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Abstract

The eddy current model is obtained from Maxwell’s equations by neglec-
ting the displacement currents in the Ampére-Maxwell’s law. The so-called
“A,V — A potential formulation” is nowadays one of the most accepted for-
mulations to solve the eddy current equations numerically, and Biré & Valli
have recently provided its well-posedness and convergence analysis for the
time-harmonic eddy current problem. The aim of this paper is to extend the
analysis performed by Biro & Valli to the general transient eddy current model.
We provide a backward-Euler fully-discrete approximation based on nodal fi-
nite elements and we show that the resulting discrete variational problem is
well posed. Furthermore, error estimates that prove optimal convergence are
settled.
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A fully-discrete finite element approximation for the eddy currents problem

Highlights

e We have proposed a fully-discrete finite element approximation for the eddy
current problem. e The eddy current problem is considered in a bounded
domain, without topological restrictions on the conductor. e We have shown
that at each step the fully-discrete scheme propose is well posed. e We have
obtained quasi-optimal error estimates of the typical physical variables of in-
terest of the eddy current problem.

Un esquema completamente discreto basado en ele-
mentos finitos para el problema de corrientes induci-
das

Resumen

El modelo de Eddy Current se obtiene a partir de las ecuaciones de Maxwell,
despreciando las corrientes de desplazamiento de la Ley de Ampére-Maxwell.
Bir6 & Valli realizaron recientemente el anélisis de existencia y unicidad de
solucién y el anélisis teorico de convergencia para una de las formulaciones
mas populares del problema de Eddy Current en regimen arménico, conocida
como “formulaciéon en potenciales A,V — A”. En el presente articulo se ex-
tiende el analisis realizado por Bir6 & Valli al modelo evolutivo general de
Eddy Current. Presentamos un esquema completamente discreto para la for-
mulacién, basado en una aproximacién temporal usando un método de Euler
implicito y una aproximaciéon espacial a través del método de elementos fini-
tos. Ademas, demostramos que el problema discreto resultante es un problema
bien planteado y obtenemos estimaciones del error que muestran convergencia
Optima.

Palabras clave: Modelo evolutivo de Eddy Current, formulacién en términos
de potenciales, esquema completamente discreto, elementos finitos, estimacio-
nes de error.

1 Introduction

In applications related to electrical power engineering (see for instance
[1]) the displacement currents existing in a metallic conductor are ne-
gligible compared to the conduction current. In such situations the dis-
placement currents can be dropped from Maxwell equations to obtain a
magneto-quasistatic submodel usually called eddy current problem; see
for instance |2, Chapter 8|. From the mathematical point of view, this
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submodel provides a reasonable approximation to the solution of the full
Maxwell system in the low frequency range [3].

Among the numerical methods used to approximate eddy current
equations, the finite element method (FEM) and methods combining
FEM and boundary element method (FEM-BEM) are the most ex-
tended, see, for instance, the recent book by Alonso & Valli [4] for a
survey on this subject including a large list of references. In the applied
mathematical literature, we can find several recent papers devoted to
the numerical analysis of the 3D time dependent eddy current model, in
bounded domains as well as in unbounded domains by using FEM and
FEM-BEM methods: Meddahi & Selgas [5], Ma [6], Acevedo et al. [7],
Kang & Kim [8], Prato et al. 9], Acevedo & Meddahi [10], Bermudez et
al. [11], Camano & Rodriguez [12|. The main differences among these
works are the selected unknowns to compute the electromagnetic field,
the topological assumptions on the conductor domain and the boundary
conditions when the problem is solved in a bounded domain.

The aim of this paper is to analyze a finite element fully-discrete
approximation for the time-dependent eddy current problem in a bounded
domain, based in a formulation in terms of a vector magnetic potential
and an electric scalar potential. Numerical experiments showing the
efficiency of this approach, were reported by Bir6 & Preis (1989) [13],
and nowadays, it is the basis of several commercial codes to compute
the solution of the eddy current model. Bir6 & Valli (2007) [14] have
studied that potential formulation for the time-harmonic eddy current
model and have proved its well-posedness and theoretical convergence
in a general geometric situation. However, a similar analysis for the
transient case has not been realized yet. Although, Kang & Kim (2009)
in [8] have recently provided quasi-optimal error estimates, showing the
theoretical convergence of the method in the case of a simply-connected
conductor and by assuming homogeneous conditions for the electromag-
netic fields on the boundary of the conductor, these assumptions are
very restrictive for many real applications (e.g., metallurgical electrodes
[15] and power transformers [16]). Moreover, the decay conditions on
the fields at infinity (see [3]) allow to assume that the electromagnetic
field is weak far away from the conductor and not on its boundary, as it
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was assumed by Kang & Kim when the artificial homogeneous boundary
conditions are supposed.

In order to improve the results obtained by Kang & King for more
realistic applications, we consider a multiply-connected conductor and
we opt for a typical approach: to restrict the eddy current equations to a
sufficiently large computational domain containing the region of interest
and impose a convenient artificial homogeneous boundary conditions for
the electromagnetic fields on its border. We provide a backward-Euler
fully-discrete approximation based on nodal finite elements to appro-
ximate the solution of the resultant model. This fully-discrete scheme
solves in each time an elliptic problem and we use the techniques used
in [14] and [17] to prove the ellipticity of its bilinear form. Furthermore,
by using this ellipticity we define projection operators to the discrete
finite element subspaces and obtain quasi-optimal error estimates, which
allows us to approximate the typical physical variables of interest of
the eddy current problem: the eddy currents in the conductor and the
magnetic induction in the computational domain.

The outline of the paper is as follows: In section 2, we summarize
some results concerning tangential traces in H(curl; {2) and recall some
basic results for the study of time-dependent problems. In Section 3, we
introduce the eddy current model in a bounded domain and deduce a
potential-based formulation (the so-called “A,V — A potential formu-
lation”) for the time-dependent eddy current problem. In Section 4, we
obtain a variational formulation for the problem and its fully-discrete
approximation scheme is analyzed in Section 5. Finally, the results pre-
sented in Section 6 prove that the resulting fully discrete scheme is con-
vergent in an optimal way. We end this paper by summarizing its main
results in Section 7.

2 Preliminaries

We use boldface letters to denote vectors as well as vector—valued func-
tions and the symbol |-| represents the standard Euclidean norm for
vectors. In this section € is a bounded open set in R? with a Lipschitz
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boundary. We denote by I' its boundary and by m the unit outward
normal to €). Let

(f>9)0,9 = /Qfg

be the inner product in L?(Q2) and || - ||oo the corresponding norm.
As usual, for all s > 0, || - ||so stands for the norm of the Hilbertian
Sobolev space H*(Q2) and |-, o for the corresponding seminorm. The

space H'/2(T") is defined by localization on the Lipschitz surface I. We
denote by || - ||1/2r the norm in HY2(T') and (-, -)r stands for the duality
pairing between H'/2(I") and its dual H=Y/2(I"). Let v : H(Q) — HY2(T")
and v : H'(Q)? — HY2(I')® be the standard trace operator acting on
scalar and vector fields respectively. In what follows we use @|r and ¢|r
to denote () and v(¢) for any p € H'(Q2) and ¢ € H'(Q)? respectively.

2.1 Normal and tangential traces

We recall that

H(div; Q) := {v € L*(Q)*: dive € Lz(Q)}
endowed with the norm [[v|lm@ive) = ([vll§q + \\divv\]ag)lﬂ is a
Hilbert space and that C>(Q)* is dense in H(div; Q). By using this den-
sity result, the mapping v, : C*(Q)? — L2(T') given by v — y,(v) =

v|r-n, can be extended by continuity to define the normal trace operator
(see, for instance, [18, Theorem 3.24|)

Yo : H(div; Q) — H V4(T),

which is bounded, surjective and possesses a right inverse. Moreover, the
following Green’s identity holds for any v € H(div; Q) and ¢ € H'(Q2)

(’U, VSO)O,Q + (diV’U, SO)O,Q = <’U ", @)F? (1)

where, as usual, v - n denotes 7,(v). Furthermore, we denote by

Hy(div; Q) the kernel of v, in H(div; ), i.e.,
Hy(div; Q) = {v e H(div;Q?): v-n=0o0nI'}.
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We also recall that

H(curl; Q) := {v € L*(Q)° : curlv € L*(Q)*}

endowed with the norm [|v||g(euwse) == ([vll§q + | curl'v||(2)19)1/2 is a
Hilbert space and that C>°(Q)? is dense in H(curl; ) (see, for instance,
[18, Theorem 3.26]). Tangential traces of functions in H(curl; ) are
also understood even in the case of polyhedral domains thanks to the
recent results given by Buffa & Ciarlet [19, 20] and Buffa, Costabel &
Sheen [21]. We give here a brief summary of these fundamental tools.
We begin by considering the space

L2(I) :={AeLl*T)’: X-mn=0},

endowed with the standard norm in L*(T)3.

We define the tangential trace v, : C>°(Q)® — L2(T') and the tan-
gential component trace 7, : Coo(ﬁ)g — L2(T) as v,v := v|r X n and
7.v = n X (v|r x n) respectively. The previous traces can be extended
by continuity to H*(£2)3.

The spaces HY*(I') := v, (H!()*) and H,/*(I') := m, (H!(Q)%), are
respectively endowed with the Hilbert norms

HnHHi/Q(F) = weg}fmg Hwlia: ~v,w=n},
HT’HHﬁm(F) = we%{qfnp {lwllio: mw=n}.

Let us notice that the density of H'/2(T")? in L?(I')* ensures that Hi/Q(F)
and Hi/ *(T') are dense subspaces of L2(I'). The dual spaces of Hi/ ()

and Him(F) with L2(T") as pivot space, are denoted by H11/2(F) and
HF/ *(T') respectively.

By using the density of C*°(Q)? in H(curl;2) and the well known
Green’s formula (see, for instance, [18, Corollary 3.20|)

(v, curlw)gq — (curlv, w)oq = /’yTv CTTLW Yv, w € COO(Q)3,
r
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it is easy to deduce that «, and 7, can be extended to define bounded
tangential mappings from H(curl; Q) onto HFQ(F) and from H(curl; )
onto Hll/ ?(T") respectively. The space Ho(curl; ) stands for the kernel
of . in H(curl;Q), i.e.,

Hy(curl; Q) := {v € H(cur;Q?): v xn=0onTI},

where, as usual, v|r X n denotes v, v.

The ranges of v, and 7, are characterized in the following result.
We refer to [19, 21| for the definition of the differential operators divp
and curlp on piecewise smooth Lipschitz boundaries.

Theorem 2.1. Let

H 2 (divp; T) = {)\ e H;'"(I') : diveA € H_I/Q(F)}

and
H2 (curly; T) = {)\ e HVA(D) : curlph € H*W(r)} .
Then
~, : H(curl; Q) — H Y2 (divp; T), 7, : H(curl; Q) — H™Y2 (curlp; )

are surjective and possess a continuous right inverse.

The spaces H™/2 (divp; I') and H™/2 (curlp; I') are dual to each other,
when L2(T") is used as pivot space, i.e., the usual L2(T')-inner product
can be extended to a duality pairing (-, -), - between H~'/2 (divp; T) and

H~'/2 (curlp; T'). Moreover, the following Green’s identity holds true

(v,curlw)o o — (curlv, w)oo = (v,v, m,w)_ Vv, w € H(curl; Q).

(2)
Proof. See Theorem 4.1 and Lemma 5.6 of [21]. O

Since in the eddy current problem the physical domain requires to be
split into two non-overlapping domains: the conductor and the insulator
domain (see Section 3.1 below), we end this subsection by recalling the
following classical result that will be used often in the rest of the paper.
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Lemma 1. Assume € is split into two parts Q = Q; U Q,, where € and
(2, are two non-overlapping Lipschitz domains. Let X := 9Q; N 02, be
the interface between the two subdomains and let v be a unit normal to
3.

a) A function v belongs to H(div; ) if and only if its restrictions v|gq,
and v, belong to H(div; Q) and H(div; {2s), respectively, and

v|g, -V ="0|g, v  onX.

b) A function v belongs to H(curl; ) if and only if its restrictions v|q,
and v, belong to H(curl; ;) and H(curl; Q5), respectively and

Vg, X Vv =v|g, XV on X.

Proof. See, for instance, |18, Lemma 5.3|. O

2.2 Basic spaces for time dependent problems

Since we will deal with a time-domain problem, besides the Sobolev

spaces defined above, we need to introduce spaces of functions defined

on a bounded time interval (0,7) and with values in a separable Hilbert

space V', whose norm is denoted here by || - ||i;. We use the notation

C°([0,T]; V) for the Banach space consisting of all continuous functions

f:[0,T] — V. More generally, for any k € N, C*([0,T]; V) denotes the

subspace of C°([0,T]; V) of all functions f with (strong) derivatives of

order at most k in C°([0,T]; V), i.e.,

. 0 &f _ 0 :
0. Thv) = {7 echriv): GhecrTivy, 1<i<k)

We also consider the space L?(0,7;V) of classes of functions f :
(0,7) — V that are Bochner-measurable and such that

T / LFOI2 di < +oo.
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Furthermore, we will use the space
d
HY(0,T;V) := {f c L*0,T;V) : %f € L*0,T; V)},

where % f is the (generalized) time derivative of f; see, for instance, [22,
Section 23.5].

3 The model problem
3.1 Eddy current problem

We consider a standard eddy current problem: to determine the electro-
magnetic fields induced in a three-dimensional conducting domain by a
given source time-dependent compactly-supported current density. The
eddy current problem is in principle posed in the whole space. However,
we restrict it to a bounded computational domain containing both, the
conductor and the support of the source current, such that adequate
boundary conditions can be imposed on its boundary. To this aim, we
choose the geometry of the computational domain as simple as possible
(e.g., simply connected with a connected boundary).

Let Q. C R3 be the conducting domain and let us assume that it is
an open and bounded set with boundary I.. Let Q@ C R3 be a simply
connected bounded domain with a connected boundary I', such that
Q. C Q. We suppose that both, Q and €. are Lipschitz domains and
we denote by n and n. the outward unit normal vectors to €2 and €,
respectively. Let Qg := Q\ Q. be the subdomain of Q occupied by
dielectric material, which includes the support of the source current Jy
(see Figure 1).
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Cosupp )y
Qq

Figure 1: The geometrical setting of problem. In this example the conductor €2,
has two connected components ! and Q2, Q is the computational domain (the box)
which contains the conductor and support of Jg, and Q4 = Q \ Q. is the dielectric.

The electric and magnetic fields E : Q. x [0,7] — R® and H :
Q x [0,T7] — R? are solutions of a submodel of Maxwell’s equations
obtained by neglecting the displacement currents (see, for instance, [13]):

curl H = oE in Q. x [0,7], 3

O(uH)
ot

+curlE=0 in Q. x [0,7], 4

(
(
curl H = Jy in Q4 x [0,77, (5
div(uH) =0  in Q x[0,T7, (6
H(z,0) = Hy(x) in Q, (7

H|o. xn.=H|g, xn. onl.x[0,7] (8
Hxn=0 on I' x [0, 7. (9

~— ~— ~— — — ~— ~—

Let us remark that because of H(-,t) must belong to H(curl; 2) a.e.
in [0, 7], Lemma 1 implies the magnetic field has to satisfy the coupling
conditions, Equation (8).

The magnetic permeability p and the conductivity ¢ are bounded
functions satisfying:

0< Hmin S IU(CC) S Hmax a.e.x < Q?
0< Omin S O-<m) S Omax a.e.x € Qc-
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The data of the problem are the source current density
Jq € L*(0,T;L%(Q)3), for which we assume for a.e.t € (0,7T)

suppdy(-,t) C Qq and divJy(-,t) =0 in Qg,
and the initial magnetic field H, € H(curl; Q).

3.2 The A,V — A potential formulation

We now recall a classical formulation of the eddy current problem in
terms of two potentials: a magnetic vector potential A and an electric
scalar potential V. We refer to Biré & Preis [13] for a detailed discu-
ssion, which also includes numerical tests showing the efficiency of this
approach.

In order to introduce the magnetic vector potential, we notice that,
by using |23, Theorem 1.3.5.], Equation (6) implies that there exists a
unique A € L?(0, T; H(curl; Q2)) such that

wH = curl A in Q x [0,77, (10)
divA=0 inQx][0,T], (11)
A-n=0 on I'" x [0, 7. (12)

We notice that from (8) and (10) it follows that

(l curl A) X My = (l curl A)
2 Qe H

Moreover, since A € L%(0, T; H(curl; Q)), from Lemma 1 and Equa-
tion (11) we have

X T, on I, x [0,7]. (13)
Qq

Alg, Xne= Alg X mn. on I'. x [0, 7], (14)
Al ne= Alg, - ne on I'. x [0,7]. (15)
Next, according to Bird & Preis [13] (see also Biro & Valli [14]) we

introduce an electric scalar potential V' : Q. x [0,7] — R, such that
0A

E:—E—VV in QCX[O,T].
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If we define
v(x,t) = /t V(z,s)ds aexe€Q., aetel0T], (16)
0
we obtain
E= —% - v% in Q. x [0,7]. (17)
Hence, from (3) there follows that
div (088—? + UV%) =0 in Q. x [0,7]. (18)

Moreover, since H (-, t) € H(curl; Q) a.e. tin [0, T'], we have curl H (-, t) €
H(div; Q) a.e.t in [0, 7], and consequently, from Lemma 1 we have

curl Hlg, - n. —curl H|g, -n. =0 on I, x [0, 7).

Then, from (3), (5) and recalling that suppJy(-,t) C Qq a.e.t in [0, 7],
we obtain
oFE -n.,=0 on I, x [0, 7.

Therefore, the Equation (17) implies that

0A ov
(UE—FUVE) ‘TLC:O on FCX [O,T] (19)

On the other hand, using the Equation (3) together with the Equa-
tions (10) and (17), there follows that

0A ov 1 ,
o (E + Va) + curl (/—L curl A) =0 in Q. x[0,7]. (20)

Moreover, from the Equations (5) and (10), we have

1
curl (— curl A) = Jy4 in Qq x [0,7]. (21)
i
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The Equations (11)-(15) together with the Equations (18)—(21) will
be collected in the potential formulation. Hence, we are led to the fol-
lowing formulation of problem (3)—(9) in terms of the potentials A :

Qx[0,7] > R3and v: Q. x [0,T] = R:

A 1
(aaa—t + avg ) + curl (; curl A) =0 in Q. x [0,T], (22)
A
div ("aa_t n av‘;j) —0  inQux[0,7], (23)
1
curl (— curl A) = Jq in Q4 x [0,7], (24)
1

divA=0 inQx][0,T], (25)
A-n=0 onI'x [0,7], (26)

0A v
< rr +oV 8t> ‘n.=0 onl.x[0,T], (27)

1 1
(— curl A> X M, = (— curl A) X T, on I, x [0,T], (28)
H Qe 1% Q4
Alg xn.= A[Qd X M on I, x [0,7], (29)
Al -me= Al ne on I, x [0,T], (30)
and satisfying
A(x,0) = Ap(x) a.e.x € (), (31)
v(x,0) =0 a.e.x € Q, (32)
1

—curlAxn=0 onl x[0,T]. (33)

I

Remark 3.1. Equation (33) is obtained from the Equations (7), (9) and
(10), and the Equation (32) is a consequence of (16). Furthermore, the
initial condition Ay in (31) must satisfy

curl Ay = pHy, divAg=0in; Ay-n=0onl,

and since {2 is a simply connected set, it can be characterized as the
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unique solution of the boundary value problem (see [23, Theorem 1.3.5.]):

— AAg = curl(pH,), div Ay =0in
curlAg-n=uH),, Ag-n=0onT.

Moreover, Ay can be computed by using a finite element approxima-
tion of the following mixed problem [24, Section 4|: find (Ag, \) €
H(curl; Q) x M such that

/ curl Ay - curlwv + / Ay- VA= / wHg - curlv Vv € H(curl; ),
Q Q Q

/AO-Vn:O Vn e M,
Q
(34)

where

M::{neHl(Q): /Qn:o}.

In order to prove the well-posedness of this last problem, we can use the
well-known Babuska-Brezzi theory for mixed problems (see for instance
[25] and the references given there). Furthermore, it follows easily that
the Lagrange multiplier A vanishes identically.

Remark 3.2. The differential constraint (25) is called the Coulomb gauge
condition and it is necessary to assure the uniqueness of potential A [13].
The Coulomb gauge condition is not easy to treat at the discrete level,
because it is not simple to construct a suitable space of finite elements
which are divergence-free. Here we will follow the ideas from [14], by
using the addition of a div — div term to our variational formulation (see
Section 4 bellow), which is equivalent to add a penalization term in the
Ampére law (see, for instance, [13, 14]).

Another possible alternative can be to introduce a Lagrange multi-
plier (as A in the Equation (34)) or use an additional scalar magnetic
potential. These approaches have been used to impose some differential

constraints, which are necessaries for other eddy current formulations,
see for instance |4, Chapters 4-5], [5], [7], [10], [15], [26].
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4 Variational formulation

The aim of this section is to give a variational formulation of Problem,
Equations(22)—(33). To do this, we introduce the following functional
spaces:

X := H(curl; Q) N Hy(div; Q), H;(Qc) = H H'(Q)/R,
=1

where Q... Q™ are the connected components of Q.. The spaces X
and Hé(QC) are endowed respectively with the norms

. 1/2
1Z]lx = (|1 Z]50 + | div Z[[5o + || curl Z|[ o) (35)

and
[l o) == Vullog.- (36)

Let Z € X. By multiplying the Equations (22) and (24) by Z, inte-
grating in €2, and {24 respectively and summing the resulting equations,
we deduce that

/curl(lcurlA)-Z:—ﬁ/ U(A+Vv)~Z+/ Ja-Z. (37)
Q I ot Ja. Q

We notice now that from (22), (24), (28) and Lemma 1 it follows that

1
—curl A(,t) € H(curl; Q) a.e.t €[0,7]
1

Then, by integrating by parts (see (2)) and using (33), we obtain

/curl (lcur1A> -Z:/lcurlA-curlZ.
Q 2 QM

Hence, from (37) we have

0

1
5 J(A—i-Vv)-Z—l—/—curlA-curlZ: Ji-Z
Qe

QM Qq
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Consequently, if i, > 0 is a constant (which represents a suitable average
of pin Q, with prmin < pe < fimax), by using (25), we deduce

1 1
U(A—i—Vv)-Z—i—/—curlA-curlZ+—/divA div Z
QM Hs Jo

:/ 5 Z
Qq
for all Z € X.

On the other hand, by integrating by parts (1) and using (23) and
(27)

a o

— [ 0(A+V0)-Vu=0  VueHi(Q)
dt Jo,

Summing the last two equations, we obtain the following variational
formulation of Problem (22)-(33):

Find (A,v) € L2(0,T; X x H&(QC)) NHY0, T;L2(Q.)3 x Hé(QC)) such
that

d
—(A+V0,Z+Vu) +(A, Z) = (Jo, Z)yq  Y(Z,u) € XxH}(Q)

dt
(38)
and satisfying the initial condition
A(,0)=Ayin Q; v(-,0) =01n Q, (39)
where
(u,w), = / ou - w
and

(A, Z) = (p " curl A, curl Z)O o+ ut (div A, div Z)gq -

Remark 4.1. To our knowledge, the well-posedness of Problem (38)-
(39) has not been proved yet. We have tried to apply the theoretical
framework for parabolic problems arising from electromagnetism (see
Zlamal 27, 28]) and for classical degenerate parabolic problems (see
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Showalter [29, Chapter III]), without satisfactory results in both cases.
However, by adapting the techniques from [27, 28|, it is easily seen that
Problem (38)-(39) has at most one solution, but this is not the case for
the existence result. The main difficulty is that the bilinear form

(A, v),(Z,u)) — (A+ Vv, Z + V“)mc

is not an inner product in L*(€2.) x Hi ().

Remark 4.2. Tt is straightforward to verify that a solution of Problem (38)-
(39) is actually a solution of the strong form of the problem given by
Equations (22)-(33). In particular, we can obtain the gauge condition
div A = 0 as follows: for any t € (0,77, let £ € H*(Q2) be a weak solution
of the compatible Neumann problem A¢ = div A(¢) in 2, 9£/0n = 0 on
I'. Hence, by testing (38) with Z := V€ and u := —&|q, + |Q| ™ ch £,
we obtain p; || div A(t)]|§ o = 0.

Remark 4.3. The idea of using an average ., to impose the Coulomb
gauge condition in the weak formulation is taken from [14|. This is
necessary because a finite element approximation based on a weak form,
in which the term [, p~" div Z div W is present, can be inefficient if the
coefficient i has jumps (see [30, Section 5.7.4]).

5 A fully discrete scheme

In what follows we assume that Q and ). are Lipschitz polyhedra (we
recall that € is simply-connected). Let {7}, be a regular family of
tetrahedral meshes of € such that each element K € 7}, is contained
either in Q. or in Q4. As usual, h stands for the largest diameter of
tetrahedra K in 7j.

Consider the following finite element spaces:
X, ={Z,eX: Z| P} VKeT, with KcQ}
and

My o= {up € H(Q) - up|, €P1 VK €T, with KcCQ.}.
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We consider a uniform partition {t,, :=nAt: n=0,...,N} of [0,T]
with a step size At := L. For any finite sequence {#": n=0,---,N},
let

B en_en—l
0" = —— =1,2,...,N.
0 At ’ n ) <y ’

The fully-discrete version of Problem (38)—(39) reads as follows:
Find (A}, vp) € Xy x My, n=1,2,..., N such that:

(DA} + Vouyr, Z + Vu)g + A (A}, Z) = (Ja(tn), Z),y (40)
for any (Z,u) € X}, x M, and satisfying
A) = Agy, v) =0, (41)

where Ay, € X}, is a suitable approximation of A, to obtain optimal
error estimates (see Corollary 6.1 below).

In order to prove that Problem (40)—(41) has a unique solution, we
first notice that at each iteration step we need to find (A}, vjt) € Xpx M,
such that

(A + Vv, Z +Vu), + At (A, Z) = F.(Z,u),
where
Fo(Z,u) = At (Ja(tn), Z)g o + (Ay "+ Vo ', Z 4+ V) .
Hence, the existence and uniqueness of solution of Problem (40)-(41)

follows by combining the Lax-Milgram’s Lemma and the following ellip-
ticity result.

Lemma 2. There exists a constant C' > 0 such that
(Z+Vu,Z+Vu),+ (2,2) > C{I|Z 1%+ ulfye, ) (42)

for any Z € X and u € Hj().
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Proof. First of all, we notice that for Z € X, u € Hi(Q.) we have

(Z+Nu,Z+Vu), + A (Z,Z)

1
/ o|Z + Vul® +/ |curlz|2+/—|ouvzy2
. Q Hx

> Omin | |2+ Vul* + p;k, </ lcurl Z|? +/ |div Z|2) .
Qe Q Q
(43)

Now, since 2 is a Lipschitz and simply-connected set, there exists a
constant C; > 0 such that (see, for instance, [23, Lemma 1.3.6] or [24,
Corollary 3.16|)

/|Z|2 < {/ |curlZ|2+/ |din|2} VZ € X. (44)
Q Q Q

Consequently, from (43), we obtain

(Z+Nu,Z+Vu),+ A (Z,7)

> ¢, / \Z + Y’ +/|zy —l—/[curlZ\ +/|dwzy]

> 0, / Z 4+ Vauf? + /|Z\ +—|yzy|x}

o[z vwas | |Z\2+qu%(]
Qe

L/ Qe

Then by noticing that

/|Z+vu\2+/ |Z|2:2/ |Z|2+2/ Z-vu+/ |Vu|?
Qe Qe Qe Qe Qe

and using the inequality
1
—2Z -Vu <2|Z||Vu| < = |Z]* +¢|Vu]>  Ve>0,
€
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it follows that
(Z+Vu,Z+Vu), + A(Z,2Z)

> a|(2-2) [z v a-o) [ 1+ 2]

Consequently, by taking 1/2 < ¢ < 1, we obtain (42). O

6 Error estimates

In this section we will prove error estimates for our fully-discrete scheme.
To this end, we have to assume that Problem (38)-(39) has a unique
solution and consider the elliptic projection operators P, : X — &,
and Qy, : H}(Q) = M), defined respectively by

phZGXhI (PhZ—Z,Y)U—Fd(PhZ—Z,Y):O VYEXh

and
Qnu € My, : (VQru — Vu,Vw), =0 Yw € M,.

It is a simple matter to see that Lax-Milgram’s Lemma and Lemma 2
imply that P, and @), are well defined. Moreover, the well-known Cea’s
Lemma yields that there exist positive constants C and Cs, independent
of h, such that

|1Z-PZ|x<C inf |Z-Y|x VZex  (45)
YeX,

and

o~ Quullyoy < Co inf flu=wlwoy Vo€ HI(Q). (46

From now on, let us introduce the following notations:
pl = A(t,) — P,A(t,), 87 = P A(t,) — A}, T = 0A(t,) — 0, A(t,)
and

Py = v(ty) — Qnu(ly), 03 = Quu(ty) — vy, 7' = 5U(tn) — O(ty).
Furthermore, we denote

|wly == (w,w)!/? Vw € L*(Q)%

o
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Lemma 3. There exists a positive constant C', independent of h and At,
such that

18715 + 105 1155 0 + AL D 10111 + At D 11067 + VS5 o,

<C {Ile — Aonllz + 110015 + 107115 + At Y [10p111% + 1055

k=1

+”8/32HH1(QC) + ||T1HOQ + HOQ ] }

formn=1,...,N.
Proof. Let 1 <n < N and 1 < k < n. It is straightforward to show that

(08% + V005, Z + Vu), + (8}, Z)
—(0p% + Vs, Z + Vu)y — (P}, Z) + (T} + V13, Z + Vu),,
(47)
for any (Z,u) € X, x M,
Choosing (Z,u) = (6%, 65) in the last identity and using the estimates

(085 + V5% 8% +Voh ), > [Ha’wvakH? 167 + Vs 2]
and 1
o (8%, 68%) > p [l curl 8513 ¢, + || div 8715 o] »
we obtain
2At (167 + Vo512 — |65 + Vs |12]

+

[l curl 8Y13 o + II div 831[3 o]

max

—(0pf + VOph, 8% + Vo), — o (p},8Y) + (7§ + V15,87 + Véh),.
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Then, by using the Cauchy-Schwartz inequality in the right hand side,
it follows that

1 _ -
~7 101+ V35 = 11877 + Vo5~ 7]

_|_

[l curl 875 o + | div &7[[5 o]

1
< o5 l10Y + V5 + Cu[10pt + Vopslly + [l + V7l
+ curl pi |5 o + || div pi 5 o (48)

for k=1,...,n. In particular,
o7 + V5'5H§ — o5 + Va3

Hé’“ + V5|12 + 2C1 At [[|0pF + VOp5||Z + |75 + V12

+[| curl pY[[§ o + [ div P[5 o]
for k =1,...,n. Then, summing over k, we get
167 + v5n||2 — |69 4+ Vo912

< o7 Z 165 + vk |2 + 2ClAtz |0p% + Vapk||2 + ||7F + vk |?
+|| curl plllo,g + || div pf[[5 o]
1 At 2 "
< 3185 + V312 + = D7 116% + Va2 + 20146 Y [|9pf + VI
k=1

+|75 + V[l + [ eurl py[[§ o + || div o[ o] -
Hence,
167 + Vaz |3

At
< 2/|69 + V&2 + = Z 6% + vok||2 + 4ClAtZ |0p" + Vapk|?

k=1
+Hri+ Vs + H Cur1p1 6.0+ 1 div pi5.a] -
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Therefore, the discrete Gronwall’s Lemma (see, for instance,
[31, Lemma 1.4.2]) leads to

187 + Va3

<6 {na? FVEIE + AS” 16k + VORI + 7t + V2

k=1

+|| curl pi[[ o + || div pY (I3 o] }
for n =1,..., N. Inserting the last inequality in (48), it follows that

(165 + Vo512 — |65 + Vb 2] +

[H curl 5lf||(2)9 + [ div 5?”%9}

max

At koo . . .
< ﬁCz {H5? + Vo2 + AL‘Z [10p1 + VO |2 + |71 + V3|2

j=1
+|| curlp{HaQ + || div P{H%Q} }
+ 200 At (007 + VP55 +lITh + Vs + [l eurl o5 o + [ div pill5 o]

for k=1,...,n. Now, summing over k and recalling that 69 = 0, we get
the estimates

At —

187 + Vop (12 = (189012 + —— > _ [l curl &5[[5 ¢, + || div 8F[|7 ]
max k 1
1 0 2 2 S j .92 j j 112
< 5Call8i5 + T > 191 + Vg2 + |17 + V|12

k=1 ]:]_

+l curl pi[[§ o + I div pillg o] +2C1A8 Y [10p1 + VOS]
k=1
+HT1 + VRl + [ eurl pi[fg o + || div pY[[5 o]
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and therefore

n

187 + Vo |5 — 18715 +

k . sk
[l curl 8713 o + || div 87[[3 o]
X =1

< Col|69)12 +02At2 10p] + VOps|2 + ||7] + V|2

7=1

+ curl pi[5 o + || div pillg o] +2C1A¢ Y [10p1 + Vps|;
k=1
+7 + Vs + |l eurl pilfg o + [ div pilf5 o] -

Consequently, using (44), we have

167 + Vog g + Atz 16511%

{I|5°Hx + Atz 10} + NV Op5 115 + 177 + Vrilly  (49)

k=1

+| curl pf[[ o + || div pi 5 9]}

form=1,...,N.

Let us now take (Z,u) = (06%,d6%) in (47) to obtain
106Y + OV 5|2 + <7 (6}, 067)

—(0p" + VOpk, 06% + 0V %), — o (pt,06%) + (TF + VrE 06" + OVSE),.
Then,

1065 + V5|2 + 7 (6, 06Y)

< 1106} + VOp5 (1087 + V5 lo + |75 + V7 [|,]|087 + IV,

— </ (py,08Y)
= 190} + VOpsll|08} + OV o + |71 + V71|, 1087 + OV s

1
+.(0p1,01") = <7 [/ (1, 01) — (P71, 6171)]
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and consequently, using the Cauchy-Schwarz inequality on the right hand
side, we deduce that

|08Y + OV 65||% + o (87, 087)
1 _ _ _ _
< 5108} + Va7 + Cu [ll9p} + Vs[5 + 73 + V7o
+|| curl dpt |l o + || div Opf |13 + || curl 85 (|3 ¢,

ke 1 _ _
+| div oy 5] - N [ (p1,87) — o (py ", 877 1)] .
Hence, using the inequality

1
2At

on the left hand side, leads to
At)|087 + OV 3|5 + o (87,87) — /(81" 81)
< 204t [[19pY + VOpS o + |71 + V7ils + || curl 0pi |5 o + || div 0pY 5 o

Hcurt 8t + [ div ot o] — 2 [ (6F.88) — /51
(50)

o (61,087) > — [/ (87,87) — /(677" 677")]

for k=1,...,n. Summing over k, we have

ALY " ||08% + OVSE||2 + o7 (87, 87) — (89, 8Y)
k=1
<2050t > [10p5 + VIpllo + |75 + Vo + || curl9p 3,
k=1
+| div dpf[[2 o + || curl 8572 o + || div 852 ]

Therefore, by noticing

1

|7 (p%, 8%)| <o (P}, pb)"/2.e7 (8%, 6%)1/% < 1@7(5'1“,5'1“) + o (pt, pf)
1 1 1

Szﬂ(fslf, o) + —Iptlx < — (I1671% + lefl%) .

ing.cienc., vol. 9, no. 17, pp. 111-145, enero-junio. 2013. 135|



A fully-discrete finite element approximation for the eddy currents problem

for k =0,1,...,n, it follows that

ALY " ||08% + OVS5||2 + o7 (87, 87)

k=1

<2050t [[19p% + VIph| o |75 + Vrf[lo+ || curl 9pf |12
k=1

A - : - 1 n o sn
[ div Opi 5. + [l eurl 875, + [ div 8y [[5 o] + 57(87, 87)
+Cs [IpT1l% + 1201% + 11691%] -

Then, we obtain
ALY 085 + OVS5||2 + o7 (87, 87)
k=1

< Cé {Ilp’flli + 110015 + 110311% + At [H@p'f +Vops|ot 71 + Vi,
k=1

+ [ eurldpi s o + || div Op[3 o + Il curl 87][7 o + || div 5'f|!3,9} }

forn=1,...,N.
Combining this last estimate with (49), using Lemma 2 and noticing
that
16911% = [[PaAo — Agnll% < 2 (107115 + | Ao — Aonll%) .

we conclude the desired estimate. O
Theorem 6.1. Let e} := A(t,) — A}, and e} := v(t,) —vp. If
A e H'(0,T; X)NH?(0, T3 L*()), v e H'(0,T; Hy(Q))NH?(0, T; L* (),
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there exists a constant C' > 0, independent of A and At, such that

N N
max.{lefl% + 153y @) HALD el + At l19e +VOes o,

< _ 2 : 72 2
_C{HAo Auallema, | i 1A() - 21 +inf o(6) -~y

N T
. o 2 . o 2
+At;;en;h | A(t,) ZHX+/0 [Zlen;h 10, A(t) ZM dt
T
: . 2
T
+ (At)Q/O 100 A)1G . + 110xv(®) |3 0. ] dt} :

Proof. Since e = pt + 67 and e} = p§ + 6%, from the previous lemma
we obtain

(e + ek 2y a,] + 20D llebl% + At S 19el + Ve 3,
k=1 k=1
<C {nAo — Ao+ 198105 + 11651 + 1168 Iy oy + A8 S (19641
k=1

+p5 N5 + "5P§||12{§(QC) + H"'If“gg + ||T§||39] } :
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Hence,

1<n<N

N N
ma [ef1% + b3y, | + A D etz + At Y 1ef + Vaes 3,
n=1 n=1

N
<0{\|A0—A0hux+ mase (o1 1% + 0813, | + ¢ (10001

n=1

o 1% + 10810 o, + 175 B 0, + 178 2] } -
(51)

The regularity assumptions on A and v allow us commute the time
derivative with P, and @y, i.e,

Or (PhA(t) = Pu (0:A(1)), 0 (Qno(t)) = Qn (Opu(1)) -
Moreover, if we define pf(t) := A(t) — P,A(t) and then from (45) it

follows that
/ @pl dt

N - N
> lloptla = Z
n=1 =1

<—Z / 000 e

1
-5 [ 1ok < 5 / Lt 1040 - 215
(52)
and, analogously if p}(t) := v(t) — Qnv(t), (46) implies
N B 1 T
> 100t By <37 | Ioush) e
_ 0
n=l (53)

< it 10wt — ulPu |t
_At 0 ue My, Hﬁ(QC)

On the other hand, the Cauchy-Schwarz inequality shows that
2

tk
<@0f [ ea

tk—1

/ " (s — D)L A) dt

th—1
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thus, from Taylor’s Theorem we have

N 2

N t
n 1 ¢
n§:1 ITtlo0. = &7 ) / (te_1 — t)0u A(t) dt

=1 ||tk 0,9 (54)
T 2
<At [ ouA)g,
0
Analogously, we deduce

N T

S I e <8¢ [ oun(t)l g, e (55)

n=1 0

Finally, the result follows from using (52)—(55) and (45)—(46) in (51).
[l

Corollary 6.1. Let e} := A(t,) — A}, and e} := v(t,) — v} and assume
that
A € HY(0,T; X nH'™(Q)*) n H?(0,T; L*(Q))

and

v e H'(0, T; Hi () NH™* () N H?(0, 75 L*(Q)),

for some 0 < s < 1. If Ay, = IT;(Ay), where IT;, : X NH™(Q)* — X,
is the Lagrange interpolant, then there exists a positive constant C,
independent of h and At, such that

N N

2 2 2 3 3 2

ma, et s, el 80 3 et At Y- 10e1+ V03 o,
n= n—

T
< on { LA ot o, [0 R st | 1A, ot

T
v ||aw<t>||%+s,gcdt}

T
oA { | 1uaw i+ [
0 0

T

||aﬁu<t>||3,ﬂcdt} .
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Proof. Let I, : H{(Q.) N H'**(Q.) — M, be the standard scalar fi-
nite element Lagrange interpolant. The result follows by using previous
theorem, the regularity assumptions on A and v, and the well-known
approximation properties of I, and II;, (see, for instance, [32]). O

Remark 6.2. Concerning this convergence result, it has to be noted that
the spatial regularity of A (and in particular the regularity of Ag) is not
ensured if € has reentrant corners or edges, namely, if it is a non-convex
polyhedron (see [33], [34]). More important, in that case the space
H'(Q)3 N H(div; Q) turns out to be a proper closed subspace of X and
hence the nodal finite element approximate solution cannot approach an
exact solution A € L*(0,T;X) with A ¢ L*(0,T; H'(Q2)* n H(div; 2)),
and convergence in X is lost.

However, the result we have proved here above ensures that the nodal
finite element approximation is convergent either if the solution is regular
(and this information could be available even for a non-convex polyhe-
dron ) or if Q is a convex polyhedron. Actually, in [17, Section 5| is
underlined that if © is a convex polyhedron and pH € HP(Q)3 with
0 < p < 1, the vector potential A (which is characterized by (10)—(12))
belongs to H!™(02)? for some 0 < s < 1. Let us also note the assumption
that €2 is convex is not a severe restriction, as in most real-life applica-
tions 0f) arises from a somehow arbitrary truncation of the whole space
and hence, reentrant corners and edges of () can be easily avoided.

A cure for the lack of convergence of nodal finite element approxima-
tion for Maxwell equations in the presence of reentrant corners and edges
has been proposed by Costabel and Dauge in 35|, where they introduce
a special weight in the penalization term, thus making it possible to use
standard nodal finite elements in a numerically efficient way. Another
alternative for the eddy current problem has been reported by Bir6 [36]:
edge elements are employed for the approximation of the potential A,
without requiring that the Coulomb gauge condition be satisfied. How-
ever, a complete theory assuring the effectiveness of this last approach,
even for the harmonic case, is not available.

To end this section, let us notice that we can approximate at each
time ¢, the physical quantities of interest: the eddy currents o E(t,)
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in the conductor €. and the magnetic induction field pH (¢,) in the
computational domain €. In fact, the identities (17) and (10) suggest
the approximations

oE(t,) ~ —00A} — 00V, wH(t,) ~ curl Aj.

Moreover, the last corollary allows us to obtain quasi-optimal error es-
timates for these approximations in some natural discrete L2-norms. In

fact, to obtain the error estimate for the first approximation, we notice
that

lcE(t,) — (—aéAZ — JéVv}f) ||8’QC

= H—U%—?(tn) — 0@(15”) — (—00A} — cOV})

2

ot
< C (0e} + Voes o, + 1T l6.0. + 1721100,

0,Qc

for any n = 1,2,..., N. Therefore, by using (54), (55) and Corol-
lary 6.1, it follows that

N
ALY |loE(t,) — (—00A; — 00Vup) (5o, < CR* + C(AL).
n=1

Finally, to get the error estimate for the magnetic induction approxima-
tion, we notice that

pH(t,) — curl Ay = curl A(t,) — curl A} = curle}

forn=1,2,..., N and use Corollary 6.1 to obtain

max ||uH (t,) — curl AZH&Q

1<n<N

N
+ ALY ||uH () — curl AR|3 o, < Ch* + C(At)”.

n=1

7 Conclusions

We have proposed a fully-discrete approximation for the so-called “A, V —
A potential formulation” of a transient eddy current problem in a bounded
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domain, without topological restrictions on the conductor. The fully-
discrete scheme is obtained by a finite element space discretization of
standard nodal finite elements and a time discretization based on a
backward-Euler implicit scheme.

We have shown that at each step the fully-discrete scheme solves
an elliptic problem and consequently the well-posedness of the discrete
problem follows by using the well-known Lax-Milgram’s Lemma. Fur-
thermore, under usual regularity assumptions on the solution of the con-
tinuous problem, we obtain quasi-optimal error estimates, which allows
us to approximate the typical physical variables of interest of the eddy
current problem: the eddy currents in the conductor and the magnetic
induction in the computational domain.
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