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Abstract

We present a coupling of the Finite Element and the Boundary Element Method in
an isogeometric framework to approximate either two-dimensional Laplace inter-
face problems or boundary value problems consisting of two disjoint domains. We
consider the Finite Element Method in the bounded domains to simulate possibly
non-linear materials. The Boundary Element Method is applied in unbounded or thin
domains where the material behavior is linear. The isogeometric framework allows
to combine different design and analysis tools: first, we consider the same type of
NURBS parameterizations for an exact geometry representation and second, we use
the numerical analysis for the Galerkin approximation. Moreover, it facilitates to per-
form h- and p-refinements. For the sake of analysis, we consider the framework of
strongly monotone and Lipschitz continuous operators to ensure well-posedness of
the coupled system. Furthermore, we provide a priori error estimates. We additionally
show an improved convergence behavior for the errors in functionals of the solution
that may double the rate under certain assumptions. Numerical examples conclude
the work which illustrate the theoretical results.
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1 Introduction and preliminaries

In the last decades, simulation gained more and more importance as a fourth pillar
of sciences besides theory, experiments, and observations. A successful simulation
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means a good imitation of some phenomena. This allows the analysis, optimization,
and predictions to be made ad hoc with a certain reliability, which depends on the
application. For example, this can be achieved for problems that are formulated as
boundary and initial value problems by choosing the right mathematical model, a
good representation of the computational domain, and a suitable numerical method.

We encounter in this work two types of model problems. First, we consider a
Laplacian interface problem in Section 2. Its specificity lies in the combination of
a possibly non-linear and non-homogeneous problem in a bounded domain with a
linear and homogeneous problem in an unbounded domain. Formally, we aim to find
the solution u in the interior domain £2, such that

—div(UVu) = f,

where U is a given non-linear diffusion tensor and f the given right-hand side. In the
exterior domain R?\£2 we are looking for a solution x® which satisfies

—Au® =0.

Both solutions are connected through suitable jump conditions on the boundary 952,
namely,

upe —upe = uo,
Uvu‘ag V= Vbtewg V= ¢0,

where v is an outer normal vector with respect to §2, ug and ¢y are given data.
Furthermore, the following decay condition for |x| — o0 is needed

W =0 (|x|—1) .

Note that an additional compatibility condition will be required to ensure the last
equation. This will be addressed in the next section. This type of model describes
a wide class of engineering and physical applications. For instance, one example
for linear elasticity can be found in [43]. We address the second type of model in
Section 4. It is a Boundary Value Problem (BVP) with two disjoint domains £2; and
£2,, which are separated by a (thin) gap, which we call £2,. In the domains we allow
non-linear equations. However, the gap is assumed to be filled with a linear material,
where the simplest form is air. For a visualization we refer to Fig. 1. The resulting
BVP is similar to the one introduced above, however, we prescribe here in addition
homogeneous Dirichlet boundary conditions on the interior boundary of £2; and on
the exterior one of £2», which we denote by 052¢,1 and 9§29 », respectively. Moreover,
we remove the decay condition, since the domain £2y, is also bounded. Altogether, we
consider the following BVP: Find u1, u; and uy, such that

—div (U,'Vu,‘) = f, in .Q,',
—Aup =0 in 2y,
Ubla; — Uilge; = U0, on 3£2;\0820,;,
UiVuijpg, - vi + Vipjge, - Vo = ¢, on 9§2;\d820,;,
Uilay; = 0 on 382,
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where i = 1, 2. Here, U; are two non-linear diffusion tensors, f;, uo;, and ¢o; are
given data, v; and v, corresponding normal vectors. This model is particularly used
for the simulation of electro-mechanical energy converters. An example is an elec-
tric machine discussed in [6]. In general, the air gap is very thin. The other two
domains are modeled separately for a facilitation of a possible rotation of the inte-
rior part, called rotor in case of an electric machine. This movement is induced by
the interaction of electromagnetic fields in the air gap. The computation of forces
and torques are therefore one central goal in this type of simulations. Formally, this
can be achieved by using the so called Maxwell Stress Tensor (MST) method (see,
e.g., [27]). For this, the solution in the air gap as well as its derivatives are needed.
These aspects have to be kept in mind for a suitable choice of a numerical method.

The coupling of the Finite Element Method (FEM) and the Boundary Element
Methods (BEM) appears to be an intuitive and straightforward choice for the above
described problems. Indeed, the FEM is well established and widely used for possi-
bly non-linear problems in bounded domains. On the other side the BEM relies on the
transfer of the model problem to an integral representation. Further steps then lead to
a Galerkin discretization problem on its boundary with certain integral operators. In a
post-processing step, a solution can be found in every point of the underlying domain.
Hence, BEM is suitable to handle problems with an unbounded domain where we do
not have to truncate the domain since the discretization itself is done on the boundary.
We remark that a truncation would be mandatory if we would apply FEM. Since the
BEM discretization takes place on a boundary of the domain, it is also very attrac-
tive to get a solution in the thin gap described above. For a mesh-based method in
the whole domain, e.g., like FEM, it is very difficult to find a mesh for such a thin
gap, where the numerical method remains stable. The discretization on the bound-
ary with BEM and the post-processing afterwards avoids this problem. However, to
apply the BEM we need to know the fundamental solution of the underlying problem.
Note that this restricts the application of BEM especially for non-linear problems.
Therefore, we apply BEM in this work for two different applications: first in the
exterior unbounded domain and second in the thin air gap. In both cases we con-
sider the Laplace operator for the BEM part, where the fundamental solution can be
given explicitly.

In the literature, we distinguish several types of FEM-BEM coupling techniques.
These coupling procedures differ solely in the considered representation of the
Boundary Integral Equations (BIE), which are the basis for BEM. In order to intro-
duce briefly the considered BIEs, we envisage first the following Laplace equation

—Au=0 inf2“, «=0,1, 3)

where £2° C R? is a bounded domain with Lipschitz boundary I", and 2" = R2\ 20

is the corresponding unbounded domain. Hence, I" = £20 N £2!. Note that (3) is an
interior problem for x = 0 and an exterior problem for k = 1. In the latter case, we
additionally assume the decay condition u(x) = Cx log |x|+ O(1/|x]) for |x| — oo
with the unknown constant Co, (see also Remark 1). For some x € £2%, the solution
u(x) is given by the representation formula

u(x) = (~1)F ( /F G(x. 1) (y) doy — /F av<y>G<x,y)u|r(y>doy), @
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where G(x, y) = —% log |x — y| denotes the fundamental solution of the Laplace
operator, v(y) is an outer normal vector on I" pointing outward with respect to £29 at
y € I', and (u| r, ¢ :=oyu, p) are the unknown or partially unknown Cauchy data.
Hereby, the notation | means the trace of u with respect to I". Note that we omit
to write the trace operators in this work due to readability. Taking the trace of the
representation formula yields the BIE

—1)¥
ur = (=1~* ((( 2) —/C>u|r+V¢)- %)

We refer to [41, Chapter 7] for more details. The invoked Boundary Integral Opera-
tors (BIO), the single layer operator ) and the double layer operator /C, are given for
smooth enough inputs by

V) (x) = /F Glr. o) do, and  (Kujp)(x)= fr B0y G (x. )iy () doy.
©)

They can be extended continuously to linear and bounded operators such that
V:HTN) — HV3(C)  and K: HVI(D) — HYV2(I)

for s € [—%, %], c.f. [9, Theorem 1]. In particular, the boundary integral operator

V is additionally symmetric, and H_%(F)—elliptic, if diam (£2) < 1 (see, e.g., [41,

Theorem 6.23]). The properties of V induce the norm equivalence

I3 = (¥, V§)r ~ ”“’”i] L 7

()

In the previous lines, the mentioned spaces have to be understood as follows: for
k > 0, H*(-) denotes the standard Sobolev space equipped with the usual norm
Il - Il g (.- Moreover, the space Hk’%(F) is the trace space of H¥(§2). The natural
duality pairings (-, -)o and (-, -) - are obtained by the extended L>-scalar products
(-, ) of 22 and (-, -)j- of I', respectively. Spaces with negative exponents H % (I")
are defined as dual spaces of H¥(I") with respect to the duality pairing induced by
L?. Furthermore, for the unbounded domain 2! we need functions with local behav-
ior. We denote them by Hll)c(.Ql) ={v: 2 - R| VK € H'(K)forall K C

Pl compact}. Finally, we write H ! (.Q)/ for the dual space of H 1(£2). We recall that

(v, ur), < IIwIIH_%(F)IlvaIH%(F) = CtrllxlfllH_%(r)llvllyl(m (®)
holds for all v € H'(2) and € H -3 (I'"), where the trace inequality is encoded
with the trace constant Cy > 0.

In the following, we describe a variational ansatz to get a weak form of the model
problem. As mentioned above, there are several coupling strategies possible. If we
describe the FEM part by the weak form of the well-known Green’s first formula, a
coupling with the weak form of (5) (v = 1) leads to the so called Johnson-Nédélec
coupling introduced in [25]. The combined weak form is non-symmetric even though
the model problem itself is symmetric. Also a Galerkin discretization leads to a
non-symmetric system of linear equations. Therefore, this coupling is also known
as non-symmetric coupling, where the unknowns are the u# of the FEM part and the
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conormal derivate ¢ of the BEM part. To symmetrize this system in case of a symmet-
ric model problem, we first observe that taking the conormal derivative of (4) leads
to another integral equation with two other integral operators. A modification of the
Johnson-Nédélec coupling with this additional integral equation renders the coupled
problem symmetric. This procedure appeared first in [10] and is known as Costabel’s
symmetric coupling. The price of the symmetry is the use of four BIOs, which is com-
putationally more expensive. However, there are still only two unknowns involved. A
coupling method with three unknowns, i.e., additionally the trace | of the BEM part
is an unknown, is called a three field coupling [14]. A coupling procedure with the
so called indirect ansatz is also possible and called Bielak-MacCamy coupling [5].
With this strategy, however, one unknown of the BEM part has no physical meaning.

Because of the advantages of the non-symmetric coupling, we consider in this
work only this type of coupling. We will introduce it formally in Section 2. For a long
time mathematical analysis for this coupling was only available for smooth bound-
aries due to the use of a compactness argument of the double layer operator C [25].
In particular, Lipschitz boundaries were excluded . However, a decade ago Sayas [38]
provided in fact the first analysis also for Lipschitz boundaries. This work influenced
several variations and improvements, e.g., [2, 15, 42] to mention a few but not all.
Hence, the non-symmetric coupling became a more natural choice, especially, if a
part of the model problem is non-symmetric or non-linear. In this work, we use the
results of [2], where an extension to non-linear interface problems has been addressed
and combine this result with the proof shown in [15]. Furthermore, we also use [32],
which extended the proofs for the linear interface problem to certain Boundary Value
Problems, i.e., to the second type of problem considered here. For the linear inter-
face problem with a general second order problem in the interior domain, we also
refer to [15] for a rigorous and, to the authors’ knowledge, sharpest ellipticity esti-
mate. Recently, a complete analysis of a parabolic-elliptic interface problem with a
full discretization in the sense of a non-symmetric FEM-BEM coupling for spatial
discretization was published in [13]. Note that such a system arises, for instance, in
the modeling of eddy currents in the magneto-quasi-static regime [28].

Now, having described the weak form of the model problem with the proposed
FEM and BEM parts, we still need to take two major decisions for a successful sim-
ulation: a suitable discretization technique, i.e., choosing concrete ansatz spaces for
the FEM and BEM, and a good representation of the geometry. These steps are typ-
ically made independently, which complicates meshing and remeshing procedures
without altering the original geometry. In order to circumvent this, design step and
numerical analysis can be combined by considering the same type of basis func-
tions. Hence the geometrical modeling is also used to design ansatz functions in
the Galerkin discretization schemes for the approximation of the solution. Such a
method is proposed in [24]. It is based on using Non-Uniform Rational B-Splines
(NURBS) for the unification of Computer Aided Design (CAD) and Finite Element
Analysis (FEA). This method is called IsoGeometric Analysis (IGA). The first iso-
geometric BEM simulation of collocation type can be found in [35, 40]. Moreover,
fast methods for isogeometric BEM have been successfully implemented in [12, 23,
29], which reduces the known high computational complexity of such an applica-
tion due to the dense matrices produced by the BEM. This makes the method more
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attractive even for more realistic and complex applications (see, e.g., [8] and [6]). A
rigorous mathematical analysis for isogemetric FEM started in [4, 44] and for isoge-
metric Galerkin BEM in [18-22]. For our purpose the results [7, 44] together with [2,
15, 32] play a central role in proving the validity and an a priori error estimate of the
FEM-BEM coupling in the isogeometric context, which is done in this manuscript
for the first time.

The rest of this paper is organized as follows: in Section 2, the non-linear inter-
face problem is addressed. We consider the framework of Lipschitz continuous and
strongly monotone operators such as given in [46] and used in [2]. Strong mono-
tonicity of the non-symmetric weak form is shown analogously to the arguments
in [15] by adapting the setting to non-linear operators. Moreover, well-posedness
of the coupling is stated. Section 3 is devoted to the Galerkin discretization of the
non-symmetric coupling. Thereby, we introduce the isogeometric framework and the
necessary discrete spaces. We derive some error estimates for the conforming iso-
geometric discretization. In Section 4, we extend the model to a Boundary Value
Problem. More precisely, the model domain is split in two disjoint domains, which
are separated by a thin (air) gap. First, a variational formulation of the coupled
problem is derived. Then we show well-posedness and stability of the method. Fur-
thermore, we discuss a super-convergence result for the evaluation of the solution in
the BEM domain. In the last Section 5, we confirm the theoretical results by con-
ducting one numerical example for each model problem. The work is completed by
some conclusions and an outlook.

2 Interface problem

Let 2 C R? be a bounded domain with Lipschitz boundary I" = 82 and 2° :=
R?\$2 the corresponding unbounded (exterior) domain. Furthermore, to guarantee
the H™? (I')-ellipticity of the boundary integral operator V, we assume diam (£2) <

1. This assumption can merely be achieved by scaling. We consider the following
interface problem: Find (u, u®) € H'(£2) x HILC(.QS) such that

—div(UVu) = f in £2, (9a)

—Au® =0 in £2°, (9b)

u\p—ue“* = Uy OIlF, (90)
Z/[VM|F~U—Vue‘['-U =(]§0 onF, (9d)
W =0 (|x|*1) for x| — 0. (9e)

We remind that v denotes the outer normal vector with respect to £2 and U/ : R> —
R? is a possibly non-linear diffusion tensor. The right-hand side is given by f <
Hl(.Q)/, ug € H%(F) is the jump in the Dirichlet data, and ¢ € H_%(F) the jump
in the Neumann data.
To ensure the right decay condition (9¢) at infinity, we have to assume the
additional condition
(Vu®ip v, 1) =0.
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This can be transformed into a compatibility condition on the data, i.e.,

(fi o + (¢, 1) = 0.

Remark 1 Note that the assumption to ensure the decay condition is only needed in
the two-dimensional case. Alternatively, (9¢) can be replaced by a logarithmic decay
of the solution in two dimensions to avoid the additional assumption on Vu®r, i.e.,

u® = Clog|x| + O (|x|*1) for |x| — 00

with C := %(Vue‘p -, 1>F or equivalently C := —% ((f, 1) o + (o, 1)1"), which
can be easily verified in the weak formulation below.

As mentioned above, the diffusion tensor I/ can be a non-linear operator. To apply
standard theory for non-linear operators (see, e.g., [46]), we assume throughout the
manuscript that ¢/ is Lipschitz continuous and strongly monotone:

(A1) Lipschitz continuity:
U U 2
EICLip > 0 such that [{x —Uy| < CLip lx —yl, Vx,y e R~

(A2) strong monotonicity:

3CY > 0such that UVu —UVv, Vu — Vv)g > C4 IIVu — Vv||iz(m, Yu,v e H' ().

The derivation of a non-symmetric variational form follows a standard procedure: In
the variational form of (9a), we replace the Neumann data by the jump condition (9d)
to couple the interior problem with the conormal derivative with ¢ = BVMTF =
Vuf. - v of the exterior problem. For the second equation we use the exterior integral
(5) with k = 1, and insert the jump condition (9¢) to couple this with the interior
trace.

Hence, the weak formulation of the non-symmetric coupling problem (9) reads:

Findu := (u, ¢) € H'(£2) x H~2(I") such that
UVH,VV)g — (b vr). = (f.v)o + (do. vir) -
1 1
<w, (5 - ;c) M|F> Vel = <w, (5 - K) u0>
r r

hold Vv := (v, ¥) € H'(2) x H~2(I").
This variational form can be written in a compact form. For this we introduce a
product space with corresponding norm, i.e.,

H

HU@) x H3), Ivle= (01200 + 1902, )
s H -— Hl(.Q) Hﬁl)

forv := (v,¥) € H. (10)
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Problem 1 Findu € # = H'(2) x H’%(I’) such that a(u, v) = £(v) holds
Vv € ‘H with the linear form (linear in the second argument) a : H x ‘H — R,

1
a(u,v) := UVu, Vo) — (b, vir) . + <w, (5 - K) u|p> + (W V), (11)
r

and the linear functional £ on H,

1
W) = (f, v)g + (b0, vir) + <w, (5 - K) u0> : (12)

r

It is easy to check that a(v, v) is not elliptic, e.g., insert v = (1, 0). Hence, [2]
suggested an implicit stabilization where the stabilized problem is equivalent to the
original one, i.e., a solution of the original problem is also a solution of the stabilized
one and vice versa. Thus, the analysis is done with the aid of the stabilized form, i.e.,
well-posedness is inherited to the original problem. For implementation purposes, we
still use the original problem. The stabilized problem reads:

Problem 2 Find u € H such that a(u, v) = Z(v) holds Vv € H, where we define
with

1
s(v) == <1, <5—/C> vr> + (L, V), vi=(,¥)
r
the stabilized linear form
a(u,v) :=a,v)+ss(v),

and the functional

0v) = £(v) + <1, (l — IC) u0> (V).
2 r

Lemma 1 [2] The original and the stabilized formulation are equivalent, i.e., u € H
solves Problem 1 if and only if it solves Problem 2, and vice versa.

In order to state well-posedness for Problem 2, and thanks to Lemma 1 also for
Problem 1, we follow standard results for monotone operators [46]. First, we note
that the form a(u, v) induces a non-linear operator A : H — H’ by

(.K(u), v):=d(u,v), VuveH, (13)

where H’ denotes the dual space of . This allows us to prove the following lemma.

Theorem 1 [2, 15] Let us consider the non-linear operator A:H—>H defined in
(13) with H = H'(2) x H*% (I'). We state the following three assertions.

1. Ais Lipschitz continuous, i.e., there exists CLip > 0 such that
| A@) — AW)||4, < Cripllu— vy
forallu,v e H.
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2. ing{] > JTthen
(AW — Aw). = v) = Coay (IV1 = Volida g + 16 = v} + s = v)?) (14)

forallu := (u,p) € H, v:= (v,¥) € H with the norm ||¢||%) = (Y, V{¥)r
and with

. 1 2
csmb=mm{1,§<1+ce““— (c4 —1) +1)}.
3. if Ci’f] > % then A is strongly monotone, i.e., there exists Cey) > 0 such that

(A@) — AW), u —v) = Canllu —v|3,
forallu,v € H.

Remark 2 The constants Cr;, and Ceyy in Theorem 1 depend on various other con-
stants, namely, the continuity constants of the boundary integral operators V and X,
the ellipticity constant of ), Cﬁ{ip’ Cgl and Cy, in particular from §2 and I".
Proof of Theorem I The Lipschitz continuity of A follows from the Lipschitz conti-
nuity of /, and the continuity of the integral operators.

The proof of the second assertion follows the lines of [15, Theorem 1] for 8 = 1.
We replace the coercivity estimate of the bilinear form (UVu, Vv)g, considered
in [15] for a linear U/ by the strong monotonicity property of U/, i.e,

UVu —UVD, Vu = Vo) = CY IV = Voll7s o).

The restriction Cé”n > }‘ is a direct result of the use of a contractivity result for the

double layer operator K (see [31, Lemma 2.1]) with a constant Cyx; € [%, 1), where
we use the worst case of Cx: = 1 in the statement.

For the last assertion we note the norm equivalence (7), and by a Rellich
compactness argument it can be shown [2, Lemma 10] that

VI = IVl72 g + W15 + s(W)?
defines an equivalent norm in H for some v := (v, ¥) € H. Together with (14) this

leads to the last assertion with Céffl > %, which is required for (14). O

The following theorem follows directly from the theoretical result [46, Theo-
rem 25.B].

Theorem 2 (Well-posedness) Provided that Cé”“ > }‘, there exists a unique solution
u = (u,$) € H of the variational Problem 1 for any (f,ug, o) € H'(2) x
H(I') x H™3(I).

Proof From Theorem 1 it follows that the induced operator A of a(-, -) is strongly

monotone and Lipschitz continuous for Cé{l > }‘. Hence, by using [46, Theo-
rem 25.B], there exists a unique solution u := (u,¢) € H of the variational
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Problem 2, for any (f,uo, ¢o) € H'(2) x H2(I') x H™2(I"). Thanks to the
equivalence stated in Lemma 1, this is also the unique solution of Problem 1. O

For some engineering applications, where the non-linear operator ¢/ has a special
form, we can state the following stabilization result.

Lemma 2 Let Cé/{n > % and let the non-linear operator U be of the form UVu =
g(|Vul)Vu with a non-linear function g : R — R. Then, for the solution u :=
(u, ) € H of Problem 1, we have the stability result

lally = C (IIfIIHI(Q)/ + IIMOIIH ,t ||¢o|IH2(F)) C>0.

Proof Let v € H be arbitrary. We know from the strong monotonicity of A that
Cenllu — V”H (A(u) — .A(V) u— V)

Without loss of generality, we choose v = (0, 0) and note that /Vv = 0. Thanks to
Lemma 1 u := (u, ¢) is also the unique solution of the Problem 2. Thus, we conclude
that

Canllul3, < {A@),u) = £(u),

1 1
r r

with s(u) = <1, (% — IC) M‘[‘)F + (1, V¢) . Next we use the Cauchy-Schwarz

inequality (8) along with the boundedness of C and V. Then, rearranging the terms
yields

1 2
2 K
Cenllully, < (llle(mf + Ctr||¢0||H,, + I 1 (5 +C ) Ctr'“()”H%(r)) llall g1 2

B ()

1
—+Cc)(1+cY
iy (€5 v eyl Yoty

where CX, €Y > 0 denote the continuity constants of the boundary integral oper-
ators KC and V, respectively. From this follows the assertion with a constant C > 0
that depends on C’C, CV, Ci, Cennand I'. ]

Remark 3 Because of Lemma 1, the results obtained for the stabilized formulation is
also valid for the original non-symmetric coupling of Problem 1. Hence, in the next
section, we only discretize the original problem using a Galerkin approximation. In
fact, the stabilized version is only used for analysis purposes.

3 Galerkin discretization
LetV, c H'(£2)and X, C H -3 (I'") be some finite dimensional subspaces, where

the index £ expresses a refinement level, e.g., in a sequence of mesh refinements. We
assume that:
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(A3) The discrete space X, contains the constants, i.e.,

36 € (1) Xe such that (5, 1) # 0.
ZENO

We consider a conforming Galerkin discretization of the Problem 1. Replacing the

spaces H 1(2) and H _%(F) with Vy and X, respectively, leads to the following
discrete problem: Find u; := (u¢, ¢¢) € He := Vy x X, such that

(UVug, Vug)g — (be, ve) r = (f, ve) g + (do, ve)

<w, (% _ K) ue> b (W, Vo) = <w, (% - K) uo>
r I

hold Vv, := (ve, ¢4) € Hy.
The compact form in the product space H, reads:

Problem 3 Find u; := (u¢, ¢¢) € He := Ve x Xy such that a(ug, v¢) = £(vy) holds
VYve = (v¢, Y¥¢) € Hy. The linear form a(-, -) and the linear functional £ are defined
in (11) and (12), respectively.

Provided that Assumption (A3) is satisfied, the analysis for Problem 3 is done
analogously to the continuous Problem 1 since the discrete spaces are conforming. In
other words, all the above results including the introduction of a stabilized form and
Lemma 1 also apply for the subspaces. In particular, due to Theorem 2 the discrete
solution uy := (ug, ¢p¢) € He := Vy x X, of Problem 3 exists and is unique. The
following quasi-optimality result in the sense of the Céa-type Lemma is a standard
but central result, which will be needed in Section 3.2 for the a priori error estimate
of the non-symmetric coupling.

Theorem 3 (Quasi-optimality) Let Assumption (A3) hold, and Cgfl > 4—1‘. Moreover,
letu := (u, ¢) € H be the unique solution of Problem 1, and w; := (uy, ¢¢) € Hy
the solution of its discrete counterpart Problem 3. Then

u—u + ¢ — < Cca min u—v + ll¢ —
I Z”HI(_Q) i ¢[”H_%(1‘) = L Céa eV eX, (” Z”Hl(_(z) ¢ wlllH_%(F))

. Cj
with Ccsq = Tﬁj'

Proof The assertion follows as a result of the main theorem on strongly monotone
operators [46, Corollary 25.7]. That means with v¢ := (vg, ¥¢), thanks to Lemma 1,
the strong monotonicity, Galerkin orthogonality, Cauchy-Schwarz inequality, and the
Lipschitz continuity we get

Cenllu —uell3; < (A — Aup), u—ug) = (Aw) — Aue). u - vy)
< | A@ — Ao |, e — vellz
< Cripllu —ugllqllu — vell9y,

where the assertion follows directly. O
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3.1 Isogeometric analysis

The basis functions that are considered for the geometry design in the isogeomet-
ric framework are used as ansatz functions for the Galerkin discretization. These
functions are typically B-Splines or some extensions of B-Splines, e.g., NURBS,
T-Splines etc.

In the following, we introduce briefly the concept of Isogeometric Analysis and
refer to [11] for a more detailed introduction, and to [44] and [7] for a mathematical
analysis of IGA in the FEM and BEM context, respectively.

Definition 1 Let p € N denote the degree, and k € N the number of the B-Spline
basis functions, with k > p. A knot vector & := {&, ..., &} is called p-open if

O0=&=--=§ <& =< Z&<b==&p=1

Associated to the knot vector &, k B-Spline basis functions can be defined recur-
sively for p > 1 by

X — E,' —

bl (x) = ———=bI'" (x) +

! Eivp—& ' Eiypr1 — &g

1 Eitpr1 — X pr1

i+1 (x)
foralli = 0...k — 1, starting with piecewise constant basis functions for p = 0,
namely,

1 it <x <&41,

bo x) =
) 0 otherwise.

Moreover, we denote by S,(Z) = span {{bf }f.‘;(}} the space of B-Splines of degree

p and dimension k in the parameter domain over the knot vector &'

Definition 2 Let f : [0, 1] — y C R? be a B-Spline mapping defined as
k—1
f) =) bl (x)
i=0

with ¢; € RY representing an element of a set of control points. The mapping f
describes a one-dimensional curve embedded in a d-dimensional Euclidian space and
is called a B-Spline curve. Moreover, we call y a patch if the mapping f is regular.

As long as the B-Spline mapping f is regular, we can define B-Spline spaces in
the physical domain, i.e., over a patch y by using the following transformation

t(fHm) =uof,
namely,

Sp(y) ={v:v=uof~ 1 ueS,(&)
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Definition 3 B-Spline spaces on higher dimensional domains are constructed by
using tensor product relationships. For example, in 2D, we write with p1, po € N
andkl,kzeN PR
Spl,pz(El , E2) = span {{bi[:lbi[;z}ill;o:izz;() 1
where p; and p; denote the degrees in each parametric direction, and kik> is the
number of the B-Splines basis functions. A B-Spline surface is thus represented by
f(x) : [0, 11> = w C R? with
ki—1ky—1
o)=Y ) cinip - b1 (x) - b (x),

i1=0 i=0

where ¢;, ;, € R is representing an element of a set of control points. If f is regular,
we call w a patch.

Equivalently, the two-dimensional B-Spline space in the physical domain is
defined over a patch w by

. 1 -~ -
Spipm@) ={v:v=uof ,uecSy, (& &)}

Note that for the sake of simplicity, if p; = p>» = p, a B-Spline space of degree p
should be understood as a B-Spline space of degree p in each parametric direction.

The parametrization of curves and surfaces using B-Spline functions allows an
exact representation of a large spectrum of geometries. However, they fail to represent
conic sections exactly, which are widely present in the design of various engineering
applications. In order to circumvent this, Non-Uniform Rational B-Splines (NURBS)
are used instead (see [11] and [34], for instance).

Definition 4 Let p, k, p1, p2, k1, k» € N as above. NURBS mappings can be
considered as weighted B-Spline mappings. They can be defined as follows;

k—1 P
cwiby (x
r(x) = Z —qul : (p) n 1D,
i=0 Z/’:O wjbj (x)
T ewig b)) B ()

r(x) = Z Z ki—1 Zszl o bPl( ) - bp2( ) in2D.
i1=0 ir=0 2 j;=0 2= j,=0 Wjr.j2 * 0, (X) - 05 (X
Thereby, w;, w;, i, € R are elements of a vector of dimension k and a matrix of
dimension k| X k>, containing weighting coefficients of the NURBS, respectively,

and ¢;, ¢;, ;, are the control points.

Remark 4 The corresponding univariate NURBS space in the parameter domain is
defined analogously to the B-Spline space, namely,

S¥(&) = span {{r/};Z)

. b .
with rip (x) = k'fl’—(z,),(). However, contrary to B-Splines, NURBS spaces on
j=0 Wjvjx
higher dimensional domains cannot be defined using simple tensor product relation-

ships. This is due to the weights w;, . _;,, which cannot be represented in general as a
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tensor product of univariate weights. For convenience, the two-dimensional NURBS
space reads

o p m ki—1,kp—1
Wiy i - by - by

s¥ Z1, B») = span
pi.p2(E1: B2) = sp Zlflfl ko=l pPl . pP2
J1=0 L= p=0 "J.2 - Zj Vi V=0, i,=0

We refer the reader to [4, Section 2], e.g., and the literature cited therein, for a more
detailed introduction to NURBS and NURBS spaces.

In order to guarantee the existence of a regular mapping between the parame-
ter and the physical domain, multiple patches defined through a family of regular
parameterizations may in some cases be necessary.

Definition 5 Let £2 be a two-dimensional Lipschitz domain with boundary I". The
domain §2 is called a multipatch domain, if there exists a family of Ng disjoint
patches such that 2 = Ul- £2; and a regular parametrization r;(x) : [0, 11?2 -
£2; for every single patch £2;, with 0 < i < Ng. Furthermore, we require the
parametrization at interfaces to coincide.

Equivalently, I" is also considered a multipatch domain with I" = J,; I'; and
ri(x):[0,11 - I;,VI;, with0 <i < Np.

Knowing that B-Splines form a partition of unity [34], it is easy to see that B-
Splines are a special type of NURBS, when the weights are equal to 1.

In the following, if we refer to the geometry, we mean NURBS mappings. If we
refer to the spaces used for the discretizations, we mean B-Spline mappings. The
motivation for this follows from [7], namely, the spline preserving property of B-
Splines is needed for a conforming discretization of the De Rham complex.

3.2 Error estimates for an isogeometric FEM-BEM discretization

Let the assumptions of Section 2 on £2 hold. We consider the discrete Problem 3 with
Vy = SY(2) and X, = S*(I"), where SY(£2) and S?(I") are B-Spline spaces defined
as in [7] and [44]. Namely,

SU2) ={ue H'(2) :ujg, €S, (1), VO <i < Ng) (15)

and

SHM)=1{p e H2(I) : ¢, € Sp—i (1), YO <i < Nr}. (16)
Thereby, N and N denote the number of domain patches and boundary patches,
respectively. Note that the degrees of the B-Spline spaces (15) and (16) are solely
fixed by one parameter p > 0.

Definition 6 Let & = {&o, ..., &+ p} be a p-open knot vector. A patch element in
the parameter domain is defined as [&;, &;41], for some 0 < i < k + p. The local
mesh size is defined as the length of an element, i.e., h; = & 4+1 —§&;. Furthermore, we
denote by 7 = maxg<;<k+p h; the global mesh size of a single patch. Equivalently,
h denotes the largest local mesh size of all patches for a multipatch domain.
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Throughout the rest of this work, we assume the following:

(A4) All knot vectors are p-open and locally quasi-uniform, i.e., for all non-empty,
neighboring elements [&;,, &, +1] and [&;,, &;,+1], there exists & > 1, such that

6= < h;h ! <o.

2

(A5) The multipatch geometry of §2 is generated by a family of regular, smooth
parameterizations.

Definition 7 Let D = {2, I'} be a multipatch domain with n patches. For some
s € R, we define the space of patchwise regularity by

Hpy, (D) = {u € L*(D) : llull s, py < o0},

where

2
P (17)

Nl oy = D luin,

0<i<n
_1
Lemma 3 Letu € H'(2) N Hyl*(2) and ¢ € H ()N prz+s(m Consider
SY(£2) and S*(I") as given in (15) and (16), respectively. There exists Cy, Co > 0
depending only on p and 6 such that

inf  lu—uell g < Col'llull e s 0<s<p,

ueeS(2) He) Hpil* (€2) P
inf 16— el < &gl L
m — @y _1 = 2 _1 s 3 — =5 = -
GeeS2(IM) H 2(I') pr2+l ) 2 P 2

Proof The first estimate is given in [7, Corollary 2], and the second one follows from
[7, Corollary 4]. O]

Theorem 4 We assume Cé’lu > % Let (u, ¢) € H be the solution of the Problem 1
and let (g, ¢¢) € He := S%(82) x S*(I') be the solution of the discrete Problem 3.
Thenfor0 <s < Y andu € H' (£2)N HI}V‘V”(.Q) and ¢ € H™3(I)N ng(r)

I = wellry + 19 =gl g = C (Il yags o) + 1915, )

_1
For <s <p,andu € H'(2) N H)}*(2) and ¢ € H™2(I")N prﬁs(r), we
have

pw

N
lu —uellgrey + ll¢ — ¢eI|H,%(F) =Ch (IIMIIHPIJs(Q) + ”¢”H5“(r))

with a constant C = C(Ccgqa, p, 0) > 0, which is in particular independent of h.

@ Springer



61 Page 16 0f 36 Adv Comput Math (2021) 47: 61

Proof From [7] we know that SO(.Q) and SZ(F) are closed subspaces of H 1(.Q)

and H _%(F), respectively. Moreover, Assumption (A3) is fulfilled per construc-
tion of the B-Spline spaces. Hence, the usual analysis for a conforming Galerkin
discretization of a non-symmetric FEM-BEM coupling can be considered also in
the isogeometric context. Now, using Lemma 3 and the quasi-optimality stated in
Theorem 3 yield the assertion. O

Remark 5 Throughout this section, we required for the analysis that Cé{l > %. How-
ever, this assumption is sufficient for the solvability of the Johnson-Nédélec coupling,
but not necessary. See also [2] and [15, Remark 10], where numerical experiments
still converge although the condition is violated.

4 Extension of the model problem

Let 2, 21, b, £2> C R? be bounded Lipschitz domains with diam (£2p) < 1 (see
Fig. 1). We denote by I}, = I'1 U I'> the boundary of §2y and by I ; and [ 2 the
Dirichlet boundaries of £21 and £2,, respectively. Furthermore, we define

Hy (2, To) = {ue H'(2) :up, =0} for i=1,2.

2ANLMMMIMAAMDIDIMDMN
N\ \k \\\ \\\ NN \\\ \5

N NN
NN NN NN NN NN NN

\ \

N N NN N N
A AN
A
N NN NN N
\\\ NN 0 NN n \\\\ Tos
\ N\

o
7
_
_
.
ls
7
7

H

-
//
|

\ \\o\ \ \\o\ \

N \ N \ N \
\ N \ N \ N
\ N\ \ N\ \ \

Fig.1 We see a possible domain arrangement for the boundary value problem discussed in Problem (18)
with two disjoint domains separated by a gap. The domain £2y, can be very thin and represents, e.g., an air
gap. It is surrounded by two bounded domains £21 and $2;
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We consider the following boundary value problem: Find (up, uz,up) €
H}(21, Tv1) x Hi (22, T ) x H'(£2y) such that

—div UiVu;) = f; in$2;, i=1,2, (18a)

—Aup =0 in 2y, (18b)

Up|r — Ui, = Uo,i onl;, i=1,2, (18¢)

Z/[ivuiu’} -V + Vub”"l. “Vp = @o,i onl;, i=1,2, (18d)
Uiy, =0 onlp;, i=1,2. (18e)

Hereby, v; and v, denote the outer normal vector of £2; and £2y, respectively,
(fi,uo,i, ¢0,i) € HO1 (.Q,-)/ X H%(F,-) X H_%(F,-) with i = 1, 2 are some given data,
and U; are possibly non-linear operators with the assumptions (Al) and (A2). We
emphasize that the model problem (18) can be used to simulate electric machines (see
also the example in Section 5.2), which motivates its consideration. Next, we want
to derive a weak formulation for model problem (18). We consider the weak form of
the two problems in £2] and §2,. Hence, we multiply (18a) with test functions v; and
apply the first Green’s identity to get

Ui Vui, Vo) g, — (Uidwui, viyr)p, = (fis vidg, (19)

fori = 1, 2. Note that u; = 0 on Iy ;. We may transfer (18b) in £2}, to an integral
equation on [ in order to apply BEM in the following. Hence, the (interior) repre-
sentation formula (4) (« = 0) hold if we replace u by uy. Let ¢ := 9, up, denote the
conormal derivative of uy, on I}, the BIE is obtained as in Section 1

1
Vd) = (E + K:) I/tb|rb, (20)

where the single layer operator V and the double layer operator X are defined in (6)
over Iy, instead of I" but of course with the same fundamental solution G (x, y). Note
that the normal vector v}, points outwards with respect to £2y, since it is considered as
an interior problem in our integral equation notation.

In what follows we strongly follow the work of [32], where a boundary value prob-
lem with hard inclusion is considered. As in [32], we can derive two equivalent weak
formulations. It is enough to consider here only one. The following considerations
might help for a better understanding for the weak coupling formulation below. Note
that for a constant it follows (% + K)1 = 0 on I}, Furthermore, if K’ is the adjoint
operator of /C and we have V™! = K'V~!. Then, with (20) we see that

- 1 - [P
<¢,1>rh=<v¢,v 11)Fb=<<§+/c) Up|rys V 11>Fb:<ubpb,(§+/c>v 11>Fb

1
= <ubrb, y! <§ +IC> l>r =0.
b

Note that this ¢ together with the representation formula leads to up in 2, (see
also [30, Theorem 7.5]). Therefore, we introduce the following subspace

1
H2(F) = € HT3(I%) < (v, 1), = 0).
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Furthermore, similar as in Section 2 we introduce a product space with its norm,
namely

1
Ho = H()l(f?l, Ip1) x Hol(Qz, Io2) x H, *(I}), 2D

1
._ 2 2 2 3 ._
”V“'HQ = (”U] ”HI(QI) + ”UZHHI(Qz) + ”w”H_%(Fb))z forv := (v1, v2, W) € Ho.
Remark 6 Instead of considering a subspace and thus eliminating the constants from

the solution space, a suitable orthogonal decomposition of H -3 (1) in the following
proofs could also be considered (see [32]).

Using Iy, = I U I and inserting the corresponding jump conditions (18c)
and (18d) in (20) and (19), respectively, yield the following weak formulation for
problem (18):

_1

Find u := (u1, uz, ¢) € Ho := Hol(ﬂl, Ih1) x Hol(.Qz, I2) x H, *(Ip) such

that

U1 Vur, Vo) g, + (@ vlm)n = (fl. v1)g, + (¢0.1. vlm)n ,

U Vuz, Vi) g, + (11 vz\r2>p2 = (f2. 12) g, + (¢0.2. vz\rz)p2 ,
2 2
1 1
(W, V), — Z<w, (5 +/c> uim> = Z<w, (5 + ic) uo,i>
i=1 =1 Ty

hold Vv := (v, v2, ¥) € Hp.
As before we first write the problem in a compact form.

Problem 4 Find u := (u1,uz, ) € Ho such that b(u,v) = t(v) holds Vv :=
(v1, v2, ¥) € Ho.

Thereby,

2

1

b(u,v) := Z <(UiVui, Vv, + o, Ui|1—'i)[‘l. - <1//, (5 —HC) Mi|n> )

i=1 L
+{V. Vo),

and
2

1
L(v) == Z (fisvida, +(b0iviin) +{(¥. (5 +K ) uo,i .
i=1 l 2 Ty
In this case no stabilization is needed, since both subproblems involve a Dirich-
let boundary condition. Hence, we prove directly the strong monotonicity of b(-, -).
Equivalently to (13), the form b(-, -) induces a non-linear operator B : Hy — 7—[6
with

(B(w),v) :=b(u,v) VYu,veH,. (22)
The next theorem states the strong monotonicity of the method for the extended BVP.
It can be considered as an extension to our problem setting of the stability estimate
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result given in [32] for an interior Dirichlet BVP of a diffusion equation with a hard
inclusion. 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 3 (I')-elliptic, then we have that
A5, v) < <Si“‘v, v>, forall v € H2(T), (23)

where S and S™ are the Steklov-Poincaré operators of the exterior and the interior
domain, respectively, c.f. [32]. The constants in the following theorem have similar
dependencies as described in Remark 2.

Theorem 5 Let us consider the non-linear operator B : Hy — ’H(/) defined in (22)

1
with Ho = Hol(.Ql, Io.1) x HOI(.QZ, Iv2) x H, *(Ib). Furthermore, A, Ay > 0
are the eigenvalues of (23) with respect to the domains 21 and §2,. We state the
following three assertions:

1. B is Lipschitz continuous, i.e., there exists Cpip > 0 such that
1B(w) — B(W)llyy =< Cripllu— Vi, (24)
forallua, v € Hy.

2. lng{ > %Mfori = 1,2 then

(mm—mwu—wZCMOWM—VM@WO+WM—VM@mﬁ

+i¢ - v1}) 25)

forallua := (uy, uz, @) € Ho, v:= (v1, v2, ¥) € Ho with

. 1 u u 2 1 1 u u 2 1
Cstab:mmil, 5 (1 +ct - (ceul - 1) + M) '3 (1 e - (ce”2 - 1) )1
3. lfCé’ﬁ > ;Tfori =1, 2, then B is strongly monotone, i.e., there exists Cey] > 0
such that
2
(B(w) — B(v),u—v) = Cellu —vllg, (26)

forallu, v € Hy.

Proof The Lipschitz continuity follows merely from the Lipschitz continuity of U]
and U and the continuity of the boundary integral operators.

The stability estimate follows strongly the steps of the proofs of [32, Theo-
rem 2.2.ii.] and in [32, Section 5.1]. Since we are dealing with a different BVP and
non-linear material tensors, we sketch the main steps of the proof, for convenience.
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For ease of notation, let w := (wy, w2,§) =u—v = (u; —vj,up —v2, ¢ —¥) €
Hop. From (22), we get

2
1
(B(a) — B(v), w) := ; ((Z/{ivui —UiVvi, Vwi) g, + <§, <§ - /C> wir,->rb>
+(&,Vé), - (27)

First, we start with the domain parts. Provided i;, i = 1, 2, are strongly monotone,
then it holds
U;
Ui Vui = UiVvi, Vwi)g, = Coi IVwill7a g -
For w; € HO1 (£2;, Iv,;), we now consider the splitting w; = w; + wo, ;, where w; is
the harmonic extension of w;r; and wo; € H(} (£2;, 052;) (see, e.g., [15]). From this
follows

2 2
IVw; ||L2(9i) = ” Vwo,i ||L2(Qi) + <Sl Wi|r;, wl|1",)1—v[ >
where S;, i = 1,2, denote the interior Steklov-Poincaré operators of the bounded
domains £2; and £2, respectively. Hence,

U;Vu; —U;V;, Vw,')gl. > C‘Z;ll{ (”Vu)o’,' ”?42(91') + (S,'w,'m., w,~|1~i)rl_) . (28)

Next, by using the contractivity of /I, as given in [32, Lemma 2.1] (we consider here
the worst case Cx = 1), as well as the invertibility of }/, we obtain

1 .
<€a (E _IC> wllrz> = ||$”V\/<S?thi\1—}7 wi|pi>1_,b, i=1,2,
Iy

where Sl.CXt H > (I, — H -3 (I'p) are the Steklov-Poincaré operators associated to
the corresponding exterior eigenvalue problem (see [32, Section 2.2]). Similarly, we
assume the following spectral equivalence

ext 1 1

(S wi |, wi|1“,«)1~i < ;(Siwim, wim)n, for all w; € Hyy ($2;, Iv,i),
1

where A;, i = 1,2 are characterized as minimal eigenvalues of the related problem.

Thus,

1 1 .
&, E_IC wiin) <&y —(Siwiu",-,wiu",-)p, i=1,2. (29)
Iy )\‘i !
Inserting (28) and (29) in (27), (§, V&), = 1§ ||%, and some manipulations as in the
proof of [15, Theorem1] lead to the assertion.
To prove the last claim we consider v := (v1, v2, ¥) € Hop. Note that v; = 0
on Ip,1 and v = 0 on Iy with |[17,1[, [I0,2] > 0. Due to Friedrichs’s inequality

. 2 3 2 - .
and (7) it follows that ||V.v1 ”L2(91) + ||V, ”L2(.Qz) + [[¥ I3, is an equivalent norm on
Ho. Thus, (26) follows directly from (25). O]

Equivalently to Theorem 2, the strong monotonicity and the Lipschitz continu-
ity of the non-linear operator B provide the well-posedness of Problem 4 for any

(fi-uoi. do.) € HY (i) x H3(I7) x H™3(I}) withi = 1,2.
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As for the interface problem, we consider a conforming Galerkin discretization in
the sense of an isogeometric FEM-BEM discretization. Namely, the discrete problem
is obtained by replacing u := (u1, ua, ¢) € Ho := HO1 (821, Io.1) X HO1 (822, Ip2) %

1
H, ?(I},) in Problem 4 with wy := (uy, uz e, ) € Hoe = S%821, Ioy) x
SO(QZ, Ip2) x 82(Fb). Note that accordingly to the notation in the continuous set-
ting, S°(£2, I') denotes the B-Spline space S%(£2) of order p as defined in (15) with
a Dirichlet boundary I" C 952 and S2(I3) is defined in (16).

Problem 5 Find Uy ‘= (ul,g, uzﬁg,(ﬁg) € 'H(),g = SO(.Q], 1—’0,1) X SO(QZ, F(),z) X
S2(I,) such that b(ug, vp) = 1(v¢) holds Vv, := V1.0, v2.0, Ye) € Ho.e-

Analogously to the interface problem, we state in the following theorem the quasi-
optimality in the sense of the Céa-type Lemma of the Galerkin discretization of
Problem 4, as well as an a priori error estimate for the introduced B-Spline discretiza-
tion. To simplify the presentation, we introduce in this section a piecewise defined
product space

e, = (H'(20) N H(2)) x (H'(22) N HY (822))
< (HF () 0 Hy ™ (1) (30)

for s > 0, which is used to get convergence rates with the aid of Lemma 3. The
corresponding norm defined in the sense of (17) is denoted by || - ||7_[§W.

Theorem 6 Fori = 1,2, let Cze/{l{ > ﬁ, where A; > 0 are the eigenvalues of (23)
with respect to the domains $2;. Moreover, let w € H be the solution of Problem 4
and wy € Ho ¢ be the discrete solution of Problem 5. Then we have the following
results:

—  Quasi-optimality:

lu —wgll3, < Ccea min  |lu— vell,, 31
V@G'Ho,e

C .
where Ccsy = ﬁ

— A priori estimate: For % <s<pandue ’Hf,w
la —uellz, < Ch*lullyg,
with a constant C = C(Ccgq, p, 0) > 0, which is independent of h. For 0 < s <
i

%, we get a similar result as stated in Theorem 4 with ¢ € H, > (It) N ng(Fb).

Proof Quasi-optimality follows from the strong monotonicity and Lipschitz continu-
ity stated in Theorem 5, by following the lines of Theorem 3. The a priori estimate
follows from the quasi-optimality and Lemma 3, as is done in Theorem 4 for the
interface problem. O
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The non-linear operators U;, i = 1,2, are now considered to have the form

UiVu = g;i(|Vu|)Vu with non-linear functions g; : R — R. Similarly to the
interface problem, we state the following stability result.
Lemma 4 Let Cg]{f > 4%_, i = 1,2, with A; as in Theorem 6. Furthermore, the non-
linear operators U, i = 1,2, shall have the form U;iVu = g;i(|Vul|)Vu with the
non-linear functions g; : R — R. Moreover, let u € Hg be the unique solution of
Problem 4 and (fi, w0, ¢0.) € HL(2) x HI(I7) x H™2(I}), withi = 1,2, be
some suitable inputs. There exists C > 0 such that

2
ity < €3 (Ml + ol 1+ Iovol . )

‘ H 2(I})
i=1

Proof We know from the strong monotonicity of B that
Canllu = v[i3;, < (B@) — B(v),u—v)

holds for all u, v € Ho. Without loss of generality, we choose v = (0, 0, 0) and note
that U; Vv; = 0,i = 1, 2, for our specific non-linearity. Since u := (u1, uz, ¢) is the
unique solution of the problem, we conclude that

Canllull3;, < (Bw),u) =(u),

2 1
= Z((ﬁv”i>9i+<¢0,i’ui|1})n+<¢7 <§+/C> uo,i> )
i=1 h

Using inequality (8) along with the boundedness of C, and rearranging the terms
provides the assertion. O

In many practical applications, one is not directly interested in the solution (u1, u2,
¢) of Problem 4 rather than in some derived quantities. These quantities are, for
example, evaluated in the exterior/air gap domain. As it can be observed for stan-
dalone 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 [37, 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 [37, Theorem 4.2.14].

Theorem 7 Let § € ’H(’) be a continuous and linear functional, u := (u1, usz, ¢) €

_1
Ho = HJ (821, Tv,1) x Hy (22, T2) x H, >(I',) be the solution of Problem 4 and

u, = (U1, u2e, $2) € Ho ¢ be the discrete solution of Problem 5. Furthermore,
w € Hog is the unique solution of the dual problem
b(v,w) = F(v) (32)
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for all v € Hy. Then there exists a constant Cy = C{(CLip) > 0 such that
[§(w) —Fup)| < Cillu—vellgg W — 2¢l 3, (33)

for arbitrary v¢ € Ho o, Z¢ € Ho,¢. Furthermore, let % <s,t < p and remember the
product space defined in (30). Provided w and w are additionally in Hy,, and H;w,
respectively, there exists a constant C; = C2(CLip, p, 0) > 0 such that

[FW) — )| < Coh ™ ullgg, Wiz, - (34)

Proof The proof follows strongly the lines in [37, Theorem 4.2.14]. Since we allow
non-linearities, we give a brief sketch. First of all, we note that Theorem 5 holds
for arbitrary functions. Thus, well-posedness, and hence the existence of a unique
solution can be established also for the dual problem (32). Furthermore, the dual
problem (32), the Galerkin orthogonality b(u —ug, z¢) = O for all z, € Ho, ¢, and the
Lipschitz continuity of the form b(-, -) provide

IF) — Fu)| = [ —up)| = [b(a—ug, w—2z0)| = Crllu—ugllp |w — 294,

for arbitrary z; := (z1,¢, 22,4, 9¢) € Ho,e-
With (31) we get the claim (33). Since Lemma 3 holds for arbitrary u, (34) follows
from (33). O]

Remark 7 In practice the functional of Theorem 7 may be, e.g., the representation
formula of the BEM part £2y, i.e., for u := (uy, uz, ¢) € Ho

2

=5 i= 3" ([ Gxnt doy — [ 8y n + i) doy)

i=1 i L

Next, let us assume the regularity u € ”ng for the solution of Problem 4 and w €
ng of its dual problem (32), where the spaces are defined in (30). Then with the
discrete solution uy € o, of Problem 5 and (34) we calculate the pointwise error
in 2y as

b (x) — up e ()] = |F@)(x) — Fue)(x)| < CA?P, (35)

which is the maximal possible super-convergence. Since the constant C depends
on ||u||7_[5W and ||w||ng, a possible estimate of these norms would probably
involve their right-hand sides. The right-hand side of the dual problem (32) is
the functional §(u). Thus, the constant C might include a factor like Zizzl

<||G(x, ')“H%*”(F,-) + 190, G(x, ')”Hiﬂ’(n))' Note that this term is finite for all

X € Rz\Fb and p > 0. However, because of the singularity of the kernels, it tends
to infinity when approaching the boundaries. Thus, also C from (35) might tend
to infinity. This effect is even more severe, if we consider functionals that involve
derivatives of the kernels, e.g., for the computation of forces and torques using the
Maxwell Stress Tensor. Finally, we mention that the regularity assumptions might
only hold for smooth surfaces.
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Remark 8 In the linear case, the dual problem to Problem 1 or Problem 4 is the corre-
sponding Bielak-MacCamy coupling [2]. Hence, the same approximation properties
hold for the dual problem (see [2]).

Remark 9 Note that similar results as in Theorem 7 and in Remark 7 for the extended
Problem 4 can be gained for the interface Problem 1.

5 Numerical illustration

To illustrate the theoretical results, we consider for each model problem one example.
The description of NURBS geometric entities are obtained by means of the NURBS
toolbox included in GeoPDEs, which is implemented in MATLAB (see [17] and
[45]). In the same spirit, the required matrices associated to the boundary integral
operators are implemented by using, adapting, and supplementing some structures
of GeoPDEs. The implementation of the BIOs for arbitrary ansatz functions is
performed numerically using standard Gauss-Legendre quadrature for regular con-
tributions and by means of some Duffy-type transformations with a subsequent
combination of logarithmic and Gaussian quadrature for the singular parts (see,
e.g., [3, Chapter 4.3]). The number of quadrature points on each boundary ele-
ment is denoted by Ngayss- In the following, the H and Ho-norm of (10) and (21),
respectively, are computed by Gaussian quadrature. However, we replace the non-
computable norm ||-||H7 1 " by the equivalent norm ||.||%) stated in (7). Moreover,

we measure the error for the evaluated solution in the BEM domain in the following
way. First we define an evaluation path I in the BEM domain. For a certain number
N of evaluation points x; € Ie,i = 1,..., N, x; # xj, withi # j, we define the
pointwise error as

error = r{lax |u®(xi) —uj(x;)| and error =
‘ N

=

Smax  |up(x;) — up,e(x;)]. (36)
i=1,...N

,,,,,

Here, uj; and uy ¢ are the discrete evaluations of the corresponding representation
formula (4) with the Cauchy data from the corresponding discrete coupling problem.
Note that for both problem types the trace has to be calculated with the aid of the
jump condition (9c) and (18c), respectively.

In all our experiments, we consider uniform A-refinement, for different degrees
of B-Splines, starting from the minimal degrees needed to represent the geometry
exactly. Increasing the degree of basis functions is called p-refinement. Furthermore,
note that the number of elements in every A-refinement step is calculated by N, =

IZ—‘?, where N, denotes the number of patches and d the dimension of the considered

manifold. The element size % is obtained in every refinement step £ € Nby & = ﬁ

Remark 10 In the following two examples we confirm our results for B-Spline spaces
with different polynomial degrees. In particular, we only provide examples with
uniform A-refinement. Therefore, we do not consider geometries like an L-shaped
domain (with a reentrant corner). For such geometries the solution has in general
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singularities, where only a local A-refinement of the elements leads to an improved
convergence rate (see, e.g., [16]).

5.1 Single domain

In the first example, we consider a square domain £2 := (—0.25, 0.25)2 and denote
its boundary by I". We parametrize §2 as a single patch domain using linear B-Spline
functions in each parametric direction. It is obvious that Assumption (A5) about the
multipatch geometry is satisfied.

Moreover, we consider the interface problem (9) with a linear material tensor I/ :=
Id, which obviously satisfies (A1), (A2), and Cé’fl > 4—1‘. As in [15], we prescribe the
exact solutions

u(x) = (1 — 100x? — 100x§) e=S00THD) v (r 1) € 2,

and
u(x) = log( xl2 +x§), x € R°.

We calculate the jumps ug, ¢o, and the right-hand side f appropriately. Solving the
coupled problem using the isogeometric framework, as described in the previous
section, yields a discrete solution (u¢, ¢¢) € He := S(£2) x S*(I"). An isogeometric
approach for this example is not mandatory since the domain 2 is standard Carte-
sian (see, e.g., [15]). However, we want to demonstrate our higher order coupling
approach and in particular the super-convergence behavior of this example. Figure 2
shows the solution u; € S°(£2) in the interior domain, as well as the exterior solution
”2 in a subset of £2°, which we call an evaluation domain £2¢ := (—0.5,0.5) \5.
The exterior solution uj is obtained from the representation formula (4) (« = 1) with
the computed Cauchy data (u¢; — uo, ¢) from our discrete solution of the inter-
face problem. Thereby, the degree of the considered B-Spline space for the domain
discretization is p = 2 and its dimension corresponds to an A-refinement level
£ =20.

As a first numerical experiment, we analyze the convergence of the isogeometric

FEM-BEM coupling with respect to the norm \/Ilu — Uy ”311(9) + |l — ¢p ||%}, which

is equivalent to H-norm in §2. Since the solution is smooth, the expected order of
convergence is equal to the degree of the considered discrete space H,, as given in
the a priori estimate from Theorem 4. In Fig. 3 we observe the predicted optimal
convergence of the method for B-Spline spaces of degree p = 1, 2, 3, 4.

In the second experiment, we investigate the convergence of the solution in the
exterior domain. Note that our exterior solution is smooth. At a first step, we evalu-
ate the solution on an evaluation path I, which we define here as the boundary of
(—0.35, 0.35)2. We calculate the error according to (36) with N = 20 evaluations
points. In Fig. 4, we observe a doubling of the convergence rates with respect to the
pointwise error, which confirms the theoretical considerations in Remark 7 (see also
Remarks 8 and 9).

Furthermore, we want to investigate the dependency of the super-convergence
on the position of the evaluation point for a fixed degree p = 3 of the B-Spline
space. For this, we compare the convergence behavior of the exterior solution on
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1
0.5
/
il |
ST 7
& /‘I 7
S 74
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AR /4
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Fig.2 Solution (ug, ufz) € S°(2)x SO(.QS) of example in Section 5.1, where we restrict the representation
of the exterior solution to 2 := (—0.5,0.5) \§2. The considered B-Spline space corresponds to S°(2)
with degree p = 2 and an h-refinement level £ = 20. The exterior solution is obtained by the evaluation
of 25 points in each of the 4 exterior patches

10t F T ™ 7

10° E

Qs ]

§ -

| 107! E

& |
+

S 102 =

Bl 1
N

| 1073 E

2 B

= b

1074 E

107° i 1 —

10° 10t
h—l

Fig. 3 Convergence of discrete solution (u¢, ¢¢) € H, to the solution (u, ¢) € H for the example in
Section 5.1. The considered B-Spline spaces have the degrees p = 1, 2, 3, 4, respectively, and the error is

presented in the norm /”'”31‘(:2) + [I-I3,, which is equivalent to the standard H = HY(2) x H™3 )

norm

@ Springer



Adv Comput Math (2021) 47: 61 Page 27 of 36 61

10—6

€error

10—9

10~12 |- —o-p=1 .
—H-p=2
—H-p=3
10715 - p:4 .
| |
100 10!

h71

Fig. 4 Convergence of the exterior solution for the example in Section 5.1. The error =
max;—,.. n |u(x;)—uj(x;)|is calculated with N = 20 evaluations points on I;. The considered B-Spline
spaces have the degrees p = 1, 2, 3, 4, respectively. We observe a doubling of the convergence rates. For
p = 4 the error even achieves machine precision

three distinct evaluation paths. We denote the paths by 1% 1, I 2, and I% 3, which
are the boundaries of (—1, 1)2, (—0.35, 0.35)2, and (—0.26, 0.26)2, respectively. For
each evaluation path we choose again 20 evaluation points to compute the pointwise
error (36). The result is visualized in Fig. 5, where we observe the expected behavior
(see Remark 7). In particular, super-convergence is readily observed for the solution
on It 1 and I 2. We note that for the error in I | we are already at machine preci-
sion. Note that the related constant is larger for the solution on I% 2, since the path is
closer to the interface boundary I = 952 with £2 := (—0.25, 0.25)2 than I 1. The
same behavior can be observed for the path I 3, which is even closer to I” than I% ».
However, the quality of the computation is also deteriorated in the asymptotic area.
Additionally, we observe saturation effects for higher refinement levels. This can be
improved by increasing the number of Gaussian quadrature points Ngayss on each
boundary element, as it is shown in Fig. 6. However, this in turn is time consuming.
With using special extraction techniques, such as the ones developed for 3D in [39],
this undesirable effect can be reduced. However, a further investigation is beyond the
scope of this work.

5.2 Multiple domains

In this second example, we consider the non-symmetric isogeometric FEM-
BEM coupling for the extended boundary value problem (18) as described in
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Fig.5 Dependence of the super-convergence on the evaluation points. The boundary I" of (—0.25, 0.25)°
is the discretization boundary for the BEM. The N = 20 evaluations points to calculate the
error = max;=, .y |[u®(x;) — uj(xi)l are on I¢ 1, Ie2, and Ii 3, which are the boundaries of

(-1, 1)2, (—0.35, 0.35)2, and (—0.26, 0.26)2, respectively. We observe the growing constant of the
super-convergence constant, which leads to an undesirable saturation for the closest path I 3 with respect to I”

Section 4. The topology of the model problem and the notation can be adopted
from Fig. 1. However, we consider here a problem domain constructed over cir-
cles (see Fig. 7). In particular, if we denote by B((x1, x2);r) a circular domain
with midpoint (x1,x2) and radius r we arrive at the following setting: £2; =
B((0, 0); 0.39)\B((0, 0); 0.1), £2o = B((0,0); 0.6)\ B((0, 0); 0.4), and the thin air
gap 2y = B((0,0); 0.4\ B((0, 0); 0.39), which describes in fact three rings. We
prescribe the right-hand side f; in £2; as

filx1,x2) =0 and f2(x1, x2) = 100sin(gp),

where ¢ is the standard angle in a polar coordinate system. In addition, we do not
allow jumps, i.e., we set ug; = 0 and ¢ ; = 0. Furthermore, the non-linear material
tensor is modeled as follows

UiVu; = g(\VuiDVu;, i = 1,2, with g(¢)
Z—:‘ fort =0,
= {f@nh™'(f)  for0 <t <to:=by—e 37)
1+ Bexp(—at) fort > t,
where i and bg depend on the material. Moreover, we choose € > 0 arbitrarily such
that g(¢#) < 1,forall0 < ¢ < t., and «, B such that g(¢) is continuously differentiable
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Fig. 6 Dependence of the saturation effect on the number of Gaussian points. The boundary I of
(—0.25,0.25)? is the discretization boundary for the BEM. The evaluations points N = 20 to calculate
error = max;=1, n [u®(x;) — uj(x,-)l are on I 3 of Fig. 5, i.e., the boundary of (—0.26, 0.26)2. The num-
ber of Gaussian points used for the evaluation as well as the assembling of the matrices are 25, 50, and
100, respectively. We observe an amelioration of the undesirable saturation with increasing the number of
Gaussian points. For Ngauss = 100, the expected super-convergence is restored to some extent

for all + > 0 and strongly monotone. Hence, assumptions (A1) and (A2) are satisfied
per construction.
Concretely, the extension coefficients o and 8 are computed as follows:

g ()

- 1——g(tc)’ B = (g(tc) — D exp(ate).

For this experiment, we choose € = 1072, he = 3.1073, and by = % In the following,
this particular choice is discussed.

Remark 11 In general, the eigenvalues A; and A, of Ci’l[{ > 4%_ in Theorem 5 and
Theorem 6 are not explicitly known. However, for circular domains the values are
A1 = Ay = 1 (see [32, Section 3] for more details). On the one hand note that the
non-linear material tensor (37) in this partlcular setting leads to C h‘ =2-1073,

which clearly violates the condition Cell > 7. On the other hand choosmg h¢ and

bs such that 1 holds is not realistic in the context of electric machines. As
discussed in Remark 5, the bound seems to be a theoretical one. Therefore, we prefer
to present results with this setting, and test the numerical validity of the method
beyond this theoretical restriction.
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Fig.7 Multipatch
representation (4 patches per
domain: the interfaces and
boundaries of the patches are
highlighted by bold lines) of the
example in Section 5.2

Following the isogeometric approach, we model both domains separately and
according to Definition 5 as multipatch domains consisting of four patches (see
Fig. 7). Each patch is represented exactly by a NURBS of degree p = 2 in each para-
metric direction. Moreover, the Assumption (A5) is obviously satisfied. Note that this
model configuration with the circular geometry can be interpreted as a 2D section of

-2 -1 0 1 2

Fig. 8 The solution in the interior domains £2; and 2, for the electric machine of the example in
Section 5.2 with p = 3 and ¢ = 28. The equipotential lines are the magnetic field lines
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a simplified 2-pole synchronous machine [26, Section 5.2]. This type of applications
motivates also the consideration of non-linear operators. In fact, these devices are
mainly made of ferromagnetic materials, which are known to be non-linear. In par-
ticular, by neglecting anisotropies and hysteresis effects, ferromagnetic materials can
be modeled by using non-linear operators of the same type as the ones we consid-
ered in Lemma 2 and Lemma 4, and for this example in (37). For more details about
this topic see [33] and [36], for instance. Furthermore, we refer to [6] for electrical
engineering simulations of electric machines.

In this experiment, the arising non-linear problem is solved by using a standard
Picard iteration method. For the stopping criterion, we consider a relative residual
error of 10710 In our simulation below we need an average of 35 Picard iterations to
fulfill the criterion.

The solutions #1 and u; in the interior domains £21 and §2;, respectively, are visu-
alized in Fig. 8 for B-Spline spaces of degree p = 3 and a level of refinement £ = 28.
In the context of electric machines, u;, i = 1, 2, can be interpreted as the third com-
ponent of the magnetic vector potential. Note that the equipotential lines, i.e., the
continuous black lines in Fig. 8 are the magnetic field lines. The interaction of the
magnetic fields stemming from the rotor and the stator in the air gap may induce a
mechanical torque. Hence, the rotor, i.e., the interior ring, moves in order to reduce
the (spatial) phase shift between both magnetic fields. In particular, the computation

/7

e v
S e

0 0.2 0.4 0.6 0.8

Fig. 9 Saturation effects caused by the non-linear material tensors. The color-bar and the thin lines rep-
resent the levels of the magnetic reluctivity, which is given by g(Vu;), for i = 1,2, and evaluated using
the derivatives of the solutions u; and u, obtained with p = 3 at a refinement level £ = 28. The thick
equipotential lines show the flow direction of the magnetic field
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of torques and forces involves the computation of the magnetic flux density, which
in turn requires the evaluation of the solution and its derivatives in the gap domain,
c.f., [27], for instance. Therefore, the super-convergence behavior in the air gap of
the machine is of particular interest.

In a post-processing step, we compute the magnetic reluctivity, which is defined
as the reciprocal of the magnetic permeability. Formally, it is given by the function
g(Vu;|), i = 1,2, in (37), which we evaluate by using the solutions u; and u;.
Since we are considering non-linear materials, the reluctivity is not constant across
the electric machine. This is depicted in Fig. 9. We considered thereby B-Spline
spaces of degree p = 3 and a level of refinement £ = 28. Note that the thick black
lines are the same as those in Fig. 8, i.e., they represent the equipotential lines of the
solutions 11 and u,.

To verify Remark 7 numerically, we evaluate the solution in the BEM domain £2y,
on the evaluation path given as the parametrized circle d B((0, 0); 0.395). Note that
in this example, the BEM is applied in an interior domain £2,. Hence, we use for
the evaluation the representation formula (4) with « = 0 and the complete Cauchy
data on I and I%, which are available after solving Problem 5 with the jump con-
dition (18c). An analytical solution for our model problem is not known. Hence,
to verify the convergence order, we follow a standard procedure: The mesh of the

10-1 | £
102
-3 L |
., 10
ot
)
104
1075 | £
lo-6 | & p=2 |
H-p=3 1
| |
109 10!

h_1

Fig. 10 Convergence of the solution on the evaluation path I. = dB((0, 0); 0.395) (circle) in the air gap
£2y, for the example in Section 5.2. The error = max;=;,.. n |u®(x;) — uz(x,-)\ is calculated with N = 20
evaluations points on I'.. As a replacement for the unknown analytical solution we use an Aitken A2
extrapolation of a sequence of successively refined discrete solutions
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current solution is successively refined three times and we calculate the correspond-
ing discrete solutions. We apply the Aitkin’s A2-extrapolation to this sequence of
discrete solutions and this extrapolated value is the reference solution u®(x;) for the
error = max;=1,__n |u®(x;) — uz(xi)| calculated from N = 20 evaluations points.
This error is visualized in Fig. 10 for ansatz spaces of degree p = 2 and p = 3,
where we observe an amelioration of the convergence rates. Note that this ameliora-
tion depends on the quality of the numerical integration, as shown in Fig. 6 for the
example of Section 5.1. For this example, noticeable amelioration of the convergence
rates were only observable for a high number of Gaussian quadrature points. In this
case, Ngauss = 400 points were considered for the assembling of the BEM matri-
ces, which is very time consuming. The dominance of the quadrature error for this
type of evaluations can however be tackled, as mentioned in the previous section, by
using special extraction techniques. Moreover, efficient assembly of the BEM matri-
ces based on B-Spline tailored quadrature rules, as given in [1], together with suitable
compression methods (see e.g., [12]), would accelerate the computation considerably.
However, this investigation is beyond the scope of this work.

6 Conclusions

The non-symmetric FEM-BEM coupling in the isogeometric context for simulating
practical problems with complex geometries turns out to be a promising alternative to
classical approaches. A transformation to an integral formulation allows a problem in
a domain to be reduced to its boundary, where the BEM can be applied. For exterior
problems there is no need to truncate the unbounded domain, and for simulating thin
gaps there is no need for a complicated remeshing. In both cases numerical errors can
be avoided. Thanks to the definition of B-Splines, /- and p-refinements are applied
in a straightforward manner. Furthermore, multiple domain modeling can be done
independently. This is particularly advantageous if we consider moving or deform-
ing geometries. A classical transmission and a multiple domain problem with parts
of non-linear material are considered. Obviously, FEM is applied to the non-linear
areas, whereas BEM is exclusively used for the linear problem. For both model prob-
lems, well-posedness for the continuous and discrete problem, and quasi-optimality
and convergence rates for the numerical approximation are mathematically analyzed
in the isogeometric framework. Furthermore, we show an improvement of the con-
vergence behavior, if we consider the error in functionals of the solution. This is
motivated by a practice-oriented application such as electric machines. Here the com-
putation of torques are a central task and involve the evaluation of some derivatives
of the solution in the BEM domain. We observe for both model applications this
super-convergence, which confirms the theory. Future extensions of the method may
include the consideration of parabolic-elliptic problems and a rigorous analysis of
the coupling for curl curl-type equations in 3D.
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