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Abstract: A unified discretization framework, based on the concept of augmented dual grids, is
proposed for devising hybrid formulations which combine the Cell Method and the Boundary
Element Method for static and quasi-static electromagnetic field problems. It is shown that hybrid
approaches, already proposed in literature, can be rigorously formulated within this framework. As
a main outcome, a novel direct hybrid approach amenable to iterative solution is derived. Both direct
and indirect hybrid approaches, applied to an axisymmetric model, are compared with a reference
third-order 2D FEM solution. The effectiveness of the indirect approach, equivalent to the direct
approach, is finally tested on a fully 3D benchmark with more complex topology.

Keywords: hybrid method; coupling; electromagnetic; magnetostatics; magnetodynamics; eddy—
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1. Introduction

Hybrid approaches have been devised for analyzing static and quasi-static electromag-
netic problems since the early 1980s to overcome several limitations of both differential and
integral equation methods [1,2]. Differential equation methods such as the Finite Element
Method (FEM) are suited for analyzing field problems encompassing nonlinear, anisotropic,
inhomogeneous materials, even though restricted to bounded domains. Integral equa-
tion methods such as the Boundary Element Method (BEM) are used for modeling field
problems with homogeneous and linear media in unbounded domains. Field problems
encountered in the engineering practice include complex parts and open air domains;
therefore, it is natural to couple FEM and BEM for an effective modeling.

The Cell Method (CM) has been introduced in computational electromagnetics as
a differential equation method alternative to the FEM [3,4]. Compared to the FEM, this
discretization approach for boundary value problems (BVPs) shows some remarkable
peculiarities. According to the FEM procedure, partial differential equations (PDEs), locally
describing the physical behavior of the field problem, are first expressed in variational
form and then approximated by means of polynomial shape functions, defining finite
dimensional subspaces within the solution space. Conversely, the CM provides field
equations directly in algebraic form, suitable for numerical computation, and problem
variables are scalar potentials or integrals (termed degrees of freedom, DOFs) related to
geometric entities such as points, edges, faces, or cells of the computational domain
discretization. A combinatorial discrete model, approximating the continuous physical
model, is thus constructed and formulated in a similar fashion of electric network problems
as illustrated in [4]. In the CM formulations’ topological equations, describing mesh
connectivity, are split from constitutive equations, describing the local behavior of materials,
and are then assembled together for yielding the final linear system. In such a way, the
approximation error is limited to the discretization of constitutive relationships, differently
from the FEM. The so-called energy approach makes it possible to obtain final mass matrices,
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which discretize local constitutive relationships that are both symmetric and positive
definite [5,6]. These algebraic properties lead to well-behaved matrix systems, which can
be treated by efficient iterative solvers typically adopted for solving FEM matrix systems.
Piecewise constant basis functions, defined only for the CM, have been proposed not
only for standard tetrahedral and hexahedral meshes (see, e.g., [5]) but also for general
polyhedral meshes allowing for the discretization of any type of model geometry [7]. These
basis functions are suitable for CM but not for FEM, since they exhibit less regularity than
that required by the FEM. Other valuable advantages of the CM over the FEM are that
Gaussian quadrature is not required and matrix assembly is entirely Jacobian-free, reducing
both code complexity and computational cost.

The use of DOFs as field problem variables and the splitting between topological and
constitutive relationships make the CM well suited for coupling with integral equation
methods. In fact, DOFs naturally enforce field trace continuity across the mesh elements and
topological relationships are exactly represented by the CM. Both of these features are key
in order to ensure an effective hybridization. The first coupling strategy between CM and
integral equation methods was proposed in [8] for analyzing 3D nonlinear magnetostatics.
Two hybrid approaches were presented, i.e., one based on the Green'’s function formulation
and the other one based on a direct BEM formulation for modeling the exterior region with
constant magnetic permeability. A hybrid formulation for 3D magnetostatics coupling
the CM and the Fast Multipole Method (FMM) was proposed in [9]. The use of FMM
alleviated computational costs and memory resources compared to previous hybrid CM-
based formulations. The coupling strategy adopted for magnetostatics was then extended
to 3D time-harmonic magnetic problems in [10]. By using a direct BEM formulation, a final
non-symmetric matrix system—to be solved by a GMRES iterative solver—was obtained.
In [11], a novel CM variant was proposed. In this work, the key idea of augmented dual
grids, instead of dual grids as in the classical CM [3], was introduced in order to allow
for a rigorous treatment of interface and boundary conditions. By using novel topological
operators defined in [11], it was possible to obtain a symmetric CM-BEM formulation for
3D magnetostatics, with the great advantage of using a fast MINRES iterative solver for the
final matrix system solution [12]. In a such formulation, a, i.e., line integrals of the magnetic
vector potential A in magnetic regions, and ¢,, i.e., reduced magnetic scalar potentials
on the boundary nodes, are the problem unknowns. The key advantage is to minimize
the number of DOFs for the discretization of both interior and exterior field problems.
This approach was then extended to 3D electrothermal problems with a simply-connected
unbounded domain [13]. In such a case, a TFQMR iterative solver could be used instead
of a less efficient GMRES solver, typically required by the FEM-BEM formulations with
unsymmetrical final system matrices.The a—¢, method proved to be also effective and
robust for 3D time-harmonic magnetic problems with multiply—connected domains [14].

The main goal of this paper is to show that hybrid approaches coupling the CM and
the BEM can be described under a unified theoretical framework, based on the concept of
augmented dual grids. These approaches can be regarded as a valid alternative to hybrid
methods based on the FEM, which have been thoroughly discussed in the literature. As a
result, a novel direct hybrid approach is derived, which is amenable to iterative solution
such as a previous companion indirect hybrid approach. Numerical tests show that direct
and indirect hybrid methods have similar accuracy.

This paper is organized as follows. The electromagnetic field problem formulation
at low frequency is introduced in Section 2 for the continuous setting. PDEs for interior
field problems with conductive and magnetic media are derived, whereas boundary in-
tegral equations are obtained by using both direct and indirect approaches to model the
unbounded air domain. The CM formulation based on augmented dual grids is briefly
outlined in Section 3, focusing on the construction of discrete topological operators and
constitutive relationships which are key in CM implementations. Direct and indirect BEM
formulations, which have been used in the literature for the hybridization with the CM, are
discussed in Section 4. Such a theoretical framework is used in Section 5 to derive CM-BEM
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hybrid formulations already presented in the literature for analyzing static and quasi-static
electromagnetic field problems over simply connected and multiply-connected domains.
Moreover, a novel hybrid method, based on the direct BEM approach, is obtained as a
main outcome of this research. In Section 6, direct and indirect hybrid approaches, based
on the a—¢, formulation, are validated on an axisymmetric model with a third-order 2D
FEM solution, taken as a reference. As an example of the application of the 3D CM-BEM
software, a classic validation benchmark (the so-called “Bath Plate” problem) is finally
considered. Conclusions are given in Section 7.

2. Electromagnetic Field Problems

In this work, only static or quasi-static electromagnetic field problems are considered,
which amounts to neglecting the electric displacement current density from Maxwell’s
equations. According to the time-harmonic assumption, any field source is assumed to
operate at fixed angular frequency w [2]. In such a way, by assuming linear conductive
media (with locally piecewise constant electric conductivity ¢) and magnetic media (with
locally piecewise constant magnetic permeability y), any field quantity in the time domain
can be described in terms of phasors, i.e., complex valued vector fields. For instance, the
electric field € can be derived from its corresponding phasor E, as:

E(x,t) = Re(E(x)exp(1wt)), 1)

where 1 is the imaginary unit, x is the position, and f is time. The same expression holds for
other relevant field problem quantities, i.e., magnetic field H, magnetic flux density B, and
current density J. In the following, the dependence from x of field variables is neglected
for the sake of conciseness. The eddy-current model, which holds at a low frequency and for
linear media, is governed by [15]:

VXE+1wB =0, 2)
VxH=], (©)
J=0E+]Jo, 4

H = vB, (5)

where v = pu~! is the magnetic reluctivity. Electromagnetic excitation is represented by
an ideal coil in which a fixed solenoidal source current density Jo, such that V-Jo = 0, is
imposed. Note that conservation laws for the magnetic flux density (i.e., Gauss law) and
the current density (i.e., charge conservation for magneto-quasistatics) that is

V-B =0, ©6)
V-] =0, @)

are implicitly fulfilled by (2) and (3), respectively. (2)—=(5) have to be supplemented by the
following decay conditions ensuring electric and magnetic energies to be bounded in R3:

E(x) = O(||x]|7%), H(x) = O(|x||72), constantly for ||x|| — oco. (8)

Note that field equations for magnetostatics are simply obtained as a special case
of (2)—(5), by setting w = 0 (static problem) and o = 0 (i.e., only magnetic media). In such a
case, due to the lack of eddy—currents, the Faraday-Neumann Equation (2) can be dropped
(i.e., E does not need to be considered), and J is due only to field sources. For this reason,
only numerical models for solving the eddy-current model will be presented hereinafter.

The computational domain of the eddy-current model is depicted in Figure 1. The
interior region Q) = [J;{_; O is defined as the union of n open bounded and possibly
multiply-connected subdomains (2 C R3, k = 1...n, which include conductive and/or
magnetic linear materials. Let Q be the set closure of Q. The domain Q, = R3\ Q is
then defined as the exterior region, which is unbounded and possibly multiply-connected,
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and includes field sources in the subdomain Qg C ). The air region can be possibly
split between () and (.. Note also that () is strictly embedded in the exterior region,
so that 00)9 N 0Q), = @. The interface between interior and exterior regions is the surface
I = ONQ,, which can be partitioned into several connected components I'y = 9d(),
k =1,...,n. Finally, it has to be noted that the surface I' is also the boundary of ).

T

£
Q. J,

Figure 1. Computational domain for the eddy—current problem with open boundary: () is the interior
region (possibly multiply-connected), O is the exterior region (which is unbounded), and Q) is the
source region (with given current density Jo). The interface I' separates () from Q.

2.1. Interior Problem

In order to reduce the number of field problem variables, a magnetic vector potential
A, such that E = —1wA, can be used [15]. By letting the vector potential in (2), it results in:

B=VxA, )

which implicitly fulfills (6) in (). By eliminating the magnetic field variable from Ampére’s
law (3) and by taking Jo = 0 since no source currents flow in the interior domain, the
magnetic vector potential diffusion equation in () is obtained:

VXxvVxA+i1wocA=0. (10)

Note that the use of an “electric variable” A makes it possible to also model parts of
() that are non-conducting (i.e., Q0 C ), with ¢ = 0 locally), which is very common in
practical engineering problems. On the other hand, for numerical computing purposes,
the interior region has to be restricted as much as possible in order to reduce the mesh
region and, in turn, the number of unknowns in the discretized model. (10) can be solved
after imposing Dirichlet boundary conditions ypA on I', which are provided by interface
conditions given in Section 2.2 and thus require the combined solution of the exterior field
problem in Section 2.3. The solution of (10) is not unique if there exists any subdomain
e, since A + Vu still fulfills (10) for any scalar potential 1. Once A has been obtained, all
other vector fields defined in () can be easily reconstructed.

2.2. Interface Conditions

The tangent component of the magnetic field H; and the normal component of the
magnetic flux density B, need to be continuous across the interface I', which separates
the interior region from the exterior region. In order to enforce the continuity of field
components, suitable Dirichlet 7vp and Neumann <y trace operators are defined [15]. For
any smooth vector field U on I, there it holds:

70U = (n xU) xn, (11)
yNU = (VxU) xn, (12)
where n is the exterior unit normal vector pointing from Q) to (2,. Denoting with superscript

+ the exterior traces (i.e., approaching I' from outside along n direction) and with — the
interior ones, the conservation of B, across I' can be recast as:
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ToA = THA, (13)

where 7y A are the Dirichlet conditions for solving the interior problem. By noting that (2,
does not include magnetic media (i.e., vo = y 1, with y air magnetic permeability), the
conservation of H; across I' can be rephrased as:

vyNA = 1 THA. (14)

2.3. Exterior Problem

The exterior region does not include any conductor by definition; therefore, eddy—
currents are not present here. For ()., the following equations for magnetostatics hold:

VxH = Jo, (15)
B = Ho H, (16)

complemented by Gauss’s law (6). The key idea of hybrid methods is to formulate the
magnetostatic problem in the exterior region in integral form and to discretize it by means of
the BEM, which does not require to use a volume mesh for discretizing Laplace’s equation
and is suitable for analyzing unbounded field problems.

In hybrid formulations, the source magnetic field, generated by current density distri-
bution Jy, is analytically computed by using Biot-Savart’s law:

_ [ Do) x(x—y) 3\
Hy(x) = 0 [x=yP dy, foranyx € R”\ (). (17)

Therefore, the complementary part of the source field, i.e., H. = H — Hy, is curl-free
due to (15). Any curl-free field is a representative of the first de Rham cohomology group
Hlz (Q) = Z1x(Qe)/Biz(Q) that is the quotient space of curl-free fields Z}, (Q.) and
Bl (Q.) gradient fields [16]. The dimension of H (Q.) is proven to be equal to the first
Betti number B1(Q) of the interior region (). In other words, there exists an isomorphism
between the cohomology of (), and the homology Hj(Q) of Q) [14]. This basic observation
is key in order to derive the magnetic field decomposition in ().

Since He € Z},(0),), in the most general case of a multiply-connected domain, i.e.,
B1(Q)) > 1, the complementary field in (), can be represented as:

B1(QY)
Ho=Vo+ ) ahy, (18)
k=1

where ¢ is a scalar potential, a; are complex coefficients, and hy, k = 1,..., B1(Q), is the
so-called cohomology basis, i.e., a vector basis of representatives of H}((),). For simply
connected domains, as Z} (Q,) = B} (Qe), it turns out that any complementary field can
be represented as a gradient. A possible choice for the cohomology basis is obtained by
taking magnetic fields generated by filamentary loops v, C Q, k=1,...,51(Q), i.e., aset
of generators of Hy(Q), termed virtual fields, each one carrying a unit current [16]:

hi(x) = / b(y) x (x —y) dvyy, foranyx € (), (19)
Sy x—ylP

where t; is the unit vector tangent to 7. Due to Poincaré duality, any virtual loop vy, i.e.,

a generator of Hj((}), is in one-to-one correspondence with a cutting surface Xy, i.e., a

generator of Hy (), 9Q)). Through each cut, an independent virtual current I = ka Jongdx,

with ny unit vector normal to X, can be defined as proven in [17]. By enforcing Ampeére’s

law around the boundary 0X of any cut, and by using (19) as generators, coefficients in
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(18) are proven to have physical meaning. These correspond to genuine eddy—currents
flowing in the conductive region through cuts, as:

B1(Y)

IkZ/ H'td’)’Z/ <H0+V([7+ Z Dth]')'tkd’)/:le, (20)

where fazk Hy-tdy = 0, for the source field, and fazk h;-tdy = 6, with J;; Kronecker
delta, for any virtual field. In particular, the last integral is zero if boundary 9% does not
link 7;. By defining the reduced magnetic field as H, = —V ¢, with ¢, reduced magnetic
scalar potential, and by using (18) and (20), the magnetic field in (), finally becomes:

B1(QY)
H=Hy+H + ) Lh (21)
k=1

For magnetostatic problems, for which Iy = 0, or for quasi-magnetostatics problems
with a simply-connected interior region, such that 81(Q2) = 0, (21) reduces to the more
simple form H = Hy — V¢;, and the scalar potential is uniquely defined in Q).

From (21), by imposing (6) and by noting that both Hy and any hy, are div-free, the
so-called Exterior Neumann Problem (ENP) is obtained, i.e., to find a potential ¢, such that

V- (=uoVer) =0, in Q (22)
—uoVe,-n=B,,, onT (23)

where B, ; is the normal component of the reduced magnetic flux density (i.e., the Neumann
datum). These equations have to be supplemented by the decay condition obtained from
(8), which states that the solution has to be harmonic at infinite:

@r(x) = O(]|x|| 1), constantly for ||x|| — co. (24)

Potential ¢, is proven to be unique if the compatibility condition on the Neumann da-
tum is fulfilled, i.e., frk By, dI' = 0 for any connected component I'y, k =1,...,n [18]. This
condition is naturally ensured by (22), which, for any connected component (), provides:

/ B, dl = / V-B,dQ = 0. (25)

It is well known from the BEM literature that ¢, can be sought as a solution of an
integral equation. There are typically two different (and equivalent) approaches for posing
the ENP in integral form [19]: the direct formulation makes use of the second Green’s identity
to obtain an integral equation formulated directly in terms of ¢,, whereas the indirect
formulation makes use of Fredholm’s theory to obtain an integral equation formulated in
terms of an auxiliary variable (termed moment) to finally get ;.

2.4. Direct Approach

The fundamental solution for the 3D Laplacian ®(x,y) = (47t|x — y|) ! provides the
scalar potential at any point x of the exterior domain ), which is produced by a unit
positive charge located at point y € Q). Therefore, for any fixed y, it fulfills A, ®(x,y) =
—6(x — y), where the Laplacian acts only on the x variable and the Dirac delta J represents
the point source. In particular, the so-called sifting property holds:

/ @r(x)0(x —y)dx = c(y) ¢ (v), (26)

e
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where c(y) = a(y)/(4m) is a geometric coefficient, in which a(y) is the solid angle sub-
tended within (), at point y. For instance, c(y) = 1/2 for a point lying on a smooth part of
the boundary 9Q),, i.e., with tangent plane, and c(y) = 1 for a point inside Q).

By testing Ap, = 0 with the fundamental solution and by using (26), the Green’s
second identity is obtained for almost any y € ), [20,21]:

0D (x,y)

_ 9 (x)
CW)grly) + [ o) TP e = [ @(xy) L don @7)

The exterior normal derivative is the directional derivative carried out with respect to
the x variable along the outward unit normal n’(x) of (), and approaching the boundary
0Q), from the outside. For any smooth function u, this can be rephrased as [18]:

ag}gz) = tlﬁir(?+ n'(x)-Vu(x + tn'(x)). (28)
In (27), only the “finite” part of boundary integral, i.e., that one over I', has to be
considered due to decay condition (24). It has to be noted, however, that the orientation of
T', which is the boundary of (), is opposite to that one of dQ), i.e,, n’ = —n, so that:
9 (x) _a(Pr(x)

o T ome vo Byu(x), foranyx eT. (29)

By letting (29) in (27), the direct boundary integral equation is obtained:

0D (x,
c(y)er(y) + /r @r(x) % doy = vy /1_ P(x,y) By n(x)doy, foraa.ye Q. (30)

Note that, when y lies on the surface I', integrals in (30) have to be intended in a
principal value sense, i.e., obtained as a limit by taking an infinitesimal neighborhood around
the singularity .

The boundary integral Equation (30) is equivalent to the ENP and states a direct
relationship between the Dirichlet datum, i.e., the scalar potential on I', and the Neumann
datum. Once boundary quantities have been computed, the scalar potential can be re-
constructed in the air region by using (30) with c(y) = 1. It has to be observed, however,
that the computation of the magnetic field by (21) requires the numerical differentiation of
¢r, which typically involves a multiple field sampling around any fixed y. On the other
hand, an analytical differentiation of (30) leads to hyper-singular integrals, which cannot
be accurately computed for points close to I as discussed in [22].

2.5. Indirect Approach

The ENP can be solved also by means of the so-called method of layer potentials used
in potential theory [18]. ¢, in (), can be generated by an equivalent single-layer magnetic
charge density distribution g over I', across which the field normal component B, , jumps.
The single-layer integral operator with moment g is defined as [23]:

or(x) = Klgl(x) = [ @(x,) q(y) doy. Q)

If Neumann datum fulfills the compatibility condition (25), the equivalent source g is
proven to be the unique solution of the following Fredholm integral equation [18,24]:

poc(x) + T*[q)(x) = Byu(x), foraa.xerT, (32)
The adjoint double-layer integral operator in (32) is defined as:

) = —to [La) “52 ao,, @)
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where the normal derivative is evaluated along the unit normal vector n defined above.
Differently from (30), the Fredholm equation does not establish a direct correspondence
between the potential and its normal derivative on I'. ¢, can be reconstructed with (31)
once the equivalent charge distribution has been found from (32), for a given B, ;. By
eliminating the auxiliary variable, one obtains the so-called Steklov—Poincaré operator or
Dirichlet-to-Neumann (DN) map, which maps the Dirichlet to the Neumann datum:

Byu(x) = S[gs](x) = poc(x) + T* o K [/](x), foraa. x €T, (34)

It has to be noted that the indirect formulation allows for an easier post-processing
since the magnetic field can be obtained from the equivalent magnetic charge distribution.
For any field point x in ()¢, which is an open set by definition, (31) results in being infinitely
differentiable. Therefore, by taking the gradient of (31), the reduced field becomes:

H,(x) = — /r Vi®(x,y)q(y) doy, forany x € Q.. (35)

Finally, the magnetic flux density distribution in the exterior domain can be obtained
by inserting (35) in (21) and by using the magnetic constitutive relationship (16).

3. Cell Method with Augmented Dual Grid

In this work, the interior problem is discretized with the CM, instead of the much
more common FEM. The key steps of such a discretization process are examined in detail,
starting from the CM variant based on augmented dual grids presented in [11]. A similar
construction, for tetrahedral meshes, is also reported in [25] for a pure-CM formulation,
which is suitable for solving eddy—current problems in bounded domains. Note that this is
completely general, and can be extended to polyhedral meshes [26].

Any connected component (); C () is discretized by its domain primal grid Gq,, with
Nq, nodes, Eq, edges, Fo, faces, and V(, cells. The boundary primal grid Gyq, is the restriction
of G, to its boundary d(;, where nodes are traces of bulk primal edges of G, edges are
traces of bulk primal faces, and faces are traces of bulk primal cells. G, and G,q, are then
partitioned into their corresponding barycentric subdivisions, which are obtained by splitting
any cell or boundary cell into a set of tetrahedrons or triangles having as a common apex
the cell center. The domain dual grzd gQ with NQ nodes, Eq, edges, FQ faces, and Vp,
cells, and the boundary dual grid QaQi are built by aggregating barycentric cells of G, and
Gaq,, respectively, around primal nodes. This specific geometric construction provides
a one-to-one correspondence between primal and dual grid entities so that NQ = Vo,
EQ = Fq,, FQ Eq,, and VQ Ngq,. Similar relationships hold for QaQ Fmally, the

augmented dual grid is defined as the union of dual grids, i.e., QQ a0y QQ U gaQ Primal
and dual grids of the interface I', represented in Figure 1, are inherited from those on 9Q)
such that Gr = Gy and gr = gag

To illustrate such a geometric construction, the 2D example provided in [25] is dis-
cussed here in detail. A unit square Q = [0, 1]? is meshed into a primal grid G made of
triangles (Figure 2a). The augmented dual grid Gnyq, in Figure 2¢ is obtained by assembling
triangles of the barycentric subdivision G4 (Figure 2b). Any dual cell (polygon in light red)
is obtained by aggregating barycentric triangles (in light blue) around any primal node
(black dots). In such a way, a one-to-one correspondence between primal nodes and dual
cells is obtained. Dual nodes (red dots) are centers of domain and boundary primal cells.
In the same way, on the domain boundary, Q»,Q, made up of 1D dual cells, is constructed
by aggregating 1D barycentric cells. The other way round, a one-to-one correspondence
exists also between dual nodes and primal cells, which can be either primal cells of G, or
boundary edges of Gyq.
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Figure 2. Meshes for Q) = [0,1]? used for CM discretization: (a) primal grid Gq; (b) barycentric
subdivision gé; (c) augmented dual grid Gnan. The latter is obtained from Q(A) by aggregating
triangles in blue around any primal node in black. A one-to-one correspondence exists between
primal nodes and dual cells (polygon in light red), and between dual nodes (red dots) and primal
cells (triangle in light yellow). Boundary Q) is split on its turn into barycentric cells (blue thick
line),which are aggregated into 1D dual cells (red thick line).

3.1. Discrete Field Variables

According to the original CM discretization scheme proposed by Tonti [4], problem
variables (DOFs) can be either scalar potentials evaluated at nodes or integrals over edges,
faces, or cells of the meshed domain. DOFs are defined upon orientation of the corre-
sponding geometric entity. In fact, similarly to physical quantities of electric circuits, sign
convention is related to the orientation of the geometric entity.

Geometric entities of the primal grid Gq, are inner oriented, which means that nodes
are oriented as sinks, edges are directed from one end to the other, faces are oriented by
crossing their boundary clockwise or counterclockwise, and cells are oriented by assuming
that their faces are all oriented in the same way. Boundary geometric entities are a subset of
those in G. Geometric entities of the augmented dual grid 5090 are outer oriented, which
simply amounts to inheriting the orientation from G and Gr. In fact, any dual entity is
one-to-one correspondence with a primal entity, endowed by an inner orientation. For
instance, any dual edge is oriented by a clockwise or counterclockwise rotation around it,
i.e., the inner orientation of its corresponding primal face.

For the eddy—current model in ), discrete field variables are: the electromotive
forces (emfs) along primal edges ¢, i.e., eq = (ee)ccg,,, Where e, = [ E-tdy and tis the
unit tangent vector related to e; magnetic vector potential line integrals an = (¢)ecg,,,
with a, = fg A - tdvy; magnetic fluxes through primal faces f, ie., bg = (bf)fegnf where
by = / f B-ndo and n is the unit normal vector related to f; magnetomotive forces (mmfs)

along dual edges ¢, i.e., EQ = (EE) , with Eg = fEH -tdy; electric currents through dual

e eGor
faces f, ie., jo = ( ]f) FeGor With j7 = Ik 2k ndo. Similar arrays of DOFs are defined on
primal and dual grids of T, e.g., reduced magnetic potentials on interface dual nodes @r
and mmfs on interface dual edges hr.

3.2. Topological Operators

Local reference frames are related together by the connectivity between elements. An
incidence number is +1 if a pair of connected geometric entities carries the same orientation,
—1 otherwise, and 0 if they are disconnected. Incidence matrices with integer coefficients,
which are the discrete counterparts of gradient, divergence, curl differential operators, can
be defined on both primal and augmented dual grids [11].

For any bounded subdomain ();, the topological description of the primal grid Gq,
is provided by the Eq, x Nq, edge-node incidence matrix Gq,, the Fn, X Eq, face-edge
incidence matrix Cq,, and the Vg, x Fq, cell-face incidence matrix Dq,. In addition, as it is
well known from combinatorial topology, the following orthogonality properties hold [2]:
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Dq.Cn, =0, (36)
Cq,Gq, = 0. (37)

These properties are required in order to obtain a cochain complex for G, mimicking
the de Rham cohomology (with grad, div, curl operators) at the continuous level [2].

Similarly, the topological description of GVQ]. is provided by the Fn, x Vq, edge-node
incidence matrix égi = —Dg)l_, the Eq, x F, face—edge incidence matrix EQI. = Cg)l_, and
the N, x Eq, cell-face incidence matrix ]50[ = —G})_. From (36) and (37), the following
orthogonality properties also hold: ’

D(,Cq, =0, (38)
Cn,Gq, = 0. (39)

The augmented dual grid contains additional geometric entities, compared to QNQ ,
that are dual nodes, edges, and faces on 9();. This leads to new incidence matrices relatmg
dual entities of gQ to those of GaQ that is: GQ naqy, 1s the Fo, X Fyn, edge-node incidence
matrix, CQimaQi is the Eqy, X Ej, face—edge incidence matrix, and DQimaQi is the Np, X Npq,
cell-face incidence matrix. Any column of these matrices has a unique non-zero coefficient
(£1), which identifies the elements of Gq, that are in Gy, . Note that the transposed matrix
of each of these incidence matrices is a selection matrix, which extracts DOFs related to the
boundary primal grid from those of G.

The cell-face 150,.391., the face—edge EQiaQi, and the edge—node éQiaQi incidence
matrices of Q},I_agi can be derived from the previous incidence matrices as [11]:

]501601' = [ DQZ 60{180 ] 4 (40)

~ Co, Co, 090y

Cha0 = 1 , 41
0,90 0 DQ o0, Do, Coan, (41)

~ G, Gq, ,M00y;

Go.a0. = ! . 42
0,00 [ 0 CQ o0, CQ GQ 0, (42)

It can be proven that a cochain complex can be constructed also for the augmented
dual grid. By observing that any face of G, belongs only to one cell of QQ one obtains:

. N - .
Do, Ca,no0; = Daynaa, Da.naa, PaCainan;/ (43)

which provides:

= p = Co, Co,ran;
D0,00,Co00; = | Da; Daq, '
| I o ~Dg, r00,P0,Coynan; (44)
- |: ]5Qiéﬂi ]AjQ,‘EQiﬂaQ,' - DQiQBQiDQimaQiDQiCQiOBQi :| = 0
Similarly, noting that any edge of QN;,QI, belong only to one face of ?Ol., it ensues:
Co,Goyran; = 6Qima0iégimanién,-énimani, (45)
which provides:
Coa0.Caon = Co, Co, naQy G, Go, N0y
o o 0 _DQ NoQY; DCQ NoY; 0 _CQ NoQY; CGQ NnaQY; (46)

CQ GQ CQ GQ naQ; — CQ naQ; CQ naqy; CO GQ N | _,
0 DQ oY DQ CQ NaQY; CQ NoQY CQ GQ noQY;
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Finally, in order to construct hybrid formulations, incidence matrices for the boundary
mesh also need to introduced. For the primal boundary Gy, the Ejn, X Nyo, edge—
node incidence matrix Gy, and the Fyn, X Eyq, face-edge incidence matrix Cyq,. The
corresponding dual operators can be defined from primal ones as follows: the edge—node
incidence matrix is Gy, = CaQ and the face—edge incidence matrix is CaO = GaQ

3.3. Discrete Constitutive Relations

A systematic approach for building edge and face vector basis functions for grids
composed of either oblique parallelepipeds or oblique triangular prisms or tetrahedra is
proposed in [5]. The same approach is extended in [7] to general polyhedral grids. The
main results of the so-called energy approach presented in [5] are outlined here.

For the eddy—current model, linear conductive and magnetic media, with piecewise
constant conductivity o and reluctivity v, are assumed in (). Local constitutive relationships
J = cEand H = v B are discretized by expanding E and B in terms of DOFs with piecewise
constant edge w, and face w r vector basis functions. It is noted that these basis functions
are suitable for CM but not for FEM, since they exhibit less regularity than that required
by the FEM. The energy approach starts from the assumption that, by using these vector
functions, energy has to be exactly reconstructed inside any cell of G, for any locally
constant field.

The electric field can be globally approximated by the following expansion:

Q
~ ) We(x)e, foranyxeQ, (47)

where e, is the emf along the eth edge of G, i.e., a DOF of the array eq. The support of w,
is compact, and it consists of the union of all the non-empty intersections w, between any
primal cell incident to e and any dual cell centered on any vertex of e. The edge function is
locally constant inside these intersections, and it is defined as:

€; X €

x)= ————, f X € we, 48
W (x) e X e or any P (48)

where e, e, and ey are the edge vectors of primal edges incident to we.
Since source current density is null in (), local Ohm’s law (4) becomes J] = ¢E. From
this relationship and (47), the overall electric power loss in () is obtained as:

1 . . 1 . EQ
0=y [ E() o) E)dx = 5 ~/03_21we(x) ele wy (x) e dx
13 & ( ) (49)
= — e d e
2‘;(3;1 / ) - o(x)we(x)dx e
- %ea M(T,Q eQ/

where * indicates the hermitian operator for complex-valued quantities. The conductance
matrix My, = (Mg e )e,e'cgp, Of size Eq X Eq is defined as:

My oot = /ng(x) co(x) wy (x) dx. (50)

As proven in [5], the conductance matrix is symmetric and positive definite. The
so-called consistency property holds for edge vector basis vectors, namely:

/Q we(r) dx = &, (51)
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where £, is the face vector of the dual face in one-to-one correspondence with e. This
fundamental property ensures that M, ) ey is an approximation of ja. In particular, the
electric constitutive relationship: N

jo =Msaeq, (52)

is exactly fulfilled for any field E that is piecewise constant in primal cells.
Similarly to (47), the magnetic flux density is globally approximated as:

Fa
B(x)~ ) ws(x)bs, foranyxeQ, (53)
=1

where by is the magnetic flux through the f-th face of Gq, i.e., a DOF of the array bg. The
support of wy is compact, and it consists of the union of all the non-empty intersections wy
between any primal cell incident to f and any dual cell centered on any vertex of f. The
face function is locally constant inside these intersections, and it is defined as:

ik 54
Wf(x) —m, oranyxewf, ( )
where f £ f]-, and f; are the face vectors of primal faces incident to w Iz

From the local magnetic constitutive relationships (5) and (53), the overall magnetic
energy in () becomes:

Fo
Wq = %/QB*(x) - (v(x) B(x))dx ;/ngf(x) b}t.v(x) f;lwf,(x) by dx

1FQ Fa

= Efglfgl by (/Q wp(x) - v(x)wp(x) dx) by (55)

1
= Ebf) M, o bq,

The reluctance matrix M, o = (m,, ff/) f.f'eGq, Of size Fo X Fq is defined as:

My, fr = /wa(x) v(x) we (x) dx. (56)

In addition, the reluctance matrix is proven to be symmetric and positive definite.
Moreover, the consistency property holds also for face functions, that is:

/wa(x) dx = ¢, (57)

where € is the edge vector of the dual edge in one-to-one correspondence with f. This
property ensures that M, o bg is an approximation of hg. In particular, the magnetic

constitutive relationship: N
hg =M, abq, (58)

is exactly fulfilled for any field B that is piecewise constant in primal cells.

4. Boundary Element Method

Boundary integral equations describing the magnetostatic problem in (), can be
discretized by using the boundary element method [27]. Both direct and indirect BEM
approaches have been used in the literature for building hybrid approaches with the CM.
In [8,10], a direct BEM formulation, resulting in a final unsymmetric system solved by
GMRES, was proposed. In [12], the indirect BEM approach was adopted in order to obtain
a final symmetric system, to be solved with a more efficient MINRES solver. The same
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strategy was also effective for analyzing more complex time-harmonic magnetic problems
by using a TFQMR solver, showing comparable computational cost [13,14].

4.1. Direct Approach

The integral Equation (30) is discretized according to the collocation method [27]. This
amounts to test (30) with distributions ;(x) = é(x — Xf), x € T, where ¢ is the Dirac
delta and x s f =1,...,F, are the dual nodes of 51—, i.e., the centers of mesh faces over I.
Therefore, by using property (26), one obtains Fr linear equations:

(i) ot + [ o) T e

. / O(x, %) Bu(x)do = 0. (59)
r

Note that ¢(¥f) = 1/2 because primal faces are plane and X is far from element

corners. By assuming constant potentials and constant magnetic fluxes over any primal
face of Gr, (59) can be recast in a matrix form as [8,20]:

Hr¢,r —Wrb,r =0, (60)

where b, = (b, r) reg; is the array of reduced magnetic fluxes on primal faces on I, where
b, s is the magnetic flux of B, through the face f, and @, = (¢,(Xf))fcg;, is the array of
reduced magnetic potentials ¢,(Xs) evaluated at the face centers on I'. The double-layer
matrix Hr = (hfs )¢ recg, and the single-layer matrix Wr = (wss) ¢, rrcg, are both square
matrices of size Fr X Fr, and are defined as:

1 ~

hff/ = E (5ff/ + nge - /f’ deD(x, .‘)Cf) doy, (61)
Vi ~

T /f @ (x, Xp) dor, (62)

where ng and |f'| are, respectively, the unit normal of the face f’ (pointing towards 0,
according to definition (28)) and the area of f.

By expressing magnetic fluxes as a function of scalar potentials, a discrete realization
of the Poincaré-Steklov operator, defined in (34), is obtained:

b,r =Sr¢.r, (63)
As regards the direct formulation, from (60), this map becomes:
Sir = Wy 'Hr. (64)

4.2. Indirect Approach

The reduced magnetic flux through any primal face f on I' can be computed exactly
by integrating the magnetic flux density normal component (32), as:

by = [ Bra) o = [ poel) + T [p)(x) dor (65)

This flux can be approximated by assuming a linear variation of By ,(x) over f and by
noting that c(f f) = 1/2 at the element center, as:

by g~ |f| Brn(Xf) = VO f — o f- Z (/f’ V@ (¥, y) d(Ty) ar, (66)

where f is the face vector of f and g is the magnetic charge on the primal face f’.
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By comparing (66) with (61), it can be observed that a different double-layer matrix is
obtained for the indirect approach. Magnetic fluxes (66) can be assembled over the whole
grid Gr as b,r = Vr qr, where the Fr X Fr matrix Vr = (vsp )£ rreg, is defined as:

vff/ = yOTm(Sff/ — ,’l/lof-/f, qu)(ff,y) dO'y, (67)

and qr = (qf) feg, is the array of magnetic charges on interface primal faces. The single-
layer operator (31) is discretized by the collocation method, i.e., evaluating the scalar
potential in dual nodes X as:

0:(3) = [ @71 () doy. (68)

By assuming constant magnetic charge inside any face, (68) can be assembled in matrix
form as ¢, = Kr qr, where the single-layer matrix Kr = (k £ f/) £.fer 18 defined as:

kip = | ®(Fr,y)do,. (69)
ff /f, fY)aoy

By eliminating fictitious charges, the discrete Poincaré-Steklov operator for the indirect
formulation becomes:
Sir = Vr K}, (70)

which is alternative to the definition for the direct formulation given by (64).

5. Hydrid Formulations

Hybrid formulations, combining both CM and BEM, present in literature are summa-
rized here. A constant treatment, based on the discretization frameworks developed in
Section 3, for the interior problem, and in Section 4, for the exterior problem, is given.

The hybrid formulation for magnetostatics (see, e.g., [8,12]) is considered to be a par-
ticular case of that one for time-harmonic magnetic problems, with w = 0 (see e.g., [9,13]).
Variables are arrays of DOFs defined in Section 3.1. In order to obtain a discrete analogue of
the magnetic diffusion Equation (10), the local Faraday—Neumann law (2) can be discretized
over the primal complex G, as:

Cheqg+itwbn =0, (71)

By introducing the discrete magnetic vector potential ag, such that eq = —1w aq, the
discrete counterpart of (9), i.e., the magnetic flux conservation, can be written as:

bo = Cnaq, (72)

which, on a contractible domain such as (2, naturally enforces flux balance on prim~al cells,
i.e.,, Dobn = 0, which stems from property (36). On the augmented dual grid Gqar, by
using the discrete curl operator (41), the local Ampere’s law (3) can be discretized as:

Cahg +Carhr =jq, (73)

where égmr is the incidence matrix between dual faces of GVQ and dual edges of G}, defined
in Section 3.2. The mmfs of the array hr ensure the coupling with the exterior domain.
Note that the boundary component of curl operator in (41) is not considered since jr = 0,
i.e., no eddy—current flows out from the boundary of the interior domain.

By inserting (72) in the magnetic constitutive relationship (58), the mmfs along dual
edges are obtained as EQ =M, o Cq aq. By letting these mmfs and the electric constitutive
relationship (52) in (73) with e = —1w a, the discrete diffusion equation in () reads:
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(c}2 M, Cao +1w Mm) aq + Conr hr = 0. (74)

This linear equation system corresponds to (10) in the continuous setting.

The interior and exterior field problems are coupled by enforcing the continuity
of magnetic fluxes through any face of Gr, which corresponds to (13) in the continuous
setting, and the continuity of mmfs through any edge of Gr, which corresponds to (14) in the
continuous setting. Interface magnetic fluxes br = (by) reg, are obtained as by = i f B:-ndo,

and interface mmfs hy = (Eg)ge g, are obtained as iy = JzH-tdy, where H is defined as in
(21). Discrete interface conditions thus become:

B1(Q)

br =bor+b,r+ Y Ibgr, (75)
k=1

~ _ ~ pr(Q)

hr =hor+h,r+ ) Ichgr, (76)
k=1

where, for instance, bor, b, r, by r are the arrays of source, reduced, and virtual magnetic
fluxes. Similar terms are defined for mmfs from the magnetic field components in (21).
Both reduced magnetic fluxes and mmfs can then be expressed in terms of potentials, as:

br = Crar, (77)
h,r = Grgr, (78)

where Cr and Gr are incidence matrices defined over interface grids (see Section 3.2).
Moreover, interface DOFs can be extracted by using selection matrices derived from dual
matrices as discussed in Section 3.2, that is:

ar = ég)ﬁl" an. (79)

By combining (75) with (77) and (79) and by noting that Cr = CN;F, the magnetic flux
conservation across I' can be rewritten as:

s~ B1(Q)
Gf Clnran = Cragr +byr+ Y Iibyr. (80)
k=1

where agr is the array of the line integrals along the primal edges of Gr of the source
magnetic vector potential Ag, such that Hy = 19V x Ag. By expressing mmfs as a function
of scalar potentials with (78), the mmf conservation across I reads:

_ ~ _ Bi(Q)
hr =hor +Gre,r+ ) Ichgr. (81)
k=1

5.1. Unsymmetric Formulation

The first hybrid formulation based on the CM, which was developed for magneto-
statics, introduced the concept of topological matrices on the mesh boundaries in order to
couple interior and exterior regions [8]. These topological relationships are rephrased here
by using the theoretical framework presented in Section 3.2.

The primal surface curl matrix Cs of size Fr X E was defined as the incidence matrix
between primal faces of Gr and primal edges of G. The dual gradient matrix was defined
as Gs = C!. According to topological relationships in Section 3.2, the curl matrix can be
expressed as C; = GF é}mr' This formulation was then extended in [10] to the analysis of
time-harmonic magnetic problems with simply-connected domains.
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The same direct BEM approach of the magnetostatic hybrid formulation was used in
order to model the exterior region. By letting (80) in (60), with 81(Q)) = 0, one obtains:

Hr @r’r — Wr é% 62:)01" an = Wr Craolr. (82)

By letting (81) in the diffusion Equation (74), with 1(Q2) = 0, and by using the BEM

relationship (82), the final matrix system of the unsymmetric hybrid formulation reads:
COM, o Co+i1wMya ConrGr < an ) _ (—Cmr ho,r> (83)

WrGECLr —Hr @rr —WrCragr/’

This matrix system is not symmetric because of the presence of a single-layer matrix
in block (2,1). Note also that only blocks (1,1) and (1,2) are sparse, which leads to a
high memory requirement with real-size problems. It is shown in [10] that (83) can be
solved by using a GMRES solver with band preconditioning. When mesh is refined, it is
observed that the Schur complement approach, which consists of eliminating ¢r, leads
to a much better convergence behavior than directly solving (83). Once interface scalar
potentials have been obtained from (83), interface magnetic fluxes can be reconstructed
by solving a dense matrix system derived from (60). From interface variables, by using
the second Green’s identity (30) with ¢(y) = 1, the reduced scalar potential is analytically
computed in the air region. Finally, the computation of the magnetic flux density is carried
out by numerical differentiation of ¢,, as suggested in [20], to avoid the computation of
hypersingular integrals, which is highly inaccurate if field points close to I are considered.
It has to be observed that such an unsymmetric formulation is not particularly suited for

iterative solutions, since it requires the use of a GMRES solver. The symmetric formulation,
presented in the next section, introduces a major improvement in this regard.

5.2. Symmetric Formulation

In [12], by using topological relationships over augmented dual grids in Section 3.2,
it was possible to obtain a symmetric hybrid formulation for magnetostatics. The main
advantages compared to the unsymmetric formulation were to solve the final matrix system
by MINRES solver, much more efficiently than GMRES, and to provide a more rapid and
accurate field reconstruction in the air domain, by avoiding the numerical differentiation
of the scalar potential. This symmetric formulation was then extended to the analysis of
time-harmonic magnetic problems in [13].

The time-harmonic magnetic formulation includes magnetetostatics as a particular
case, with w = 0, and it is briefly summarized here. A simply-connected air domain is
assumed so that B1(Q) = 1 and, by using the Poincaré-Steklov operator (63), the magnetic
flux conservation across I', provided by (80), becomes:

Gl Clrran — Sr@,r = Crag,r, (84)

By assembling (84) with (74), the final symmetric matrix system of size Eq + Fr reads:

CHM, 0 Ca+1wMp CorGr\(an\ _[—Canr hor (85)
GICl -S ¢:r) \ Cra ‘
r ~Qnr r Prr ragrr

For numerical models with a large aspect ratio, it was noted that the dense block (2,2)
leads to a large memory occupation, since the size of vector ¢, r is Fr, i.e., the number of
primal faces over I'. In order to reduce the number of DOFs related to the BEM, it was
noted that dual variables can be projected on the primal grids by defining a suitable sparse
and rectangular projection matrix.

For defining the prima-dual projection over Gr, the same geometric approach used
in [26] for building interface constraints between non-matching polyhedral grids was
adopted. Any potential of ¢, r is related to a dual node Xy, in one-to-one correspondence
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to a primal face f. The other way round, any vertex n of f is one-to-one correspondence to
a dual face f,. With this geometric construction, the potential at X is interpolated from
potentials ¢, , evaluated at the primal nodes N (f) incident to f as:

Pr.f = Lnen(s) Pin 91 (86)

The coefficients of the projection matrix Pr = (pf,) f,ucg, of size Fr x Nr are defined as:

_IfnAl o

Note that, for any surface mesh, Nr < Fr, so that the number of DOFs is reduced.

Similarly, any magnetic flux of Er,l" is related to a dual face f,, in one-to-one corre-
spondence to a primal node 7. The other way round, any dual node of ﬁl, is in one-to-one
correspondence to a primal face f, with intersection area |f N f,|. Therefore, any dual flux
is interpolated from fluxes by through primal faces (1) incident to n as:

by = Zfe]—'(n) Puf bfs (88)

Note that the same geometric coefficients are used for projecting dual potentials and
magnetic fluxes on Gr. Previous relationships can be assembled in matrix form as:

¢.r = Pror, (89)
br = Pl br, (90)

which inserted in (85) leads to the following reduced matrix system of size Eq + Nr:

CHM,0Co+1wMyq  Conr GrPr ( an ) _ (—6er flo,r) 1)
PLG] C{ 1 —P{SrPr | \@:r Plbg,r

By numerical experiments, carried out with an MINRES solver for magnetostatics [12]
and with TFQMR solver for magnetodynamics [13], it was observed that it is not necessary
to make St symmetric, as proposed in [28], in order to attain the solver convergence.
Conversely, the symmetric structure of (91) is key for that purpose.

5.3. Multiply-Connected Domains

The symmetric formulation was then extended in [14] to the analysis of time-harmonic
magnetic problems with multiply-connected domains, i.e., f1(Q2) > 0. The additional
constraints needed for virtual currents in (80) and (81) are provided from the principle of
virtual work applied to the exterior domain, that is:

B"HdQJr/A’ x H-ndl = / A'-JodQ, forany A’,B' € [2(Q;R%), (92)
Q. T Qe

where n is a unit normal on I', which is directed outward from Q). Since (92) holds for any
field H which fulfills (3), by inserting (21) in (92) and by exploiting the arbitrariness of both
I and ¢y, the following equations are obtained:

/Ohk.(B’—VxA’)dﬂzo, k=1,...,81(Q), (3)

which hold, in particular, for “physical” fields A and B. Details of the discretization
procedure of (93) are provided in [14]. By using the integration by parts and by expanding
field A on I' with edge elements w, defined in Section 3.3, one obtains the topological
constraints required for virtual currents:
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- T B1(Q) T ~r
Rirar—airhor— Y (aiphyr)l =hiracr+a0,, k=1...61(Q),  ©4
j=1

where hir = (Bee)eg, -
along dual interface edges ¢ for the virtual, reduced, and source magnetic fields, respectively.
ar = (ae)ecg;, is the restriction of aq to Gr, and a,r = (ame)ecg, is the array of virtual
magnetic vector potentials along primal interface edges e. Finally, coefficients ag ,,, with
k=1,...,B61(Q), are the line integrals of Ay along virtual loops 7. Line integrals along
primal and dual edges of I' and along any 7, are numerically computed by means of
Gaussian quadrature, with a reduced number of evaluation points.

In the most general case of multiply-connected domain, by letting (63) in (80) and by
using (77), the magnetic flux density conservation across I' can be rewritten as:

hr = (E,/g)ge G- and hor = (EO,E)EGG} are the arrays of mmfs

e B1(Q)
GF Cgmr an — Sre,r — Z Iy Crayr = Cragpr, (95)
k=1

which, combined with the discrete diffusion Equation (74), with the conservation of mmfs
(81), and with topological constraints (94), leads to the final symmetric matrix system. Such
a system has the same structure of (91), even though additional DOFs are considered to
account for a more complex domain topology. By defining topological matrices:

Ar = [air, . a5, 0)r) (96)

ITII“ = Fll,r, N /flﬁl(g),r} P 97)
and the arrays of virtual currents and source line integrals along virtual loops:
T
L=k dp@) (98)
T
aO,'y = [a0,71/ ey aO,’yﬁl(Q):| 7 (99)

the final symmetric matrix system can be written more compactly as:

ChM,0Co+1wMyq Caonr GrPr  Conr Hr an —Conrhor
PIG[ Ch —P[StPr  —P{CrAr | | @,r | = | PiCraor |. (100)
HIC) ¢ —Alcler  —AlHrp L Alhor +ag,

From this matrix system, both direct and indirect hybrid methods can be derived,
simply by changing the definition of the Poincaré-Steklov operator, i.e., by using (64) or
(70). It has to be noted that the indirect formulation allows for an easier post-processing
since the magnetic flux density can be obtained from the equivalent magnetic charge
distribution on the interface by using (21) and (35), which is smooth for points in the
interior of (.. On the contrary, the direct formulation requires numerical differentiation.

6. Numerical Results

Both direct and indirect CM-BEM formulations for multiply connected field problems
were implemented in MATLAB® software environment with a vectorized function in order
to speed up the assembly of CM and BEM matrices. All simulations were run on a laptop
with Intel® Core™i7-6920HQ processor (2.90 GHz clock) and 16 GB RAM. The direct
formulation, based on the definition of Poincaré-Steklov operator (64), is presented here
for the first time and compared to the indirect one, based on the alternative definition (70),
by considering an axisymmetric model with highly-accurate third-order 2D FEM solution.
Finally, the indirect hybrid formulation (which is shown to be equivalent to the direct
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formulation) is tested on a realistic problem with a more complex topology, i.e., the TEAM
Workshop Problem 3 (the Bath Plate) proposed in [29].

6.1. Axisymmetric Inductor

Both direct and indirect hybrid formulations are first validated by considering an
axysimmetric benchmark with a highly-accurate third-order 2D FEM solution for error
computation. Such a benchmark is a variant of that one presented in [14]. The model
geometry is depicted in Figure 3. It consists of a conductive shell () (5 mm inner radius,
5 mm thick, 4 cm long, u, = 2 relative magnetic permeability, ¢ = 25 MS/m electric
conductivity) excited by a coaxial current loop 7y (1.5 cm radius, 1000 A current RMS value,
100 Hz frequency). For the cylindrical shell, the first Betti number is f1(Q)) = 1; therefore, a
unique cohomology generator is used. Such a generator, i.e., the virtual loop 7y; of 7.5 mm
radius, is centered at the origin of the cylindrical coordinate system in Figure 3.

The 2D FEM model is bounded by a circular region with 60 cm radius, and it was
discretized by 94,120 third-order triangular elements, after refining till convergence. With
the hybrid formulations, only () needs to be meshed. The element size was chosen to be
approximately 1/5 of the skin depth, i.e., 7.11 mm at 100 Hz. The domain mesh used for
the CM discretization consists of 42,125 tetrahedrons, 86,568 triangles, and 52,697 edges,
with an average element size is 1.27 mm. The unbounded domain (), was treated with
both direct and indirect BEM discretization by using a surface mesh with 4636 triangles.

The overall preprocessing, including the assembly of the Poincaré-Steklov operator
(with 17.17 s CPU time), was carried out in 19.24 s CPU time. For the direct formulation,
the final hybrid system, consisting of 55,016 DoFs and requiring 143.34 MB for the matrix
storage, was solved by TFQMR solver with SSOR preconditioning in 26.45 s CPU time. The
solution attained the fixed tolerance of 10~!2 in 457 iterations. Comparable performance
was obtained with the indirect formulation: 18.95 s CPU time for the DN map assembly,
26.25 s CPU time for the final matrix system solution with 449 iterations.

In order to check the local accuracy of both hybrid formulations, the eddy—current
density was computed by both 2D FEM and CM-BEM formulations along the vertical line
A-B in Figure 3, with coordinates ¥ = 7.5 mm, z = [—20,20] mm and sampled into 401
equally spaced field points. On the 3D model for hybrid formulation, the plane y = 0 was
considered as a 7,z symmetry plane. The eddy—current density was obtained from the
approximate electric field, expanded as in (47) with piecewise constant bases, by using the
local Ohm’s law (4). Figures 4 and 5 show respectively the real and the imaginary parts
of the azimuthal component of the eddy—current density Jy. In such a case, the maximum
discrepancies between the direct CM-BEM and 2D FEM results, taken as a reference, are:
3.11% for the real part, 4.32% for the imaginary part. Similar results were obtained for the
indirect hybrid formulation: 4.47% for the real part, 4.10% for imaginary part.

In order to assess the convergence properties of both hybrid formulations, the eddy—
current distribution in ), computed by CM-BEM software, was compared to that one
computed by third-order 2D FEM in terms of L?-norm relative discrepancy, as:

17— ]refHLz(Q)
o= ———7—"°%, 101
J Tretll 1202 (1on

where J . is the reference FEM solution, computed on a very fine rectangular grid of field
points in Q. The L?>-norm relative error was computed by numerical integration with a
1-point Gaussian quadrature rule. Figure 6 shows the relative discrepancy for both direct
and indirect formulations, evaluated for different mesh sizes. The mesh size h is defined as
the maximum radius of all the spheres circumscribing tetrahedrons of the mesh. It can be
observed that hybrid formulation shows similar accuracy for any mesh refinement and
that the convergence behavior is linear such as first-order 3D FEM.
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Figure 3. Axisymmetric model used for 2D FEM validations (): conductive region; (),: exterior

domain; yg: source coil; y1: virtual coil; line A-B is used for the current density evaluation in the

shell region; line C-D is used for the magnetic flux density evaluation in the air region).
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Figure 4. Real part of the azimuthal current density component along line A-B (black line: direct

formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).



Mathematics 2021, 9, 1426

21 of 30

——3-D CM-BEM (direct)
0r ——3-D CM-BEM (indirect) |]
—— 2D FEM (3"ord.)

m(Jy)(A/mm?

0 10 20 30 40
s(mm)

Figure 5. Imaginary part of the azimuthal current density component along line A-B (black line:
direct formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).
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Figure 6. Discrepancy (L?-norm) in () between the eddy—current density computed by 2D FEM (third
order elements, taken as a reference) and 3D CM-BEM (direct/indirect approaches). The red line
expresses theoretical first-order convergence typical of 3D FEM with linear elements.

In order to check the local accuracy of both hybrid formulations in the air region, the
magnetic flux density was computed along the horizontal line C-D in Figure 3, with coordi-
nates 7 = [0, 14] mm, z = 23 mm and sampled into 401 equally spaced field points such as
line A-B. For the direct formulation, the field distribution is obtained from the numerical
differentiation of ¢,, given by (30), using a three-point stencil along any coordinate axis,
i.e., six sampling points are used for any field point along the line C-D. For the indirect
formulation, the field computation is fully analytical, i.e., it is obtained by combining (21)
and (35), and it requires only one function evaluation per field point.

Figures 7 and 8 show, respectively, the real and the imaginary parts of the radial
component of the magnetic flux density B,. In such a case, the maximum discrepancies
between the direct CM-BEM and 2D FEM results (taken as a reference) are: 0.53% for
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the real part, 1.67% for the imaginary part. Similar values were found for the indirect
formulation: 0.94% for the real part, 1.46% for the imaginary part. Figures 9 and 10 show
the same comparisons for the axial field component B,. Maximum discrepancies are in
that case: 0.33% for the real part, 1.43% for the imaginary part (direct formulation); 0.89%
for the real part, 2.07% for the imaginary part (indirect formulation). It is interesting to
observe that, for any field component, numerical results show a complementary behavior,
with hybrid formulation values bilaterally bounding FEM reference values.

4.5

— 3D CM BEM (direct)
4 -|——3-D CM-BEM (indirect) .
——2-D FEM (3"ord.)

Re(B,)(mT)

1.5+ 8

0 I I I I I I
0 2 4 6 8 10 12 14

s(mm)

Figure 7. Real part of the radial magnetic flux density component along line C-D (black line: direct
formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).

0 T T
——3-D CM-BEM (direct)
——3-D CM-BEM (indirect)
-0.25 ——2-D FEM (3"ord.) .
05 ]
=
E
“2-0.75 1
)
5
1k ]
-1.25 ¢ 1
_15 I I I I I I
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Figure 8. Imaginary part of the radial magnetic flux density component along line C-D (black line:
direct formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).
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Figure 9. Real part of the axial magnetic flux density component along line C-D (black line: direct
formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).
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Figure 10. Imaginary part of the axial magnetic flux density component along line C-D (black line:
direct formulation, blue line: indirect formulation, red line: 2D FEM, taken as a reference).

6.2. Bath Plate

The Bath Plate problem consists of a conducting plate () (32.78 MS/m electrical
conductivity, yr = 1 relative magnetic permeability, 6.35 mm thick, 60 mm wide, 110 mm
long) excited by an AC current-driven cylindrical coil ()y (1240 A RMS current, 20 mm
inner radius, 40 mm outer radius, 20 mm thick, located 15 mm above the plate) at two
different frequencies (50 Hz, 200 Hz). The origin of the Cartesian coordinate system
(x,y,z) is centered on the plate surface; the coil vertical axis is the z-axis. Two holes with
square cross-section (40 mm x 30 mm) are centered on x = 0, y = £20 mm; therefore,
the conducting domain Q) is multiply connected, with $1(Q)) = 2. Figure 11 shows the
CM-BEM model, with virtual loops v+ (rectangular coils, 50 mm x 38 mm, centered at
x =0,y = £55 mm, z = —3 mm, in red) and the line A-B used for comparing magnetic
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flux density distributions (x = 0 mm, y = [-55,55] mm, z = 0.5 mm, in blue). Such a
horizontal line was discretized into 401 equally spaced field points.

~:02 -0.02

-0.04
y [m] 0.06  -0.04 z [m]

Figure 11. Tetrahedral mesh of the “Bath plate” model used for indirect CM-BEM simulations (field
calculation line A-B is depicted in blue; virtual loops are depicted in red).

To examine the accuracy of 3D CM-BEM results (indirect formulation), the real and
imaginary parts of the z-component of the magnetic flux density were computed, for both
frequency values, along the line A-B. For the sake of comparison, numerical results from a
second-order 3D FEM, based on a classical A—A formulation, were used. For 3D CM-BEM,
) was discretized into 169,492 tetrahedrons, with mesh size # = 1.45 mm (smaller than
conductor skin depth at 200 Hz, i.e, 6.22 mm), 88,443 edges, and 143,798 faces (among these,
9628 were on the interface I' = dQ)). )y was discretized into 1764 tetrahedrons. Unlike the
hybrid method, 3D FEM required a bounding box (a cube of 1 m side, centered at the origin)
on which magnetic wall BCs were applied. In order to get a reference solution, the 3D FEM
discretization was refined up to convergence (80,862 second-order tetrahedrons were used).
In particular, () was discretized into 5249 tetrahedrons, with 2 mm maximum element size.
Note that, with FEM, only a half of the problem was considered due to symmetry. The A-A
formulation needs to introduce a fake conductivity in the air region (0.1 S/m) for the final
matrix system regularization. This correction, which was not required by the CM-BEM,
introduced an approximation in the numerical results. A 3D FEM model (517,341 DOFs,
3.51 GB RAM) was solved by TFQMR solver with geometric multigrid preconditioning in
54 s CPU time (at 50 Hz) and in 48 s (at 200 Hz) to attain a 10~12 tolerance. Preprocessing
of CM-BEM required 190.25 s CPU time, including the computation of source field, the
assembly of both CM and BEM matrices, and RHS vectors. Most of the computing time
was required for computation of the DN map (size 9628, computed in 88.82 s CPU time)
and RHS vectors with Biot-Savart’s integration (computed in 95.75 s). Note that only
14.23 seconds of CPU time were required for matrix inversion when building the DN
map. The iterative solution by TFQMR + SSOR solver of the CM-BEM final system (with
89,997 DOFs, 565.09 MB RAM) required 93.25 s CPU time, with 459 iterations, to attain
10712 tolerance (50 Hz) and 69.18 s, with 324 iterations (200 Hz). For instance, Figure 12
shows that the solver convergence pattern at 50 Hz, which is smooth and linear. A similar
behavior for TFQMR was found at 200 Hz.
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Figure 12. Convergence pattern of the TFQMR solver with SSOR preconditioning at 50 Hz.

The y-axis and z-axis magnetic flux density components were evaluated along the
horizontal line A-B of Figure 11 by both 3D CM-BEM and 3D FEM on 401 equally spaced
points. Figures 13 and 14 show that field profiles at 50 Hz are in very good agreement.
The maximum discrepancies from 3D FEM, for the real and imaginary parts of By, are,
respectively, 0.98% and 11.52%, whereas, for B, they are 0.60% and 8.81%, respectively.
Therefore, even by using a relatively coarse mesh refinement for CM-BEM, a good agree-
ment with second-order FEM is obtained. Similar results were found at 200 Hz: 4.42% and
9.83%, respectively, for real and the imaginary part of By (Figure 15), 3.72% and 9.36%,
respectively, for the real and the imaginary part of B, (Figure 16).

10 T T
——Re(B.) (CM-BEM)
8 —Im(B,) (CM-BEM) |
— — Re(B.) (2"ord FEM)
6r (B.) (2*dord FEM)
4 1
—~ 2 [ ]
=
E o j
=
R 5l |
4L ]
6 i
-8 i
_10 | | | | |
-60 -40 -20 0 20 40 60

y(mm)

Figure 13. Real and imaginary parts of the y-axis magnetic flux density component at 50 Hz along
the line A-B (indirect CM-BEM plot is in straight line, FEM plot is in dashed line).
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Figure 14. Real and imaginary parts of the z-axis magnetic flux density component at 50 Hz along
the line A-B (CM-BEM plot is in straight line, FEM plot is in dashed line).
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Figure 15. Real and imaginary parts of the y-axis magnetic flux density component at 200 Hz along
the line A-B (CM-BEM plot is in straight line, FEM plot is in dashed line).

The global quantities considered in the benchmark were the magnetic fluxes through
the plate holes (cut surfaces > and X, on the plane z = 0, in Figure 17) and the eddy-
currents through the plate ribs (cut surfaces X3 and ¥4, on the plane x = 0, in Figure 17).
Magnetic fluxes &y, = le B-e.d¥, dy, = sz B - e, d¥, with e; unit vector along the
z-axis, were computed by both 3D CM-BEM and second-order FEM through ¥; and
2. The same comparisons were carried out for current phasors Iy, = fZa J-exdi, Iy, =

f24 J- ey dZ through >3 and 4, with e, unit vector along the x-axis. Due to model symmetry,
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relationships @y, = Py, and Iy, = —Iy, theoretically hold. Fluxes were computed by
assuming a piecewise constant approximation of both B and J fields for the CM-BEM model,
and a fourth-order quadrature scheme for 3D FEM. Table 1 shows that real and imaginary
parts of magnetic fluxes, computed by 3D CM-BEM, are in good agreement with reference
values obtained with second-order FEM at 50 Hz and 200 Hz. Similar considerations apply
to eddy—current values through surfaces X3 and X reported in Table 2. Note that Iy, Iy,
can be also obtained from the CM-BEM final matrix system solution. In fact, according to
Ampere’s law applied along boundaries 023 and 9%, these coincide with currents flowing
along virtual loops in Figure 11. With a counterclockwise orientation of 7+, currents of
virtual loops, obtained from the solution of (100), are I,,, = —21.797 —163.378 and I,_ =
—21.794 —163.366, at 50 Hz, and I, = —133.669 —198.802, I, = —133.645 —198.778, at
200 Hz. It can be noted that real and imaginary values of I, are in very good agreement
with values in Table 2.

18 T T
Re(B.) (CM-BEM)
16 - — Im(B.) (CM-BEM)
14 L — — Re(B.) (2™ord FEM) | |
— — Im(B,) (2dord FEM)
12+ 1
10 - ]
& sl |
&
< 6L |
Q
4+ |
20 |
0+ J
2L J
_4 I I I I I
-60 -40 -20 0 20 40 60

y(mm)

Figure 16. Real and imaginary parts of the z-axis magnetic flux density component at 200 Hz along
the line A-B (CM-BEM plot is in straight line, FEM plot is in dashed line).

Figure 17. Cut surfaces used for determining magnetic fluxes indicated in Table 1 (¥1,%, ) and
eddy—current indicated in Table 2 (X3, X4).
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Table 1. Real and imaginary parts of magnetic flux (tWb) computed through cut surfaces ¥, £y by
3D CM-BEM and 3D FEM (2nd order) at 50 Hz and 200 Hz frequency.

Re(CIJ);l) Im(<1>21) Re(tbgz) Im(<I>22)

50 Hz 3D CM-BEM 7.869 —1.958 7.872 —1.958
FEM (2nd ord.) 7.862 —1.974 7.862 —1.974
3D CM-BEM 4.435 —3.126 4.438 —3.127

200 Hz
FEM (2nd ord.) 4.394 —3.142 4.394 —3.142

Table 2. Real and imaginary parts of eddy—current (A) computed through cut surfaces 3,4 by 3D
CM-BEM and 3D FEM (2nd) at 50 Hz and 200 Hz frequency.

RE(IZS) Im(I);S) RE(I};4) Im(124)
50 Hz 3D CM-BEM 21.811 63.412 —21.819 —63.080
FEM (2nd ord.) 21.766 63.258 —21.765 —63.259
3D CM-BEM 133.941 98.886 —133.687 —97.393

200 Hz
FEM (2nd ord.) 133.550 98.518 —133.540 —98.529

7. Conclusions

Several hybrid approaches based on the CM, which is a valid alternative to the FEM,
have been presented under a unified theoretical framework. It has been shown that, by
introducing an augmented dual grid in the CM discretization process, novel interface
topological operators can be obtained. These operators can be used in order to construct
symmetric (direct and indirect) hybrid formulations, which result in final matrix systems
amenable to iterative solution. Numerical tests show that direct and indirect approaches
have similar accuracy. As an example of application, the indirect formulation has been
tested on a realistic 3D eddy-current problem, showing the same degree of accuracy of
second-order FEM but with much less DOFs used for the discretization.
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