Feedback Stabilization of a Linear )
Fluid—-Membrane System with Time L
Delay

Gilbert Peralta

Abstract A coupled parabolic—hyperbolic system of partial differential equations
modelling the interaction of a fluid and a membrane is considered. The model is
reformulated as an abstract Cauchy problem and thereby constructing a semigroup
for the evolution. This is done by eliminating the pressure. The system is stabilized
through a feedback force applied to the membrane incorporating a time delay. The
spectral properties and stability are considered under suitable conditions on the fluid
viscosity, damping coefficient and delay coefficient.
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1 Introduction

Letus consider a sufficiently smooth bounded domain §2 in two- or three-dimensional
space. Denote by I" the boundary of the fluid domain £2 and I' = "y U T"; where
Iy and Iy are nonempty open subsets of I, both with positive surface measure. On
the boundary I} we have a solid wall while on ) we have a membrane. Let X be
the boundary of Ij. A linear model describing the above situation is given by the
following coupled Navier—Stokes-wave system

uy — uAu+Vp =0, in (0, 00) x £2,

divu =0, in (0, 00) x £2,

u=020, on (0, 00) x I7,

U= wv, on (0, o0) x I, (1)
Wy —Aw=p—pv-du+ F, in (0,00) x Iy,

w=0, in (0, 00) x X,

fnwdx =0, in (0, 00),
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supplied with the initial conditions u(0, x) = ug(x) in £2 and w(0, x) = wo(x),
we(0,x) = wi(x) in Ip. In (1), u and p are the velocity field and pressure for the
fluid, w is the transversal displacement of the membrane, and F is the feedback
force. Moreover, u is the fluid viscosity and v is the unit normal outward to £2. In
this paper, we consider small but rapid oscillations, under which we can assume that
the domain occupied by the membrane is fixed. Unlike in the Navier—Stokes equation
with no-slip boundary condition where the pressure is determined up to a constant,
the pressure in (1) is unique due to the Neumann-type boundary condition on [5.
In fact, for sufficiently smooth solutions, p satisfies an elliptic problem with mixed
Neumann—Robin boundary conditions.

Without the feedback force F, the above system is stable due to the diffusion
of the fluid component. This dissipative mechanism, through the interface boundary
condition, produces a dissipation for the membrane component. On the other hand, to
stabilize the system faster one could add a dissipative mechanism for the membrane
by introducing a feedback force. One of the common interior feedback force for the
wave equation is using the velocity. This feedback may not be felt instantaneously by
the evolution; that is, delay may take place. This consideration gives us the following
form of the linear feedback law

F(t,x) = —aw(t,x) — Bw,(t — 7, x),

fort > 0 and x € I, where o, 8 > 0. The constant T > 0 represents the extent of
delay, while the constants o and B represent the strengths of damping and delay,
respectively. To have a well-posed system, one must incorporate an initial history

w(@, x) = zo(x) in (=1, 0) x Iy.

Itis well known that delay induces a transport phenomenon in the system creating
oscillations that may lead into instability; see [10] and the references therein. In the
absence of delay, models similar to (1) where the membrane is replaced by a plate
has been studied in [4, 5, 9]. Typically, if the damping factor dominates the delay
factor, then the system will be stable, i.e. as if delay is not present, however, with a
possible slower decay rate. If such terms are equal then the system may not be stable;
see [10]. If there are other dissipative mechanisms in the system then we may obtain
stability under appropriate conditions, for instance, viscoelasticity in wave equations
in [7] and fluid viscosity in a fluid—structure system in [11]. In this paper, we shall
also see that viscosity plays a role in deriving sufficient conditions for exponential
stability.

The plan of this paper is as follows. In Sect.2, we introduce generalized trace
results that are needed in the elimination of the pressure in the semigroup formulation.
In Sect.3, we write (1) as an abstract Cauchy problem in a suitable state space and
prove that it generates a contraction semigroup under a suitable assumption on «,
and p. The spectral properties and uniform exponential stability of the semigroup
will be discussed in Sects. 4 and 5, respectively.
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2 Generalized Traces for Some Graph Spaces

Let ¥ C I' be sufficiently smooth. For s = m 4 o where m is a nonnegative integer
and o € (0, 1), let Hjy(X) = {w € H*(X) : |lwlly,s < oo} where

|D"‘u(x)|2
Wl 5 = lullF s + Z / d(x, 82)2"

|or|=

and d(x, X') denotes the distance of x from dX. For each nonnegative integer m,
C$°(X) is dense in H(;'(’)H/Z(Z‘) and we have (H(%H/Z(Z‘))’ = H " 12(%), see [8]
for more details.

Consider the Hilbert space de(.Q) ={u e L*(2) : divu € L*(£2)} with the
graph norm. Recall that elements of L}, (§2) admit generalized normal traces u - v| 5
and the corresponding mapping is a continuous linear operator from L3 (£2) into

~1/2(%). Moreover, for every ¢ € H'(£2) with trace in Hoo (X) we have

(u-v|g,g0):/(divu)<pdx+f u-Vedx.
2 Q

For the fluid component we shall use the function spaces

H={uel*R2):divu =0in 2, u-v|r =0},
={ueH (Q):divu=0in 2, u|p, =0}.

Recall that the trace maps yp : H'(2) — HY*(I") and y, : H*(2) — H3?
(I') x H'?(I") defined by you = u|r and y,u = (u|r, d,u|r) are surjective bounded
linear operators. It follows that the operators ypy, and y;y;* are strictly positive def-
inite and thus invertible. Given ¢ € HOI({ *(¥), we extend it by zero to the whole
boundary X to obtain an element in H'/?(I"), which we shall still denote by
¢. We do a similar construction for i € Hg({z(z) Consider the lifting operators

€ HY (Z) x Hy)*(2) — H2(2) and k : Hy)*(¥) — H'(£2) given by

L) =i WL o), ke = vinvd) e

Let £; and ¢, be the coordinate functions of ¢, that is, £;y = £(, 0) and £, =
£(0, ¢). It follows that £, £, and k are bounded linear operators.

Let 2 ={pec H(R2): Ap € L*(2)}and ¥ = {7 € L*(2) : Amr € H'(Q)}
be equipped with the corresponding graph norms. Given = € # and p € ¥, we
define |y and 9, p| s by
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(s, 9) = /QTFA(EZ‘P) dx — (Am, ZZ‘p)H*‘(Q)xHJ(Q)
(Ovpls, ¥) =/(Ap)ﬂ1wdx4r/(Vp)~V(€1¢)dx (2)
2 Q

for every ¢ € Hol(fz(E ) and ¥ € HSO/Z(ZJ ). From the definition and the proper-

ties of the above extension operators, one can immediately see that 7 — 7|y €
LW, H V(X)) and p > d,ply € L(2,H3*(X)). If r ¢ H'(2) and p €
H?(£2) then these traces coincide with the usual traces. This remark follows imme-
diately from the above definitions and Green’s identities.

Now consider the subspace % = {m € L*(2) : An € L*(£2)} of # with the
associated graph norm. Given 7w € %/, define 7|y and 9,7 |5 as follows

(s, @) =f NA(Zzw)dx—/(Aﬂ)ﬂwdx
2 2

(Qvr|s, &) =/(A7t)€1lﬁdx—/ T AY) dx
2 2

for every ¢ € HOI({Z(E) and ¥ € HOS({Z(Z‘). Again these traces are bounded, more

precisely, 7+ 7|y € (¥, H (X)) and 7+ 7|y € L (¥, H3?(X)).
Notice that the definition of |y is the same whether it is viewed as an element
of # or % . Likewise, if p € H'(2) N % C 2 then the definition of 3, p|s coin-
cides with the earlier formulation (2).

Let us consider the graph space G = {(u, p) € V x L*(2) : —uAu+Vp €
Lﬁiv(Q)} endowed with the graph norm. Notice that Ap =div(Vp — nAu) €
L?(£2) so that p € % and hence it admits traces such that

P12y + 100 Pl g-srs) < ClIpllze) + 1 div(Vp — pAu)l122))-
For (u, p) € G, we define the following
(dyuls, @) = (pvlz. @) — M/QVM - Vikg)dx +/deiV(K90) dx
+/Q(—MAM + Vp) - kpdx
(mAu-vig, ) = @pls, ¥) + /Q(—MAM +Vp) - V() dx

for every ¢ € Holo/z(Z‘ ) and ¥ € Hgo/z(E ). Again, one can see immediately that

these generalized traces are bounded; that is, (u, p) — d,u|s € Z(G, H™'/*(X))
and (u, p) = Au-v € L(G, H3/2(%)). In fact, we have
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l0vulla-12zy < Clplla-12x) + lullv + P2 + IkAu — Vplli2ge)
lAu-vig-s2i) < ClndAu — Vpllg + 18uplla-secs))-
From the above discussion note that —u Au + V p admits a generalized normal trace
on X. In the case div(—puAu + Vp) = 0, it follows from the divergence theorem

that
(—nAu+Vp) vy = plu-v|lx —dypls.

In particular, we have the following generalized integration by parts formula

/QwAu —Vp)fdx = (udyu — puls, £) — ufgw LV f dx

for every (u, p) € G and f € V. We refer to [2, 13] for similar discussions.

3 Abstract Formulation and Well-Posedness of the System

The coupled system (1) will be expressed as an evolution equation in a suitable
state space. Using the divergence theorem, it can be seen that we need to factor the
constants in the space for the states associated with the membrane. Let

X ={(u,w,v,2) € Hx H} (Iy) x L*(IY) x L>(=7,0; L*(Ip)) : u - v = v in I},
where L2(I) = {w € LX(I}) : [, wdx = O}and H} (Iy) = H'(I'}) N L*(I), be

equipped with the norm

0
||(u,w,v,z>||§=/ |u|2dx+/ IVWI2+|vI2dX+ﬂ/ |zI* dx d6.
0 ny —tJIy

Following [1], we eliminate p in the system by rewriting it as an elliptic prob-
lem with boundary data involving the fluid velocity and the displacement of the
membrane. Define the mixed Neumann—Robinmap M : H=3/2(I) x H32(I,) —
L?(£2) according to

Ar =0 in £2,
T=M(p,Y)<= {onrT=¢ on I,
ohmw+m =% only.

For smooth solutions we can see that p satisfies the boundary value problem
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Ap =0 in 2,
dp =pAu-v on I,
op+p=—-Aw+av+ Bz(—1) +uv-yu+ pAu-v only.

Hence, we can represent p in terms of the map M as follows
p=Lu,w,v,z):=MplAu-v,—Aw +av+ Bz(—1) + pnv - dyu + nAu - v).

To keep track of the retarded term in (1), let us introduce the delay variable
z(t, 6, x) = w,(t + 0, x), which satisfies the following transport equation in (—1, 0)
with parameter x € I

Z[(tsgv-x)_zg(tv esx) =0$ in (07 OO) X (_Tv O) X F09
z(t,0, x) = wi(t, x), in (0, 00) x I, 3
z(0,0, x) = z0(0, x), in (—7,0) x Iy.

The fluid-membrane system (1) can now be rewritten as an evolution equation in X

d
E(u, w,v,z) = A(u,w, v, z)

where A : D(A) — X is the linear operator defined by
Au,w,v,z) ;= (nlAu — Vp,v, Aw —av — Bz(—1) + p — v - d,u, 992)

with domain D(A) consisting of all elements (u,w,v,z) € X such that u € V,
ve ﬁ(}(Fo), z€ H' (—7,0; L2(I,)), u = vv on Iy, Zjp=o = von Iy, pAu —Vp €
H and Aw —av —Bz(—1)+p—pv-ou € EZ(FO), where p = L(u,w,v,z) €
L*(R2).

Let Cp be the constant in the following inequality obtained from trace theory and
the Poincaré inequality

lu-v>dx < Cp/ |Vul?dx, VueV. 4)
Iy 2

Theorem 1. Ifo + CLP > B, where Cp is the constant in (4), then A is the generator
of a strongly continuous semigroup of contractions on X.

Proof. We apply the Lumer—Phillips Theorem and hence we must show that A is
m-dissipative. Given X¢ = (u, w, v, z) € D(A), by applying generalized Green’s
identity for the membrane component, divergence theorem to the fluid component
and Cauchy—Schwarz inequality we have
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Re(AXo, Xo)x = —M/ |Vul>dx — (a — @) v?dx — 8| | z(—T)vdx
2 2 Iy Iy
U copar < - (a — 1Bl + i) v*dx, (5
2 Jn Cr/) Jn

establishing the dissipativity of A.

To prove maximality, it is enough to prove that 0 € p(A), where p(A) denotes the
resolvent set of A. In order to show this, we need to find (u, w, v, z) € D(A) such
that A(u, w, v, z) = (f, g, h, ¢) for a given (f, g, h,¢) € X and || (u, w,v, 2)|lx <
CI(f,g,h,¢)|x for some constant C > 0 independent of (u,w, v, z) and (f, g,
h, ¢). The equation to solve is equivalent to v = g, zg = {, Zjg=0 = V, the Stokes
problem

—nAu+Vp=—f inS$2,
divu =0, in $2,

6
u=0, on [T, ©
u=gv, on F(),
and the elliptic equation with homogeneous Dirichlet condition
—Aw = —ag — Bz(—t)+p—puv-ou—h, in Iy,
(N
w=0, on Xj.

We can see immediately that the delay variable is given by z(6) =v — [, 90 () do
from which we have z € H'(—t, 0; L*>(I})) and

lzll 2 =r,0;2(r)) + 12(=D) 2y < Celg 2y + N2 =e,0:2c)- (8)

The Stokes equation (6) admits a solution pair (u, p) € V x L?(£2); see, for instance
[12]. Given a constant p*, the pair («, p) where p = p + p* is also a solution pair
and we have

lully + Pl = CUf e + 181 s )

and consequently we have the following trace estimate
Il a-12ry + N0vull -2y < CAL Il + 181w cry)- €))

Since the right-hand side for the elliptic equation (7) lies in H~'(I7), by standard
elliptic theory we have a solution w € H'(I}) and from (8) and (9) it is not hard to
see that ||W||H(;(n,) < C||(f, g, h, ¢)|lx for some constant C > 0.

The final step is to choose the constant p* in such a way that w has average zero. Let
/S HO1 (1)) be the solution of the Poisson equation — Ay = 1 on I with boundary
condition ¥ = 0 on Xy. A straightforward calculation yields that w € fz(ﬂ)) if and
only if
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0
p =192 (@) [ war—p [ comacar - - o )
0 -7 0

Finally one can checkthat p = L(u, w, v, z) and || (u, w, v, 2)|x < CI(f, g, h, Ol x.

4 Spectral Properties

First, let us present the adjoint of the generator A. To describe the said operator, we
consider the isomorphism J : X — X

J(f 8:h.8(0)) = (=f. g —h.2(=0 —1)).

Theorem 2. The X-adjoint A* : D(A*) — X of the closed operator A is given by
A*(f, 8, h,§) = (RAf — Vr, —h, —Ag —ah + B(0) + 7 — pv - 0, f, —9p¢)

withdomain D(A*) comprising of all elements (f, g, h, ) € X suchthat f € V, h €
H)(Iy), ¢ € H'(=1,0; L*(I})), f = hvon I, ¢(=1) = —hon Iy, pAf — Vr €
Hand —Ag —ah+ B0)+m7 —puv-0,f € L2(Iy) wheremr = —LJ(f, g, h,0).

Proof. The proof is similar to [11, Theorem 2.7] and therefore we omit it here.

In the following, we shall show that the spectrum of A consists of eigenval-
ues only, except possibly on the negative real axis. This will be done by rewriting
the resolvent equation in variational form on a suitable space and then applying
the Fredholm alternative and Lax—Milgram Lemma. For this direction, we introduce
the following function spaces

W():HX/L\z(FO), W1={(u,v)€VxI:I\OI(Fo):uzvvonFo}.
The embedding W; C W, is compact, dense and continuous.

Given a nonzero complex number A and Y = (f, g, h, ¢) € X we define the
sesquilinear form a; : Wy x W; — C

a,\((u,v),(qﬁ,w)):)»/ u~¢dx+u/ Vu-Vodx + g(r) vy dx
2 2

Iy

1
+—/ Vv .- Vydx
A

where g(A) = A + « + Be~** and the antilinear form Fy, : Wy — Cby
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1
Fy,x(fﬁ,lﬂ):/ f‘d’dx—x/. Vg-dex—i-/ hr dx
2 I

Iy

0
—ﬂ/ fe*“"“)(p(e)wdxde.
-7 Fo

Theorem 3. Let o(A) and 0,(A) be the spectrum and point spectrum of A,
respectively. If o + cip > |B| then o(A) N (C\ (—00,0]) = 0,(A) and o (A*) N
(C\ (=00,0]) = 0, (A").

Proof. Let A € C\ (—o0,0]. For a given Y = (f, g, h, ¢) € X, suppose that there
exists (u, w, v, z) € D(A) such that

A — A, w,v,2) = (f, 8 h,0). (10)

This equation is equivalent to the condition that Aw —v =g, Az — dyz = h,
z(0) = v, u satisfies the Stokes equation

A—pAu+Vp=f inf2,

divu =0, in £2, (11
u=>0, onl,
u=vv, on F(),
and (v, w) satisfies the boundary value problem
A+a)y—Aw=—Bz(—1) — p+puv-o,u+h, inlyp,
(12)
w=0, on X).

Applying the variation of parameters formula to the equation for z, we obtain
0
2(0) = ™y + / 0N y() dv. (13)
0

Using this and the fact that w = %(v + g) we can see that the variational form of the
elliptic equation (12) is given by

qgA) | vyrdx +l/
A Jr

Iy 0

1
Vv-Vidx = ——
v Vi dx A/

Iy

Vg~V¢dx+/ hyr dx

Iy

0
8 f / OO G@)y dr df — (i — pu,Yv) (1)
—1 J I

for every ¥ € Hy (I). Also, the weak form of the Stokes equation (11) is given by
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A/u-¢dx+,u/Vu~V¢dx=(,u8.,u—pv,¢)+/f-d)dx (15)
2 2 2

for every ¢ € V. Therefore if (¢, 1) € Wy, taking the sum of (14) and (15) so that
the duality pairing vanishes, we obtain the variational equation

a((u,v), (9, V) = Fya(d. ¥), V(. ¥) e Wi (16)

Conversely suppose that the variational Eq. (16) is satisfied. Define z and w as
above. Choosing ¥ = 0 we can see that u satisfies the Stokes equation (11) in the
sense of distributions. Using Green’s identity the elliptic equation (12) holds in the
distributional sense as well. We choose p = p + p* where

p* = {uvdyu — p — Bz(=7) — (A + @)v, Yo)

and {v} is a basis of {{y € H (I3 0) Au is constant} which has dimension 1, and is
the orthogonal complement of H (I) in Hy (I). Split the sesquilinear form a; as
a, = ap; + a,, where the sesqulhnear forms ai; Wi x W; - Cfori =0,1 are
given by

al,A«u,v),(as,w)):M/ Vu-v¢dx+l/ Vv Vi dx
2 A
ao.x((u,V),(¢,1//))=)»/;2u«¢dx+q(k) v dx.

Iy

The form a, ; is W;-coercive provided that Im A # 0 and ay ; is bounded. From the
Lax—Milgram—Fredholm Lemma (see [6]) we obtain the desired result. The corre-
sponding result for the adjoint can be done in a similar way.

5 Uniform Exponential Stability

In this section we prove that the energy of the solutions for the fluid-membrane
interaction model decays to zero exponentially under the condition « + L > B.
The result will be shown using the Lyapunov method. The success of this method to
the system (1) relies on the following theorem in [5].

Theorem 4. Let S be the Stokes map defined in the following way

—nAu+Vp =0, inf2,

divu =0, in $2,
u=_3yv<—

u=0, on I7,

U =vv, on IY.
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Then it holds that S € Z(L*(I), H'2(2) N H) N L(HL(Iy), H¥2(2) N H).

Theorem 5. Suppose that o + CLP > B. The semigroup generated by A is uniformly

exponentially stable; that is, there exist o > 0 and M > 1 such that ||e'* X||x <
Me | X x for every Xg € X andt > 0.

Proof. By a standard density argument it is enough to consider initial data in
the domain of A. For this purpose, let Y (t) = (u(t), v(t), w(t), z(¢)) = €' (uq, wo,
Vo, 20) Where (1o, wo, vo, z0) € D(A). We define the Lyapunov functional L as fol-
lows

0
L(r)=%n(u(z),v(r),wm,z(r))né+sl/ / 2, 0)2 dx 4o
—t J Iy

+82/ u(t) - Sw(t)dx + 82[ w(t)v(t) dx.
Q2

Iy

The positive constants a, &; and &, will be chosen below. Note that for sufficiently
small ¢; and ¢&;, the functional L(¢) and the energy E(t) := %H(u(t), v(t), w(t),
z(1)) |I§( are equivalent, that is, there exist constants ¢y, ¢; > 0 independent of 7 such
that c; E(t) < L(t) < E(¢t) forevery t > 0.

Revising the dissipativity estimate (5) we have

iE(z) < —s/ [Vu(r))? dx — <oz - B+ “—_8> v()|* dx (17)
dt 2 Cp n

where ¢ > 0 is small enough so that k ;= o — 8 + Mc_? > (0. On the other hand,
taking the derivative of the second term of L and then using the transport equation
for z we have

d 0 0
—/ /e“"|z(z,9)|2dxd9=f /ea939(|z(t,9)|2)dxd9
dt —Jr —tJI

0
=/ (v ]? — e |z(2, —r)|2)dx—a/ /e”0|z(t,9)|2dxd9. (18)
Iy -t JIy

Taking the derivative of the third term of L and using the fact thatdiv Sw = 0, Sw = 0
on I} and Sw = wv on I we have

d
E/Qu(t) - Sw(t) dx (19)
= f (wAu(t) — Vp(t)) - Sw(t)dx +/ u(t) - Sv(t)dx
2 2
= —,u/ Vu(t) - VSw(t) dx + (uv - d,u(t) — p(t), w(t)) +/ u(t) - Sv(r)dx.
2 2

From Theorem 4 and the Poincaré inequality, we have the estimates
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‘,u/ Vu(t) - VSw(r) dx
2

§CM,83/9|Vu(r)|2dx+83/ IVw@®)2dx  (20)

Iy

‘/ u(t) - Sv(t)dx
2

< C,L/ |Vu(t)|2dx+C/ v(0)]? dx. 1)
Q Iy
Let Cp, be the Poincaré constant corresponding to the domain /. Then we have

<uv‘%u0)—p0LWU»-F£1/ wnwunu——/ (P dx
di Iy Iy

— |Vw(t)|2 dx — (av(t) — Bz(t, —1))w(t) dx
ny Iy

IA

—(1—&Cr) [ VWO dx — Copey | (VO + 12, —0))) dx.  (22)

F() r(]

Therefore, if we choose the positive constants ¢; for i = 1, 2, 3 in such a way that
e—6(Cu+Cpe)>0k—e1 — (A +CHCqpeler > 0,617 — Copeer >0
and 1 — e3(1 4+ Cp)) > 0, thenfrom (17) to (22) we can see that there exists a positive
constant C > 0 such that L'(t) < —CL(t). Using the equivalence of L and E, we
obtain the desired result.
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