN la®(xz;) — aj(x;)|. Thereby, error;, = i:Tng |b¢(z;) — bj(x;)|.
Figure 5.10: Example of Subsection 5.1.3: Super-convergence of the exterior solution corresponding
to the magnetic vector potential and the magnetic flux density. The considered B-Spline
spaces have the degrees p = 1, 2, respectively. The evaluation is performed with N = 20
points on 9B3(0; 1.5).

several disjoint simply-connected parts.

Figure 5.11: [llustration of the domain Q = Qygpep U Qpe,u U Qpe g 0f Subsection 5.2.1, where Qyggeg 1S as-
sociated to a Neodymium permanent magnet, and Qre y and Q. 4 to iron plates. Thereby,
d denotes the distance between the iron plates and the magnet, and f,, f4 are the corre-
sponding attractive forces.
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In Figure 5.11, we illustrate the arrangement of the connected parts of Q = Qygrep U Qreu U $dpe g With
Ondres = [—20,20] x [—10,10], Qpe g = [—35, 35] x [—35, —20], and Qpe y = [—35,35] x [20, 35]. The previous
dimensions are given in cm. Moreover, note that similar to a FEM (or BEM) only approach, using appropriate
Boundary Conditions (BCs) to reduce the considered domain in the presence of symmetries is also possible
in the context of FEM-BEM couplings, see [81, Section 3.2.2] and [75, Section 3.4.3], for instance.

On the one hand, we associate Qygreg With an NdFeB permanent magnet, which is made of an alloy of
Neodymium, iron, and boron. It is the most frequently used strong magnet in electrical machines. Evidently,
it is considered as a hard magnetic material, whose hysteresis follows Figure 1.2a. Hence, the constitutive
law (1.4) is a good and widely used approximation. For instance, (3.9a) can be linearized in the following
sense

curlv curla = curl h¢ + jg,

where v is a constant magnetic reluctivity, and h. is a coercive field. In our 2D case, the interior problem
reads
divvgrada = curl he + j in Qndrpe- (5.6)

0]

INdFeD with UNdFeB — 1.05.

We choose here the coercive field to be of the form he = (0,1), and v = vyungres =

Note that (0,1) " means a magnetization in the vertical direction.

On the other hand, Qe and Q. 4 are filled with iron. In this case, iron can be considered as a soft magnetic
material, whose magnetic behavior follows the magnetization curve of Figure 1.2b. Hence, the non-linearity
is handled as in Subsection 5.1.2, if the B-H curve is available in an analytic form. However, this is usually
not the case as information is mostly provided by a set of experimentally measured data, from which a closed
form for the B-H curve should be gained for simulation purposes. The approach that we consider in our
calculations is standard. We refer to [91, Section 3.1] and the literature cited therein. It involves a cubic
spline interpolation and an extrapolation as in (5.1). The quality of such an approach depends on that of the
measured data, which we assume here to be good enough, for convenience. See the previously cited reference
for a possible workaround in case of noisy data, and also [92], for instance. Under this assumption, the used
interpolation and extrapolation approaches guarantee an admissible B-H curve in the sense of Definition 1.1.
With a sample provided in [91, Table B.1], we illustrate the interpolation process in Figure 5.12.

First, we use the non-linear reluctivity of Figure 5.12b, which follows easily from the corresponding B-H
curve, and the permanent magnetization as described in (5.6) for the magnet part to solve Problem 4.1 using
a non-symmetric isogeometric FEM-BEM coupling with ansatz spaces of degree p = 1 and at a refinement
level ¢ = 15. We consider in this experiment different distances d between the permanent magnet and
the iron plates, see Figure 5.11, and compute the attractive force. For convenience, we depict the solution,
i.e., the magnetic vector potential, for d = 5cm in Figure 5.13. By symmetry, we know that the attractive
forces f,, fq are equal in magnitude and oppositely directed. In this context, the force is unidirectional,
namely, there is only one non-zero component in the vertical direction. Moreover, no forces are exerted
on the permanent magnet. To verify our implementation of forces using the Maxwell Stress Tensor (MST)
method, see (1.19), we may choose as contour I'. every closed curve that encloses the considered Region Of
Interest (ROI). In this case, our ROI corresponds to Qe y. Then we integrate numerically following (1.20).
As pointed out in Subsection 1.1.2, all points of I'. should be contained in the air region. Even though taking
the boundary as an integration path is possible, see [77, 81], for instance, it would be counterproductive
as the method would not profit from the super-convergence of BEM. Whenever it is possible, choosing a
2m-periodic contour and solving the intergral by the trapezoidal rule is more advantageous, since it is known
to yield exponential convergence. Otherwise, we apply standard Gaussian quadrature. We compute the
attractive force for d = 10, 5, 2.5 cm, respectively, and compare our result with a benchmark solution, which
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Figure 5.12: Example of Subsection 5.2.1: Interpolation using a cubic spline of the sample data from
[91, Table B.1].
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(a) The magnetic vector potential at d = 5cm. (b) Convergence of the force towards the benchmark

solution of JMAG at a distance d = 10,5,2.5cm.
Thereby, ngots denotes the number of degrees of
freedom. The force is expressed in kN.

Figure 5.13: Example of Subsection 5.2.1: Result of the simulation with an ansatz space of degree
p = 1and at a refinement level ¢ = 15.

we compute by using the commercial software JMAG [68]. The comparison shown in Figure 5.13b confirms
our implementation.
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Figure 5.14: Example of Subsection 5.2.1: The dynamics of the electromechanical problem over a time
interval 7' = [0, 3.3] ms and a time step At = 0.1ms .

Second, supplementing the problem above with the mechanical system described by the equations of motion
(1.16) leads to a movement of the iron plates due to the attractive forces towards the fixed permanent mag-
net. Because the force is unidirectional, namely, the movement is a pure translation in the vertical direction,
we can use the simplified version of Newton’s law (1.17). The ordinary differential equation is solved by a
classical implicit Euler method. We compute for a time interval 7" = [0, 3.3] ms with a time step A¢ = 0.1 ms,
and a mass mgpe = 1kg for convenience. The resulting dynamics of the system is plotted in Figure 5.14.
In Figure 5.14a, we observe that in the first steps the force increases more rapidly, and sort of stabilizes its
growth rate after =~ 4 steps. The material reacts immediately to a change in the external field. However,
the non-linear behavior affects its dynamics. This latency can then be interpreted as the time needed for
the material to reach its saturated state. Upon saturation, iron is fully magnetized. In other words it reacts
linearly, and produces the expected dynamics. In Figure 5.14b, we depict the corresponding total distance
per time, starting from a gap of d = 10cm between the iron plates and the magnet. Note that the discussion
in Remark 4.34, and its illustration in Subsection 5.1.1 about the quality of integration for close evaluation
paths is also relevant in this case.

In the next subsection, we proceed analogously with an example involving the mechanical torque as a coupling
quantity of the electromechanical system.

5.2.2 Magnetic pendulum

In electrical and mechanical systems with only one degree of freedom with respect to movement, the cou-
pling quantity is usually either the force, as we saw in the previous subsection, or the mechanical torque.
In the following, we give an example to highlight the latter option. In addition, we extend it by including
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(a) A possible multipatch representation. (b) ¢ represents the angle in a fixed polar coordinate system, o :=
The patches are delimited with the thick a(t) is attached to the rotating field’s axis in the stator Qs :=
lines. B (0;0.5)\B(0;0.4), and ¢ := (¢) to magnetization direction

in the rotor 2, := B(0;0.38). We also denote the phase shift
between ¢ and a by 9 := ¢ — a.

Figure 5.15: An illustration of a multipatch representation of the magnetic pendulum of Subsec-
tion 5.2.2, and the considered coordinate systems to describe its dynamics.

conductive regions to test problems of the parabolic type that can be modeled according to Problem 4.17.
Both examples have been studied in [75, Section 5.2] with a classical FEM-BEM coupling.

As a starting point, we consider a simplified version of a 2-pole synchronous machine, and assume a per-
manent magnetization in the rotor Q; := B (0;0.34). Thereby and throughout this section, all geometry
dimensions are given in meter. The permanent magnetization can be incorporated into the Partial Differen-
tial Equation (PDE) as in (5.6). Furthermore, we impose a rotating current density in the stator, which we
define as €5 := B (0;0.5) \ B (0;0.4). These adaptations allow the interpretation of the problem as analogon
to a physical pendulum, for which an approximation of the solution can be obtained by a Taylor series ex-
pansion. In Figure 5.15, we illustrate the problem’s geometry, introduce the used coordinate systems, and
furnish a possible NURBS representation of the domains. Concretely, for ¢ > 0, we prescribe the rotating
current density
Jj=Josin(p —a(t)) with a(t) =wt

in the stator domain (25, and the magnetization
he = he(cos (1), sin(t)) ",

in the rotor domain 2;. Thereby, w is a constant angular velocity, ¢ is a coordinate in a standard polar
coordinate system, whereas «/(t) and v () designate the rotation field’s axis in the stator and the rotor angles,
respectively; see Figure 5.15b for an illustration. Let ¥(¢) = ¢(t) — «(t), t > 0 denote the phase shift between
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the direction of magnetization and the rotating field, cf. Figure 5.15b. The phase shift ¢ := ¢(t) is the solution
of the following Initial Value Problem (IVP) [75, Appendix E]:

T2 + sind = 0 fort > 0, (5.7)
=0 fort =0, (5.8)
9= —w fort =0, (5.9)

where T is the time constant of the oscillation. The initial conditions above follow from our initial configu-
ration, which we assume to be

=0 fort =0,

=0 fort = 0.

The solution of the IVP (5.7) can be approximated by utilizing the computer algebra system Wolfram Math-
ematica [83], for instance. Therefrom stems our reference solution for .

For an actual calculation, we need to specify the following parameters: the amplitude of the imposed current
density jo, the time constant 7', the angular velocity w, the amplitude of magnetization /., and the moment of
inertia 6. Thereby, the subsequent relations have to be taken into account,

20 1
2 2
= Tw<2, 6=-m
hemr2jod’ ’ 2 ™

see [75, Section 5.2.1] for more details. In the relations above, r denotes the radius of the rotor, m its
mass, and d the width of the stator. Henceforth, we choose 7' = 1073s, w = 10%rads™!, m = 0.1kg, and
jo = 4.82v/2Am~!. Note that » and d are readily obtained from the definition of the domains, and that h,
and 6 follow from the relations above. For the computation of the torque with the MST method, we consider
the contour I'e = 9B (0;0.37) and integrate using the trapezoidal rule. Furthermore, time discretization is
again performed by an implicit Euler method over the time interval [0, 30] ms with 300 time steps.

For the magnetic part of the problem, we consider Problem 4.10 with an ansatz space of degree p = 2, which
is sufficient for an exact NURBS representation for circular domains. In addition, we choose a refinement
level ¢ = 15. We present our solution of the rotor’s position in Figure 5.16, and depict the magnetic vector
potential at different time stamps ¢ = 1.7, 3.4, 5.1 ms in Figure 5.17. The results are in concordance with the
expectations. In particular, our numerical solution for the position of the rotor coincides with [75, Figure 5.7],
and with the selected reference solutions, as shown in Figure 5.16b. As mentioned above, the trajectories
that we obtained are characteristic to the undamped case of a physical pendulum. Indeed, the results can be
interpreted as follows: At the beginning, i.e., at t = 0, the magnetization’s direction and the rotating field
created in the stator are in phase, i.e., () = ¢(¢) — a(t) = 0. Hence, there are no tangential forces and the
mechanical torque is also equal to zero. This changes however as soon as «(t) > 0. In this case, i.e., when
¥(t) < 0, the mechanical torque is positive and increases accordingly to the phase shift. This induces an
accelerated rotational movement of the rotor, which continues until reaching alignment, i.e., ¥ = 0. Because
of the inertia of the rotor, the magnetization’s direction outruns the rotating field of the stator, which triggers
a deceleration process. The deceleration comes with an increase of the torque in the opposite direction until
Y = 0 and trails back for the same reason. That is, both processes alternate to give rise to the obtained
dynamics.

Let us now consider an extension of the model problem that includes conductive materials, and see how it
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Figure 5.16: Example of Subsection 5.2.2: Dynamics of the magnetic pendulum computed with a time
step of 0.1 ms. The discrete problem corresponds to Problem 4.2 with an ansatz space of
degree p = 2 and at a level of refinement /7 = 15.

er)
W, A

(@) Ati=1.7msand ¥ =~ —54°. (b)Att=3.4msandd~ —12° (c) At¢ =5.1ms and 9 ~ 65°.

Figure 5.17: Example of Subsection 5.2.2: The solution at different time stamps of the discrete Prob-
lem 4.10 with an ansatz space of degree p = 2 and at a level of refinement / = 15. The
solution is computed over the time interval [0, 30] ms with 300 time steps.

affects the system’s dynamics. As depicted in Figure 5.18, we supplement the rotor with 8 damper rods, which
will be associated with the conductive materials. We distribute them uniformly along the boundary. Their
dimensions can be taken from Figure 5.18b. Moreover, we keep the notation and the coordinate systems
of Figure 5.15b. To apply our isogeometric approach, we need to find a new multipatch representation
for the rotor. In Figure 5.18a, we propose a possible representation of the rotor’s domain that obviously
guarantees the parametrizations’ regularity, see Definition 3.23. Note that no changes have been made for
the stator, and that the underlying equations of the magnetic part of the system correspond now to the
parabolic Problem 4.17.
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(a) A possible multipatch representation. The (b) The dimension and position of the damper

patches are delimited with the thick lines. rods. The stator’s and permanent magnet’s di-
mensions, as well as further notations can be
taken from Figure 5.15b.

Figure 5.18: An illustration of a multipatch representation of the magnetic pendulum of Subsec-

7in kNm

tion 5.2.2 with eight uniformly distributed damper rods (in gold).
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(a) Torque per time. (b) Phase shift J(t) = ¢ (t) — a(t) per time.

Figure 5.19: Example of Subsection 5.2.2: Dynamics of the magnetic pendulum supplemented by

damper rods with electrical conductivity x = 10 Sm~!,and x = 5-10* Sm~!. The discrete
eddy-current problem corresponds to Problem 4.18 with an ansatz space of degree p = 2
and at a level of refinement ¢ = 15.

In the moving conductive rods, we know from the Faraday’s law (1.1c) that a current is induced in the pres-
ence of the rotating magnetic field. This leads to losses that damp the movement of the rotor, which gives rise
to damped oscillations. Depending on the material properties and the chosen configuration, this may lead
the magnetization and the rotating field from the stator to be synchronous after a few oscillations. In the
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Figure 5.20: Example of Subsection 5.2.2: Vector potential of the magnetic pendulum with the elec-
trical conductivity » = 5-10* Sm~! with damper rods at ¢ = 10.1 ms and ¥ = 0, namely,
1 = a = 10.1rad.

following, we test this effect with electrical conductivities x = 10%, 5-10* Sm™!, a contour I'. = 9B(0;0.39),
and otherwise keep the same configuration from the previous experiment.

The expected dynamics of the magnetic pendulum with conductive rods is shown in Figure 5.19. In Fig-
ure 5.19a, we see a decrease in the mechanical torque with increasing time. The damping is clearly more
noticeable for the bigger electrical conductivity x = 5 - 10* Sm~!. Correspondingly, the phase shift between
the magnetization and the rotating magnetic field in the stator reduces proportionally inverse to the torque
until reaching a synchronous state starting from ¢ = 10.1ms for k = 5 - 10* Sm~!. This is depicted in Fig-
ure 5.19b. For convenience, we show the solution of the eddy-current problem at ¢ = 10.1 ms for an electrical
conductivity x = 5 - 10* Sm~! in Figure 5.20, where the rotor’s magnetization and the stator’s rotating field
are synchronous.

In the next and last chapter, we summarize and comment the main findings of this thesis, and discuss further
possibilities to extend and consolidate the presented method, namely, the direct non-symmetric isogeometric
FEM-BEM coupling for the simulation of electromechanical energy converters.
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6 Summary and prospects for future research

If... the past may be no Rule for the future, all
Experience becomes useless and can give rise
to no Inferences or Conclusions.

D. Hume

For the simulation of electromechanical energy converters, we considered a direct non-symmetric coupling
of the Finite Element Method (FEM) and the Boundary Element Method (BEM) in an isogeometric setting
for several model problems. This turns out to be a promising alternative to classical approaches. Indeed, the
coupling combines the advantages of the numerical methods in a complementary way: FEM allows the con-
sideration of non-linear Partial Differential Equations (PDEs) defined over bounded domains, the direct BEM
solves problems in unbounded or thin domains, which exhibit linear material behavior, and the isogeometric
framework avoids additional approximation errors due to the geometry representation and offers a straight-
forward h- and p-refinement procedure. Moreover, the coupling facilitates the incorporation of movements
without the need of remeshing by allowing the different subdomains to be modeled separately. In addition,
the convergence rates in the BEM domain are ameliorated if the dual problem is well-defined and its solution
is smooth enough, which is advantageous for the computation of forces and torques using the Maxwell Stress
Tensor (MST) method.

To arrive at the model problems for domains with a general topology, we proposed a mathematical approach to
derive a vector potential formulation of the eddy-current model, where we considered two types of Boundary
Conditions (BCs), which coincide with the electric and magnetic wall BC, respectively. By using results re-
lated to the de Rham complex, we obtained the well-known A-formulations from physics and engineering
literature. In the three-dimensional (3D) case, the unknown magnetic vector potential is sought for in ap-
propriate quotient spaces, which leads to solutions that have to be understood in the sense of equivalence
classes.

To apply Boundary Element Methods, suitable representation formulae have been introduced, which lead to
so called Boundary Integral Equations (BIEs) that are defined over the boundaries. An important tool in our
analysis consists in estimating the energy of interior domains (FEM domains) in terms of Boundary Integral
Operators (BIOs). This can be achieved in the scalar case by using the contractivity of (a shifted version of)
the double-layer operator, which is a known result [110]. Analogously, we proved a similar estimate for the
Maxwell double-layer operator.

Our analysis is based on the framework of Lipschitz continuous and strongly monotone operators. First, we
addressed a two-dimensional (2D) Laplacian interface problem, which arises for instance in the magneto-
static regime. We extended the analysis of [46] to our non-linear setting, and established well-posedness by
using an implicit stabilization that yields an equivalent problem, which is proved to be strongly monotone and
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Lipschitz continuous. For a particular type of non-linear materials, which are relevant in our applications, we
demonstrated the stability of the problem. Moreover, we showed quasi-optimality of the method with respect
to a Galerkin discretization. Therefrom, we derived a priori error estimates for conforming B-Spline spaces,
by using their approximation properties, which are provided in [21, 25].

Second, we considered an evolution problem in the 2D case. Such problems model the magnetoquasista-
tionary case in a 2D setting. We showed that the properties established for the previous interface problem
together with hemicontinuity are sufficient to prove well-posedness. However, note that for the parabolic
case, well-posedness can be established without resorting to an implicit stabilization, see [41]. In addition,
we provided a stability result analogously to [41].

Third, we studied a possible extension of a Laplacian interface problem to a Boundary Value Problem (BVP)
that is suitable to model typical cross sections of electric machines, i.e., the domain consists of two disjoint
nested subdomains, separated by an air gap. The model problem involves additionally homogeneous BCs in
the outermost and the innermost boundary, respectively, see Figure 4.1 for a visualization. The central idea
for the proof of strong monotonicity consisted in expressing the energies of the bounded domains in terms
of energies that are related to unbounded problems. For this, auxiliary exterior eigenvalue problems can be
defined as in [90]. Furthermore, we addressed the possible amelioration of the convergence rates in the BEM
domain, and underlined the conditions that need to be fulfilled to reach super-convergence. The argument
involves the dual problem, which arises by using an Aubin-Nitsche argument.

As a last model problem, we considered the magnetostatic case in three dimensions. The steps of the anal-
ysis are analogous to the 2D interface problem. However, due to the infinite-dimensional kernel of the curl
operator consisting of gradient fields, we opted for a formulation of the coupled variational problem in the
product space consisting of the quotient space [H (curl, 2)] and its dual, which we characterized as a space
of divergence-free vector fields with additional constraints depending on the topology and the considered BCs.

The above mentioned theoretical findings were confirmed by several numerical examples. The first part of the
experiments was dedicated to the validation of the isogeometric approach. We verified the optimal behavior
of the convergence rates in interior domains as well as the rates of the corresponding Cauchy data and the
super-convergence of the solution in the BEM domains. Moreover, we discussed factors that may deteriorate
a theoretically possible super-convergence, namely, the position of the evaluation points and in particular the
quality of the numerical integration. The second part concerned the coupled electromechanical problem. For
illustration purposes, we coupled the magnetic and the mechanical subsystems weakly, and applied a classical
implicit Euler scheme for the discretization of time derivatives. The considered examples showcased both the
calculation of forces and torques as coupling quantities by using the MST method. Moreover, the underlying
equations covered both elliptic and parabolic cases.

Outlook To consolidate isogeometric FEM-BEM couplings for the simulation of electromechanical energy
converters, several aspects could be investigated and implemented in future works.

* An analysis of the fully discretized parabolic problem with a higher time order discretization in both
2D and 3D domains is still missing. For this, the results of [47] can be adapted and extended to the
non-linear setting with the drawback of the usual higher regularity assumptions in the time component.
Alternatively to the method of lines and time-stepping methods, an isogeometric space-time discretiza-
tion could also be investigated, see, e.g., [80].

* The development and analysis of adaptive isogeoemtric FEM-BEM couplings is to my knowledge still
an open problem.
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* The development of efficient preconditioning techniques that are tailored for the isogeometric frame-
work would help to make the method more efficient from a practical point of view.

* The optimization and extension of the software implementation is required. From a Technology Readi-
ness Level (TRL) perspective, the developed implementation is around TRL 4, see [28]. Nevertheless,
it provides a great starting point to investigate real-world problems and it highlights the benefits of the
isogeometric FEM-BEM coupling as a promising alternative for realistic production problems, since it
circumvents several practical difficulties encountered with classical approaches.

We also note that a particularly elegant and concise alternative to formulate Maxwell-based 2D and 3D prob-
lems can also be achieved by using the language of differential forms. We refer for instance to [76].
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A Monotone operators

We provide in this appendix a concise overview on some useful properties of monotone operators. For a more
general survey, we refer to [51, 122]. In particular, the different types of continuity and monotonicity are
compared in [51, Lemma 6.2] and [51, Lemma 6.4], respectively.

Let H be some Banach space, and let H' be its dual. We denote by (-,-) the corresponding duality prod-
uct.

Definition A.1 (Monotone operators, [122]). The operator A : H — H' is called

* monotone, if and only if
(Au— Av,u—v) >0  Vu,v € H.

* strictly monotone, if and only if

(Au— Av,u—v) >0  Vu,v € H and u # v.

* uniformly monotone, if and only if
3C(lu—ollm):  (Au—Av,u—v) > Ciy(llu = vlln)u—vlly  Vu,ve H
with Cy, : Ry — R being an increasing function that satisfy Cuym(0) = 0.
* strongly monotone, if and only if

305 >0 (Au — Av,u —v) > Citllu — v||% Vu,v € H.

Definition A.2 (Coercive operators, [122]). The operator A : H — H' is coercive if

(Au,u)

1m
ull g—o0  ||lull

— 0.

Lemma A.3. Provided A : H — H' is strongly monotone, then it is also coercive.

Proof. First, it is obvious that a strongly monotone operator is also uniformly monotone. For instance, choose
Ciin(llw — v||li) = Ctllu — v||g. Then, we refer to [53, Lemma 6] for a proof that uniformly monotone
operators are also coercive. O

Definition A.4 (Continuous operators, [122]). The operator A : H — H' is called
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* hemicontinuous, if for all u,v,w € H
€ (A(u+ ev), w)

is continuous on [0, 1].

* Lipschitz continuous, if for all u,v € H

3¢ >0: | Au — Av|| g < CPYJu — vl| 5
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B Vector potential formulation for the electric wall
case

For completeness, we present in the following the analogous vector potential formulation to Section 3.1 in
the case of an eddy-current model problem supplemented by an electric wall BC.

For every t € T, b € H(div0,Q) and e € H(curl0,Q). As illustrated in Figure 2.4, the decomposi-
tion

b=bc+m
with bc € HS(div0,Q) and n; € H;(Q) is readily obtained. By using Corollary 2.25, there exists a unique
vector potential a € Ho(curl, Q) N H' (div0, ), such that

b =curla + n,. (B.1)

In addition, due to the time dependence of the vector fields in (3.1a), for instance, a is an element of the
Bochner space L%(0;, T; Ho(curl, Q) N H (div0,Q)).
Now, inserting (B.1) in (3.1a) yields

curl(e + 0,a) = -0y, = 0.

Thereby, we used that for every ¢ € T, curl(e + d;a) € H§(div0,Q). Since H§(div0, () is orthogonal to
H; (), i.e., H§(div0, Q) N H;(Q) = {0}, it follows that 9;n; = 0.
As a consequence, for all t € T, it follows that (e + d:a) € Ho(curl0,Q2). Then, by the decomposition
(2.42a) together with (2.43a), there exists a unique scalar potential ¢ € L*(T; H(V,)) (up to a constant)
and n, € L*(T; Hy(f)), such that

e+ dia=—-Vop+n,. (B.2)

By inserting e from (B.2) into (3.1e), we arrive at
J=13Js+r(=0a+mny— Vo), (B.3)

which gives us a representation of the right-hand side of Ampere’s law (3.1b). Moreover, with divn, = 0 we
obtain a continuity condition
div(j, — kVy) = div(kdia) = 0.

With this, and for the sake of consistency with Ampere’s law, we set j € H' (div0, Q).
Using the constitutive law (3.1d) leads with curln, = 0 to

curl v(Jcurla + n,|) curl a + kKOra — kmy = —kVp + j, (B.4)
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which is formulated in terms of the vector potential a € L?(d;,T; [Ho(curl, Q)]), a scalar potential ¢ €
L*(T; H(V,)) and cohomology vector fields n; € L*(T; H;(Q2)) and n, € L*(T; Hy(12)). Thereby, we used
(2.52a), i.e., the identification H (curl, Q)N H"' (div0, Q) = [Ho(curl, )]. Similarly to the magnetic wall case
of Section 3.1, we may define j;,, = —kVy + j, € L*(T; H ' (div0,Q)).

Remark B.1. The topological terms 1, and 7, are can be eliminated analogously to Remark 3.1 by restricting
(b, e) to L*(T; HS(div0,)) x L*(8;, T; [Ho(curl, Q)]).
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List of acronyms

1D one-dimensional

2D two-dimensional

3D three-dimensional

a.e. almost everywhere

AC Alternating Current

BC Boundary Condition

BEM Boundary Element Method
BIE Boundary Integral Equation
BIO Boundary Integral Operator
BLP Boundary Layer Potential
BVP Boundary Value Problem
CAD Computer Aided Design
CG Conjugate Gradient

DC Direct Current

DLP Double-Layer Potential
FEM Finite Element Method
IGA Isogeometric Analysis

IVP Initial Value Problem

MST Maxwell Stress Tensor

NURBS Non-Uniform Rational B-Splines

PDE Partial Differential Equation
PEC Perfect Electric Conductor
PM Permanent Magnet

PMC Perfect Magnetic Conductor

PMSM Permanent Magnet Synchronous Machine

ROI Region Of Interest
SLP Single-Layer Potential
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List of symbols

General
Symbol Meaning Page
R the set of real numbers 2
RS the set of non-negative real numbers 5
X cross product, Cartesian product 9
No the set of non-negative integers 19
(+)p duality product on D 20
(. )p inner product on D 20
a multi-index 21
v for all 21
3 there exists 25
3! there exists a unique 25
] lla quotient norm with [v] € [H] 25
ker(-) kernel 33
Im(-) image 33
A orthogonal complement 35
A0 orthogonal complement in the corresponding null-space 36
= isomorphic 40
['Ir jump from the interior to exterior trace with respect to ' 57
N the set of natural numbers 65
det determinant 69
Physical entities

Symbol Meaning Page
d(z,t) electric flux density 2
o(z,t) electric charge distribution 2
b(x,t) magnetic flux density 2
e(x,t) electric field 2
h(x,t) magnetic field 2
j(x,t) electric current density 2
€ electric permittivity 3
1 magnetic permeability 3
140 vacuum permeability 3
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relative magnetic permeability
oriented magnitude of h(x,t)
oriented magnitude of b(x, t)
magnetic saturation

magnetic coercivity

magnetic remanence

remanent magnetic flux density
coercive field

magnetic reluctivity

vacuum reluctivity

electrical conductivity

imposed electric current density
surface current density
kinematic variables (position, velocity, acceleration, ...)

OOV VOOV OVOVVOWHXOAAITITITAADPE, D DWWWWW

wi angular velocity

m mass

S inertia tensor

fm total force

™ total torque

™ total force (unidirectional)

™ total torque (unidirectional)

6 moment of inertia

Tm Maxwell stress tensor

a magnetic vector potential 51

® magnetic scalar potential 51

15 Mo cohomology vector fields 51

din —KVo + 3, 52
Geometric entities

Symbol Meaning Page

T an element of the Fuclidean space 2

b Lagrangian reference frame 8

x| coordinates in ¥ 8

Ye Eulerian reference frame 8

Te coordinates in X, 8

x coordinates in Y 8

v .0, Eulerian angles 8

T(t) orthogonal transformation 8

d dimension of the Euclidean space 18

Q a bounded Lipschitz domain in R¢ 18

r the boundary of Q 18

Nr the number of connected boundary parts in I" 18

N¢ the number of cuts needed to render a connected domain simply- 18

connected
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D a placeholder that may refer to {R%, Q,Q,T'} 18
T a boundary segment I" 19
D; a local parametrization of I' 19
I'c, interior cut 35
Bi(2) Betti-numbers associated with Q withi =10,...,3 ford = 3 37
0e Q¢ = RN\Q (if unbounded) 40
B1(T) Betti-number associated with T’ 45
TrEM union of connected parts of I' that are associated with the FEM 53
domain
T'sEM union of connected parts of I' that are associated with the BEM 53
boundary
=(E) univariate (multivariate) knot vector 65
p(p) degree of a univariate (multivariate) B-Spline basis function 65
vY (bi;7 ) univariate (multivariate) B-Spline basis function 65
r (r?) univariate (multivariate) Non-Uniform Rational B-Spline basis 66
function
w; (w;) set of univariate (multivariate) weighting functions 66
Ky a single patch domain 67
fi a regular parametrization from [0, 1]¢ — &, 67
Ny number of patches 68
K a multipatch representation of either Q or I 67
h global mesh size 67
c; control points 68
= (é) reduced univariate (multivariate) knot vector 70
p (p) reduced degree of a univariate (multivariate) B-Spline basis func- 70
tion
Operators, functions, and functionals
Symbol Meaning Page
Oy partial derivative with respect to time ¢ 2
div divergence operator 2
curl curl operator 2
g a non-linear function describing an admissible B-H curve with Lip- 5
schitz continuity constant Cf and strong monotonicity constant C§y
Ox partial derivative with respect to x 21
Oz Dirac distribution with support « 21
A a non-linear operator with Lipschitz continuity constant C;* and 26
strong monotonicity constant C;
\Y gradient operator 28
u a non-linear operator with Lipschitz continuity constant C¥ and 29
strong monotonicity constant C%
Y standard trace operator with continuity constant Cj 30
7%’ conormal derivative with continuity constant C 30
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Yn normal trace operator with continuity constant C,, 30
Yx tangential trace operator with continuity constant C' 30
Yp Dirichlet trace operator with continuity constant Cp 30
Fy% Neumann trace operator with continuity constant Cy 30
Id identity operator 30
or Dirac distribution with support I' 30
A Laplace operator A = divV 31
Vr surface gradient operator 41
curlp surface curl operator 41
curlp scalar surface curl operator 41
divp surface divergence operator 42
xn (nx) rotation operator (its adjoint) 43
1d augmented identity matrix 53
curl 2D curl operator 53
curl 2D scalar curl operator 53
u (- ) fundamental solution of the Laplace equation 55
Wer, (Pgr) single-layer potential (vectorial) 55
UpL (PpL) double-layer potential (vectorial) 55
Vo (Ap) single-layer boundary integral operator (vectorial) with ellipticity 57
constant Cy,, (C 4,)
Ko (Co) double-layer boundary integral operator (vectorial) with contrac- 57
tion constant Cix, (C¢,)
Ko (Bo) adjoint double-layer boundary integral operator (Maxwell) 57
Wo (W) hyper-singular boundary integral operator (vectorial) with elliptic- 57
ity constant Cyy, (Car,)
Sint (gext) interior (exterior) Steklov-Poincaré operator 61
Sint (gext) interior (exterior) vectorial Steklov-Poincaré operator 62
T a continuous and linear functional 90
Spaces
Symbol Meaning Page
C*(D) (C*(D)) space of k-times continuously differentiable functions (vector 19
fields)
C>(D) (C*(D)) space of smooth functions (vector fields) 19
Ck+(D) (C**(D))| space of Hélder continuous functions (vector fields) 19
CO (D) (€% (D))| space of Lipschitz continuous functions (vector fields) 19
L?*(D) (L*(D)) space of square integrable functions 20
D(D) (D'(D)) space of test functions (distributions) 21
D(D) (D'(D)) space of test vector fields (distributions) 21
W’W(Q) Sobolov space, p > 1, k > 0 22
H3(Q) (H*(Q2) Hilbert space for functions (vector fields), s € R 22
H (RN\Q) space with local H?*-behavior 23
L (RN\Q) space with local L?-behavior 23
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H)\(Clll'l, Q, Fz)

H)\ (diV, Q, I
H(V0,Q)
H (curlo, Q)
H (div0,Q)
H[)(diV 0, Q)
[H(V, Q)]
[H (curl, Q)]
[H (div, )]

i)

Hy(curlo, )

H; ()
H ()
H§(div0, Q)
T(divo,Q)

L T TR
ol X =g o=
Z

Hilbert space on a Lipschitz boundary, s € [—1, 1]

HO(T)

Bochner space with instantaneous values in H (D)

Bochner space with instantaneous values in H (D)

Bochner space with continuous weak time derivative (functions)
Bochner space with continuous weak time derivative (vector fields)
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