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FEEDBACK STABILIZATION TO NON-STATIONARY SOLUTIONS
OF A CLASS OF REACTION DIFFUSION EQUATIONS OF
FITZHUGH-NAGUMO TYPE

TOBIAS BREITENT, KARL KUNISCH'#, AND SERGIO S. RODRIGUES#

Abstract. Stabilization to a trajectory for the monodomain equations, a coupled nonlinear
PDE-ODE system, is investigated. The results rely on stabilization of linear first-order in time
nonautonomous evolution equations combined with stabilizability results for the linearized mon-
odomain equations and a fixed point argument to treat local stabilizability of the nonlinear system.
Numerical experiments for feedback stabilization of reentry phenomena are included.
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1. Introduction. Let @ C R", n € {2,3}, denote a bounded domain with
smooth boundary I' = 9€). Consider the following controlled coupled reaction-diffusion
system

% = Av — Iion(vvw) + f+BU, in Q x (0700)7

ow .

S = dw, in Q x (0,00), (1.1)
% =0, onT x (0,00),

v(z,0) = vo(z) and w(x,0) = wo(x), in Q,

where f = f(z,t) is an external forcing term, o, (v, w) is a non-monotone nonlinear
function, u = u(t) € L?*((0,+00); R™) denotes a finite dimensional control and v is
the unit outward normal vector to I'. In electrophysiology, system (1.1) is known as
the monodomain equations, see e.g. [10, Section 12.3.3]. In this context, the variable
v = v(x,t) models the transmembrane electric potential of the human heart and
w = w(z,t) is a so-called gating variable. Some typical models for the ionic current
include the FitzHugh-Nagumo model

IEN (v,w) = av® — bv? + cv + duw, (1.2)

on

as well as the Rogers-McCulloch model

IEM (y,w) = av® — bv* + cv + dow, (1.3)

on

where a, b, ¢,d are positive real constants. Besides leading to different linearizations
(see below), distinct dynamical behaviors can be observed for these two models. In
particular, a typical solution waveform of the FHN system includes negative values
for the potential v, see [20]. This unphysiological undershoot does not appear for the
bilinear coupling used in the Rogers-McCulloch model.
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Our interest in studying (optimal) control problems for the monodomain equa-
tions has several reasons. The specific PDE-ODE structure of (1.1) poses a signifi-
cant mathematical challenge on its own right. To some extent, this is due to rather
unexpected phenomena such as reentry waves, where wave phenomena are usually
attributed to hyperbolic equations. A further notable property concerns the lin-
earized version of (1.1). As shown in [4], in contrast to other parabolic equations,
the spectrum is no longer discrete and, as a consequence, the system is not exactly
null controllable. Also from a practical point of view, the monodomain equations are
of interest since (1.1) allows to model fibrillation processes of the human heart. The
control u(t) here can be interpreted as an external stimulus resembling a defibrillation
process, see [13,17].

With this in mind, assume that a desired heart rhythm is given as the solution
of the uncontrolled system

% =Av — Iion(rl_)aw) + f7 in Q x (0700)7

%—1: =0 — 0w, in Q x (0,00), (1.4)
o

s =0, onTI x (0,00),

o(x,0) = vo(z) and w(x,0) = wo(x), in Q.

The goal of this paper is to design a feedback control law of the form u = k(v—0, w—w)
such that the solution (v, w) of (1.1) converges exponentially to the solution (o, w) of
(1.4) provided that ||(vg, wo) — (Do, Wo)|| is small enough. For this, we consider the
difference of (1.1) and (1.4) as an infinite dimensional time varying control system of
the form

Z(t) = A(t)Z(t) + F(2) + Bu(t), 2(0) = z, (1.5)
where

Z = (2y, 20) = (v — 0, w — ).

For the sake of illustration, let us consider the Rogers-McCulloch model (1.3). We
obtain

86,% = Az, — cz, — a(v® — %) + b(v? — 9?) — d(vw — W) + Bu,

t (1.6)
920 =z, — 02

at ’y v wH

which, using that
VW — VW = (2y + 0) (20 + W) — VO = 2y 2oy + U2y + W2y,
3 =3 __ —\3 -3 _ .3 ~ 2 —2
02— 0" = (Y +0)° — 0 = 2z, + 30z, + 30"z,
v? — 0% = (2, +0)% — 0% = 22 + 202,
leads to the time-varying control system
Z(t) = A™(8)Z(t) + F™(t, 2) + Bu(t), Z(0) = 2,
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where the operators A™ and F™ are given as

ARM ()7 = <A - (3@172 — 200 4 ¢+ dw) —dv) (ZU) ’

Y -6 Zw
—az3 — (=b+ 3av)z2 — dzyz Bu (L.7)
FrM(t, 2) = v v e Bu= .
0 0
Analogously, for the FitzHugh-Nagumo model we obtain
_ 72 _ 9by _
AFN ()7 = (A (3av* — 2bv + ¢) d) (zu) ,
Y -0 Zw
(1.8)

a3 =Y 52
]-'FN(t,Z):< azy (Ob—|—3av)zv)7 Bu:(%u).

The feedback stabilization approach to (1.5) will mainly consist in two nested
subproblems. In the first one, similar to the approach taken in [2,3,12], we focus on
the linearized system, arising from (1.5), which is given by

Z(t) = A(t)Z(t) + Bu(t), Z(0) = Z. (1.9)

In the second, the inner, subproblem, we decouple the PDE part of the system, i.e. we
consider the (1,1) block of (1.9), for which we study a stabilization problem together
with an associated differential Riccati equation. In this way, we can compensate for
the lack of null controllability of the coupled linear system (1.9), see [4, Section 2.2]
and [8, Theorem 1.2 and Remark 1.3].

The feedback law we will be based on an infinite-horizon optimal control problem
associated with (1.9), for which we shall use the cost functional

1 o0
T (w) = 3 (/ IMZ? + [R3u| dt) : (1.10)
0
where the particular structure of the pair (M, R) will be specified subsequently.
The structure of the paper is as follows. In Section 2 we investigate stabilization
to zero for a system of the form

%+(—A+l)z+pz+a-Vz+Bu:0, (1.11a)
0
8% —0, 2(0) = z. (1.11b)

which can be seen to contain the linearizations of the Rogers-McCulloch and the
FitzHugh-Nagumo nonlinearities as special cases. These results will provide the sta-
bilization of the decoupled (1, 1) block of (1.9) described above. In Section 3 it will be
shown that under suitable assumptions on the system parameters, the obtained feed-
back formula is shown to stabilize the linearized PDE-ODE system, resulting from the
Rogers-McCulloch and the FitzHugh-Nagumo nonlinearities. In Section 4, we show
the local exponential stabilization of the full nonlinear system. The theoretical results
are illustrated by means of different numerical examples in Section 5.

Notation. We write R and N for the sets of real numbers and nonnegative integers,
respectively, and we define R, := (a, +00) for all ¢ € R, and Ny := N\ {0}. We
denote by 2 C R™, n € Ny, a bounded domain with a smooth boundary I" = 9.
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Given a function v: (t,z1, T2, ..., T,) — v(t, 21, T2, ..., Z,) € R, defined in an open
subset of R x 2, its partial time derivative % will be denoted by 0;v, and its normal
derivative % at the boundary will be denoted 9, v|p..

We use the standard notation for Bochner spaces LP(I, X ) where I C R, and X is
a Banach space. The Lebesgue spaces LP(Q2)™ will be denoted by simply LP whenever
there is no ambiguity concerning the superscript m € Nj.

Given an open interval I C R, and Banach spaces X and Y, then we write
W(I, X,Y):={f € LI, X) | O.f € L*(I, Y)}, where the derivative 9, f is taken in
the sense of distributions. This space is endowed with the natural norm | f|w (7, x,v) :=

(|f|%2(I,X) + |8tf|%2(1$y))1/2. The space of continuous linear mappings from X into
Y will be denoted by £(X,Y). In case X =Y we write £(X) := L(X, X) instead. If

the inclusion X C Y is continuous, we write X — Y; we write X fi) Y, respectively
X S Y, if the inclusion is also dense, respectively compact. The kernel and range
of a linear mapping A: Z — W, between vector spaces Z and W, will be denoted
KerA:={rx € Z| Az =0} and Ran A := {Azx € z € Z}, respectively.

6[a1,...,ak] denotes a function of nonnegative variables a; that increases in each of
its arguments, and C, C;, i = 1,2,..., stand for positive constants.

2. Stabilization for parabolic equations with homogeneous Neumann
boundary conditions. The section is devoted to the stabilization to zero for sys-
tems of the form (1.11). We can take advantage of the results obtained in [2,12] for
Oseen—Burgers and Oseen—Stokes equations under homogeneous Dirichlet boundary
conditions. Here we deal with homogeneous Neumann boundary conditions. More-
over in exploiting the relation between null controllability of (1.11) and observability
of its adjoint we also follow a different procedure. While the one in [2,12] is based on
optimal control theoretic tools here we follow a functional analytic approach. Finally
in Lemma 2.6 we give a property of global solutions of (1.11) which will allow us to
take cost functionals different from those in [2,12], with respect to the state.

2.1. Some regularity results. We start by deriving some regularity results for

Oz+ (—A+Dz+pz+0-Vz+ f=0, (2.1a)
Ovzlp =0, 2(0) = zp. (2.1b)

in the form which will be required further below.
For simplicity we denote H = L? and V = H'(f2). We consider H as the pivot
space and define the operator A: V' — V' by (—Au, v)y+ v = (u, v)y. We have that,

v s g ks V', and if (f, v) € H x V we have (f, v)y: v = (f, v)u.

By the Lax-Milgram lemma (cf. [23, Section II.2.1, Theorem 2.1]), A: V — V' is
a bijective isometry. The domain D(A) of A is defined as D(A) :={z € H | Az € H}.

LEMMA 2.1. We have that D(A) = {z € H | (-A+ 1)z € H and d,z| = 0} =
{z € H*(Q) | 8,z|p = 0} and the norms z — |2l g2 () and 2z = [Az] g = [(=A + 1)z|4
are equivalent in D(A).

Proof. We can derive the above identities by following the arguments in [23,
Section I1.2.2, Example 2.5]. In order to check the equivalence of the norms, let us fix
z € D(A). Clearly |(—=A +1)z|y < Cz]g2(q)- From [21, Chapter 5, Proposition 7.2]
we also have [£[%ag) < C(A2 P +|2[3) = C(1=Az + 2l —2[Vel2 — [+ +]213) =
C(|-Az+ [} — |V2[7,), which implies |2[7, o) < C[(~A+1)2[7;. 0O

For m € Ny, in order to simplify the writing we denote
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Whm = L°(J, L(Q, R™)) = L®(J x Q, R™),

Wm = L%(Rg x Q, R™), (22)

where J C (0, +00) is an open interval. In the case m = 1, we will omit the super-
script ‘m’.

The notation for the interval I = (sg, $1) with 0 < sg < s is fixed throughout
the paper, and its length is denoted by |I]|. We also fix p and o, which may depend
on time and space, and a constant Cyy > 0, satisfying

Pl + ol < Cw. (2.3)

LEMMA 2.2. Given f € L*(I, V') and zy € H, there is a weak (variational)
solution z € W (I, V, V') for (2.1). Moreover z is unique and depends continuously
on the data:

2 — 2 9
w1, v.vry < Ol owl (|Z(50>|H + |f|L2(,7V,)> :

Proof. While this result can be found in the literature we will provide a proof
since the explicit estimates will be used later on.

Weak solutions for system (2.1) are understood in the variational sense. We
restrict ourselves to the derivation of some a priori (like) estimates. In fact those
estimates will also hold for Galerkin approximations of the system, for example using
a basis of eigenfunctions of the operator A = A — 1, thus the estimates can be used
to precisely derive the existence of weak solutions. For more details on the procedure
we refer to [15, Chapter 1, Section 6], [22, Chapter 1, Section 3], and [24, Chapter 3,
Sections 1.3, 1.4, and 3.2].

By standard arguments, multiplying (2.1a) by 2z, formally we find that

1ol 20el} < 2ol 213 + 210 Vg ol + 21 2l
and since |o - Vzﬁ{ <3 |U\im |Vz|ig, we find
el 12l < 20pl e [2F + 6102 |2 + 2171 (2.4)

By the Gronwall inequality it follows that for all s € I,

2(5) < P T ) (o) +21 P ) (25)
and, integrating (2.4),
|2(s)[7 + |Z|2L2((so,s),v) < |2(s0)[3 + (21plyr +6lolpyr. ) |Z‘iQ(I,H) +2 \f|2L2(1,v/) .
From (2.1a) and H — V', with |-|,, < ||, we also have (20

02|21, vy < |2l p2 vy 102+ 0 Valpa gy + [ 2, v

from which, using (2.5) and (2.6) we can conclude that

2 - 2 2
2w, v, vy = Cloy—sololyr lolur. ] (|Z(30)|H + |f|L2<l7v'>) :
5



Finally the uniqueness of z, follows from the fact that if Z is another weak solution,
then 6z = z — Z, solves (2.1) with dz(sg) = 0 and f = 0. From (2.5) it will follow that
|02(s)|; =0forallsel. O

LEMMA 2.3. Given f € L*(I, H) and 29 € V, there is a strong solution z €
W (I, D(A), H) for system (2.1), which depends continuously on the data:

2 - 2 2
2t car, 1y < Cirtoew (1260) + 1 0, m) ) -
Proof. Multiplying (2.1a) by 2(—A + 1)z, formally we find that

d 2 2
at 2]y +2 |Z|D(A) < 20pl e 2l |Z|D(A) +2[0 - Vz|y |Z|D(A) +2(fly ‘Z|D(A) )
which implies
d 2 2 2 2 2 2 2
at 2]y + |Z|D(A) < 31pl1ee 125 +91olyyrn |2 + 31 f 1 - (2.7)

Thus, for all s € I,

2 —
‘Z(S)ﬁ{ < eQ‘U‘WI,n(S 50) (|z(30)|‘2/ + 3(5 — 30) |p|$/V1 +3 |f|2L2(I,H)> ; (28)
2 2 2 2 2
[2(8) |V + [2[T2((s0, 5), Day) < 12(s0) v + 3 plyyr [2]T2((s0, 5), 1)
2 2 2
+ 90l 12l72((s0, 5, v) T 31|22, 1) - (2.9)

From (2.1a) we also have
02|21, 1y < |2lp2r, pay) T P2+ 0 -Vl oy + 1 flr2g, m
and we can conclude that
2 — 2 2
22,5041, 1) S Clormson oyt e, o] (2O + (220,21

which ends the proof. 0O
The next lemma shows a certain smoothing property of system (2.1).
LEMMA 2.4. Given f € L*(I, H) and zo € H, let z be the weak solution for
system (2.1). Then y(t) == (t—s0)z(t) is in W (I, D(A), H) and satisfies the estimates
2 el 2 2
|y\W(LD(A),H) < Clrp,oml <(51 — s0) |f|L2(1,H) + |Z|L2(I,H))

< Cynt ot (o) + 11320, -

Proof. Notice that y(t) = (t — s9)z(t) solves (2.1a) with g = g(t) = (¢t — so) f(t) +
z(t) in place of f, and y(sp) = 0. Hence by Lemma 2.3,

2 el 2
|y|W(I,D(A),H) < Ol omw) |9\L2(1,H) J
and using (2.5),

2 - 2 2
(21321, 11y < Tt i1 = 50) (12050) 3 + 1/ v )

6



which implies that |y|€V(I7D(A)7H) < 6[|”7CW] <|Z(50)|§1 + |f|iZ(I,H))' 1]
DEFINITION 2.5. For f € L% (Rs,, H) and yo € H the function z defined in

Rs, X Q by the property that z|(80,7) coincides with the weak solution of (2.1) in
(so, 7), for all T > so is well defined. It is called the global weak solution of (2.1) in
Ry, x Q.

We have the following property for the solutions of (2.1) on the infinite time
interval Ry, = (89, +00), sp > 0.

LEMMA 2.6. For f € L*(Ry,, V') and zy € H, let z be the global weak solution
of (2.1) in Ry,, with 2(so) = zo. If z € L*(Ry,, H), then 2 € W(Ry,, V, V'), and

- 2 2 2
2w gy vivey < Clow (1260)5 + 1 ey v + Hiemym) - (210)

Proof. Integrating (2.4) over (sg, 7), we find

|Z(7')|§1 + \2@2((50,7),\/) < \Z(So)ﬁ{ Jré[CW] |Z|iz((5077),H) +2 |f‘iQ((so,T),V’) )

which leads us to
2 2 = 2 2
|Z|L2(RSO,V) < |2(s0)[r + Clow) |Z|L2(RSO,H) + 2 |f|L2(RsO,V’) . (2.11)

Finally, from (2.1a) is follows also that

2 - 2 2 2
902132 (xy, v < Clow (1205015 + 1232 v) + e, v )

which, together with (2.11), gives us (2.10). O

2.2. Null controllability. Here we recall the relation between null controllabil-
ity of system (2.1) and a suitable observability inequality for the adjoint system.
Consider, in the bounded cylinder I x €2, the controlled system

Oz 4+ (=A+1)z+pz+0-Vz+ Bu=0, (2.12a)
ayZ|F = 07 Z(SQ) = 20, (212b)

where u € L?(I, H) and B € L(H), with adjoint denoted by B*. Let us also consider
in I x  the adjoint system

— O+ (—A+1)g+pg—V-(qo0) =0, (2.13a)
(g +Vq)-v|p =0, q(s1)=q € H, (2.13b)

and let z(zg, w)(t) = 2(t) and q(q1)(t) = q(¢) denote the solutions of (2.12) and (2.13),
for given data (zg, u) and g1, respectively.

Weak solutions ¢ € W (I, V, V') for system (2.13) are understood again in the
variational sense as in [7]. In [7, Section 2] weak solutions are asked to be in L?(I, V)N
C([so, s1], H), but from p € L?(I, H) and oq € L?(I, H") we can obtain that the
variational solution is indeed in the space W (I, V, V).

Let z(+) = z(z0, u)(+) and ¢(-) = q(q1)(+) solve (2.12) and (2.13), respectively.

DEFINITION 2.7. (i) We say that (2.12) is null controllable in I if there exists a
family {u(z0) | z0 € H} C L*(I, H) such that z(zo, u(z0))(s1) =0, for zo € H.
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(i) We say that (2.13) is observable in I if there exists a constant Cy > 0 such that
for all g1 € H we have that the corresponding weak solution q satisfies the inequality

la(q1)(so)lyr < C2 1B q(a1) |2, ) - (2.14)

The constant Cs in (2.14) depends, in general, on 2, w, I, B, and on the coefficients
p and o.

LEMMA 2.8. System (2.13) is observable in I if, and only if, system (2.12) is
null controllable in I and the family of controls {u(zo) | zo € H} is a bounded linear
function of zg:

[w(z0)12(7, 1y < C2 |20l » where Cy is as in (2.14).

Proof. From [24, Chapter 3, Section 1.4, Lemma 1.2], we can write %(z, Qg =

3 (= +alf = l2l3 — lal}) = @z +0), 2+ @vry = @z, 2oy = (Oug, v v, for
a.e. t € I, and therefore

d
a(za q)H = <8tZ, Q>V',V + <Z7 8t(I>V, Vv = (—B’U/, Q)Ha (215)

(2(s1), @)z — (20, q(s0))w = — / u(s), Ba()mds.  (2.16)

S0
Thus if there is a family v = u(z9) € L?(I, H) with [w(z0)l 27, 1y < C2 |20l such
that z(zo, u)(s1) = 0, then we find
(20, q(q1)(s0)) i < C2 |20l |B*q(q1) 2z, gy » for all zo € H,

that is, |q(q1)(s0)| < Co |B*‘I|L2(17H)~

On the other hand if there is C > 0 such that [¢(q1)(s0)|y < C2[B*q(q1) 121, 1)
then null controllability in I of (2.12) can be proven by the following arguments
(see, e.g., [5, Chapter 2]). We note that the literature typically considers the case of
autonomous systems but this does not change the proof (cf. [1, Section 2]). Let us
define the mappings

FLI,H) — H G:H — H
u = 2(0,u)(s1) zo +  2(20, 0)(s1)-

From (2.16), we have

(Fu, q1)g = —(u, B*q(q1))2(1, 1)
(g'an ql)H = (207 Q(ql)(SO))Ha
which show that the adjoints of F and G are given, respectively, by

F*H — LI, H) and G H — H
@ — —B*q(q1) o — q(q)(s0)

Now we can write the observability inequality (2.14) as

G a1l < C2 ‘}-*ql|L2(I,H) ) (2.17)
8



and from z(0, u(zg))(s1) = Fu(zo) + Gzo we can conclude that null controllability of
system (2.12) holds if, and only if,

RanG C Ran F (2.18)

and by Lemma 2.48 in [5, Section 2.3.2] (cf. Theorem 2.2 in [25, Chapter 2]), we have
that (2.18) is equivalent to (2.17).

It remains to prove that the family {u(zo) | zo € H} can be chosen as a linear and
continuous mapping of zo, with [u(20)|2(; gy < C2 |20]- This fact follows also from
Lemma 2.48 in [5, Section 2.3.2], which states the existence of a mapping F* € L(H —
L*(I, H)) such that G = FF* and |F*| 5, 12(s py) < Co with Cp as in (2.17). The
family {u(z0) | 20 € H} is constructed by setting u € L(H — L*(I, H)):

u(zo) = —F°* 2.

Notice that z(zo, u(z0))(s1) = 2(20, 0)(s1) + 2(0, u(20))(s1) = Gzo — FF*2z9 = 0, and
thus this choice of control (also) provides the desired null controllability, and we have
the announced inequality |u(z0)|2(; gy < C2 |20l O

Controls supported in a subset. From now on, we will deal with controls
supported in any given open subset w C Q. From [7] we know that in the case we
take B =1, € L(H) with

| ulx), frew
Lou(z) '_{ 0, ifreQ\w

we have that (2.13) is observable and (2.12) is null controllable. More precisely we
know (cf. [7, Theorem 2]) that the following theorem holds true

THEOREM 2.9. Let B = 1, and let I = (sg,s1) be arbitrary, then, there exists
a family {u(z0) | 20 € H} C L?(I, H) such that the solutions z(z29, u(zo)) to (2.12)
satisfy z(zo, w(20))(s1) = 0 and, for a constant C= C(w, ), we have that

|U(ZO)|L2(1,H) <e“® lz0lg  with © =0O(s1 — S0, [plyyr s lolyyr.n)

given by
2 1
00y, o, 03) =1+ 03 +9§+0—+91 (62 +63). (2.19)
1

Notice that Theorem 2.9 and Lemma 2.8 imply that (2.14) holds with Cy = ¢“® and
B =1,,. Proceeding as in [2, Section A.2] we can conclude that (2.14) also holds with
Cy = Cye™x® < eP® and B*q == xl,q = 1,x1,q, where D= log(C,) + éx and x €
C®(Q) is any given smooth function with () # w N supp y. Here D= ﬁ(X, w, ) >0
depends only on (x, w, ).

COROLLARY 2.10. Theorem 2.9 holds in the more general case B = 1,x1u,

with D in the place of C'. R

_ REMARK 2.11. We point out that the observability constants Cy = e“® and Oy =
eP® | in Theorem 2.9 and Corollary 2.10, do depend on the triple (I, p, o), but that
dependence is in terms of the triple (|, |p|yyr , |0|,yr.») only. This particular depen-
dence on [ is of crucial importance in this section. This dependence holds for the
control operators B = 1,x1,,, but we do not know what happens for a general B.
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2.3. Stabilization to zero by finite dimensional controls. Here we analyze
the case when stabilization can be achieved by finite dimensional control action. Ear-
lier related results are contained in [11,12]. Let C = {¥; € H |i € {1,2,..., M}}
and denote by Pj; the orthogonal projection in H onto S¢ := spanC. Henceforth we
also fix a positive constant A > 0 and an open subset w C 2.

Let us consider, in Ry, x €, the system:

Oz+ (—A+1)z+pz+0-Vz+ loxPulyu =0, (2.20a)
dvzlp =0,  2(s0) = 20. (2.20b)

DEFINITION 2.12. We say that (2.20) is exponentially stabilizable to zero, with
rate %, if there are a constant C' > 0 and a family {u = u(zo) | 20 € H} C L*(Ry,, H)
such that the corresponding global solution z(t) = z(zo, u(20))(t) satisfies

|2(t))%, < Ce M50 2012, for all t > sg. (2.21)

The stabilizing control ¢ takes its values in the finite dimensional space

span{l,x¥; € H |i€ {1,2, ..., M}}, for all t € R,,. Henceforth we use the control
operator

B]y] = 1wXPM]-w~ (222)

Further 6 and D are the constants of Theorem 2.9 and Corollary 2.10.
Let us consider the function ®: (0, +00) — (0, +00) defined by

®: (0, +00) = (0, +00), D7) = 2e@lPm 2l H6IoTn)72DOC o= 3, o)

which we can extend to a function ®@: [0, +o00] — (0, +00] setting

®(7), if 7 € (0, +00),
Pe(7) = { lim &(t), if 7 € {0, +oo}.

The minimum and minimizer of ®, are denoted by T and T, respectively. From

de
dr

- (2 0= 3y + 6lof%y. +2D (—t‘Q +]o— 2|, + |o|iw)) o(t)

T=t
we can conclude that T, > 0 can be defined by
T2 2D
* 2 = 2 ’
2|p = 3l + 6 lolyn +2D ([0 = 31,y + o)

Further T, = +o0 if, and only if, both |p — %’W and |0, vanish.

The following result gives us a sufficient condition on the family C for the existence
of a stabilizing control.

THEOREM 2.13. Let us be given x € C™(Q) satisfying O # w Nsupp x. If

T.€Ry and [lox(1 = Py)lulpgyy < T (2.23)
10



then system (2.20) is stabilizable to zero with rate % Moreover, we can set the stabi-
lizing control function u = u(zo) such that

|=(t)] %

IA

(Yo + T 1Bulqyn) 0 ol Jort > s0,

1 2he,
S [Cdoon©

X

|ef'u zoﬁq, for A < A,

2
(20) ’LQ(RSO JH)

with Yo = eClo=3 ], +6lo )T g 0, =0T, |p— %‘W, lolypn)-

If T, = +o0, then setting u = u(zg) = 0 the solution z of system (2.20) satisfies
2(8)[3 < e ME=%0) 512, for t > sg.

Proof. We consider separately the two cases Ty € Ry and T, = +o0.
(a) The case Ty € Ry. Let Iy := (s, so + T%) and let z solve

Qz+ (—A+1D)z+(p—3)z2+0-Vz+1l,xu=0, (2.24a)
Ovz|lp =0, z(80) = 2o, (2.24b)

in Iy x Q, with u = u(2p) given by Corollary 2.10, sending the solution of (2.24) to zero
at time ¢t = so+ T} (notice that Corollary 2.10 holds true with p— % in the place of p),
and let zps be the solution of (2.24) with u = Pps1,u(20) in the place of u(zp). Then,
the difference d := z — z)s satisfies (2.24) with d(sp) = 0 and v = (1 — Pas)1ou(zo).
The analogues to (2.5) for zp; and d read: for all s € Iy,
2 2 2
J2ne(5)l3 < Yo (120l +2 1 Bart(z0) sy, 1))
2 2
|d(s)|y < To2 [1ux(1 — Par)lwu(zo)l 2 gy, v -
From Corollary 2.10 it follows that
2 2 2
[z (8)[g < (Yo + Y [Bat| gz, 2005 5 (2.25)
2 2 2
|d(s)[y < T [1ox (1 = Par)lolzog,vy |20l - (2.26)
Then, from (2.23) we obtain
2aa (50 + T = ld(so + T < |20l (2.27)

Repeating the argument in the time intervals I; := (so+iT%, so+ (i+1)Ty) with initial
state 2§ == z(so+iT%) = 2pm(s0+iT%) in (2.24b), finding v’ = Py 1l,u(2)) € L*(1;, H),
leads to the analogues to (2.25), (2.26), and (2.27): for all s € I;,
2 2 i]2
leat ()% < (To + T [Bar ) |44l
2 2
|d(s)|7r < T [Lox(1 - PM)1w|£(H,V’)

. 1: 2
lear(so + (i + D)T)[5 < |20 -

2
T .
ZO‘H’

Concatenating these controls we can see that the corresponding solution zp; will
remain bounded: |ZM‘%°°(]RSO,H) <(To+T7T |BM‘2£(H,V’)) |zo|i1.

Next, we notice that 2(t) = e~ 2150 zy,(¢) solves (2.20) in Rs, x §, with the
concatenated control u = @ defined by i|; = e~ 2("=50)y(28). Moreover, we have the
estimates

ol (2 “A(t—s 2 2 —A(t—s 2
205 < e 270 L2p (D)5 < (Yo + Y [Baalz e %) |20l
11



and, using Corollary 2.10 and |zé{H < |zo| g, for all i € Ny,

J

N 2 y .
R = i A=N)(s=30) [y(28)(s)|?
‘ o L3(Rey. H) J‘LHE’O;/I,- ¢ ’ ‘“(zo)(8)|H ds

‘] ~

< 1 ()\—A)iT*/ i 2 d

< lim ;:06 ; |u(zh)(s)],; ds
J

< 62D®*

-2 N . ~
7 . (A=N)iT 1 2DO 2
z lim e < — ¢ * |20
0|Hj~>+oo — = 1—e(A=N)Tx I |H

which ends the proof in the case T, € Rg.
(b) The case Ty = 4+o00. In this case the solution of system (2.24) remains bounded
with zero control v = 0. Indeed the analogue to (2.5) reads \z(s)ﬁq <e? |z(so)|iI, for
all s > sg. O

Now we give 2 examples of families C which satisfy (2.23). For simplicity we
suppose that w = H?zl(lj, 1, lj,2) C Q2 is an open nonempty rectangle.

ExaMpPLE 2.14. Eigenfunctions of the Laplacian operator. Here we choose
0 # x € C*°(Q) such that supp x C @ and we let {¥ ; | i € Ny} be a complete system
of eigenfunctions of the negative Laplacian in w with homogeneous Dirichlet boundary
conditions, which are ordered according to the increasing sequence of the (repeated)
eigenvalues: 0 < A; < Ajqq, lim; oo = 0co. We define

_ | ¥gri(z), frew
%@V—{o, ifre 0\,
andset C ={¥,; |i€{1,2,..., M}}. Let Pps: H — Sc be the orthogonal projection

in H onto S¢ = spanC. We observe that 1,(1 — Py)xl,v and (1 — P& (yv)],
coincide in w. Here Py}: L*(w) — Scu is the orthogonal projection in L*(w) onto
Sen =span{V¥p,; | i€ {1, 2,..., M}}. Thus we obtain

(Lox(1 = Par)lyz, 'U)V’,V = (le (11— Pﬁ)(xv)lw)LQ(w)
e PI\I}|L(H1(w),L2(w)) XV 11

and, since by assumption x|y, = 0, we arrive at

R
1ox (1 = Par) Lol gy < [1 - PM{g(Hg(w),m(w)) X-Leqv, 13w
<2Xler@ (Am +1)

_1
2 .

Consequently condition (2.23) is satisfied provided that Ay +1 > (2[x[c1 g )2
Furthermore, from the asymptotic behavior Ay; > CoM7= (cf. [14, Corollary 1]) we

can also arrive at the sufficient condition M > C{, 2 (2|xlc1 (@) T)™, which gives us an
upper bound on the number M of controls which are needed to stabilize the system.
EXAMPLE 2.15. Piecewise constant controls.
Here we consider a uniform partition of w where each interval (I, 1, I; 2) is divided

into p; intervals: I 1, = (lj,l—l—kjg, ljyl—i—(k:j—&—l)#), with k; € {0, 1, ..., p;—1} and
1 = 1j 2 —l; 1. In this way, our rectangle is divided into M = II_,p; sub-rectangles
{Ri | 1€ {1, 2, ..., M}}:{H?:y[,k] |k] S {O, 1, ...,pj—l}}.
12



Let us set C = ¢ ¥; = ﬁlm
Ri|py

v €V and z € H we find that

1€ {1, 2,...7M} € H, and y = 1. For given

(o1 = Par)loz, v)yr y = (2, Lo(1 — PM)l e

M
= (2lo» vl, = Z(U V) uil,) Z ?lg, > 1) L2(R;)’
i=1 =1
where ¢; == v|p — (v il g, )L - |1‘+(U|Ri7 1)12(g,) has zero

L2(R;)
average in R;. This allows to conclude that |V(pi|i?(Ri)n > B |%‘|i2(Ri) where ; is
the smallest positive eigenvalue of the Laplace-Neumann problem in the rectangle R;:

2
—A¢ = B;¢ in R;, 0,0 = 0 on OR;. Since B; = w2y where py = min{% | j €
{1,2,..., M}}, we find for 2 € H and v € V with |z|;; =1, [v|;, = 1 the estimates
(Lo(1 = Par)luz, v)y o <ZHMW )7F |z

_1
i L2(R,) [Volg, |L2(R < (umm®) 2.

Since pup; — oo as the meshsize tends to 0, we conclude that condition (2.23) is
satisfied provided that pys > T . Furthermore, in the case we take p; = p € Ny, we

arrive at the sufficient condltlon Mn =p> Lwithl=max{l; | j € {1,2, ..., M}},
which gives us an upper bound on the number M of controls we need to stablhze the
system: M > (L l) For the treatment in dimension 1 we refer to [11, Section IV.A].

2.4. Feedback stabilizing rule and Riccati equation. From Theorem 2.13
we know that system (2.20) is stabilizable. Here we show that the control can be
taken in feedback form, i.e.

u = K(t)z = By,II(t)z,

with Bjs given in (2.22). To specify the structure of the feedback operator K a

suitably defined optimal control problem together with the dynamical programming

principle will be used. It will turn out that II satisfies a differential Riccati equation.
We we shall require the spaces Xy, == W(Rs,, V, V') x L?(Ry,, H), and

A,
X = {(z,u) € Xy, | €27 (2, u) € Xy, },

and the cost functionals

1/ a. A1
js((f‘)(za u) = 3 <|e2 Mzﬁ?(]RsO,H) + |e2 RQU‘QL?(RSO,H)) ,
where A > 0 and we set Js, = s((?). For each zg € H and sg > 0, we consider
Minimize js((f‘)(z, u), over (z, u) € X2 satisfying (2.20). (2.28, 50)

Notice that (z, u) solves (2.20) if, and only if, (y, v) = €2 =) (2, u) solves

dy+ (—A+1Dy+(p—3)y+0-Vy+ Byv =0, (2.29a)
Ayl =0, y(so) = 20. (2.29h)
13



Consequently (Z, &) is a minimizer for (2.28) if, and only if, (7, 7) = e2(*=%0)(z, @)
is a minimizer for:

Minimize Js, (y, v), over (y, u) € Xy, satisfying (2.29). (2.30, s9)

From now on we focus on problem (2.30). First of all, notice that from Theorem 2.13
both problems (2.28) and (2.30) are well-defined with (M, R) = (1,1) (for example,
taking (A, 2)) for (A, \)). Subsequently, from Lemma 2.6 it follows that they are also
well-defined for the choice (M, R) = ((=A +1)2,1).

Let us denote

X = {(z,u) € Xy, | (2, u) satisfy (2.29)}

and observe that, from Theorem 2.13 the mapping 4; € L(X, H), A1(y, v) = y(so)
is surjective. Moreover, for given (zg, ¢) € H x Ry it follows that the set S =
{(y, v) € A7 ({z0}) | J(y, v) < ¢} is bounded in X, if (M, R) = (1,1) or (M, R) =
((~A+1)2, 1). Hence, from [19, Lemma A.14 and Remark A.15], we know that Prob-
lem (2.30, s0) has a unique minimizer which we denote by (yi , vi,) = (v%,, vi,)(20)-
Furthermore, the mapping zo +— (¥, , v5,)(20) is linear. From Theorem 2.13 and from
the fact that (y, v) — Js,(y, v) is quadratic we can conclude that there exists an
operator I, € L(H) such that

Tso (Vs> Vay) = 5(1_[50207 z0)m, with [Iso[z(py < C[Cw,/\, 1, (2.31, s9)

with é[cw7 A, %

Motivated by the dynamical programming principle we define

] independent of s, and where Cyy is as in (2.3).

X =W(I,V, V') x L*(I, H)
Ii(y, v) = % <|My\%2(17 ) T |R%’U|i2(1,H) + (I, y(s1), y(ﬁ))H) .
For arbitrary zg € H, we consider the finite horizon problem:
Minimize I (y, v), over (y, v) € Xr, satisfying (2.29). (2.32, so, 51)

Proceeding as above we can prove that Problem 2.32 has a unique minimizer we
denote (y7, v7) = (y7, v7)(20), with zg — (37, v})(20) linear.

The next Lemma is the dynamical programming principle for problem (2.30, sg).
Since the result is standard we omit the proof (cf. Lemma 3.10 in [2].)

LEMMA 2.16. The minimizers of Problems (2.30,5s¢) and (2.32, so,s1) have the
following properties:

*

(U505 V5,)(20) |1 = (T, v7)(20) and (yg,, v5,)(20)

., = W v5,) (55, (s1)).

Next we describe how the optimal control Bvg can be expressed in feedback form.
For this purpose we define

P {(y’ v) X;' (y, v) satisfies (2.20), with }

y(s0) = yo for some yo € H
14



We observe that
F: X = Y=HxL*I,V),
(y, v) = (y(s0) — 20, Oy + Ay + (p— 3)y + 0 - Vy + Byv)

is a differentiable mapping and dF|(y; ve) (z, u) = F(z, u)+ (20, 0) is surjective. By
the Karush-Kuhn—Tucker Theorem (e.g., see [2, Theorem A.1]) there is a Lagrange
multiplier (u!, ¢7) € H x L%((s¢,51), V) such that

I I _
dII|(y;,v;) + (/‘L y 4 )OdF|(y;7'L);) =0.

That is, for all (z, £) € X, we have

0= (M), 2(or))ar+ (s 2l + [ (MEMyt, =)0

S0

+ /S1 (Orz+ (A +1)z+(p—3)z+0-Vz, ¢y v(t)de, (2.33)
0= / (Rug. ) (t) dt + / (But, ¢ v () dt. (2.34)

Relation (2.33) implies that ¢ = ¢’ solves

-0+ (A +1)g+pg—V - (qo) + M*My; =0, (2.35a)
(g +Vq) - -v|p =0, q(s1) = -1, y1(s1). (2.35b)
On the other hand (2.34) implies that Rv} = —Bj,q/. Using Lemma 2.16, we find

vl (s1) = —R7'Bj,q' (s1) = R7'BjIL,,y% (s1). That is, the optimal control ¢ =
By, is given in feedback form

((s) = BuK(s)y:, (s), with K(s) =R 'ByIl,, s> sg (2.36)

In particular, we observe that K (s) does not depend on the past t < s.
Let us now consider the closed-loop system

dy+(—A+1Dy+(p—3)y+0o-Vy+ ByKy =0, (2.37a)
0ylr =0, y(s0) = 2o. (2.37b)
THEOREM 2.17. Let x and Py satisfy the conditions in Theorem 2.13, let

(M, R) = (1,1) or (M, R) = (—A +1)2, 1), and let zg € H. Then the solution y
for (2.37) is defined for all t > so, and it satisfies

2 Vel 2
|y“/[/'(]R507‘/7 V/) S C[Cw,)\, %] ‘ZO|H, G/nd (238&)
2 2 el 2
1Y1C 150, +00), v) F 39 WlL2((r, 741), D)) < Clow.a, 4] 20l » (2.38b)
T80
if in addition zg € V.
Proof. We know that y (s) solves (2.37). From (2.31) we have the uniform

boundedness of [K(s)| ), in s > 0. Thus, proceeding as in the proof of Lemma 2.2
we can arrive to the estimate (cf. (2.5))

C 11(s—s0)
()% < e [ Ay (so) 2,
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from which we can, in particular, conclude the uniqueness of the solution y (s). Esti-
mate (2.38a) follows from Js, (yZ,, BuKy?,)(20) = 31,20, 20)m < 6[0‘%)\, 1] |zo|§{
(cf. Lemma 2.6 and (2.31)). On the other hand, from Lemma 2.4, (2.31), and (2.38a),
we can derive that

2 — " 2 )
W((r, 7+1), D(A), H) = C[CW,A, 1] (‘ySO(T)‘H + ‘BMKySO‘LZ((T, T+1),H))

*
ySg

al * 2 * 2 Val 2
< C[CW,/\, 1] (’yso(T)|H + |yso(50)}H) < C[CW,/\, 1] |ZO|H , for all £ > so.
Finally, from W((r, 7 + 1), D(A), H) — C([r, 7 + 1], V) uniformly with respect to
7 > 0, we obtain the inequality |y\é([507+m)7v) < COsup, sy, |y\iz((T7T+l)7D(A)) <

J— 2 -
C[CW,A, %] |ZO|V. a
The next Lemma can be derived following the arguments in [2, Remark 3.11(b)

and proof of Lemma 3.8] and in [12, Section 3.4].
LEMMA 2.18. The function IL: s +— II(s) := I, s > 0, belongs to

P(t) is self-adjoint positive definite for all t > 0,
P = P e LRy, L(H)) |the family {P(t) | t > 0} is continuous in the
weak operator topology

and satisfies the differential Riccati equation
IT+ A + A*TT — TIByR ™ B, I+ AT + M*M = 0, (2.39)

with Ay = (A—-1)y— (p— %)y —o0-Vy. Moreover, 11 is the unique solution of (2.39)
in the class P.
Recall that y solves (2.37) if, and only if, z = e~ =50)2y(¢) solves

Oz + (-A+1)z+pz+0-Vz+ ByR 'ByIlz =0, (2.40a)
aVZ|F — O7 2(30) = 2. (240b)

Therefore we can conclude the next result.

COROLLARY 2.19. Under the assumptions of Theorem 2.17 let I1 € P be the
unique solution of (2.39). Then for any zy € H, the solution z of (2.40) is defined
globally and satisfies, for all t > sq,

t
o (b7 + / TN (2T + [0ix(7)[7) dT < Tl 4 ool (2:410)

S0

and

2 2 = —(t—s 2
28]y + |z|L2((t,t+1),D(A)) < C[CW,,\, 1€ (1= 20ly 5 (2.41b)

ifzo € V.

REMARK 2.20. We have shown that Theorem 2.17 holds for the two choices
(M, R) = (1,1) and (M, R) = ((—A + 1)z, 1), for By; = 1,xPylw. It may be of
interest to investigate alternative triples (M, R, Bjs) for which Theorem 2.17 holds.
One such example is the following: suppose p is constant and ¢ = 0. Then we can
restrict ourselves to the subspaces H,, C H and V,, C V containing the functions
with zero mean in €, and in that case we can take M = (—A)2, since the norms ||y
and |V-|, . are equivalent in V.
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3. Stabilization of the coupled system. Here we address the stabilization of
the coupled linear system (1.9) where A is either A" or A"Y.

3.1. Conditional stabilization of the coupled system. Let II(¢) = I1,(t) be
the solution of (2.39) with A = 2a > 0 and let U,(t, s) denote the evolution operator
generated by A,(t) — BR™'B},11,(t). Then, from (2.41a), we have that

[Ul = sup [0, (t,50)len) < Cleyy 1] (3.1)
t>50>0 Wo A X

Recall the parameters d, 7, §, and the reference trajectory Z == [ _ | in sys-

ISTIEST]

tems (1.7) and (1.8). To deal with these systems simultaneously we set the model
indicator

| v for system (1.7), .
fm = { 1 for system (1.8), and [af] = || e mxe) -
Though it will play no role hereafter, notice that systems (1.7) and (1.8) take the
form (2.40) with o = 0, therefore we have that Cyy = CYj,| 1 = C[lﬁlw j@1,]> 5€€ (2.3).
THEOREM 3.1. Let us be given 0 < ¢ < min{a, 6}. If

1T lellvd < (@ = €)(8 —¢), (3.2)

then for the evolution operator U(t, so) generated by A(t) — BpqR™' B}, 11, (t) it holds
that |es(t=50)1(t, 50)|caxm) < o for allt > sog > 0. For a constant o depending on
the bound Cyy and on the parameters in (3.2).
Proof. Notice that e=(t=50)1/(t, 54) is the evolution operator generated by A(t) —
Ze,w,0

BuR™1B;11,(t) + €. Therefore we want to show that, for all z. ¢ = . €
g,w,0

H x H, the global solution z.(t) = (ZE’") of the system

Ze,w
Z(t) = A(t)Z-(t) + e2-(t) — BMR Bl (1) Z:(t), Z-(so) = Ze.0,

is bounded. Using Duhamel (variation of constants) formula we integrate the equation

Zeqw = —0Ze . + VZe,w + €2 and obtain, for t > sq,
t
Zew(t) = 6(576)“750)2'57%0 + 7/ c(sf‘;)(t*‘q)zgw(s) ds, (3.3a)
So
'éE,U(t) = Leze,v - dzmzs,w(t)7 zs,v(SO) = Ze,0,0y (33b)

where for simplicity we have denoted L. = A,(t) — BpyyR™'B}I1,(t) + . Notice
that for the evolution operator U, .(t,s) = e*(*=*)U,(t,s) generated by L. it holds
Use(t,8) comy < UG [lelm =9,

Therefore, with ¢ > sg, we arrive to

|zs,v (t)lH
t

< U@ 050 ool + U Nalld [ = 20 (5 ds (34)

50

t
< [Tl E=50) |20 ol + (U] lelld / elemoNt=s)eledsms0) |5 ] ds

S0
t s

Ul [ e [ oo o), drds,
S0 EN)
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That is,

|Z€,v(t)|H

t
< U ol U el [ elemtele=d ) ds

S0
t t
IVl [ e o (), dr [ e s
So T
t
= (31165 [z ol gy + U3 e~ / ol o o], ds
S0

1 t
+ ||U3||HZH'7d76/ (e(5—5)te(5—6)7 _ e(E—a)te(a—e)T) |Zs,v(7-)|H dr,
a—90J,,

which implies

|Za,v Ll(RsoaH)
< o Uy oly + 11U o] det®==)0 |Z5’w,0|H/ ola—b)s ds/ et gy
a-e S0 s
Uoz d 400 +o00
+ M/ 2.0 (T)] 5 dT/ (e(i—é)(t—‘l') _ e(e—a)(t—T)) dt.
a—90 so i

For the last single integral we have

+o0 1 1 a—30
(e=0)(t—7) _ ge=a)(t=7)) q¢ = — =
/T (e ¢ ) d—e a—ec (0—¢)(a—e)

which leads us to

B L2 [ I
LI(RSO’H)_Q—E ev,0l (a—e)(&—s) e,w,0| g
LTI
(0—ce)(a—g) VL R H)?

|ze,0
4

and from (3.2) it follows that, with £ := % <1,

< Lo, o Aveldd
LR, 1) =1 —g Na—e ="M T (a—e)(5—¢) "0 )

|2e v

Therefore, from (3.3a), it follows that |ZE7U|LW(R m < C1(|2e,0,0| iy + |2e,w,01 57)5
50
and consequently from (3.4), it follows that |z€7w\L0¢(]R m < Co(|2e,0,0] gy +12e 0,0
s0»

for suitable constants C; and Cy. 0O

COROLLARY 3.2. If0 < ¢ < min{e, 0},20 € H x H and (3.2) holds true,
then the solution of the system Z = A(t)Z — BpR B3I ()2, Z(so) = Zo satisfies
20| rxm < Cre <050 5| g, for all t > s9 > 0.

3.2. Remarks on the conditional result. Lack of null controllability of
the coupled system. Let us consider the system

(o — d
i= 72 2(0) €R?, with Z = | (@ ¢ . t>0.
© " g —(0-¢) -

)
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This system is stable if, and only if, the eigenvalues of Z have a nonpositive real
part. Since those eigenvalues are the solutions of (¢ —e + A)(d —e + A) —vd =
0, then the stability holds if, and only if, the real part of each of the two val-
ues —(a+68) £ +/(a+6)2 + 4vd — 4(a — €) (6 — ) is nonpositive, which is equivalent
to the inequality vd — (a —€)(6 — ) < 0.

We see that, for given ~, d, 4, and €, we can choose a big enough such that the
condition yd — (& — €)(d —€) < 0 holds true. This condition may look like (3.2)
where « is also at our disposal. However the transient bound ||US|| does depend on a.
From [12, Theorem 3.4 and Figure 10(a)] we can also guess that this dependence could

2
be like C1e“2®* with suitable constants C; and Cy, for big a. See also [9].

In other words we expect to have ir;fo W > 0. In that case (3.2) is truly
«@

conditional on the parameters v, d, §, and . In particular, the necessity of the con-
dition (3.2), in Theorem 3.1, would mean that the parameters v, d, § in systems (1.7)
and (1.8) cannot be taken arbitrarily. However, we do not know whether (3.2) is
necessary, we have only proven its sufficiency.

We would also like to remark that though null controllability holds for the un-
coupled linearized system, it does not hold for the coupled one (cf. [4, Section 2.2]).

4. Local stabilization of the nonlinear system. Here we show that the
feedback rule —Ba(R™1 B}, 11, (t) constructed to stabilize exponentially the linear sys-
tem (1.9) to zero, with rate o = %, also stabilizes the nonlinear system (1.5) to zero,
with the same rate, provided 2y is small enough.

Again in order to deal with the FitzHugh-Nagumo and Rogers-McCulloch models
simultaneously we define another model indicator:

| 1 for system (1.7),
Jm =0 for system (1.8).

System (1.5), under the feedback control becomes the closed loop system

F=AnZ+F(3),  Z0) =7, (4.1)
— 72 — 2by o) —
with the operator A, = (A (3ap ZSU + et mdw) iigm — BMR7'B3,11,
—az3 — (= )22 —
and the nonlinear function F(2) = ( azy = (=b+ 38U)Z“ J mdzvzw> .

4.1. Local stabilization for strong regularity. To derive the result for the
nonlinear system we will need more regularity for the solutions. Thus we will ask
more regularity for the initial conditions. Here we consider initial conditions in V' x H,
instead of in H x H as in Corollary 3.2.

THEOREM 4.1. If0 < ¢ < min{a, 6} and (3.2) holds true, then there is € > 0 with
the following property: if |Zolv < u < €, then there exists a solution for the system (4.1),
in Ro x Q, which belongs to L _(Ry, D(A) x H)NC([0, 4o0), V x H), is unique, and
satisfies

|Z(t>|v><H S Ce_s(t_so)|50|v><H, fO’f’ all t Z O, (42)

for a suitable constant C independent of (e, Zp).
To prove Theorem 4.1 we will use a fixed point argument, following the procedure
in [2, Section 4]. We start with a more regular version of Corollary 3.2.
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COROLLARY 4.2. If 0 < ¢ < min{a, 6}, 2p € V x H, and (3.2) holds true, then
for a suitable constant Csa, independent of Zy, the solution of the system

Z;: .AH 5, 5(80) = 50

e

satisfies sup |e(=%0) Z(
tZSo

Proof. As in the proof of Theorem 3.1 we denote (ZE’”> = e =50) ().

Ze,w

2 = =2
')’W((t,t+1),D(A),H)><H1((t,t+1),H) < Co Py -

For t = sp we have, from Lemma 2.3,

2
2 = 2
|Za,v|W((so,so+1),D(A),H) < C’[Cw] (|Za,v(30)|v + mLQ((SO’SOH)’H))

with f = fZ: BMR_lB}‘V[HaZE,U —EZep T d’LmZE,w and 6[CW] = 6[|1—)|w, @] Thus,
from Corollary 3.2

2 2 | 22 =12
‘z€;U|W((s0,so+1),D(A),H) <G (|Zew(30)|v + |Z0|HxH) < Co|Zlyp - (4.3)

On the other hand, from Lemma 2.4 it follows that for all ¢ > sq

2
L+ <CT O H
|2e0(t +1)[y, < Cloy <|Z O+ fL2((t,t+l)7H)

and, again by using Corollary 3.2,
|ze(E+ DI < C |20l 375 - (4.4)

Finally, (4.3), (4.4), Lemma 2.3, and Corollary 3.2, give us

LZ((t,t+1),H))

2
2 al 2
|Z€aU‘W((t,t+1),D(A)7H) < Clow) (|Zs,v(t)|v + m
<Cy (|20‘%/><H + |50|isz) <20y |5y, . forall t> s

Further from 2. ., = —02¢ w + V2,0 + €2, and Corollary 3.2 we also have

2 > 2
|Zs,w|H1((t,t+1),H) < Cs |20l wm -

Notice that C; and C5 can be taken independent of ¢. The proof is complete. 0O
Inspired from Corollary 4.2, taking so = 0, we define the Banach space

Z5 = {ze L2, (Ro, H x H) ‘ 1722 < oo}

endowed with the norm |Z]z: = sup,~ ‘eE'Z|W((T P 1), D(A)x H, Hx H)® We also set
o= {7 e (Bo, Hx H)) | 02y 4y paynsn o) < 00 for all 7> 0}

For a given constant o > 0 and 2, € V x H we define the subset
z;={7e 2| |92 < olZfiun}
and the mapping ¥: Z7 — Zf | 7+ Z, taking a given vector Z to the solution Z of

Z=An Z+ F(5),  Z0)=%. (4.5)
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LEMMA 4.3. Under the hypotheses of Theorem 4.1, there exists o > 0 such that
the following property holds: for any v € (0, 1) one can find a constant € = €, > 0
such that, for any zy satisfying and |Zo|v<u < €, the mapping V takes the set Z; into
itself and satisfies the inequality

|\I/(§1) — \I/(gzﬂgs < 7‘51 — 52'25 fOT‘ all ?17 52 S ZZ (46)

Proof. We divide the proof into 3 main steps:

(® Step 1: a preliminary estimate. Consider the system
H:-'Lll_[o/g+ f7 5(0) 2307 (47)

where f € L (R, H). If 2 is the solution of system (4.7) with f = 0, by Corol-
lary 4.2,

Sl;p =" Z(- )\%V((r,rﬂ),D(A)xH,HxH) < CQ|2(0)|%/><H' (4.8)

We are going to derive a version of this estimate for suitable nonzero f = ({;)

We denote by S _+20 the solution z" of (4.7). In the case f = 0, the operator S&t is
linear; by the Duhamel formula we can write

t
20) =S 2 =S+ [ 80,5(s)ds (4.9)
0

where S;t, ;w denotes the solution of the system (4.7), with the initial time moved to
t = s, and the initial condition Sgi sw = w. Further, from Corollary 3.2, it follows in

particular that |e5(t*5)827tw|§ixH < 512|w|§“H; then

(4.10)

O < 218 70/, H+2\/
H><H

< 2Cte™? <|ZO|H><H+(/ e () pgxm d )2>

Now we can find, denoting by |¢] € N the integer satisfying [t| <t < |t] + 1,

t] fk+1
/“If |Hdes<Z/ &= | £(5) st ds

1

L] 3

k+1 2 k+1 2
SZ(/}C e255d8> (/k e4€s|f(8)|%md8>

k=0
j4+1 5 Lt k1 3
< sup (/ e* 1 f(8) 5w ds) Z / e 2 ds | .
JEN J k=0 \’F
0<5<|t]

N

For the sum of the series, a direct computation gives us ZM ( :H —25ds )

Zk O( k+1 =285 s ) _ (_?15(6_26 _ 1))5 ZEO:O e~k — (1_;& 6[%]

(26)2 (1—e™9)
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NJ=

So, fot e**|f(s)|pxmds < 6[%} ' sNup (fjo e455|f(s)|%leds) and, using (4.10),

JE
0<5<|¢]

j+1
U s < Cr [ ol + su / €1 () 21y s (4.11)
éSjS\_tJ !

for all t > 0.

Next, denoting (ZZ“

) = Z and using Lemma 2.4, we can obtain for all r > 0

1 Ol + |7,
|2o(r + DI < Clow) ('Z i + |1 L2((r, T+1)’H)>

with f:: —BMR_IBJ*WHQZU + dizy, + f1, which implies, using (2.31),

|20 (r 4+ 1) < Co ( sup |Z(t)|5rxm + f1|12r,2((r,r+1),H)>
te(r,r+1)

and, from (4.11),

k+1
Al D < G Jalin+ sw [ s | (@12)
ngSLrJrlJ b

. _ +1
since we have |fil72 (. 11y iy = [ F132(r rrny omy < €27 LI e f(s) 3y ds <

_ 1 1 _ k+1
2er L\}TF I+ 455 (8)|%-1><Hd8 < %2 2er SUPreN fk e4ES|f(S)|%I><HdS'
0<k<|r+1]

For ¢t € (0, 1), from Lemma 2.3 and (4.11), we can also obtain

sup |20 < Ciey) (10O + 20,1, 10) (4.13)
t€l0, 1]

<Oy <|Zv(0)|%/ + sup |Z()[Frun + |f12L2((o,1),H)>
t€lo,1]
> 12 2
<Cs (|ZO\VxH + |f|L2((O,1),H><H)) .
Equations (4.12) and (4.13) allow us to conclude that

k+1
|2, ()3 < Coe ™ | |Z0|3 o ir + kesNup /k: 'S f(8) 3y pgds |, forallt>o0.
0<k<|t]
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Using again Lemma 2.3 and proceeding as above, we can now derive

|2U|%/V((r, 1), D(A), H) = 6[CW] (\zv(r)ﬁ/ + |f|%2((r, r+1),H))

. 2
<Cy <|Zv(7”)|%/ + sup  |Z(t)|5rxm + |f1|L2((r,r+1),H)>
te(r, r+1)

k+1
< Cse | 2of2m + sup / e ()3 gy s | ;
keN k

0<k<|r]

which implies, since 0;(e% 2, (+)) = €€ 2, (+) + €% 02y (+), that

k+1
U 62, () iy (7, 1), D4y 1) < Co (|zo|2w +up | e4“f<s>|%wds> .
r>0 keNJEk

(4.14)

Finally, for (Zs’”> = e’ (ZU(())> = e Z(-) we have 2.y, = —02c 4 + VZe0 + E2c w0

£, w
and, after integration, z. ,(t) = e(==9%z_,(0) + 'yf(f e(e=9(t=25);_(s)ds. Therefore,
using (4.14), we arrive to

t 2
|20 (t)[ 37 < 212, (0)[7; + 272 (sup Ize,v(r)lH/ ele=0) (=) d8>
r>0 0

k+1
< Cio <ZO|%/><H JrSUP/ e4es|f(5)|§1de5> . (4.15)
keN Jk

Then, from 2., = =02 + V2.0 + €2c,w, (4.14), and (4.15), we obtain

k+1
e () 3 < Ca <|50|%/><H +iu§/ = f () d8> : (4.16)
€ k

Finally (4.14), (4.15), and (4.16), imply that

k+1
Sup|e€.z(')|12/v((r,r+1)7D(A)><H,H><H) < Gz <|ZO|%/><H +SUP/ | f(8)[Frwm dS) )
>0 keN Jk

(4.17)

as desired.

-

® Step 2: ¥ maps Z; into itself, if |Zo|v < is small. Denoting <§”> = Z, we will

w

B ( N2, a2 2
replace f by F(Z) = ( oz = ( b—|—3(0)w)zv dez”zw> in (4.17). First we derive

suitable estimates for the nonlinear term. We focus on the 3D case, that is  C R3,
however, the estimates also hold for the 2D case. We recall the inequalities
1 1
Ul (o) < C|u|12{1(9)\u|12{2(m and  |ulps(o) < Clulm(o)

which are given by the Agmon inequality and the Sobolev embedding theorem (see [23,
Chapter 11, Section 1.4]) and [18, Chapter 2, Theorem 3.6]).
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Now, we observe that
FE ) e < Cus (1Z0(5) Faey + 15 hace) + 150(8) e (92

< Cua (150(5) 51 + 12 (9 + 120(5) Bz o (5) ey )

which implies,

k+1
sup [ F O ds <sup sup Cua (L) + [ E 1)
keNJk keN selk, k+1]

k+1
+sup sup C15|e“2w(s)|fq/ \eESEU(S)FD(A) ds
keEN se[k, k+1] k

< Cig (|25 + |21%-) -
Thus, inequality (4.17) with f = F(Z) gives us
WA < Crr (Bl s + % + |F1%.) (4.18)
If Z € Z5, then
WE)e < Curl1+ ol + 0 ooles)ooln (4.19)
and if we set o = 3C1~7 and € < min {1, %}, then we obtain Ci7(1+ g%€* + 0%¢?) < o
if |Z0lv xm < ¢, which means that ¥(2) € Z¢.

® Step 3: W is a contraction, if |2o|v«xu is smaller. It remains to prove (4.6). Let us
take two functions 1,z € Z5 and let ¥(Z)) and ¥(Z;) be the corresponding solutions
for (4.5). Set e = Z; — 25 and d¥ = V(%) —¥(Z,). Then d¥ solves (4.7) with d¥(0) =
and f = F(Z1) — F(%). Therefore, by inequality (4.17), we have

t+1
[W(Z)) — U(Z)[% < Cia Sup/ e8| F(Z1) () — F(Z2)()|Frx s (4.20)
t>0 J¢

Denoting

(Zlv) =7, <Z2U) =%y, and <6”> == (zlv - sz) ,

21w 22w Cw Zlw T 22w

we find that

Z3 — 2o, = eo(Z1, + Z10Z20 + Zay), 72— 22 = ey(Z1o + Z20), (4.21)

Z10Z1w — Z2022w = €vZ1w T Z20€w-

from which we can obtain
\F(Z1)(s) = F(Z) ()| Frxn
< CuslewlFr (|Z10] 100 () + 1220 100 () + [Z10[7 00 () + |220[7
> U18[Cv|H 1lvlLe=(Q) 2v L>=(Q) 1v L= (Q) 2v Lo (Q)
+ Cis <|ev|2L°°(Q)|21w|%2(Q) + |52v\%oo(m|€w\%2(m)
< Cuslealys (1210l + 1220l ) (12103 + 122003 + 1)
+ Cho <|€v|%)(,4)|51w\i2(9) + \52v\2D(A)|@w|%2(Q))
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and
| F(Z)(s) = F(2) () hrxm
< Cuglesey 3 (12210 ) + € 20lBia) ) (1672103 + e 220} +1)
+ Cho (‘easev|2D(A)‘easilw‘%z(ﬂ) + ‘eESZQU‘QD(A)|essew‘%2(ﬂ))
< Crole|%- (1213 + |23 +1) (|e€551v|123(A) + \65552«)\213(,4))
+ Cro (1513l eulBay + lel3elo™ 2aulBia) )
Therefore, from (4.20), it follows
[W(21) = U(2%)[Z: < CoolelZ: (12112 + |122[%- +1) (121]%- +|2Z:)
and since Z; and Z, are both in Z;, we arrive to
[U(21) = U(Z2)[Z- < Cao (20020[F xn + 1) 2012003 121 — 222 (4.22)
Choosing € > 0 as in Step 2, that is € < min {1, é}, we find 20|%[%, ; +1 < 3. So

. . . 1
choosing € > 0 still smaller so that ¢ < min {1, 2 ﬁ}, we see that (4.6) holds,

provided |Z[3, ;y < €.
The proof of Lemma 4.3 is complete. O

Proof of Theorem 4.1. From Lemma 4.3 and the contraction mapping principle it
follows that if Zp € V x H is sufficiently small, |Z5|v x g < €, then there exists a unique
fixed point 7 = ¥(2) = 7 € Zg for W. It follows from the definitions of ¥ and Z
that Z solves the system (4.5), with Z = z. We can conclude that Z solves (1.5) with
the feedback control Bu = —By R B3I, 2.

Further inequality (4.2) can be concluded from (4.19).

Finally, it remains to prove the uniqueness of the solution for (4.1) in the space
Z =L} (Ro, D(A) x H)NC([0, +00), V x H) D Z§. Let Z1 and 2, be two solutions,

loc

in Z, for (4.1) and denote

(Zm) = Z1, (22”> = Z5, and (e”) == (21” - 22”) )
21w 292w Ew Zlw — 22w
It turns out that e solves (4.7) with f = F(z1) — F(%3), that is,

é=(A—BuR By, )e + F(4) — F(%)

A—1+1—(3av? — 260 + ¢ + Jmdw) —diy

with A = ” s

>. Using (2.31) and (4.21),
we can obtain

<X€7 e>V’><H,V><H < _levﬁ/“‘é“(f’m) |€|§{><H7

‘L‘X’(Q‘TRQ)}
—1 x* Val 2
<BMR By Iqe, e>V’><H,V><H < C[|(5)@)‘LW(Q’R2)7O¢7 é] |ev|H7
(F(21) = F(2), e)vixm, vxn < 01(|Z1U|2Loo(g) + |Z2’U|%oo(g) +1) leol5
+ !ezzlw + Z2vewev’L1(Q) )

2 2
f€321w + szewev’Ll(Q) < \€v|L4(Q) |le|L2(Q) + |sz\Lw(Q) €|t -
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Now, from the continuity of the inclusion Hi(Q) c L4(Q) (cf. [6, Chapter 4, Sec-
tion 4.4, Corollary 4.53]) and the fact H3 () can be seen as an interpolation space
Hi(Q) = [HY(Q), L)1 (cf. [16, Chapter 1, Theorem 9.6 and Remark 9.1]), we
can arrive to

1 3
leolFagay 1710l 12 () < CalewlF el 1210l < Cslewl 21wl + leult -

Therefore, we obtain

d

5 el = 20(A— BuR™' BiTla)e + F(21) = F(3), e)vrwm, v

ral 2 2 4 2
< Cy (C[|(@,m)\Lm(Q,R2),a, 1]+ 21l F1z20lpeay + 21wl + 1) el -

Observe that 1 = Cs (6[ 1] + \le\QD(A) + |Z2v|2D(A) + |21w\4}{ + 1) is

‘(@71‘7)‘LOO(Q,]K2)7047 @
a locally integrable function, because 27 and 25 are in Z. Thus, by the Gronwall
lemma we find

2 tap(s)ds 2
le(t) | Fy g < €0 P9 1e(0)[3, 4 =0,
that iS, 2?1 = 52. |

4.2. Local stabilization to trajectories. As a straightforward consequence of
Theorem 4.1, we have our main result on stabilization to trajectories for system (1.1).

COROLLARY 4.4. If 0 < ¢ < min{w, 6} and (3.2) hold true, then there is € > 0
with the following properties: if

7= (0, W) € Wiee(Ro, V x H, V' x H) N L>®(Ry, L>(£2))*

s a solution for system (1.4), with §o = (Vg, W) € H x H, and if yo = (vo, wp) €
H x H is such that

(vo — Vo, wo —wo) €V x H and |(vo — Vo, wo — Wo)|y gy <6,

then the solution y = (v, w) of the system (1.1) with the feedback control Bu =
—ByR7IB3 I, (v — ) goes exponentially to § with rate e, that is,

ly(t) — () |vxm < Ce == |yy — Golvxm, forallt>0,

for a suitable constant C' independent of (e, yo — §o), and the solution (v, w) is, and

is unique, in the affine space (v, w) + L2 _(Ro, D(A) x H) N C([0, +00), V x H).

5. Numerical examples. We consider the following version of the monodomain
equations

0w = (A — cl)v — dw — av® + bv? + Bu+ f1 + fo, in Qx (0,7),
T),

Oyw = yv — dw, in Q x (0, (5.1)
vl =0, on T x (0,7T), '
v(z,0) = vo(z) and w(x,0) = wo(z), in Q,

where Q = (0,1) x (0,1), and the parameters are chosen as » = 1.5 -1073,a =
1.2-1073,b = 0.1304,¢ = 1.5,d = 215.6,y = 1.2-10"* and § = 1.2 - 10~3. For the
control we take piecewise constants as described in Example 2.15. Figure 5.1 visualizes
the corresponding control domains.
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Fic. 5.1. Control domains with piecewise constants.

5.1. Termination of a reentry wave. As a test case we consider the termi-
nation of a reentry wave modeling cardiac arrhythmia. For this purpose we initialize
the system by stimulating the lower boundary of the domain. As a result, a traveling
wave is obtained. Placing an external stimulus f; within a critical time window leads
to a reentry wave as shown in Figure 5.6 (top). Outside of this time window, the
stimulus only results in an excitation that immediately starts to collapse (see Fig-
ure 5.6 (bottom)). With this in mind, our setup is as follows. We assume that the
desired trajectory 4; = (vq, wq) is obtained from a typical heart rhythm starting at
94(0) = ¥a,0, such that the external stimulus is applied before the critical time window
is reached. After the external stimulus has collapsed the natural heart rhythm restarts
and a second traveling wave is stimulated by means of fs, see also Figure 5.7 at time
t = 180. Considering now a perturbation of the initial condition ¢(0) = 74(0) + &
(postpone initial time), the external stimulus is shifted into the critical time window
and causes the excitation of a reentry wave. The desired effect of the feedback law
then is to stabilize the perturbed system around the natural heart beat.

5.2. Discretization and the differential Riccati equation. All simulations
are generated on an Intel®Xeon(R) CPU E31270 @ 3.40 GHz x 8, 16 GB RAM,
Ubuntu Linux 14.04, MATLAB®) Version 8.0.0.783 (R2012b) 64-bit (glnxa64).

For the spatial discretization of (5.1) we use a finite difference scheme on a uniform
32 x 32 grid. The resulting ODE system then reads

8tvn = Anvn - dlnwn + Iion(vn) + Bnu + fl + f27 Un(O) = Ud,n(o) + 61)7

5.2
Oywy, = Y1nvn — 0 1pwp, wn(o) = wd,n(o) + Ew’ ( )

where the nonlinearity is evaluated pointwise such that o, (v,) = —av + bv2. We
further have A,,,1,, € R**™ and B,, € R"*™, with n = 1024 and m = 16. The desired
trajectory (Vg,n,wq,n) is computed as a solution to the uncontrolled system

ai&rUd,n = Anvd,n —d 1nwd,n + Iion(vd,n) + fl + f23
atwd,n =7 1nvd,n -0 1nwd,n-

The solutions of the ODE systems are always obtained by the MATLAB routine
ode45. The feedback control law u(t) = —R ™I B:IL,, (t) (v, (t) —va.n(t)) is computed by
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FIG. 5.2. Linearized system. Comparison of L*(Q) and H'(Q) error for R = 1.

solving the matrix differential Riccati equation associated with the decoupled system,
ie.,

I, + (A(van)) T + MpA(van) — T BaR B, + AlL, + M*M =0,  (5.3)

where A(vgn) = Ap — diag(?)avin) + diag(2bvg,, ). Following the suggested method-
ology in [12], we exploit the fact that the desired trajectory is approaching a sta-
tionary state (zero). Hence, we solve (5.3) backwards in time using the initialization
I, (t;) = II,,, where II,, solves the algebraic matrix Riccati equation

AL, + 10,4, — 0, B, R B:1L, + AL, + M*M = 0.

The solution of the resulting initial value problem (5.3) is determined by the MAT-
LAB routine ode45 rather than the Crank-Nicolson inspired scheme proposed in [12].
In this way we only need to evaluate the Riccati operator rather than solving an alge-
braic Riccati equation in each time step. While the latter approach generally allows
for bigger time steps, in our case the performance of ode45 was better.

5.3. The linearized system. Let us consider the effect of the feedback law
when applied to the linearized system, i.e.,

8tyn,v = (A(Ud,n) - BnR_lB;Hn(t)) Yn,o — dlnyn,un yn,v(o) =&,
atyn,w = 'V]-nyn,v - 61nyn,w7 yn,w(o) = ng

where Y, v = U, —Vd,n Yn,w = Wn — W4, The shift A for the desired exponential decay
rate of the decoupled system is chosen as A = 1. Figure 5.2 shows the decay of the
closed loop system for ¢ € [0,800] and two different choices of M. We also include a
comparison with the uncontrolled solution. In this context, we remark that the system
is asymptotically stable when linearized in the zero state. Since the desired trajectory
(Vd,n, wqn) approaches zero, this implies that the same holds true for the uncontrolled
solution. As is reflected in Figure 5.2 the controlled system performs better than the
uncontrolled system. We further obtain a better performance with respect to both the
L?(Q)-norm as well as the H'(Q2)-norm in the case M = 1. The characteristic “peaks”
within the error plots can be explained as follows. The first excitation f; modeling
the undesired external stimulus happens at ¢t = 9.52. At ¢t = 176.39 the regular heart
rhythm restarts and causes a traveling wave (due to fs) evolving from the center of
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FIG. 5.4. Nonlinear system. Comparison of L?(Q) and H'(Q) error for R = 1.

the domain, see again Figure 5.7 at ¢ = 180. The third peak corresponds to the sudden
collapse of the traveling wave at t =~ 305. Figure 5.3 shows the time span between the
excitation and the collapse of the traveling wave, respectively. Here, we additionally
include (green axis) the time interval in which at least one of the eigenvalues of the
system matrix A, (vg,) has a positive real part. While it is well-known that for
linear time-varying systems there is no one-to-one correspondence between spectral
abscissa and stability of the system, it is still worthwhile to mention that the most
significant differences to the uncontrolled system appear when A(vg,) is unstable.
This also concerns the relation between the quality of the solutions for M = 1 and

M= (1-A)z.

5.4. The nonlinear system. We now focus on the full nonlinear system (5.2).
Again, the results of the simulations for two different choices of M are compared with
the uncontrolled solutions, see Figure 5.4. Note that the uncontrolled solution now
exhibits a periodic behavior and, in particular, does not decay at all. On the other
hand, both feedback control laws result in a successful termination of the reentry
wave. As already indicated by the results for the linearized system, the choice M =1
shows a better performance than M = (1 — A)%. We also include a comparison for
the weight matrix R = %1 rather than R = 1. Since this decreases the amount of the
control costs within the cost functional, we expect the control to have more influence.
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Fic. 5.6. Ewvolution of v(x,t) for uncontrolled (top), desired (center) and controlled (bottom)

system with (M, R) = (1,1).

Indeed, Figure 5.5 underlines this expectation. Here, the results corresponding to
M = (1—A)z are better than those obtained for M = 1. In Figure 5.6 and Figure 5.7
the temporal evolution of vy, (x) for the uncontrolled, desired and controlled system
is shown. While for ¢ = 13, the difference between desired and controlled solution is
clearly visible, for larger time instances the controlled solution approaches the desired
solution. Finally, Figure 5.8 visualizes the action of the piecewise constant control
functions. The largest magnitude can be observed after the external stimulus has
been applied (see t = 13.) As expected, for increasing ¢, the feedback law approaches
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Fic. 5.7. Ewolution of v(x,t) for uncontrolled (top), desired (center) and controlled (bottom)
system with (M, R) = (1,1).

zero (see t = 500.)
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