ANALYSIS OF A QUASILINEAR COUPLED
MAGNETO-QUASISTATIC MODEL. PART II: PASSIVITY,
PORT-HAMILTONIAN FORMULATION AND SOLUTION
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Abstract. This is a continuation of a sequence of two papers on the analysis of a quasilinear
coupled magneto-quasistatic model. In this part, we study this model from a systems theoretic
perspective. First, by taking the injected voltages as input and the associated currents as output,
we prove that the magneto-quasistatic system is passive. Moreover, by defining suitable Dirac and
resistive structures, we show that it admits a representation as a port-Hamiltonian system. There-
after, we consider dependence on initial and input data. We show that the current and the magnetic
vector potential can be estimated by means of the initial magnetic vector potential and the voltage.
We also analyse the free dynamics of the system and study the asymptotic behavior of the solutions
for t — oo.
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1. Introduction. A subject of this paper is the investigation of systems theo-
retic properties of a quasulinear coupled magneto-quasistatic (MQS) model

(Lla) 2 (cA)+V x (v(- ||V x A|]2)V x A) = xi in 2 x(0,7),
(1.1b) 4 x'Adé+Ri=w on (0,T),
(1.1c) ’ Axn,=0 in 942 x (0,7),
(1.1d) cA(-,0) =cA in 2,

(11¢) [ At = [ e

where 2 C R3 is a bounded domain with some further properties specified later on,
A : 2 x[0,T] — R3 is the magnetic vector potential, v : 2 x R>g — Rxq is the
magnetic reluctivity, o : £2 — R>¢ is the electric conductivity, and v,% : [0,T] — R™
are, respectively, the voltage and the electrical current through the electromagnetic
conductive contacts. Furthermore, y : 2 — R3*™ is the winding function, which
expresses the geometry of m windings, R € R™*™ is the resistance of the wind-
ing, n, : 02 — R? is the outward unit normal vector to the boundary 92, and
Ap: 2 — R3 is the initial value for the magnetic vector potential. The voltage v
is considered as the input, whereas the current ¢ is the output of the system. The
dynamics of the magnetic vector potential is expressed by (1.1a), which arises from
a simplification of Maxwell’s equations [10], and (1.1c¢) means that the magnetic flux
through the boundary 0f2 is zero. The term x 1 stands for the external current
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induced by m windings, and (1.1b) expresses Kirchhoff’s voltage law including the
applied voltage v, the resistive voltage R+, and the term % f(z x " A d¢, which is the
voltage induced by the electromagnetic field. Note that o is positive and constant on
a subdomain 2c C {2, whereas it vanishes on the complement of 2-. This implies
that the coupled MQS system (1.1) becomes of degenerate parabolic type.

The purpose of this paper is to investigate the dynamic behavior of the coupled
MQS model (1.1) from a systems theoretic point of view. In doing so, we analyse
passivity of this model by establishing the existence of a certain energy balance. Fur-
ther, we show that the MQS system (1.1) fits into the framework of port-Hamiltonian
systems. The findings on passivity will be the basis for solution estimates by means of
the initial value Ay and the input voltage v. Besides showing that the free dynamics
of system (1.1) (that is, the solution behavior with v = 0) are bounded and that the
L?-norm of the curl of the magnetic vector potential decays exponentially, we present
estimates for the L?-norm of the output and the magnetic vector potential in terms
of the initial value, the input and the material parameters.

The paper is organized as follows. In Section 2, we collect our model assump-
tions and review some results from [10] on existence, uniqueness and regularity of
solutions of the coupled MQS system (1.1). We also highlight that this system ad-
mits a representation as a differenial-algebraic system in which the state evolves in
an infinite-dimensional Hilbert space. This section closes with a brief introduction
to the concept of magnetic energy. It plays an essential role in Section 3, where we
establish an energy balance of the MQS system (1.1) and prove that this system is
passive. In Section 4, we introduce infinite-dimensional port-Hamiltonian systems via
abstract Dirac and resistive structures and show that the coupled MQS system (1.1)
belongs to this class. The energy balance from Section 3 is then used in Section 5
to establish the solution estimates for (1.1). In Section 5.1, we derive a bound for
the L?-norm of the output in terms of the L2-norm of the input and the initial value.
This gives, in particular, an estimate for the generalization of the H,,-norm to the
nonlinear infinite-dimensional differential-algebraic case. In Section 5.2, we derive es-
timates for the magnetic energy and the L2-norm of the magnetic vector potential at
some given time ¢ > 0 by means of the initial value and the L?-norm of the input.
Finally, in Section 5.3, we consider the MQS system (1.1) in which the zero voltage
is applied. We show that the magnetic energy decays exponentially, and we present
estimates for the L?-norm of the magnetic vector potential at time ¢ > 0.

2. The MQS system: assumptions, solvability and magnetic energy.
Throughout this paper, we use the notation and terminology of the first part [10]. For
ease of reference, we recall here the assumptions on the spatial domain, the material
parameters, the initial value, and the winding function. Moreover, we present the
solution concept and recap the solvability results and some essential properties of the
magnetic energy established in [10].

2.1. The model assumptions. First, we impose the following assumptions on
the spatial domain (2.

ASSUMPTION 2.1 (Spatial domain, geometry and topology). The set 2 C R? is
a simply connected bounded Lipschitz domain, which is decomposed into two Lipschitz
reqular, open subsets 2o, 21CI2, called, respectively, conducting and non-conducting
subdomains, such that 2cC82 and 2; = 2\ 2¢. Furthermore, )¢ is connected, and
21 has finitely many connected internal subdomains 2 1,..., {21 , with single bound-
ary components I'1, ..., Iy, respectively, and the external subdomain {21 ox¢ which has
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two boundary components Loyt = ﬁLext N NR¢ and 012.

Next, we state the assumptions on the electric conductivity o, the magnetic re-
luctivity v, and the resistance matrix R.

ASSUMPTION 2.2 (Material parameters).
a) The electric conductivity o : 2 — Rxq is of the form o = oclg,, where oc > 0
and 1o, denotes the indicator function of the subdomain {2c.
b) The magnetic reluctivity v : {2 x R>g — R>q has the following properties:
(i) v is measurable;
(@) the function ¢ — v(&,{)( is strongly monotone with a monotonicity constant
my > 0 independent of € € (2. In other words, there exists m, > 0 such that

(V(&,0¢ = v(€,9)9)(C—<) =mu(( —<)* forall§ € 2, (s € Rxo;

(ii1) the function ¢ — v(§, ()¢ is Lipschitz continuous with a Lipschitz constant
L, > 0 independent of € € 2. In other words, there exists L, > 0 such that

|V(€7 C)C - V(§7§)§| S LV‘C - §| fOT’ all f S 'Qa Cag S RZO-

Rmxm

¢) The resistance matriz R € is symmetric and positive definite.

As the space in which the solutions of the coupled MQS system (1.1) evolve, we
consider the set X (§2, £2¢) of all square integrable functions which are L2-orthogonal
to all gradient fields of functions from Hg({2) being constant on each interface com-
ponent I'y,...,T'; and Teyx. The space X (2, f2c) is a Hilbert space equipped with
the standard inner product in L?(2;R3). We further consider the space

(2.1) Xo(curl, 2, 2c) = Ho(curl, 2) N X (2, Nc),

which is again a Hilbert space, now provided with the inner product in Hy(curl, {2).
For any A € X (2, )¢), one has 1. A € X (2, ), see [10, Lemma 3.3]. Moreover,
[10, Lemma 3.4] states that Xg(curl, 2, 2¢) is dense in X (£2, 2¢).

The space X (2, £2c) enables us to formulate the assumptions on the initial mag-
netic vector potential Ay and the winding function y. For the latter, we impose
a condition for which it is necessary that all components of the matrix-valued func-
tion x : Q — R3*™ are square integrable, i.e., x € L*(Q;R3*™). Note that such
a function can, loosely speaking, be canonically identified with a m-tuple of elements
of L?(2;R?). More precisely, we will use the identification

(2.2) LA R¥™) = L2 (OR3P,

where elements of L%(Q;R?)1*™ are regarded as operators from R™ to L?(2;R?).
The corresponding operator norm is given by

(23> ||X||L2(Q;]R3xm) = \/)‘max (,/Q XTXd€>a

where Apax(X) stands for the largest eigenvalue of a symmetric matrix X € R™*™,
Note that the resulting normed space L?(£2; R3*™) is not a Hilbert space unless m = 1,
since the above norm is not induced by an inner product.

AssuMPTION 2.3 (Initial condition and winding function).
a) The initial magnetic vector potential Ag : 2 — R3 belongs to X (2, 2¢).
b) The winding function x : 2 — R3*™ belongs, by using the identification (2.2), to
X (92, 02c)txm.



4 T. REIS, T. STYKEL

2.2. Solutions of the coupled MQS system. Before discussing the solution
properties of the coupled MQS system (1.1), we declare what we mean by solutions.
Let T > 0 and v € L*([0,7T];R™). We call (A,3) with A € 2 x [0,7] — R? and
1:[0,T) = R™ a weak solution (or just solution) of the coupled MQS system (1.1), if
a) 0A € C([0,T]; X (£2,02c)) N HE((0,T); X(2,2c)) and 0 A(0) = 0 Ay,

b) [,x"Ad¢ € C([0,T;R™) N HL ((0,T];R™) and [, xTA(0)d¢ = [, x T Ag d&,
c) A e L*([0,T); Xo(curl, 2, 2c)) and i € L _((0, T}; R™),
d)

for all F € Xy(curl, £2, f2¢) and almost all ¢ € [0, 7],
(2.4)

4 [ 0AW® - Fag+ [ v IVx AW (TxAW) - (TxF) e = [ xilt) e,
2 2 2

%/g XTA(t)dE + Ri(t) = v(t).

It has been is proven in [10, Theorem 4.4] that, under Assumptions 2.1-2.3, the
solution the coupled MQS system (1.1) is unique. Existence and some additional
regularity properties of the solution have been established in [10, Theorem 7.1]. In
particular, it has been shown there that for almost all ¢ € [0, 77,

5 (@A) +V x (v(4 ||V x A(1)]|2)V x A(t)) = xi(t),
25 & Y xTA(t)dE+ Ri(t) = v(t),

and if, additionally, Ag € Xo(curl, £2, £2¢), then the solution of (1.1) fulfills
V x AeL>([0,T]; X(2,0c)), oA cHY[0,T]; X (2, 02c)),

/XTAdg c H'([0,T];R™), i € L*([0, T]);R™).
(9]

REMARK 2.4. The above solution concept can easily be extended to the positive
real aris R>q by saying that, for v € L2 _(R>0;R™), (A,4) with A : 2 x Ry — R3

loc

and © : R>9 — R™ is a solution of the coupled MQS system (1.1) if for any T > 0,
the restriction of (A,%) to [0,T] is a solution of (1.1). In this case, existence and
uniqueness of solutions immediately follow from the results on finite time intervals,
and the above regularity results can be adapted straightforwardly.

The coupled MQS model (1.1) can be regarded as an abstract differential-algebraic
control system

4 Ea(t) = Aa(t) + Bult), Ea(0) = Ea,
(2.6) ") = Calt) ’

with the input u(t) = v(t), the state x(t) = (A(t),4(t)), the output y(t) = (¢), and
the initial value o = (Ag, 0). Further, the linear operators E, B, C and the nonlinear
operator A are given by

(2.7a) E: X(2,0¢) xR™ = X(2,020) x R™,
A, i A, TAde),
(Ai) = (o4, [ \"Ad)

(2.7b) A: Xg(curl, 2,0c) x R™ — Xg(curl, 2, 2c) x R™,
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(2.7¢) B R™ — Xg(curl, 2, 2c) x R™,
v — (0,v),
(2.7d) C: X(02,00) x R™ — R™,
(A, 1) — (0,9),
where

Ay Xo(eurl, 2, 2c) — Xo(curl, 2, 2c),

A (F . /Q”(" IV x Al|2)(V x A) - (V x F) dg).

Hereby, the first “block row” in & Ex(t) = A(x(t)) + Bu(t) corresponds to (1.1a) and
also includes the boundary condition (1.1d), as this is included in the domain of 4;;.
The second “block row” expresses the coupling relation (1.1b). The initial condition
Ex(0) = Exo comprises (1.1d) and (1.1e), and the output equation y(t) = Cz(t)
states that the output y is given by the current 2.

2.3. Magnetic energy. The magnetic energy plays an important role in our
forthcoming discussions. For the magnetic reluctivity v as in Assumption 2.2b),
consider the function 9 : 2 x R>g — R given by

e Ve
(2.9 we0) =5 [ ve Vo= [T ueocac

Further, define a functional
E: X(2,0:)—RU{oo},

(2.9) A /Q I(E NV x A(9)]3) dé  if A € Xo(eurl, 2, 2c),

00 else.

Given a magnetic vector potential A(t) € Xp(curl, §2,2¢), the scalar function
E (& ||V x A&, t)||3) is the magnetic energy density, and E(A(t)) is the mag-
netic energy. Many properties of the magnetic energy are collected in [10, Propo-
sition 5.2]. In particular, it has been shown there that E is convex, and for all
A € Xy(curl, £2, ), it fulfills the estimates

m, L,
(2.10) - IV x Al (oms) < B(A) < 5

IV x All72(gms),

where m,,, L, > 0 are the constants as in Assumption 2.2b).

3. Passivity. In this section, we investigate passivity of the coupled MQS sys-
tem (1.1). Passive systems form a special class of dissipative dynamical systems which
have extensively been studied in [13,27]. They are of particular interest in circuit si-
mulation [3] and controller design [9]. Roughly speaking, a system is passive if it
does not generate energy or, equivalently, the energy is dissipated. Mathematically,
passivity can be defined in terms of a storage function. An important property of
passive systems is that an interconnection of passive subsystems often provides a new
passive system.
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Consider a general abstract differential-algebraic control system

SE((1) = Ax(t)) + Bu(t)),
(8:1) ) = cla)

with (possibly nonlinear) operators £ : X — Z, 4: DA)Cc X - Z, B:U - Z
and C : X — U’ for some Hilbert spaces X, Z and U. The input u € L?([0,T];U)
is called admissible with the initial condition E(x(0)) = E(xg), if (3.1) has a solution
x:[0,T] — X with E(x(0)) = E(z0) and y € L?([0,T);U’). Similarly to the finite-
dimensional case [27], we define passivity for the infinite-dimensional system (3.1) as
follows.

DEFINITION 3.1 (Passivity). A function S : X — R>o U {oo} is called a storage
function for passivity of system (3.1), if for all T > 0, 2o € X with S(xg) < co and all
inputs w € L?([0,T); U) admissible with the initial condition E(z(0)) = E(z0), the
following conditions are fulfilled:

a) t+ S(z(t)) is continuous as a function from [0, 7] to R>¢ U {o0};
b) for all 0 < tg < ¢ < T, it holds the dissipation inequality

(3.2) S(a(t)) - S(z(to)) < / S(u(r), y(r)2 dr,

to

where (-, )2 stands for the standard Euclidean inner product in R™. System (3.1) is
called passive, if there exists a storage function for passivity.

The dissipation inequality (3.2) typically has the interpretation of an energy ba-
lance. Namely, S(x(t)) expresses the energy of the state x(t), whereas the energy
extracted from the system is given by fi}%u(ﬂ, y(7))2d7. The nonnegative term

/t (), y(r))a dr — S(a(tr) + S(a(to))

is the energy which is dissipated by the system on the time interval [to, ¢1].

REMARK 3.2.

a) Assume that the initial value zo fulfills S(x¢) < oo and u € L*([0,T];U) is ad-
missible with the initial condition E(xz(0)) = E(zo ) Then it immediately follows
from the dissipation inequality (3.2) that S(z(t)) < oo for all t € [0,T].

b) If, additionally, S(0) = 0, then for system (3.1) initialized with E(2(0)) = E(0)
and for all inputs u € LQ([O,T], U) admissible with this initial condition, the dis-
sipation inequality (3.2) implies

S(z(t)) < /0 (u(r),y(r))odr  for allt €[0,T).

In this case, by the nonnegativity of S, we have

OS/O (u(),y(1))2 dr.

Systems with this property are called input-output passive. It has been shown in
[13] that reachable and stabilizable input-output passive finite-dimensional standard
state space systems possess a storage function. In particular, such systems are
passive. Passwvity of infinite-dimensional linear systems has been studied in [14,25].
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We now return to the coupled MQS system (1.1). We have seen in Section 2.2 that
this system can be written as an abstract differential-algebraic control system (2.6)
with the operators as in (2.7) and, in particular, U = U’ = R™. Then the existence
result in [10, Theorem 7.1] consequences that for Ag € Xo(curl, 2, 2¢), any input
u=wv € L?([0,T];R™) is admissible with the initial condition E(A(0),%(0))=E(Ao,0).

Next, we show that the function Smqs @ X(£2, 2¢) x R™ — Rxg U {oo} defined
by the magnetic energy as in (2.9), i.e.,

(3.3) Snmqs(A(t),i(t)) = E(A(t))

is a storage function for passivity of the coupled MQS system (1.1). A formal con-
sideration by invoking the chain rule for ¥ being as in (2.8), and the integration by
parts formula with the weak curl operator, see [10, eq. (2.1)], yields that the solution
of system (1.1) fulfills

G Suas(A(t),4(t) = /Q 50 (5 IIV < ADI3) HIV x A)]I3 ¢

=— /QH%\/EA(t)H;dg — (i(t), Ri(t))2 + (v(t),4(t))2.

Integrating this equation on [tg,t1] and using that u = v, y = 4, and R is a positive
definite matrix, we obtain

Smas(A(t),i(t1)) — Smas(A(to), i(to))

= _/t:l/gHiﬁA(T)H;dde—/t:1<i(7),Ri(7-)>2dr+/t1<v(7-)7i(7-)>2d7-

< / (), y(r))2 dr.

In particular, the non-negative expression

/1/Hﬁﬁf“(7)l|§d€df+/ (i(7), Ri(r))2 dr > 0
to 2

t1
to
stands for the energy dissipated by the system on the time interval [to,¢1]. Next, we

show that a rigorous analysis indeed leads to the above dissipation inequality.

THEOREM 3.3 (Energy balance for the coupled MQS system).  Assume that
2 C R? with a subdomain ¢ satisfies Assumption 2.1. Further, let Assumptions 2.2
and 2.3 be fulfilled, T > 0, v € L?([0,T];R™), and let (A,) be a solution of the
coupled MQS system (1.1). Then the magnetic energy function E as defined in (2.9)
has the following properties:

(3.4) (t = B(A(#)) € L' ([0, T]) N W2 ((0,7),
(3.5) (t — tE(A(t))) e L°*°(]0,T)).
Further, for all 0 < tqg <t; < T, it holds

(36) E(A(t)) — E(A(to)) = — / L VEAM)2 gy

to

- /t1 (#(1), R4(T))2 dT+/t1 (v(1),2(7))2dT.

to to
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If, additionally, Ay € Xo(curl, 2, 2c), then
(3.7) (t = E(A(t)) € Wh([0,T)),

and the identity (3.6) holds for all 0 <ty <t <T.

Proof. Tt has been shown in the proof of [10, Theorem 7.1] that the coupled MQS
system (1.1) can be formulated as an abstract differential-algebraic gradient system
with a subgradient of E. This system meets the assumptions of [10, Corollary 6.4],
which leads to the existence of a unique solution (A,4) satisfying (3.4), (3.5) and
(3.6). If, further, Ag € Xo(curl, 2, 2¢), then (3.7) is fulfilled, and the identity (3.6)
even holds for all 0 <ty <t; <T. O

As a consequence of Theorem 3.3, we obtain the following result establishing the
passivity of the coupled MQS system (1.1).

COROLLARY 3.4. Under the assumptions of Theorem 3.3, the function Smqs as
in (3.3) is a storage function for passivity of the coupled MQS system (1.1), and thus,
this system is passive.

Proof. Since the expression

tl tl

| IVEA@ g ar + [ G Rir)2dr
0 0

is positive, Theorem 3.3 implies that for all 0 < ¢ty < t; < T, the solution (A,%) of

(1.1) fulfills the dissipation inequality

Smqs(A(t1), i(t1)) — Smas(Alto), i(to)) < /11<U(T)7i(7)>2 dr.

to

Thus, Smqs is a storage function for passivity of the coupled MQS system (1.1) and
this system is indeed passive. O

REMARK 3.5. Theorem 3.3 implies that for ve L2([0,T]; R™) and Ag € X (02, 2¢),
we have Syqs(A(t),4(t)) < oo for allt € (0,T]. In other words, the storage function
takes finite values after an arbitrary short time, even if it is infinite at time zero.

4. The coupled MQS system in port-Hamiltonian formulation. Port-
Hamiltonian systems have meanwhile become rather popular as a modelling tool es-
pecially for coupled (multi-)physical systems [16]. In the past few years, this the-
ory has successfully been extended to (finite-dimensional) differential-algebraic sys-
tems [12,19,20,26]. The aim of this section is to show that the coupled MQS sys-
tem (1.1) also fits into the framework of port-Hamiltonian systems.

We first introduce some basics of port-Hamiltonian systems which are heavily
inspired by [16]. Since infinite-dimensional port-Hamiltonian systems have been so
far treated mainly from a differential geometric rather than from a functional ana-
lytic perspective [18,22, 23], the authors of this paper have a certain sovereignty of
definition. Note that, though a functional analytic approach to infinite-dimensional
port-Hamiltonian systems has been discussed in [15], the theory presented therein,
however, restricts to the very limited class of coupled systems of linear transport
equations.

An important concept is the Dirac structure which describes the power preserving
energy-routing of the system. Dirac structures on Hilbert spaces have been considered
in [7], and their structure has been analysed by using the theory of Krein spaces.
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DEFINITION 4.1 (Dirac structure). Let X be a Banach space. A subspace
D C X x X' is called a Dirac structure, if for all f € X, e € X/, it holds

(f,e) €D «— ((f,é)—l—(f,e):O for all (f,é)eD).

Hereby, X is called the space of flows, whereas X’ is called the space of efforts.

Another concept needed for port-Hamiltonian systems is the resistive relation
which represents the internal energy dissipation of the system [16, Section 2.4].

DEFINITION 4.2 (Resistive relation). Let X be a Banach space. A relation
R C X x X' is called resistive, if

(f,e) <0 for all (f,e) e R.

Having defined the Dirac structure and the resistive relation, we are now ready
to introduce port-Hamiltonian systems. The subsequent definition uses the concepts
of Gateauz differentiability and Gdteaur derivative, for which we refer to [28, Defini-
tion 4.5].

DEFINITION 4.3 (Port-Hamiltonian system). Let Xs, Xz and Xp be Banach
spaces. A port-Hamiltonian system is a triple (D, H,R), where D C (Xs X Xgr X
Xp) x (Xs x X% x X%) is a Dirac structure, # : Xs — R is Lipschitz continuous on
bounded sets and Gateaux differentiable, and R C X x X7, is a resistive relation.
The dynamics of the port-Hamiltonian system on an interval I C R are specified by
the differential inclusions

(4.1) (—g@(0), fr(1), fp(t), DH(x(1)), er(t),ep(t)) € D,
. (fR(t>7eR(t)) € Ra te ]L

where DH @ Xs — Xj is the Gateaux derivative of H. The function # is called
Hamiltonian, whereas, for some time ¢ in which the system is driven, x(t) is called
state. The spaces Xs x X5, Xr x X7, and Xp x X}, are referred to as energy storage
port, resistive port and external port, respectively.

REMARK 4.4.

a) Though the above definition of a port-Hamiltonian system includes the case of
infinite-dimensional Banach spaces and therefore has a certain generality, there
are quite a lot of opportunities for even further generalizations. For instance, in
a very general setting, a Dirac structure is defined on a manifold M by a certain
subbundle of D C TM @ T* M, where TM is the tangent bundle and T* M is the
co-tangent bundle of M [11, Definition 2.2.1]. In [19,20], the energy storage port
has been determined by so-called Lagrange manifolds, which generalize the above
use of Hamiltonians.

b) Since the Hamiltonian is assumed to be Lipschitz continuous on bounded sets and
is Gateauz differentiable, [4, Theorem 4.2] can be applied to obtain that for any
interval I C R and any x € WHP(I; Xg), it holds that (t — H(z(t)) € WHP(I), and
the weak derivative fulfills the generalized chain rule

(4.2) G H (@) = (g, DH(2)).

Combining this with the properties of the Dirac structure and resistive structure,
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we obtain from (4.1) that for almost all t € 1, it holds the energy balance

0= — (ga(t), DH(z(1)) + (fr(t),er(t)) + (fp(t), ep(t))
= — LU(a(t) + (fr(t).er(t) + (fp(1), ep(t)
— SH@(®) + (fp(t), ep(1)).

and, hence, an integration on [to,t1] C 1 yields

(&
(&

IN

(4.3) Ha(tr)) — H(x(to) < / (), ep () dt.

to

If, for instance, the flows at the external ports form the input, and the efforts
at the external ports form the output (or vice-versa), then we indeed obtain the
dissipation inequality (3.2).

c) A generalization of the Gdteaux derivative is given by the subdifferential as con-
sidered in [5] from the perspective of nonlinear evolution equations. This ap-
proach is applicable to a class of Hamiltonians which are further allowed to map
to R>o U {oo}, and typically results into a subdifferential which is set-valued and
only defined on some subset of Xp. Under the additional assumption that Xp is
a Hilbert space, it is shown in [5, Lemma 4.4] that the generalized chain rule (4.2)
also holds, if the Gateaux derivative is replaced by a subdifferential. Since this is the
essential ingredient used in (4.3), the incorporation of subdifferentials is a further
possible generalization of our approach to infinite-dimensional port-Hamiltonian
systems.

We now show that the coupled MQS system (1.1) admits a formulation as a port-
Hamiltonian system. For this purpose, we introduce the function

HMQS : Xo(Curl, .Q, Qc) — R,

A /Q I(ENIV x A(E)]2) de,

with the magnetic energy density ¢ defined in (2.8). Then it follows from [10, Propo-
sition 5.2 a)] that Hwmqs is Lipschitz continuous on bounded sets, whereas [10, Propo-
sition 5.2 c)] shows that Haqs is Gateaux differentiable, and the Géateaux derivative
fulfills for all A, F € X(curl, 2, 2c),

(4.4) (F, DHyigs(A)) = /Q V(- |V % All2) (V x A) - (V x F) de,

Next, consider the Hilbert spaces

Xs :Xo(curl, .Q, Qc), Xr :Xo(curl, .Q, Qc)/ X Rm,

4.5
(45) Xp =R™, X = Xo(curl, 2, 2c) x Xo(curl, 2, 2c) x R™ x R™.

Since Hilbert spaces are reflexive, and the dual space of R™ can be canonically iden-
tified with itself, we have

X5 =Xo(curl, 2, 2c), X =Xo(curl, 2, 2c) x R™,
X5 =R™, X' = Xo(curl, 2, 2c)" x Xg(curl, 2, 2c) x R™ x R™.
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We introduce the relations

(4.6)
fa J
Duas =3 | | 7™ | |2 || exx X't fa=B, Juw =T + Yiwia,
Vwind Twind
i v
_ T ..
Vwind = _/ X Edf—’U, Z_zwind};
(7
(4.7)

Rmaqs = { ((,&iﬁ;) , (ZwEmd>> € Xp X X ¢ Jint = —0E, Vying = —Riwind} .

It immediately follows from Assumption 2.2 a) and c¢) that Raqs is a resistive relation.
To prove that Dyiqg is a Dirac structure, we advance the following lemma, which
is a straightforward generalization of the well-known statement that the graphs of
a skew-symmetric matrices define Dirac structures [12,19].

LEMMA 4.5. Let X be a Banach space, and let J € L(X',X) be a skew-dual
operator in the sense that it fulfills (Jv,w) = —(Jw,v) for all v,w € X'. Then
D={(TJe,e) : e€ X'} is a Dirac structure.

Proof. Assume that (f,e) € D. Then f = Je. This implies that for all (f, é) € D,

(f,e) + (f,e) =(Te,e) +(Teé,e) = —(Te,é) + (Té,e) = 0.

On the other hand, if (f,e) € X x X’ fulfills (f,é) + (f,e) = 0 for all (f,é) € D, then
we obtain for all é € X’ that

0= <f7é>+<\-7éve> = <f7é> - <j6,é> = <f_\-7€vé>'
Hence, [1, Corollary 6.17 (2)] (which is a direct consequence of the famous Hahn-
Banach theorem) leads to f = Je, which in turn gives (f,e) € D. ad

We can now easily verify that Dyiqg as in (4.6) is a Dirac structure.

PROPOSITION 4.6. Assume that 2 C R® with a subdomain Q¢ satisfies Assump-
tion 2.1, and let x : 2 — R3*™ satisfy Assumption 2.3b). Then Dyqs as in (4.6) is
a Dirac structure.

Proof. For X as in (4.5), consider the bounded operator Jyvqs : X' — X with

J E
j E o _J + Xiwind
MQs iwind - f.Q XTE dg —v
v iwind

Then it can be immediately seen that Juqg is skew-dual, whence Lemma 4.5 implies
that Dyiqs is a Dirac structure. 0

Next, we show that the coupled MQS system (1.1) represents the dynamics of the
port-Hamiltonian system (Dmqs, Hmqs, Rumqs) in some sense. Denote the state x(t)
by A(t) and the flow and effort at the external port by i(t) and wv(t), respectively.
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Then

(-4, (Jm0)) 0. Drasa). (B0, o)) € Puvas.

Vyind (t
(9. (.29, € R

By using the definition of Dyqs in (4.6) and Rmgs in (4.7), we obtain

(4.8)

~L A1) =E®), —0E(t) = — DHuqs(A(t)) + X twina (1),
Riwma(t) = — / TE@)dE —v(t),  i(t) = iwima(®),
(9]
and, thus,

$OA(t) = — DHuqs(A(1)) + x i(t),

4 ; xTA(t)dé = — Ri(t) + v(2).
Since the first equation takes place in Xo(curl, 2, £2c)" and DHnqgs reads as in (4.4),
we obtain the weak formulation (2.4) of the coupled MQS system (1.1). Moreover, the
external port is formed by the voltage v and the current ¢ at the conductive contacts,
which are, respectively, the input and the output of (1.1). The variable Jiy; in (4.8)
stands for the current density in {2 induced by the electromagnetic field, whereas E
is the electric field intensity. Further, vying is the part of the voltage at the winding
which is caused by the resistive effect, and 2winq is the corresponding current.

REMARK 4.7. Note that the port-Hamiltonian model (4.8) requires weak differen-
tiability with respect to time of the magnetic vector potential A, whereas the solution
concept in Section 2.2 only requires o A to be weakly differentiable.

The port-Hamiltonian model (4.8) can at least formally be represented in a com-
pact form

I 0 of [A(®®) 0 -1 0 DHMQS(A(t)) 0
410 0 of [E®M)| =|I —0 —X E(t) + 0] (),
0 0 0f |i(t) 0 [ox' d¢ -R i(t) I
DHumqs (A(t))
it)y=[0 0 I E(t) ,

i(t)

whose structure amazingly resembles the class of finite-dimensional port-Hamiltonian
differential-algebraic systems studied in [6,21].

5. Solution estimates. In this section, we study the quantitative properties of
the coupled MQS system (1.1) by considering its input-to-output and input-to-state
behavior. We present estimates for the current, the magnetic vector potential and
the magnetic energy upon the initial magnetic vector potential and the voltage. We
further show that, under some additional assumption on the initial value, the free
dynamics of the MQS system decay exponentially. Note that our estimates also cover
the case of infinite intervals. To this end, we refer to Remark 2.4 for the definition
and existence of solutions on the whole positive real axis Rx>g.
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5.1. Input-to-output behavior. First, we derive estimates for the current z,
which is considered as the output of the coupled MQS system (1.1), by means of the
initial value Ay and the voltage v, which forms the input. In most cases, we will
stick to the case Ag € Xg(curl, 2, 2c). Note that by [10, Theorem 7.1] (see also
Section 2.2), the solution (A,%) has the property that A(t) € Xo(curl, 2, 2¢) for
almost all ¢ > 0 even if the weak curl of Ay € X (2, £2¢) is not in L?(2;R3).

Our forthcoming considerations rely on the following auxiliary result, which is
solely based on the energy balance (3.6) developed in Theorem 3.3.

LEMMA 5.1. Assume that 2 C R3 with subdomain ¢ satisfies Assumption 2.1.
Further, let Assumptions 2.2 and 2.3 be fulfilled, and let T € R>o U {oo} and
ve L ([0,T);R™). Moreover, let E be the magnetic energy as defined in (2.9),

loc

and let (A,©) be the solution of the coupled MQS system (1.1). Then for all e > 0
and all 0 < tg <ty < T, it holds

E(A(t1)) — E(A(to))

"o 2 eN [ pi2s 2
< [ IEVEAD et — (1-5) [ IR ar

to to

1 h 1/2 2
+25/t0 |R=Y 20 (7)) dr.

If, additionally, Ay € Xo(curl, 2, 2c), then the above inequality holds even for all
0<tsg <t <T.

Proof. Assume that 0 < to < ¢t; < T, and let (A,%) be a solution of (1.1).
A combination of the Cauchy-Schwarz with Young’s inequality [1, p. 53] yields that
for almost all 7 € [to, t1],

(i), 02 < IRY24(0) |2 R 20(r)l < & R4+ o R 0(r)]3
Then we obtain from the energy balance (3.6) that
E(A(t1)) — E(A(to))
< [ 1A Baasnr - [ IR i) Bar

t(J t()

t1 1
+ [ IR + S| R o(r) Bdr

to

t1 tl
3 .
—— [ I VEAD g~ (1-5) [ IR ar

to tO

1 [t
+?€ . IR 1/20(7)\\§d7.

As Theorem 3.3 states that (3.6) holds for all 0 < ¢y < t; < T, if, additionally,

Ay € Xog(curl, 2, ), the above estimate is then as well fulfilled in the remaining
case tg = 0. 0

In the following theorem, we establish an estimate for the L?-norm of the output
y = i in terms of the L2-norm of the input v = v. In particular, we show that
i € L*(R>o; R™), if v € L2(R>0; R™) and Ag € Xo(curl, 2, 2c).
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THEOREM 5.2. Assume that 2 C R® with a subdomain 2c satisfies Assump-
tion 2.1. Further, let Assumptions 2.2 and 2.3 be fulfilled, and let T € R>o U {oo},
v e L3([0,T);R™), and Ag € Xo(curl, 2, 2c). Moreover, let E be the magnetic ener-
gy as defined in (2.9), and let (A, 1) be a solution of the coupled MQS system (1.1).
Then i € L*([0,T); R™), and for all € € (0,2),

(5.1)  [1RY?8)1 320 1ymm) < 522 E(A0) + e IR0 135 (0. 1ymy

(5:2) Rl 2oz <\ #2 1Vx Aolliaom + e IR 20lliaqomyam,

where L, is the Lipschitz constant as in Assumption 2.2 b). If, moreover, the initial
value is zero, i.e., Ag =0, then

(5.3) IR L2 jo,rymemy < IIR™Y 20| L2(p0,1ymm) -

Proof. By [10, Theorem 7.1], we have i € L*([0,7); R™). Further, let ¢ € [0,T)
and € € (0,2). Then using Lemma 5.1, we obtain

t
0< B(AW) < E(A) — [ IFVTAD) s dr
t t
— _< 1/2; 2 i —1/2 2
(1-5) [ 1Rz + 5 [ IR 2o ar
t t

<E(40) - (1-5) [ IRV?i(r)3dr + L [ IR0 2 ar.
= 2 0 2 % 0 2

Adding the expression (1 — £) fg |RY/2i(7)||3dr to both sides, dividing by 1 — £,
and subsequently taking the limit for ¢ T, we obtain (5.1). The estimate (5.2)
immediately follows by a combination of (5.1) with (2.10). Finally, if Ag = 0, then

(5.3) follows from (5.2) by setting ¢ = 1. ad

REMARK 5.3.
a) Let Amin(R) be the minimal eigenvalue of R. Then, under the assumptions of
Theorem 5.2, we obtain from (5.1) and (5.2) that

IN

2 1 2
e E(A0) + co—anzmy 1Vl122 o, 1)mem)

min

131172 0,7y m)

IN

||iHL2([O,T);Rm) m HV X AOHLQ(Q;RS)

1

+ m ||”||L2([0,T);Rm)-
If, further, Ag =0, then (5.3) implies

(5.4) l8ll 2o, mymy < IR wllz20,mymm) = 5y 191122 (0,)mm) -

Note that in the above estimates, we can further replace Amin(R) by R, if m = 1.
b) In systems theory and model reduction, estimates of the L?-norm of the output by
means of the L%-norm of the input play a crucial role. In the linear and time-
imwvariant case, such estimates can be obtained by using the so-called Hoo,-norm of
the transfer function. In particular, it has been shown in [17] that discretizing the
linear coupled MQS system (1.1) using the finite element method and regularizing
the resulting system, one obtains a differential-algebraic system whose transfer
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function has the Hoo-norm coinciding with ||R™1|| independent of the fineness of
the discretization. In this case, we have

el 2o,y < IRTHI 0] L2 o, 78

and, further, in the case where m = 1, this estimate is sharp in the sense that
there exists a sequence of inputs (v)r in L*(R>o) such that for the corresponding
sequence of outputs (ig)r of the system with Ag = 0, the sequence of quotients
ikl L2 ®so) /1Rl L2 (Rso) tends to R™1. Thus, the estimate (5.4) is an extension of
this result to the quasilinear infinite-dimensional case, and it is presumably sharp.

5.2. Input-to-state behavior. Next, we present a quantitative estimate for
the magnetic energy E(A(t)) in terms of the L?-norm of the input v, if the coupled
MQS system (1.1) is initialized with Ay € Xo(curl, 2, £2¢).

PROPOSITION 5.4. Assume that 2 C R® with a subdomain Q¢ satisfies Assump-
tion 2.1. Further, let Assumptions 2.2 and 2.3 be fulfilled, and let T € R>o U {o0},
v € L2 ([0,7);R™), and Ay € Xo(curl, 2,0c). Moreover, let E be the magnetic

energy as defined in (2.9), and let (A,%) be a solution of the coupled MQS system
(1.1). Then for all0 <t <T,

(5.5) E(A(t)) < E(Ag) + 3 IR70|72 (10 1y:m )

(5.6)  [IVxA®)|r2(ms) <1/ 22 IV X Aoll2(0m) + 55 1RT20]| 2 (10,0):2m),

where my, L, are the monotonicity and Lipschitz constants as in Assumption 2.2Db).
In particular, if v € L*([0,T);R™), then V x A € L>([0,T); L2(£2;R3)) with

IV % All 2= o,y 222522y < \/ 322 IV X Aol z2ams) + 7 IR 20ll L2 0,7 m)-

Proof. The estimate (5.5) follows from Lemma 5.1 by choosing ¢ = 2. Further,
by invoking (2.10), we obtain from (5.5) that

IV x A7z (0ms) < 7y E(A())

<2 BE(Ao) + 5= IR7?0)1320.0)mm)
< WLT”VHV X A0H2L2(.Q;R3) + ﬁ||R71/2U||%2([0,t);R’”)
2
< (VE I X Aollraoms) + g IB/20) 2o, )
Thus, (5.6) follows by taking the square root. d

REMARK 5.5. Let Apin(R) be the minimal eigenvalue of R. Then, under the
assumptions of Proposition 5./, we obtain that

E(A(t)) < E(Ao) + oo ()12 (0.1):mm)

IV % A6l r2(ams) <1/ w2 IV X Aollr2(oms) + \/ﬁ 0]l 2 0.0 m)
IV x AllLe<o0,1):22(2:r3))

<52 IV x Aol z2(ome) + \/ﬁ 1]l 22 0,7) mem)-

We can again replace Amin(R) by R in the single-input single-output case, i.e., m = 1.
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Finally, we analyze the dependence of || A()||12(o;rs) upon the input v and the
initial value Ag. Hereby, we make essential use of [10, Lemma 3.4] which states that
there exists a constant Le > 0 such that for all A € Xg(curl, £2, 2¢),

(5.7) 1A ) < Lo (141 (e + IV X Al (o ) -

As a preliminary thought, we use the fact that for the electric conductivity o as in
Assumption 2.2a), one has (0 A1, As)r2(ors) = 0c(A1, A2)2(0q;rs). Then (5.7)
implies that

(5.8) (A1, A2) xy(curl,2,00) = (0A1, A2)2(0r3) +(V X A1,V X Ag)r2(0.r3)

+ / Ade-R / T A de
(93 0

defines an inner product in Xg(curl, £2, ) whose induced norm is equivalent to the
standard norm in Hy(curl, £2). Consider now the space

(5.9) Xo(curl=0, 2, 2c) = {A € Xo(cwrl, 2,2¢) : Vx A=0}

which is a closed subspace of both X (2, 2¢) and Xy (curl, £2, 2¢) with respect to the
respective norms.
The following lemma is essential for our further analysis.

LEMMA 5.6. Assume that 2 C R? with a subdomain ¢ satisfies Assumption 2.1.
Let P € L(Xo(curl, 2, 2c)) be the orthogonal projector onto Xo(curl=0, 2, ) with
respect to the inner product (5.8). Then the following statements hold:
a) The projector P can be uniquely extended to a bounded projector P € L(X (2, 2c)),

where X (02, 0c) is provided with the norm in L?(2;R3). The operator norm of P
fulfills ||P|| < % with oc as in Assumption 2.2a), Lo as in (5.7), and
(510) ’}/:UC+ |‘XR71/2||%2(Q;R3XTH).

b) There exists a constant Ly > 0 such that for all A € Xo(curl, £2, 2¢),
(511) H(I — P)A||L2(.Q;]R3) < L1||V X A||L2(Q;R3)-

c) The operator
T: imP —im P,

A — P* <0’A+XR1/ XTAd§>
2

has a bounded inverse. The operator norm of this inverse fulfills | T 1| < %

Proof. a) Let A € Xo(curl, £2, 2¢). Then V x (PA) = 0, and we obtain by using
the definition of the inner product (5.8) that
0 = <PAa (I - P)A>X0(cur1,Q,Qc)

:/ o(PA)~((IfP)A)d§+/ XT(PA)dg.R*/ x" (I - P)A)d¢.
2 2 ]
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This relation leads to
5 (5.7) 5 5
1PAoms < Lo (IPARs @z + IV % (PA) a0
= Lo P = 22 [ olPAI3de
<te ([ airaact [ ol - PaRac
2 2
+ 2/ o(PA)-((I - P)A)d¢ + 2/ x'(PA)d¢- R*l/ X" (I —P)A)d¢
2 (9 2

=0
2
2

2
- HRW/QXT((I— P)A)d¢
2
L
> < e A7 (o.z3)-

+ HRW/ x " (PA)d¢
2

2
2

=La (/ ac|A§d£+HR1/2/ YTAde
Q¢ (9]

Since Xq(curl, 2, ) is dense in X ({2, ), we can make use of [1, Theorem E5.3]
to see that the projector P uniquely extends to an operator P € L(X ({2, 2¢)) with
|P|* < % As the operator P2 — P € L(X ({2, c)) vanishes on the dense subspace

Xo(curl, £2, f2¢), it has to vanish everywhere. Consequently, Pisa projector.
b) Step 1: First, we show that the mapping

T:  Xo(curl, 2,02¢) — L(div=0, 2;R?),
A~ VxA

is surjective. Let F' € L?(div =0, £2;R?). Then, by [2, Theorem 3.17], there exists
some C € Hy(curl, 2) such that F = V x C. By definition of X ({2, {2c), we may con-
sider an orthogonal decomposition C = A + V¢ with A € X (£, 2¢) and ¢ € H(2)
which is constant on each boundary component of {2-. Consequently, the tangential
boundary trace of Vi vanishes, whence this also holds for A = C — V. Then we
obtain

VXA=VXC-VxVy=VxC=F

and A € Xg(curl, 2, 2¢), i.e., F € im V.

Step 2: Next, we show that the restriction V|, of ¥ to ker P is bijective.
By definition of P, we have ker ¢ = im P, which is the orthogonal complement of
ker P with respect to the inner product (5.8). Therefore, ¥|,  p is injective. To
prove surjectivity, let F € L?(div = 0, 2;R3). Then, by Step 1, there exists some
A € Xp(curl, 2, ¢) with F =V x A, and thus

Vx(I-P)A)=V x((I-P)A)+V x(PA)=VxA=F.

Step 3: Finally, we show that there exists L; > 0 such that (5.11) holds. We
have seen in Step 2 that U|_ , : ker P — L?*(div = 0, 2;R?) is bijective. It can
be further shown that this mapping is bounded. Then the inverse mapping theorem
[1, Theorem 7.8] yields that W[, has a bounded inverse, which implies that there
exists a constant ¢; > 0 such that for all A € Xy(curl, 2, 2¢),

I(Z = P)ANZ2 zs) + IV % (I = P)A) |2 (oms) < cllV x (I = P)A[L2(ops)-
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Then, clearly, ¢; > 1, and we obtain that (5.11) holds with Ly =¢; —1 > 0.
c) Let A € Xg(curl, £2, £2c). Then

(PA,TPA)2(0ms) = (PA, TPA) 12 (0r5)

= <PA,P (cPA+ xR /QX (PA)d§)>L2(Q;]R3)

I
P

PPA,cPA+ xR} / X" (PA) d§>
0 L2(£2;R3)

—1 T
<PA,0PA+ YR /Q X (PA)d§>L2(Q;R3)

/U(PA)~(PA) dg+/ XT(PA)d@R*l/ x"(PA)d¢
2 2 2

/ o(PA)-(
2

Y

- (PA)d¢

(5.7)
= 00 (IPAI: 0pms) + I X (P 0gs)) 2 22IPAIR: om0,

Since Xo(curl, £2, 2¢) is dense in X (2, f2¢), we have
(PA, TPA) 2o > $2[|PA|3 2 (g for all A€ X(R2,00).

Consequently, 7 has a bounded inverse with |7 1| < {;—g O

For the next result on the dependence of the L2-norm of A(t) upon the input and
the initial value, we recall that we use the identification (2.2) and the norm (2.3) on
L2(2;R3xm),

THEOREM 5.7. Assume that 2 C R® with a subdomain ¢ satisfies Assump-
tion 2.1. Further, let Assumptions 2.2 and 2.3 be fulfilled, and let T € R>q U {oo},
v e L} ([0,7);R™), and Ay € Xo(curl, 2, 2c). Moreover, let E be the magnetic en-
ergy as defined in (2.9), and let (A,4) be a solution of the coupled MQS system (1.1).
Let my, and L,, be as in Assumption 2.2b), Lo as in (5.7), L1 as in Lemma 5.6b),
and 7y as in (5.10).

a) Forall0 <t <T,

IA(®)|z2(ome) < Liy/ £ |V x Agllr2(aire) + == | R ?0]|12(j0,0)mm)

V2my
t

+4/ WULCC <|Ao||L2(Q;R3)+ %||XR71/2”L2(Q;R3W”) ‘/31/21’(7)617
0

b) If x € L?(div=0, 2;R3)1*™  then

)

[A®) |22 (2:ms) < e [[Aollz2(2ms)

oc
+ Ll\/ % HV X AO||L2(Q;R3) + \/é%,, ||R_1/2'U||L2([O,t);]R’”)'

Proof. a) Let (A,%) be a solution of the coupled MQS system (1.1), and let
P e L(Xo(curl, 2, £2)) be the orthogonal projector onto Xo(curl =0, 2, f2c) as de-
fined in (5.9), where Xg(curl, £2, 2¢) is provided with the inner product (5.8). Then
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the definition of the solution, see Section 2.2, yields that for all Fe Xy (curl, 2, £20),
& QUA( ) (PF)dg + /Q v(- IV x A(t)[[2)(V x A(t)) - (V x (PF))d¢
= [ xit) (PR
Q
o) & [ TPFdg- 4 [ Awds r [ (PR de
Q 2 2

Since V x (PF') = 0, this equation reduces to
d T ~1 T
& ([ oaw-racs [ xTawag [ Ter)ac)

0-R /Q T (PF)de

By using that P € L(Xo(curl, £2, 2¢)) is an orthogonal projector onto the space
Xo(curl=0, £2, ) with respect to the inner product (5.8) and, by [10, Theorem 7.1],
A(t) € Xo(curl, 2, 2¢) for almost all t € [0,7"), we obtain

(5.12)

/aA(t)~(PF)d§+/ XTA(t)dg-R—l/ x" (PF)d¢
2 2 2
:/ aA(t)-(PF)d§+/ x A(t) d§~R‘1/ x' (PF)d¢
2 2 2
+/(V><A)-(V><(PF))d§
7

—_————
=0

<A(t)’PF>Xo(Curl,Q,QC) = <PA(t)aF>Xo(curl,Q,_Qc)

= / o(PA()) - Fd§+/ x' (PA(t)d¢ - R—l/ Y Fd¢
2 2 2

+/ (V x (PA())-(V x F)d¢
N ~—

=0

:/ a(PA(t))-Fd§+/ XT(PA(t))dg-R—l/ e
2 (9] 2

(5.8)

Since by Lemma 5.6a), P extends to a projector P € £(X(£2, £¢)), we further have

"R~ / (PF)d¢ = /XR v(t) - (PF)dé = (xR 'v(t), PF) 2(0rs)

= (xR "(t), PF) p2(0ms) = (P*X R~ '0(t), F) 12(0:83),

where P* is the adjoint of P. By using the density of the space Xy(curl, 2, 2¢) in
X(£2, £2¢) and the latter two equations, the integration of (5.12) implies that

t— o(PA(t)) +XR’1/ x" (PA(t))d¢
n
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is a continuous mapping from [0,7) to X (£2, f2c) with

(a(PA(t)) +xR™! /

i)

T (PAD)E) - (o(PAg) + xR [ \T(PAY )
= P*yR! /Ot v(r)dr forallte€[0,T).
An application of P* to both sides of this equation yields
T(PA(t) — PAg) = P*x R~ /Ot v(r)dr forall t € [0,T),
where T is the operator as in Lemma 5.6 ¢). Since T is invertible, we obtain
(5.13) PA(t) - PAy=T! <ﬁ*x R™! /Ot v(7) dT) for all t € [0,T).

Hence, using Lemma 5.6 a) and c¢), we obtain for all ¢ € [0,7T),
| PA()| L2 (2;r2)

t
< 1P Aol 2y + 1T NI NIXR 2|2 (08 m) '/ R™'?u(r)dr
0 2

t
< ke (||A0|LQ<Q;R3>+55|xR-1/2||Lz<Q;Rm> ' | R ar )
0 2

Further, Lemma 5.6 b) and Proposition 5.4 imply for all ¢ € [0,T),

(I = P)A(t)|lL2(0re) < L1 ||V x AllL2(0rs)

< Lyy/ ,ﬁf/ IV x Aollr2(2;rs) + \/é%u \|R_1/2"’||L2([0,t);lRm)

and, thus,
JAW® |2 m0) < [PAWD) 120 + (= PYA®)12(0:29)

t
<4/ ’YUI;C <||AO|L2(_Q;R3) + %||XR_1/2HL2(Q;R3XWL) / R_l/Q’U(T) dr
0

+ L1/ ,ﬁu IV x AgllL2(o;rs) + %ny |\R71/2v||L2([0,t);Rm).

)

b) If x € L%(div=0, 2;R3)1*™ then it follows from [2, Theorem 3.17] that there
exists some F € Hy(curl, Q)lxm with y = V x F. Using the integration by parts
formula for the curl operator, see [10, eq. (2.1)], we obtain that the columns of x are or-
thogonal with respect to the inner product in L?(§2;R3) to all C € Xy (curl=0, 2, 2¢).

In other words, _ B
X € ((imP)J_)lxm — (kerP*)lxm,

which gives P*y = 0. Then (5.13) reduces to PA(t) = PAg for all ¢ € [0,T). Now

proceeding as in the previous case, we obtain
[A@) |2 (2re) < [PA@)]L2(25me) + (1 — P)A(H) | 2(25r9)

</ % [ AollL2(2rs)

+ Ly IV % Aollzgame) + g BT 20l Lo, me)-

d
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REMARK 5.8. Note that the divergence-freeness condition in Theorem 5.7b) is
guaranteed, if the support of x does not meet the interface between the conducting
and non-conducting subdomains, i.e., supp(x) C 2c U £2;. In this case, the condition
X € X(£2,0c)™ is even equivalent to x € L*(div=0, 2;R3)1>x™.

5.3. The free dynamics. By free dynamics, we mean the solution behavior of
the coupled MQS system (1.1) in which (1.1) no voltage is applied, i.e., v = 0. Our
goal is now to analyse their asymptotic behavior for t — oc.

The following theorem shows that the magnetic energy E(A(t)) as well as the
L?-norm of Vx A(t) can be bounded from above by an exponentially decaying function
provided v = 0.

THEOREM 5.9. Assume that 2 C R® with a subdomain ¢ satisfies Assump-
tion 2.1. Further, let Assumptions 2.2 and 2.3 be fulfilled, and Ag€ Xo(curl, 2, 2¢).
Moreover, let E be the magnetic energy as defined in (2.9), and let (A, 1) be a solu-
tion of the coupled MQS system (1.1) with v = 0. Then for oc, m, and L, as in
Assumption 2.2, v as in (5.10), and

S

(5.14) W= =

=2
~
N

it holds for allt > 0 that

(5.15) E(A(t)) <e?“'E(Ay),
(5.16) IV x A(t)||L2(Q;R3) <4/ 7%: et IV x AO||L2(Q;R3).

Proof. Consider the operator

F: X(Q,Qc) x R™ — X(Q,Qc),
(A,i) — oA+ xR %4,

Then F is linear and bounded with || 7| < /7. Further, im F is closed, as it is the
sum of the closed space L?(£2c;R3) and a finite-dimensional subspace of X (2, 2¢).
Therefore, we conclude from [8, Theorem 9.3.3] that F has a bounded Moore-Penrose
inverse F : X(2,02c) = X (2, 2c) x R™ such that FF and FF are the ortho-
gonal projectors onto im F and im F*, respectively. Using ||F|| < /7, we obtain for
all F € im F,

(5.17) |F|| r20irs) = IFFFFllL2(2rs) < VA 1FTF|| L2(0ir5) xR -

Let (A, i) be a solution of (1.1) with v = 0. Then it follows from (2.5) that for almost
all ¢t >0,
(5.18)

Vx (v ||V x A®)|]2)V x A(t) = =L (cA®R) + xi(t) = —FLF*A(t) € im T,

and Assumption 2.2b) gives
(V5 A(t), v, IV % AW)2)V X AW r2(0m0) = mlIV < A2

Further, using the integration by parts formula for the weak curl operator together
with the fact that A(t) € Xo(curl, 2, ) for almost all ¢ > 0, we obtain

(519) [V x WV x A2V x A®) |2(0m) = mollV x AW 12(oiz0)-
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Then it follows from (5.17) and (5.19) that for almost all ¢ > 0,
|5V (Wl [ % AD2)Y % AD) |2 ez0)car
(5.20) > J= [V x (v, IV x AD)]12)V < A))l| 200z
> T IV < A L2 20 ms) -

Let w be as in (5.14). Using the energy balance (3.6) and the relation F* = F+FF*
we obtain, by invoking v = 0, that for all 0 <ty < t < oo,

E(A(1)) — E(A(to)
=—[W£wmvw;mmw—[1wmmwmw

(2.5) oy ) b
= - ||§\/5A(T))HL2(Q;R3)dT_ \ dr
0

2
to 2

A R1/2 /Q T A(r) d

ty
=—luﬁﬁmwm@mme
0]

ty
=—/HFT%PMﬂWmmmwM
to

t1

(5.18) 2

B _/t |75 (7 WV x AD2)Y x ATD|2agm) cmm o7
(5.20) mg t1

< - / [V x A(T)Hiz(n;u&ﬁ) dr

T Jte

(2.10) t1

< 2w E(A(r))dr

to

with w as in (5.14). By a division of the above inequality by ¢; — ¢ and then taking
the limit t; — ¢, we obtain that the weak derivative of ¢ — E(A(t)) fulfills the
differential inequality

(5.21) LE(A(t) < —2wE(A(t)).

Then Gronwall’s inequality for the weak derivative [24, Lemma IV.4.1] gives rise
to (5.15). The estimate (5.16) can be concluded from (5.15) by further using the
inequalities in (2.10), and subsequently taking the square root. O

REMARK 5.10.

a) The inequality (5.21) shows that the scalar function t — E(A(t)) is strictly decay-
ing unless V X A(t)= 0. This is not surprising from a physical point of view, as,
by v = 0, no external energy is put into the system.

b) Let us briefly consider the case where the free MQS system is initialized with
Ay € X(2,0¢), which is not necessarily in Hy(curl, 2). By [10, Theorem 7.1]
on the existence and regularity properties of the solutions of the coupled MQS sys-
tem (1.1), we have A(t) € Xo(curl, 2, 2c) for almost all t > 0. Further, for each
finite interval [0,T], the functions t — E(A(t)) and t — ||V x A(t)||12(0rs) can
be bounded by a constant times % and %, respectively. As a consequence, there
exists some constants My, My > 0 such that the solution (A, %) of (1.1) withv =0
satisfies for all t > 0,

E(A(t)) S M1 (1 4 %) 672Wt7 ||v X A(t)||L2(Q,R3) S M2 (1 —+ %) efwt.
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Finally, we derive the estimates for the L?-norm of the magnetic vector potential
A(t) of the uncontrolled coupled MQS system (1.1).

THEOREM 5.11. Assume that 2 C R3 with a subdomain ¢ satisfies Assump-
tion 2.1. Further, let Assumptions 2.2 and 2.3 be fulfilled, and Ay € Xo(curl, 2, 2¢)
and v = 0. Moreover, let E be the magnetic energy as defined in (2.9), and let
(A, ) be a solution of the coupled MQS system (1.1). Then for oc, L,, m, as in
Assumption 2.2, v as in (5.10), and w as in (5.14), it holds for all t > 0,

(5.22) At r2(oms) < /222 || AollL2(ore) + L

oc

fr'T’; eim:HV X AOHL2(Q;R3)~

If, additionally, the initial value fulfills for all F € Xo(curl=0, 2, 2¢),

(5.23) /UAO-Fd§+/ XTA0d§~R*1/ x'Fdé =0,
2 2 2

then for allt > 0,
(5.24) [A®) ]| L2(0:ms) < L1/ 22 eV x Aoll2(ms)-

Proof. Let P € L(X(£2,2¢)) be the projector as in Lemma 5.6 a). Then by using
the argumentation as in the proof of Theorem 5.7 a) and invoking v = 0, we obtain
that ﬁA(t) = PA, for all t > 0. Thus, by further using that A(t) € Xg(curl, 2, £2¢),
we obtain for almost all ¢ > 0,

IA®) |22 < IPAW)|L2(0me) + (T = P)A®) L2209
= [[PAoll2(ore) + (L = P)A(®)] 2(0rs)
(5.25) (5.11) -
< 1P Aol sz + LIV x AW®)L20m

(5.16)
< HPAOHLZ(.Q;]RS') + Ly 4/ % €_thV X AOHL2(Q;R3).

Then (5.22) follows by using the bound ||P|| < ,/% from Lemma 5.6 a).

On the other hand, if Ag satisfies (5.23), then Ag is orthogonal to all elements of
Xo(curl=0, 2, 2c) with respect to the inner product (5.8). Since P is an orthogonal
projector with respect to that inner product, we have ]5A0 = PAy = 0, and, hence,
(5.25) immediatelly implies (5.24). |

6. Conclusion. We have considered a quasilinear magneto-quasistatic approxi-
mation of Maxwell’s equations, which is furthermore coupled with an integral equa-
tion. By employing the magnetic energy, we have shown that this system is passive
and admits a representation as a port-Hamiltonian system. Further, we have derived
estimates of the state and output of the system by means of the initial value and
the input. A special emphasis in the solution estimates is placed on the free system
with the zero input voltage, where we have shown that the magnetic energy decays
exponentially.
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