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ANALYSIS OF AN UNGAUGED T,p—¢ FORMULATION OF THE EDDY
CURRENT PROBLEM WITH CURRENTS AND VOLTAGE EXCITATIONS*

ALFREDO BERMUDEZ!, MARTA PINEIRO!,
RODOLFO RODRIGUEZ? AND PILAR SALGADO!

Abstract. The objective of this work is the analysis of a time-harmonic eddy current problem with
prescribed currents or voltage drops on the boundary of the conducting domain. We will focus on an
ungauged formulation that splits the magnetic field into three terms: a vector potential T', defined in the
conducting domain, a scalar potential ¢, supported in the whole domain, and a linear combination of
source fields, only depending on the geometry. To compute the source field functions we make use of the
analytical expression of the Biot—Savart law in the dielectric domain. The most important advantage
of this methodology is that it eliminates the need of multivalued scalar potentials. Concerning the
discretisation, edge finite elements will be employed for the approximation of both the source field
and the vector potential, and standard Lagrange finite elements for the scalar potential. To perform
the analysis, we will establish an equivalence between the T',¢p—¢ formulation of the problem and a
slight variation of a magnetic field formulation whose well-possedness has already been proved. This
equivalence will also be the key to prove convergence results for the discrete scheme. Finally, we will
present some numerical results that corroborate the analytical ones.
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1. INTRODUCTION

This work deals with the mathematical analysis of the so-called T', ¢ — ¢ formulation for solving time-harmonic
eddy current problems defined in three-dimensional bounded domains containing both conducting and dielectric
materials. This kind of problem often arises in electrical engineering in the numerical simulation of varied devices,
such as electrical machines, metallurgical furnaces, non-destructive testing tools, etc., (see [4]). We will focus on
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the case in which some of the conducting subdomains are not strictly contained in the computational one, with
sources given either in terms of the current intensities crossing their intersections with the outer boundary or
in terms of the potential drops between them. This particular case is referred in the literature in different ways,
such as the eddy current problem with electric ports, with non-local boundary conditions or coupled with electric
circuits. Thanks to its widespread applicability, this problem has been subjected to thorough study during the
last decades, by using different unknowns and formulations. We refer the reader to Chapter 8 of [4], where we
can find a quite comprehensive review of the most relevant formulations, along with the main results from a
mathematical and numerical point of view. Additionally, we can cite [1,7], more recent publications that analyse
other relevant formulations of the eddy current problem with electric ports.

In the present paper, we will focus on the well-known T', ¢ — ¢ formulation, which combines a vector poten-
tial T', defined only in the conducting domain and discretised using edge elements, with a scalar potential ¢
supported in the whole domain and discretised by nodal elements. One great advantage of this methodology is
the low computational effort needed for its solution because the only vector unknown, 7", has to be computed
only in conductors, where there are generally far fewer degrees of freedom. Therefore, this kind of formulation is
one of the most used in commercial software for the solution of three-dimensional eddy current problems (e.g.,
Altair Flux® or ANSYS Maxwell®).

While the T', ¢ — ¢ formulation has been widely used by electrical engineers (see, for instance, [11,12,20,23]),
the existing literature related to its mathematical analysis in both the continuous and discrete cases is compar-
atively limited. In particular, the theoretical analysis usually covers a formulation with a gauge condition for
the electrical vector potential and uses a nodal finite element for its approximation. In this framework, we refer
the reader to Section 8.1.3 of [4], where a continuous formulation is studied, and to the papers [14,18], which
perform the analysis in the transient case. Also, a nodal ungauged transient formulation involving only volumic
sources instead of boundary ones is analysed in [19] at a discrete level. However, the formulation implemented
in commercial software is usually ungauged and based on edge finite elements and, to the best of the authors’
knowledge, a rigorous analysis for this case with electric ports has not yet been performed. To attain this goal,
we will rest upon the uniqueness of the magnetic field, even though its decomposition in vector and scalar
potentials is not unique. In this way, we will establish an equivalence between the T', ¢ — ¢ formulation of the
problem and a slight variation of the magnetic field formulation anaysed in [10]. This equivalence, proved at
both continuous and discrete levels, will be the key to obtain the uniqueness of the magnetic field reconstructed
from the scalar and vector potentials, and to obtain the convergence result for the discrete scheme.

Concerning the discretization of the problem, “edge” finite elements will be employed for the approximation
of the vector potential and standard Lagrange finite elements for that of the scalar potential. A drawback of
this formulation is that it requires the computation of a source field in the dielectric domain, the so-called
“impressed vector potential”, which is not trivial if the dielectric domain is not simply connected. Based on
the ideas introduced by Biré and Preis in [12], we will compute this field by using the Biot—Savart law, what
eliminates the necessity of using multivalued scalar potentials, even in the case of homologically non-trivial
topologies. From the point of view of the mathematical analysis, this approach guarantees the convergence of
the numerical method when sources are provided in terms of the currents crossing some parts of the boundary,
but this is not the case if the potential drops are given. To overcome this theoretical difficulty, we also include
in the paper the procedure introduced in [2] for constructing the impressed vector potential by computing the
so-called loop fields, which would be suitable to prove the convergence in all cases; see [3], where this idea is
also exploited in the implementation of a magnetic field/scalar potential formulation.

The outline of the paper is as follows: in Section 2 we present the eddy current model and recall a formulation
to solve it presented in [10]; in Section 3, we derive the proposed T, ¢ — ¢ formulation for the eddy current
problem; in Sections 4 and 5, we perform the mathematical analysis of this formulation in the continuous and
discrete cases, respectively, through its equivalence with the one studied in [10]; in Section 6, we introduce a
numerical procedure to compute the impressed vector potential and, with this end, we derive an expression to
evaluate the Biot—Savart field corresponding to a polygonal filament carrying a unit current intensity; finally,
in Section 7, some numerical results are reported.
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FIGURE 1. Sketch of the domain (N =2, M = 3).

2. EDDY CURRENT MODEL WITH SOURCES AS BOUNDARY DATA

Eddy currents in linear, homogeneous and isotropic media are usually modeled by the low-frequency harmonic
Maxwell equations,

curl H = J, (2.1
iwpH + curl E =0, (2.2
div(pH) =0,
along with Ohm’s law
J=0F, (2.4)

where E is the electric field, H the magnetic field, J the current density, w # 0 the angular frequency (with
w = 27 f, f being the current frequency), p the magnetic permeability and o the electric conductivity. Note
that the latter is non-null only in conducting media.

Although equations (2.1)—(2.4) concern the whole space, for computational purposes we restrict them to a
simply connected three-dimensional bounded domain {2 with a connected boundary. This domain {2 consists
of two parts, {2, and (2, occupied by conductors and dielectrics, respectively (see Fig. 1), and we assume that
{2, is connected. Domains {2, (2, and (2, are assumed to have Lipschitz-continuous boundaries. We denote by
I, I, and I} the open Lipschitz surfaces such that I, := 0¢2,N 942 is the outer boundary of the conductors,
T, == 02,N 912 that of the dielectrics and I, := 9§2,N 32, the interface between both domains. We also denote
by m the outward unit normal vector to 02, as well as other unit vectors normal to particular surfaces that will
be deduced from the context.

The connected components of the conducting domain 27, n = 1,..., M, are supposed to be simply con-
nected with connected boundaries. The first IV connected components of the conducting domain, the so-called
“inductors”, are assumed to intersect the boundary of {2 in such a way that the outer boundary of each of them,
0§27 N 992, has two disjoint connected components, both being the closure of non-zero measure open surfaces:
the “current entrances” TJn and the “current exits” Tg , where the conductor is connected to an alternating

electric source. We denote I := FJl U... UFJN, I, = El U...UFEN and Tln =000 Nof2, n=1,...,N.
Furthermore, we assume that T]n HTJm = () and T: ﬂf; =0,1<mn<N,m=#mn,and I,N T, = (. The
remaining connected components 27, n = N +1,..., M, are assumed to have their closure included in §2, and

will be referred to as “workpieces”.
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As illustrated in Figure 1, we assume that for each inductor 27, n = 1,..., N, there exists a connected
“cutting” surface X, C (2, such that 90X, C 92, and (~)D =2\ Ui:le X, is pseudo-Lipschitz and simply
connected (see, for instance, [5]). We also assume that X, N X, = 0 for n # m and that the boundary of each
current entrance surface, v, := 91", is a simple closed curve. We denote the two faces of each X, by X~ and Iy
and fix a unit normal n,, on X, as the “outer” normal to 2, \ X, along X;". We choose an orientation for each
Y by taking its initial and end points on X, and X}, respectively. We denote by 7, the unit vector tangent to
v according with this orientation. Moreover, let us emphasise that the cutting surfaces X,,, n =1,..., N, will
be only a theoretical tool to prove some of the following results. However, there is no need to construct such
surfaces to apply the T', ¢ — ¢ formulation of the eddy current problem that we will introduce and analyse in
this paper.

We assume that there exist constants y, i, ¢ and @ such that

0< o ae x € 2,
0< g aexef2, and o=0 in (2.

To solve equations (2.1)—(2.4) in a bounded domain, it is necessary to add suitable boundary conditions. We
consider the following which will appear as natural boundary conditions of the weak formulation of the problem:

Exn=0 on I UI}, (2.5)
uH-n=0 on 0f2.

The former means that the electric current is normal to the entrance and exit surfaces, whereas the latter means
that the magnetic field is tangential to the boundary. These boundary conditions have been proposed in [13];
we refer to [10] for further discussion about them.

Boundary condition (2.6) implies that the tangential component of the electric field E is a surface gradient.
Indeed, after integrating iwpH - n on any surface S contained in 9f2, by using (2.2) and Stokes’ theorem we
obtain

Oz/iw,uH-n:—/curlE~n:— E-T:—/ nx (Exmn)- T,
s s as as

7 being a unit vector tangent to 9S. Therefore, since 0f2 is simply connected, there exists a sufficiently smooth
function V defined on 92 up to a constant, such that V' is a surface potential of the tangential component of
E; that is, n x E xn = —grad_V on 02, where grad, denotes the surface gradient. On the other hand,
equation (2.5) implies that V' must be constant on each connected component of I3, and I;. Let V* and V" be
complex numbers such that V.= V" on I* and V. =V" on I'", n =1,..., N. The difference AV,, = V" — V"
is the potential drop along conductor (27.

Multiplying Faraday’s law (2.2) by H, integrating over {2 and then applying a Green’s formula along with
equation (2.1), we obtain

/iwu\HF—I—/ E~7:/ (Exn)-H.
7 2, o0

Using that n x E x n = —grad_V on 0f2, we write

/ (Exn)~ﬁz—/ (gradTVxn)-F:—/ curl, V-H = — Vewl, H = — VeurlH - n,
a0 a0 a0 o0
(2.7)

where curl; and curl, denote the surface vector and scalar curls, respectively.
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Now, since curl H = J and J = 0 in {2,

N N
chrlﬁ-nzZ(VI;”/ curlﬁ-n—ﬁ—‘/;”/ Curlﬁ~n> :—ZAVn/ curl H - n, (2.8)
802 el rr I n=1 "

the last equality because, for each inductor,

-,

Then, from the above equations we derive the energy conservation law:

N
/iwu|H|2+/ E-j:ZEAVn,
Q 2 n=1

with I, := fpn J-n= fpn curl H - n being the current intensity through conductor 7, n =1,..., N.
J J

div(curl H) = /

curl H -n = / curl H -n —|—/ curl H - n.
o0y In rr

n
C E

In order to consider sources provided by external circuits we have two possibilities: either the current intensity
or the potential drop must be given for each inductor 27, n = 1,..., N. We assume that for n = 1,..., N;
(0 < Ny < N) the current intensity I,, crossing )" is given, in which case the boundary condition reads

/ curlH - n=1,, n=1,...,Ny, (2.9)
F"L

J

and, for n = Ny +1,..., N, the potential drop AV}, between " and I is given, in which case the boundary
condition reads

nx Exn=—grad. V on 0f2, WithV‘FEn—VI}n:AVn, n=Nr+1,...,N. (2.10)

The system composed by equations (2.1)—(2.4) subjected to boundary conditions (2.5), (2.6), (2.9) and (2.10)
is frequently known as the eddy current problem with non-local boundary conditions.

3. T, ¢ — » FORMULATION OF THE EDDY CURRENT PROBLEM

Our first goal is to introduce some auxiliary unknowns that will be used to solve the previous set of equations.
First of all, note that given a complex vector of currents (I,,))_; € CV, there exists Ty € H(curl; £2) such that

/ curlTy-n=1, forn=1,... N,
F’VL
J

curlTp=0 in 2 U (U%:NHQZ) .

Such T is usually called an “impressed vector potential”. An example is given by To(x) = 25:1 Inton(x),
with tg , € H(curl; £2) satisfying

/ curlty, n =1, (3.1)
i
curlty, =0 in 2\ 02", (3.2)
for n = 1,...,N. We will refer to these vector fields ty,, n = 1,...,N, as “normalised impressed vector

potentials”. They can be defined in different ways (see, e.g., [11]).



2492 A. BERMUDEZ ET AL.

From equations (2.1) and (2.4) we have that divJ =0 in {2, and J - n = 0 on I]. Therefore,

div(J —curlTy) =0 in 2,
(J —curlTy) -n=0 on 1,
/ (J —curlTy) - n=0 for n=1,...,N.
F'IL
J
Hence, it can be proved that for each connected component of the conducting domain 27, n =1,..., M, there

exists a vector field T" supported in §27 such that
curlT" = J — curl T in o7,
T"xn=20 on "
(see, for example, Thm. 2.1 in [16]).
Let T be the extension by zero to 2 of T", n=1,...,M. Let T := 22/1:1 T" and T := T|QC. Then, T
satisfies curlT = J — curlTy in 2, and T'x n =0 on I]. Such a T is called a “current vector potential”.
Now, from (2.1), curlH = J = curl T + curl T, so that, since 2 is simply connected,
H:’T—I—TO —grad ¢

for some ¢ € H'(£2); ¢ is usually called a “magnetic scalar potential”. Notice that such an H satisfies automat-
ically the constraint curl H = 0 in {2, which follows from (2.1) and (2.4).
Taking the previous decomposition into account, the time-harmonic eddy current problem (2.1)—(2.6) leads to:

iwp (T + Ty — grad ¢) + curl <§ curl(T + T0)> =0 in £, (3.3)
div (N(T + T, — grad ¢)) =0 in £ (3.4)

(% curl(T + TO)) xn=0 on I,UI,, (3.5)

w(T + Ty —grad ¢) -n =0 on 01 (3.6)

Our next goal is to introduce a weak formulation of this problem. If we test (3.3) with a function S €
H(curl; 2.) such that S x n =0 on I], using a Green’s formula and (3.5), we obtain

= 1 — 1 —
/ iwu(T+T0—grad¢)-S+/ —curl(T+T0)~curIS:—/ —curl(T+Ty) xn-S
0 2.9 ]

g
(¢} C “QC

1 — 1 —
:—/ —curl(T+To)><n-S+/ —curl(T+Ty) - S xn=0.
I Lo

g
UI.‘] 1

Hence, using that Ty = ZnN:1 Ity n, we write

N
= 1 — — 1 —
/ wp(T — grad ¢) - S +/ —curlT -curl S + E I, (/ iwpton - S +/ —curlty, - curl S) =0.
¢ ¢ g n=1 2q ¢ g
(3.7)

On the other hand, multiplying (3.4) by iwy) with ¢» € H'(£2), using a Green’s formula and taking (3.6) into
account, we obtain

/ Wi (’f’ + Ty — grad ¢) -grad v = 0.
0
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Then, for all ¢y € H'(£2) we have that

N
/ wp (f’ —grad qb) -grad ¥ + Z I, / iwpto,, - grad i = 0. (3.8)
Q - Q

When all the sources are given in terms of the current intensities crossing the conducting subdomains, the
problem to solve is (3.7)—(3.8). However, when there are conductors for which the potential drops are given, we
need to derive some other equations to determine the corresponding current intensities. To this end, we multiply
equation (2.2) by the conjugate of tg ,, and integrate over {2 for m = Ny +1,..., N, to obtain

/ iwpnH - to.m, +/ curl E - ¢y, = 0.
Q Q

Now, using a Green’s formula and the fact that curl ,, = 0 out of 7, we have

/ curl E -ty ,, = E - curlty,, — / (E xn) - tom.
Q o oYe)

Proceeding as in (2.7)—(2.8) with the test function & ,, instead of H, it is easy to check that

/ (E X n) . zo,m = AVm
a0
Then, from the last three equations, (2.1) and (2.4) we obtain

_ 1 _
/ iwpuH -ty m —|—/ —curl H - curlty ,,, = AV,,.
Q

om O
C

Thus, using again that H = T + Ty —grad ¢ and Ty = ZnN:1 I,to.n, we write for m =Ny +1,...,N

_ _ 1 _
/ iwu(T — grad ¢) - to.m + / —curlT - curlty,,
Q

om O
c
N
+ Z In/ iwﬂto,n . zo,m + I, /
n=1 2

1
;\ curlty |2 = AV,,.  (3.9)
2

o
We define the following closed subspace of H(curl; £2,,):
Y:={SecH(curl;£2,) : Sxn=0o0nl}.
Collecting equations (3.7)—(3.9), we derive the following formulation:

Problem 3.1. Let ¢y, € H(curl; 2), n = 1,..., N, satisfying (3.1)-(3.2). Given I, € C, n = 1,..., Ny, and
AV, €eC,n=N;+1,....N,find T €Y, ¢ € H () and I,, € C for n = Ny + 1,..., N such that

_ 1 _
I, / iwpty, - S +/ —curlty, -curl §
n o g

C

N
_ 1 _
/iwu(T—grad¢)~S—|—/ —curlT - curl S + E
0 g

e} Qc n=Nr+1

Ny
_ 1 _
= — ZI” / iwpton - S —|—/ —curlty, -curl § vSey, (3.10)
n=1 ‘QC 2

n O
C
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N
—/ iqu~grad@+/ iwpgrad ¢ - grad i) — Z In/ iwﬂt07n~grada
26 §2 n=Nr+1 §2

Ny
= Zln/ iwpto., - grady Vo € HY(2), (3.11)
n=1 2

N
_ _ 1 _ _
(/ twpd -t m — / iwpgrad ¢ - to m, + / —curlT - curlty,, + g In/ twpto n - tom
1) Q Q

m 0
C Qc n=Nr+1

g

Ny
1 _ _ _ _
+Im/ —cur1t07m2> K,, = AV, K,, — (E In/iwuto7n~to7m> K, VK, C, m=N;+1,...,N.
Q'NL Q
e} n=1

(3.12)

This is the well-known T,¢ — ¢ formulation of problem (2.1)-(2.4) subjected to boundary condi-
tions (2.5), (2.6), (2.9) and (2.10) (see [12]). Let us notice that this problem is not well-posed; indeed, we
will show in the following section that it has infinitely many solutions. Still, we will also show that any of these
solutions allows us to solve our original problem.

4. MATHEMATICAL ANALYSIS OF THE T, ¢ — ¢ FORMULATION

Now, we recall the magnetic field formulation considered in [10] of the same eddy current problem that will
be used to analyse the T', » — ¢ formulation. To this end, we define

X :={G e H(curl;2) : curlG=0 in 2}

and, given K € CN1,

V(K)::{GGX: curlG~n:Kn,n:1,...,N1},

n
J
which is a closed linear manifold of X.

Remark 4.1. For all G € X, curl G -n € H'/2(912) and curl G -n = 0 on I},. Then, Jrn curl G - m is well
defined. Indeed, let § be any smooth function defined in 92, such that § = 1 on I'" and (SJ =0 on [, and on

I, m=1,...,N,m#n. Then [}, curlG-n := (curl G -n, S)u-1/2(00)xH1/2(a0) 1s well defined and its value

does not depend on the particular choice of §.

The following magnetic field formulation is derived by using the same arguments from [10], where a similar
problem but only with current intensity source terms has been considered.

Problem 4.2. Given I,, e C,n=1,...,Nj,and AV,, e C,n=N;+1,...,N, find H € V(I) such that

N
— 1 — —
/ iwuH~G+/ —curlH - curlG = g AVn/ curlG-n VG e V(0). (4.1)
n n.0
J

C n=Nr+1
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We have the following results:
Theorem 4.3. Problem 4.2 has a unique solution.
Proof. The result follows immediately from the fact that V(I) # (0 (see Lem. 2 in [10] or Sect. 3.2 in [8]), the

X-ellipticity of the continuous sesquilinear form in the left hand side of (4.1) and the continuity of the linear
functional G — ZS:NIH AV, [ curl G - n. O
J

Theorem 4.4. Given I, € C,n=1,...,N;, and AV,, € C, n =Ny +1,...,N, let H € V(I) be the solution
to Problem 4.2. Let J := curl H and E := (%J) \QC. Then, the following equations hold true:

iwpH +curlE =0 in 2, (4.2)
div(pH) =0 in 12, (4.3)
J=0 in 0, (4.4)
/ curl H -n =1, n=1,...,Nj, (4.5)

I_‘TL

J
wH-n=0 on 012, (4.6)
Exn=—gradV, xn in  Hy'*(I,uL)? (4.7)

for some V., € HL(£2,) constant on each connected component of I, U I, and satisfying V*\pEn — V*\pjn = AV,
n=Nr+1,...,N. Hence, in particular,

Exn=0 on I, UlI,.

J

Proof. The proof is quite similar to that of Theorem 3.8 in [8]. For the sake of completeness, we include it here.
Given § € D(12), grad § € V(0). Then, (4.1) yields

/ iwpnH - grad § = 0.
[0’

Consequently, (4.3) holds true.
Now, let G € D(£2)? be such that supp G C §2.. Then, G € V(0) too, and (4.1) yields

— 1 —
/ iwuH-G—&—/ —curl H - curlG = 0.
0

g
[e] ¢

Hence, E := (L curl H) |, satisfies (4.2).

Equation (4.4) follows from the definition of J and the fact that H € X, whereas equation (4.5) follows from
the fact that H € V(I).

To prove (4.6), notice that uH € H(div, ) because of (4.3). Then, uH - n € H~Y?(002) and, given
§ € H(£2), we have that

(uH -m,0)90 :/ div(uH)5+/ pH - gradd =0,
Q Q

the last equality because of (4.3) and (4.1), since grad § € V(0). Then pH -n = 0 in H~'/2(002) and thus (4.6)
holds true.
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Finally, notice that E € H(curl, £2,) because of (4.2), and consequently E x n € H~1/2(962_.)%. Hence, to
prove (4.7), it is enough to show that there exists V. € H({2,) constant on each connected component of I}, UT},
satisfying V*\pEn — Vi rn = AV,, n=N;+1,...,N and such that (E x n,v)agc = —(grad V, x n,v)agc for
every v € H(l)éZ([} UIL)3.

Given one such v, there exits G € H!(£2)3 vanishing in 2, and such that Gloo, = v. Clearly, G € X. In
what follows we prove that (curl G - n, 1>F]n =0,n=1,...,N;. With this aim, let {,, be a smooth function
defined in {2 such that (jn\pjm = 0pm, m=1,...,N, and Cn\pE = 0. Then, using a Green’s formula and the fact
that G vanishes in (2, we obtain

(curl G - n, 1>F]n = (curl G - n,(,)on = / curl G - grad (,,.

2¢

Moreover, since G|o, € H'(£2.)? and grad ¢, |, € H(curl, £2.), using a Green’s formula,

/ curlG-gradZn:/ grad(, xn -G = grad(, xn-G =0,
2 0

- E) - FJn

the last equality because (, is constant on I7". Therefore, G € V(0) and we can use it to test (4.1).
Since G is null outside 2, and E = L curl H in £, using a Green’s formula and (4.2) we obtain

ag

N
Z AVn<cur16~n,1>1}n :/

iwﬂH~E+/ E curlG = (E x n,G)oo, = (E X n,v)oq._.
n=Nr+1 Qc Qc

On the other hand, for n = Ny +1,..., N, let {,, € H'(§2) be such that ¢, vanishes in §2,\ 20, ¢p=1on "

and ¢, = 0 on I]". If we define V, := ZnNzNH_l (—AVn)anc € H(£2,), taking into account that G is null in
2, and applying Green’s formulas, we obtain

n=Nr+1 n=Nr+1

N N
Z AV, <curl§ ‘n, 1>F” = <cur1é -n, Z A—Vn(jn>
J 20

= —/ curlG - grad V, = — (grad V, x n,v)agc.
0

C

Thus, from the last two equations, we derive (4.7). O

Remark 4.5. Let us notice that the current intensities through I, n = Ny +1,..., N, can be computed from
H as follows:

In:/ curl H - n, n=Nr+1,...,N.
F’VL

J

Our next goal is to prove that Problems 3.1 and 4.2 are equivalent, for what the following lemma will be
the main tool. Here and thereafter, for any S € Y, § will denote the extension of S by zero to 2. Notice that
SecX.

Lemma 4.6. Let ty,, € H(curl;$2), n = 1,..., N, satisfying (3.1)-(3.2). Given K,, € C, n = 1,..., Ny,
G € V(K) if and only if there evist S € Y, v € HY(2) and K,, € C, n = Ny +1,...,N, such that G =
S+ ZnN:1 Ky to,n — grad . Moreover, in such a case, K, = frn curlG-n,n=N;+1,...,N.

J
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Proof. Given G € V(K), let K, := frn curlG-n,n=N;+1,...,N, and G =G- ZnNzl K, to,,. We have
J
that G € H(curl; 2) and it satisfies

div(curl 6‘) =0 in 02,

curlG-n=0 on I,

/ curlG -n=0 for n=1,...,N.
I—'ﬂ,
J

The equations above allow us to use again Theorem 2.1 from [16] as in the derivation of the T', ¢ — ¢ formulation
to obtain S € Y which satisfies

curl S = curl G in £,

Sxn=0 on I].

Then, curl(CATY — S‘) = 0 in 2, so that, since §2 is simply connected, there exists 1 € H!({2) such that
G =S —gradvy. Thus, G = G + ZnNzl Kpto, =S+ ZnN:1 Kpto, —grad in (2.

Conversely, let G = S + ZnN:1 Knto, —grad, with S € Y, ¢ € H'(2) and K, € C, n = N; +1,...,N.
Clearly G € H(curl; £2) and curl G = 0 in {2, so that G € X.
Moreover, for n =1,..., Nj, we have that

N
/ cur1G~n:/ curlS-n—l—ZKm/ curlt07m~n:/ curlS -n + K,,.
F’VL F’!L F’!L F’VL

J J m=1 J J

Let § € C*°(£2) be as in Remark 4.1. Then, using a Green’s formula, the divergence theorem and Proposition 3.3
from [15], we have that

/ curl S -n = <Cu1‘l§ . n,5>H—1/2(8Q)XH1/2(89)
F’IL
J

= / CUI‘I:SV' . gradg = —<§ X n,gradT 6>H*1/2(8(2)3><H1/2(8(2)3
2
~ ~n
= —<S X n,gradT (5>H71/2(1—~D)3XH1/2(1—~D)3 — <S X n,gradT 5>H*1/2(FEUFJ)3><H1/2(FEUFJ)3 =S 0,

where for the last equality we have used that S=0in 2, and § is constant on each connected component of
I, UT; (see Rem. 4.1). Hence, K,, = [, curlG-n, n=1,..., N, so that, in particular, G € V(K). O
J

Taking the previous decomposition into account, we have that solving Problem 3.1 is equivalent to solving
Problem 4.2. In fact, we have the following result:

Theorem 4.7. Let ty,, € H(curl;2), n = 1,...,N, satisfying (3.1)—(3.2). Let I, € C, n = 1,..., Ny, and
AV, € C,n=N;+1,...,N. Any solution (T, $,In;+1,-..,In) to Problem 3.1 leads to the unique magnetic
field H := T + ZnN:1 Ity — grad ¢ that solves Problem 4.2. Conversely, the solution H to Problem 4.2 can
be written as H = T + ZnN:1 Ity —grad ¢, with (T, ¢, In,+1,...,In) being a solution to Problem 3.1.

Proof. Let (T, ¢,In,;+1,--.,In) be a solution to Problem 3.1 and H := T+ ZnN:1 I,to,, — grad ¢. According
to Lemma 4.6, H € V(I). Let G € V(0). We use Lemma 4.6 to write G = S + ZnN=N1+1 Kty — grad
with § € Y and ¢ € H'(£2). Hence, (4.1) follows by adding equalities (3.10), (3.11) and (3.12). Then, H is the
solution to Problem 4.2.
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Conversely, let H be the unique solution to Problem 4.2. According to Lemma 4.6, we write H = T +
ZnN:1 Ity —grad¢ with T € Y, ¢ € H(2) and I, € C, n = Ny + 1,...,N. Then, by substituting this
expression in (4.1) and taking separately test functions G = SforSey, G= grad ) for ¢ € HY(£2) and
G=ty,,n=Nr+1,...,N, we check that (T, ¢, In,+1,...,In) is a solution to Problem 3.1. O

Remark 4.8. The decomposition H = T+ ZnNzl Ity — grad ¢ is not unique. Therefore, Problem 3.1 is not
well-posed since it has multiple solutions (T', ¢, In,+1,-..,In); however, H := T + ZTILI Ity — grad ¢ is
uniquely determined for all of them. Furthermore, from the computational point of view, it could be interesting
to obtain one particular solution to this underdetermined problem because, to do this, the more expensive vector
unknown has to be computed only in conductors. Moreover, another advantage of the T', ¢ — ¢ formulation with
respect to an H, ¢ formulation is that it does not involve a multivalued potential, what would require the
construction of cutting surfaces.

5. FINITE ELEMENT DISCRETISATION

In this section we will introduce a discretisation of Problem 3.1 and proceed as in the previous section for its
analysis. From now on, we assume that (2, {2 and {2, are Lipschitz polyhedra and consider regular tetrahedral
meshes 7}, of {2 such that each element T € 7}, is contained either in (2, or in (2, (h stands as usual for the
corresponding mesh-size). Therefore, 7p,(£2,) := {T cT,: TC ﬁD} and 7p(02.) = {T eT,: TC ﬁc} are
meshes of 2 and (2., respectively.

We employ edge finite elements to approximate the current vector potential T, more precisely, lowest-order
Nédélec finite elements:

Nin(£2) == {Gy € H(eurl; 2.) : G|z € N(T) VT € To(2,)},
where, for each tetrahedron T,
N(T):={GreP}T): Gr(z)=axz+b, a,beC? zeT}.
For the magnetic potential ¢, we use standard finite elements:
Ln(2) := {¢n € H'(2) : ¢nlyp € PU(T) VT € Tn}.
We introduce the discrete subspace of Y
Vi={GrLeNLI,):G,xn=0 onl}.

We also introduce discrete normalised impressed vector potentials tgvn ENWL), n=1,...,N, satisfying

/ curl t&n n =1, (5.1)
I_‘TL
J

curl t&n =0 in N\ (5.2)

n
C

and a discrete impressed vector potential Tl := ZnN:1 Intfin € N1 (£2). We describe in next section how such
t’&m n=1,...,N, can be computed in practice.
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Then, the discretisation of Problem 3.1 reads as follows:

Problem 5.1. Let t}(},n € Nu(82), n = 1,...,N, satisfying (5.1)~(5.2). Given I, € C, n = 1,..., Ny, and
AV, €C,n=N;+1,....N, find T}, € Y, ¢n € Ln(2) and I" € C for n = Ny +1,..., N such that

N
_ 1 _ _
/ iwy(Th—gradgbh)-Sh—&—/ —curl Ty -curl Sy, + g If;‘ (/ iwut}gn - Sy +/
17} 2.0 17} '

e} e} n=Nr+1 e} “Qc

1 —
—curltl - curl Sh>
pu :

C

Ny
_ 1 _
= — g I, (/ iwutgvn - Sy, —|—/ —curltfin -curlSh> VShLeE€Yn (5.3)
n=1 2 ‘QC o

N
— / iwuTy, - grad ¥, +/ iwp grad ¢y, - grad 1, — Z I,’Z/ iwut’&n -grad v,
26 §2 n=Nr+1 §2

Ny
= 1,  dwnth, - eradi, Vo, € (@), (5.4)
n=1 2

. Zh . Zh
iwpTh -ty — /Q iwp grad oy, - Ly, + /Q

(]

Ny
1 — _ _ —
+I7};/ —curltg7m2> K, = AV, K, — (E In/ Wﬂtg,n'tg,m> K, VYK,e€C, m=N;+1,...,N.
Q - Je

m O
C

N
1 —h . —h
—curlTy, - curlt " th .t
Soul Ty curl Y0 10 [ donth B

c s n=N;+1

(5.5)

As in the continuous case, Problem 5.1 has infinitely many solutions, but any of them will be useful for our
purpose.

Again, we will perform the mathematical analysis of the above problem by proving its equivalence with a
discrete version of Problem 4.2. To this end, let us consider the following discrete subspaces:

Xp={GrLeNR) : curlG, =0 in N} CX,

Vi(K) = {GheXh:/ curlGh-n:Kn,nzl,.‘.,NI}CV(K).
FTL

J

Then, Problem 4.2 is discretised as follows:
Problem 5.2. Given I,, e C, n=1,...,N;,and AV,, € C,n= Ny +1,...,N, find Hj, € V;,(I) such that

N
/ iwpH), - Gy +/ 1 curl Hy, - curl G, = Z AVn/ curlGj, -n YG}, € Vi(0). (5.6)
Q 2,9 n=N;+1 b

We have the following result.

Theorem 5.3. Problem 5.2 has a unique solution H},. Moreover, if the solution to Problem 4.2 satisfies H|QC €
H"(curl, 2.) and H|q_ € H"(£2,) with r € (1,1], then the following error estimate holds

|H — Hh“H(curl;Q) <Ch [”H”HP(C"”’QC) + ”HHH'P(QD)S ’

where C' is a strictly positive constant independent of h and H.
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Proof. Since the sesquilinear form in the left hand side of (5.6) is continuous and X’;, —elliptic, the only thing to
prove in order to obtain the well-posedness of Problem 5.2 is that Vj(I) # 0. This proof is very similar to the
one appearing in Section 4 of [8], but we include it here for the sake of completeness. Indeed, for n =1,..., Ny,

let /ﬁz € X}, be such that far_j ﬁ: -T; =0j, for j =1,...,N. In Remark 5.3 from [8], a basis of X}, under
J

——n
our geometrical assumptions is given, from which such H are easy to construct. Then we define

Ny
— —=N
Hy = E 1, H,.
n=1
Hence,
Ny
— — —=N
/_curth~n: _Hh--rjzg I, H, -1;=1,.
Iy ory n=1 ory

Thus, H), € V().
On the other hand, concerning the error estimate, it follows from the ellipticity of the sesquilinear form, Céa’s
lemma and standard error estimates for edge elements. O

To the best of the authors knowledge, the regularity of H assumed in the second part of Theorem 5.3 has
not been proved. Indeed, as shown in Theorem 4.4, the solution H to Problem 4.2 satisfies div(uH) = 0 in
2 and pH -mn = 0 on 9f2. Therefore, when p is constant in the whole domain §2, according to [5, Prop. 3.7,
H € H"(2)? for some r > 1/2. However, even in this case, it is not known whether curl H € H"(£2.)3.

The following characterization is the discrete analogue to Lemma 4.6.

Lemma 5.4. Let t}, € N'w(2), n=1,...,N, satisfying (5.1)-(5.2). Given K, € C, n=1,..., Ny, a discrete

field G, € Vi,(K) if and only if there exist S, € Yn, ¥n € Li(2) and K" € C, n = Nr+1,..., N, such that

G, =S+ ZnNél Knt(}in + ZnNzNI-i-l Kﬁt&n — grad y,. Moreover, K" = fpn curlG, -n,n=N;+1,...,N.
J

Proof. Given G, € Vi (K), let K := fm curlGy, -m, n= N;+1,...,N, and éh =G — Zﬁll Kntfin —
J

N Khh .Then,ahGNhQ,curléhzoin() and ncurla‘h-n:(),nzl,...,N.
n=N;+1"*n"0,n D I
J

Let us recall that we denote (~)D =02\ UnN=1 2, the simply connected domain obtained by removing the cut
surfaces X, n =1,..., N, from (2. We assume that surfaces X, are polyhedral and the meshes are compatible
with them in the sense that each X, is a union of faces of tetrahedra T' € 7j,. Therefore, 7;,({2,) can also be
seen as a mesh of (NZD. Each function ¢ € Hl(f)D) has, in general, different traces on each side of X, and we
denote by

[[TZ]] ¥, szg - 12‘ pons

the jump of 121\ through X, along n,,. Moreover, the gradient of 12 in D (ﬁD) can be extended to L2(£2,)% and

will be denoted by grad .
Let us introduce the space:

Lh(2,) = {th eHY(2,): dnlp €PIT) VT € Th(QD)},
and the subspace

O, = {&h € Ln(2,): [[ﬁh}]zn = constant,n =1,.. .,N} .
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Since G‘h\QD € Ni(£2,) is such that curl @h\QD = 0, according to Lemma 5.5 from [9], there exists Uy € Oy
such that ah|QD = — g/I_‘\é_l;l’LZh. Moreover, by using Stokes’ theorem,

OZ/ curléh~n: éh""n:/ gI‘/\E;a’(ZJ\h~Tn=[[’(ZJ\h]]E,
. Tn

n
n

which implies that zzh does not have jumps across the cut interfaces X,,, n =1,..., N, and hence 12;, € Lp(£2,)
and Gh|Q = —gradwh Let ¢y, € Ly(£2) be any extension of wh to {2 and Sh = Gh\g + gradwh\g €
N1 (£2,). Since G, = —grad ¢, in £2,, we have that Gy x n = —grad ), x n on I} . Therefore,

thn:thn+grad¢hxn:0 on I .
Then, Gj, = Sy + S0, Kuth , + S0 KMl — grad iy, with S, € Yy, and ¢y, € L4(92).

Conversely, let G, = S), + ZnNél Kntg,, + ZnN=N1+1 Kl — grad ¢y, with Sj € Y, ¥, € L5,(2) and
K,e€C,n=N;+1,...,N. Clearly, G, € X},. Moreover, since S} € Yy, by Stokes’ theorem

/ curl S, - n = Sp-1n=0, n=1,...,N
" Yn

Therefore,
Ny
/ CurlGh'n:ZKn/ curlt(, - n+ Z Kh/ curltf, - n=K,, m=1,... Ny
J”YL n:l m n— NI +1 m
Ny
/ CurlGh'nZZKn/ curlt(, - n+ Z Kh/ curlt, -n=K}), m=N;+1,...,N.
J?n ne1 Jm n=N;+1 m
Consequently, Gy, € V,(K) and we finish the proof. O

Taking the previous decomposition into account, we conclude that solving Problem 5.1 is equivalent to solving
Problem 5.2.

Theorem 5.5. Let t)! 0n € Nn(2), n = 1,...,N, satisfying (5.1)-(5.2). Let I, € C, n = 1,..., Ny, and
AV, e C,n = Nr+1,...,N. If (Th,¢h,lj@l+1,...,lj’(’[) is a solution to Problem 5.1, then H} = Th +
Z i tO n Zn Nyl Ifjto » — grad ¢, solves Problem 5.2. Conversely, if Hy, is the solution to Problem 5.2,
then Zt can be written as Hy, = T}, + ZNI I, t ot Zn Nyt1 ntOn grad ¢, with (Th,¢h,11'{71+1,...,11’(’[)
being a solution to Problem 5.1.

Proof. Let (Th, ¢n, 1%, 11, .., 1}) be asolution to Problem 5.1 and Hy, := Th—I—ZNI Lt} —l—Zn Nit1 Iy, —
grad ¢;,. According to Lemma 5.4, Hy € Vi(I). Let G, € V},(0). Using again Lemma 5. 4 we have that there
exist Sy € Yh, ¥n € L,(2) and Kﬁ €eC,n=N;+1,...,N such that G}, = S +Zn Nitl Khto » — grad iy,.
Then, by testing equations (5.3), (5.4) and (5.5) with Sh, 1y and KN1+17 ..., K% respectively, and adding the
resulting equations, it is easy to check (5.6). Thus, Hy, is the solution to Problem 5.2.

Conversely, let Hj be the solution to Problem 5.2. According to Lemma 5.4, there exist T}, € Y, on €
Ly(2) and I" € C, n = Ny +1,...,N, such that H, = T}, + Z It + Zn Ny 41 10t — grad ¢y,
Moreover, I = fpn curlH; -n, n = N;y+1,...,N. Substituting Hj by this expression in (5.6) and testing

J
the resulting equation successively with G, = g’h for Sp, € Y1, G = grad ¢y, for ¢y, € L,(£2) and G, = tfim,

m = Ny +1,..., N, we obtain equations (5.3), (5.4) and (5.5), respectively. Thus (T, on, IN;+1,---,IN) is &
solution to Problem 5.1. O
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Remark 5.6. The decomposition of the solution to Problem 5.2, Hj, = T, + ZnNél Ll + ZnN=N1+1 s, —
grad ¢y, is not unique and, therefore, Problem 5.1 is not well posed. Actually, Problem 5.1 has infinitely many
solutions, all of them leading to the same approximated magnetic field Hj. In order to obtain a particular
solution to this problem one could use an iterative method like biconjugate gradient, which is the one that we
have used in our numerical tests.

Theorem 5.7. Let (T, ¢,In,+1,-..,In) and (T, qﬁh,lj’(’hﬂ, .o, I%) be solutions to Problems 3.1 and 5.1, re-
spectively. Let H := T + 227:1 Ity , —grad ¢ and Hy, = T + ZnNil Int(})L,n + ZTILNI_H Iﬁt&n —grad ¢y. If
H|q € H(curl, ) and H|q_ € H"(£2,) with r € (1,1], then

|H = Hilleuriy < O [|H i ourt,p + 1 H e, 5]
where C' is a strictly positive constant independent of h and H.

Proof. 1t is a straightforward consequence of Theorem 5.3 since, according to Theorem 4.7, H is the solution
to Problem 4.2 and, according to Theorem 5.5, H}, is the solution to Problem 5.2. O

6. COMPUTATION OF THE NORMALISED IMPRESSED VECTOR POTENTIALS

The aim of this section is to introduce some numerical procedures to compute the discrete normalised im-
pressed vector potential tg’n that do not make use of cutting surfaces.

First, by following the ideas in [12], we propose a numerical method based on the Biot—Savart law. For each
n =1,...,N, let L, be a polygonal filament (namely, a closed simple polygonal curve) going across (27! as
shown in Fig. 2. We assume that L,, N 27 is made of edges of thetrahedra (as in Fig. 2, again). Let H be the
Biot—Savart field in {2 corresponding to L,, and carrying a unit current intensity:

!
H (x):= % /Lﬂ TL, X ﬁdaz’, (6.1)
where 71, is the unit vector tangent to L. It is easy to check that H has no singularities outside inductor {27,
since the current filament L,, does not intersect 2\ £27. In fact, since the integrand is infinitely smooth outside
of Ly, it is immediate to check by differentiating under the integral sign that H. € C>(£2\ Qg)3 Then, we
can take as discrete normalised impressed vector potential tfin the field in N, (2) with its degrees of freedom
defined for each edge ¢ of the mesh 7} as follows:

/}l {Lﬂg-n, if 0 c 2\ 0,
tO,TL Ty =

(6.2)
0, if 0 ¢ 2\ 2,

F1cURE 2. Current filaments for the domain in Figure 1.



ANALYSIS OF AN UNGAUGED T,¢—¢ FORMULATION 2503

where 7y is the unit vector tangent to the edge ¢. Therefore, tg,n\m is the Nédélec interpolant of Hgs\m

- c_ C

Thus, since curl H, = 0 in {2\ 27, we have that curl tgvn = 0 in 2\ 27, too. On the other hand, since
[, Hl, - Tn =1, we also have that [ £, T = [, H}, 7n = 1. Thus, tf . € N'n(£2) satisfies (5.1)-(5.2).

In order to compute (6.1) for & € 2\ £27, we add the contribution of each edge £ lying on the current filament

L,, (note that this includes tehtrahedra edges as well as the segments out of {2 added to close the curve L, ; see

Fig. 2). Thus, we write

Bs(x) =Y Hpyi(z)

{CLy
with
1 x—x 1’Ug><($—$1g—8’0g) vy X (& — X1 ) ! 1
H":(x ::—/ xidaz’:/ : ds = : /
5s(®) A7 KTL" |z — |3 0 |z — @10 — sv|? s 47 0 & —x1e— sv)? ®

with @ ¢, 2¢ the end-points of the edge ¢ and vy := ®2 ¢ — @1 0. If we denote by L, the straight line in R3
containing the edge ¢, we notice that the integrand in the above expression is ill defined if & € ¢ and that
H%é(az) =0 for every @ € L, \ £. Let us define

a; =T — Ty and az (=T — T2 y.
Then, it can be shown that the integral in the previous expression reduces to:

((11 — CLQ) X ap as - (a1 — (12) |CL1‘ —aj - (a1 — (12) |CL2‘
H%é(az) = 4m la| |as| |a; x as]?
0, ifx e Lz\g‘

, ifw%Lg,

(6.3)

Remark 6.1. The above formula was developed following the ideas proposed by Urankar in [22], where he
establishes an expression for the Biot—Savart field created by a straight current filament oriented in the e,
direction. Other alternatives can be found, for example, in [17] and the references therein.

Even though (6.3) are analytical expressions to evaluate the integrals in (6.1), we compute numerically the
integrals on the right hand side of (6.2) by means of the mid-point quadrature rule. In the next theorem we
prove that the errors that arise from this numerical quadrature do not spoil the rate of convergence of the
method in the case where all sources are given in terms of the current intensities.

~h
Let ¢, ,, be the approximate discrete normalised impressed vector potential, obtained by using the mid-point

~h
rule for computing the integrals in (6.2); namely, ¢, ,, € N3 (£2) and

/Ah {(Hgs(fﬁz) T |, it ec 2\,
tO,?’l Ty i —

(6.4)
0, if 0 ¢ 2\ 2,

where |[¢| denotes the length of the edge ¢ and x, is its middle point. When 2(? . are used instead of £, in
Problem 5.1, we obtain an approximate discrete solution (i’h , ggh) instead of (T'y, ¢p,), from which we compute
the approximate discrete magnetic field /ﬁh = ’f’h + Zﬁll I"/t\(?,n — grad &h.

The following result shows that using the computed values /ﬁh instead of the exact ones Hj; does not

deteriorate the order of convergence.

Theorem 6.2. Let H;, and ﬁh be as defined above. Then, there exists a constant C' > 0 such that

|H -~ H| < Ch.
H(curl;2)
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Proof. As shown in Theorem 5.5, H, satisfies

— 1 —
/ wpHYp - Gy +/ p curl H), - curlG, =0 VY Gj € V5(0). (6.5)
Q

2¢

Notice that ?:n € N1 (02) satisfy (5.2) but, in general,

~h
/ curlt,, -n # 1.
In

J

As a consequence, /ﬁh is not a solution to Problem 5.2 because, in general, /ﬁh ¢ Vi (I). However, the same
arguments used in the proof of Theorem 5.5 allow us to show that H, satisfies the same equation:

—~ 1 —~ _
/iw,uHh~Gh+/ ;curthw:urlGh:O VY Gr € Vi(0). (6.6)
Q

¢

Let Fy, := ’f’h — grad ¢;, € V;(0) and ﬁ‘h = ’f’h — grad quSh € Vi(0). Then, H), = Fj, + ZNfl Intg,n and

n=

— ~h
H, =F),+ Zﬁll It ,,- Substituting these expressions into (6.5) and (6.6) and subtracting we obtain

/ iwpnAFy, - Gy + / l curl AF}, - curl G,
Q

g
2q

Nr
+ Z I, iwpAth G+ 1 curl At} -curlG), | =0 VG, € V,(0), (6.7)
n=1 ¢ , ¢ g ,

~ ~h _ _

where AF}, := Fj, — F, and At} =t} —t,,,. Since a(Fy, G},) := finth -Gy, —&—fn Lcurl Fj, - curl Gy,
El k] k] c g

is a continuous and elliptic bilinear form in X x X} (see [10]), by taking G, = AF},, we obtain

Nr
HAF}LH%{(curl;Q) <C a’(AFha AFh) < CZ ‘In| HAFhHH(curl;Q) HAt(})L,n |H(curl;Q)a
n=1
and, then,
N[ NI
|En =B, S AR eur) + D0 1l 1A ol lceurie) < © D I 148 lceuri)
’ n=1 n=1

Let ¢, be the basis function of the lowest-order Nédélec finite element space N, (£2) corresponding to the

~h
edge ¢. Then, t{, = ZZCWQQ ([, HE.-7¢) ¢, and t,,, = chm (H (x¢) - Te|l]) ¢y, n=1,...,N. Conse-
quently, using the classical error formula for the mid-point rule leads to

T ol w2 0| €
24

||H,
HAtg,nHL2(9)3 < Z (HBS - HBS(:EZ)) " Te H¢ZHL2(Q)3 < Z = H¢£HL2(Q)3

= |Ju i
(2, ISaNer

and, analogously,

[[Hyg - 7ol lw2.oe o) 1]
24

| curl Atg L2 <)
(N

[ curl @ |[L2(2)3,
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Now, scaling arguments (see, for instance, [21]) and the regularity of the meshes lead to

¢ c
|@ellr2 (o) < 7 and || curl @y||r2(0)s < T

Therefore,
HAt(})L,nHL2(Q)3 < Oh2 and H curl At(})L,nHL2(Q)3 < Ch,

where C'is a strictly positive constant independent of h. Then,

HHh—’I?th < Ch. O
H(curl;2)

For problems in which the potential drop is given as source data instead of the current intensity, the proof
above is no longer valid. However, we have numerically checked that this procedure for approximating the
discrete normalised impressed vector potentials does not spoil the convergence rate.

Alternatively, the procedure introduced in [2] to construct the so-called loop fields allows for constructing
a normalised impressed vector potential that exactly meets conditions (5.1)—(5.2). This algorithm, like the
previous one, does not make use of cutting surfaces, but is slightly more involved as it requires the use of some
graph theory concepts. For completeness, we include here a brief description of the construction of a normalised
impressed vector potential based on the one appearing in [2] and refer to this paper for further details.

Let us denote by V and E the set of vertices and edges of the mesh 75, (£2\ £27) := {T eT,: T CN\ Qg},
respectively. Moreover, let S, = (V, L) be a spanning tree of the graph (V, E) (that is, a subgraph of (V, E) that
includes all of the vertices and for which every two vertices are connected by exactly one path) and let v; be
one of its vertices. Then, given a vertex v € V', there exists a unique path C' that connects v to v. Furthermore,
given a path C,, let us denote by —C, the path that connects v to v;. Finally, given an edge e € E, with
extremities ve,; and ve2,we define D, := C,_, +e— C,,_,. The Nédélec degrees of freedom of the normalised
impressed vector potential can be computed as follows:

/ N Ik(Dy, Ly,), if ¢ C 2\ Qg,
t Ty =
0, if ¢ 2N\ 7,

0,n
where 1k(Dy, Ly,) is the so-called linking number of the oriented curves D, and L,,. To compute this linking
number we have used the algorithm described in [6]. As shown in [2], the field tfin € N1, (£2) computed in this
way satisfies (5.1)—(5.2).

7. NUMERICAL RESULTS

In this section we report some numerical results obtained with a MATLAB code which implements the numer-
ical methods described above. In particular, since the linear system matrix arising from Problem 5.1 is complex
non-Hermitian, we have used the command bicg to solve it, with a tolerance threshold of 1078, Let us remark
that when this command is applied to an underdetermined linear system with a singular square matrix, it yields
one particular solution. (Let us recall that obtaining one particular solution is enough, since any solution of this
problem leads to the same magnetic field.)

First, we will study the convergence of the method by using an example with known analytical solution and
only one connected component in the conducting part. Next, we will report the results for a domain with several
connected components in the conducting domain.
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FIGURE 3. Infinite cylinder carrying an alternating current (left). Convergence order in
H(curl; 2) (right).

7.1. Test with analytical solution

In this section we report the numerical results obtained for an academic test that confirm the results stated
in the previous sections and the convergence of the proposed methodology.

We take as conducting domain a section of height L = 0.5 m of an infinite cylinder with radius R = 0.5
m, as shown in Figure 3(left). This cylinder is composed by a conducting material with electric conductivity
o = 151565.8 (2m)~! and magnetic permeability ;1 = po = 47 x 1077 Hm™!, and it carries an alternating
current I(t) = Iocos(wt), where Iy = 10* A and w = 27 f, with f = 50 Hz, surrounded by dielectric material
having an outer radius R, = 1 m. We can obtain the analytical solution to the associated eddy current problem,
which is (see [4], Sect. 8.1.5):

1vZi (Viwpop)

if p<R
9nRL,(ViepoR) 0 B P
H(x) =
I
9 ey, if p>R,
2mp

where 7 is the modified Bessel function of the first kind and order 1, and p = \/2% + 22 and ey := (—z2,71,0)/p
are the radial coordinate and the angular unit vector in cylindrical coordinates, respectively. Notice that the
solution to the problem does not depend on the values of L or R, because the magnetic field H is independent
of the z-coordinate and it exactly satisfies the boundary condition (2.6).

When comparing the numerical solution obtained from Problem 5.1 with the exact one, we obtain the error
curves in Figure 3(right), which show that an order of convergence O(h) is clearly attained in this case, in
agreement with the theoretical results. This test has been separately performed with current and potential drop
as source data; the solutions showed the expected order of convergence with very similar relative errors with
respect to the analytical solution, as it is deduced from the overlapping of the error curves in Figure 3(right).
In particular, for the case in which the potential drop is given, we have used the analytical expression (see
again [4], Sect. 8.1.5):

R

AV — Viwpo LIy Zo(viwpo R) LI log (Roo) 7

2noR I (viwpoR) + Zw'uﬁ

where Z; is the modified Bessel function of the first kind and order 0.
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FIGURE 4. Geometrical setting for the conducting domain (left) and for the whole computa-
tional domain (right).

7.2. Example with several connected components in the conductor

In this section we report the results of a numerical test with a topological setting closer to that appearing
in applications, where the conducting domain usually comprises several connected components. Indeed, the
proposed geometry consists of two cylindrical inductors, Qé and Qg, with radius R. = 0.05 m and height h. = 0.5
m, and a parallelepipedic workpiece, Qg, with dimensions h,, = 0.2 m, {,, = 0.2 m and w,, = 0.05 m (see Fig. 4).
The distance between each inductor and the workpiece is 0.05 m. Both inductors have electrical conductivity
o =100 (22m)~! and vacuum magnetic permeability s, while the workpiece has electrical conductivity o =
10% (2m)~! and vacuum magnetic permeability po. The inductors are connected to an external current source
and surrounded by a box of dielectric material of dimensions wp = 2.2 m and Ip = 2 m (and with the same
height as the inductors). The main goal is to compute the current density induced within the workpiece. The
currents entering the inductors are I; = I = 103 A, the frequency of the problem being f = 50 Hz.

In Figure 5 we show the complex modulus of the current density in the workpiece. Notice that the mesh
was generated taking into account the “skin effect”, which usually appears in this kind of problems, making
the current density in the workpiece to be highly concentrated near its boundary. This can be clearly seen in
Figure 5.

In order to validate the method in this topological setting, we have compared the magnetic field obtained
from the solution to Problem 5.1 and the solution to the same problem obtained with the commercial software
Altair Flux®, which makes use of another variant of the T',¢-¢ with second order elements. This comparison is
presented in terms of the active power in each connected component of the conducting domain and the potential
drop in the inductors (see Tab. 1). Moreover, in Figure 6, we compare the value of the current density modulus
along straight lines in the workpiece Qg passing through the center of the piece in the z- and y-directions.

As it can be seen in Figure 6, the current density presents an important rate of change both along the z- and
the y-directions in the workpiece. Anyway, the agreement between the values of the density computed with both
methods can be clearly seen from this figure. Let us remark that this agreement is even better in the inductors,
as is suggested by Table 1.
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FIGURE 5. Current density modulus (A/m?) in the workpiece £22.

TABLE 1. Active power and potential drop comparison.

Problem 5.1 Flux Relative Error
Active Power 2L 3.2105¢5 W 3.1924e5 W 0.5666%
/ |72 =123 2 3.2105e5 W 3.1955¢5 W 0.4691%
ol 20 Y 2 0.0685 W 0.0632 W 6.6718%
Potential Drop AV, 642.1028 + 0.1574i V 636.6797 + 0.1528; V 0.5666%
AV 642.1005 + 0.1572¢ V 636.6760 + 0.1526i V 0.4691%
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FIGURE 6. Current density modulus (A/m?) comparison in the workpiece 22 along different
directions.
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