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1. INTRODUCTION

Collocated method is commonly used in most of the con-
trol designs for the systems described by partial differential
equations. This control design method makes actuators
and sensors in the same positions. The idea is so natural
in the sense that a collocated control system is always
passive. That is to say, the increase of the energy stored
in the system does not exceed the energy that enters from
the external world.

However, it has been found by engineers for a long time
that the performance of the collocated control design
in engineering practice is not always good enough, see
Chodavarapu et al (1996). Although the non-collocated
control method has been widely used in the engineering
systems control, see Lacarbonara et al (2004), Liu and
Yuan (2003), Queiroz et al (2002), Ryu et al (2003),
Spector et al (1990) ,Udwadia (1991) and Wu (2001), the
theoretical studies from the mathematical control point of
view for these systems are quite few. The first difficulty
for the non-collocated control is that the open-loop forms
are usually not minimum-phase, which makes the closed-
loop systems unstable with a small increment of feedback
controller gain. The second difficulty arises from the non-
dissipativity for the closed-loop forms, which gives rise to
difficulty in applying the traditional Lyapunov methods
or the energy multiplier methods to analyze the stability.
Compared with the huge works on the stabilization of
collocated PDEs in literature, the study of the non-
collocated PDEs is fairly scarce.
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In order to overcome these difficulties arising in non-
collocated control systems, the observer-based feedback
was used recently to stabilize a one-dimensional wave
equation with boundary control and non-collocated obser-
vation in Guo and Xu (2007). The same idea was applied in
Guo et al (2007) to stabilize an Euler-Bernoulli beam equa-
tion with the boundary control and non-collocated obser-
vation. In Deguenon et al (2006), the abstract observers for
a class of well-posed regular infinite-dimensional systems
were designed but the stabilization was not addressed.

In this paper, we consider the stabilization of multi-
dimensional wave equations under non-collocated control
and observation with the following cases: a) internal dis-
tributed control and boundary observation; b) boundary
control and internal distributed observation; c) locally
internal distributed control and boundary observation. To
our knowledge, this is the first attempt to deal with the
stabilization of the multi-dimensional PDEs’ system with
the non-collocated control and observation.

We proceed as follows. In section 2, we introduce an ab-
stract second order system with some basic assumptions.
Section 3 is devoted to the design and the well-posedness
of the observer. In Section 4, we design the observed state
feedback control and prove the exponential stability of
the corresponding closed-loop system. The stabilizabil-
ity of three multi-dimensional wave equations with non-
collocated controls and observations is proved in Section 5
as the application of the abstract result and the method.

2. ABSTRACT SETTING

We consider the following infinite-dimensional abstract
second order linear system in three Hilbert spaces, the
state space X, control space U and observation space Y

10.3182/20080706-5-KR-1001.2123
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w(0) = wy, w(0) = wa, (1)

{ wy + A w = nABu,
y(t) = eCwy,

where o7 : D(#7)(C X) — X is a positive and self-adjoint
operator in X. n,e are positive constants. For the two
operators % and €, we make assumptions (H1) and (H2)
that correspond to the different problems respectively:

(H1). B € L(U;[D(/2)]'); that is, &/ 2% € L(U; X) or
B ol ~% € L(X;U), where B* € L(D(/'2);U) is defined
by

(B ) oty wmiert)
And ¢ € L(X;Y).
(H2). € € L(D(«/2);Y); that is, €2 € L(X;Y)

or "26* € L(V;X), where €% € L(Y;[D(/7)]') is
defined by

= (u, B f)u,¥f € D(e/%),u e U.

w\»—-

<(g*y’f>[D(%2)]’xD(.d2) <y,<€f>y,Vf€D(£75),er.

And # € L(U; X).
The system (1) can be written as the first order system in
the Hilbert state space H = D(/'2) x X:

= Az + nBu,
Z(O) - (wla wQ)Ta (2)
y(t) =eCz,

B:(%), A—lB:<‘ﬂ01<@)e£(U;H), (4)
B* = (0 %"); (5)
C=(0%), A%*—(‘d;%*)ezmﬂ), ()

ﬁ:(%). (7)

We give the following additional assumptions.

(H3). The Cy-semigroup et generated by A, is exponen-

tially stable on H: there exist constants M > 1 and § > 0
such that

HeAntHE(H) < Me_éta t > O’ (8)
where
:< n%%’*)zA_”BB
:D(A,)(C H)— H, 9)

{(21’Z2) | 21,22 € D(o/'%),
%221 +'I7ﬂ 2%%*22 S D(%

D(Ay) =

[

)}

(H4). The Cy-semigroup et generated by A, is exponen-
tially stable on H: there exist constants L > 1 and v > 0
such that

le*< | cary < Le ", ¢ > 0. (10)

A= (‘l{ eé*%) —A—CC

)(C H)— H, (11)
D(A:) = {(21,22) | 21,2 € D(/ %) C D(¥),
Az +ed IC C 2 € D(A?)).
(H5). The system (1) or (2) is well-posed in the sense of
D. Salamon (see e.g., Curtain (1997)), i.e., there exists
a T > 0 such that for any u € L?(0,T;U) and any

initial datum z(0) € H, there exists a unique solution
z(t) € C(0,T; H) to the equation (2) such that

T
)3 + / ()3 dr
0

< cr (1003 + / lu(r)|Zdr | |
0

where Cr > 0 is a constant independent of u and z(0).

3. OBSERVER DESIGN

In this section, we first design the infinite-dimensional
version of Luenberger type observer for the system (1) as
following

Wy + W+ (BB Wy + CCU) =CTy, (g
’IU(O) - U)(), wt(o) - ’UJ17
which, in the first order form in H, is
ét = Aé’ + C*y,
N 14
{Z52 (14

where 2 = (,0;) ", 20 = (g,1w1) " and

b= s ey ) PIC )~ H3015)

{(21,22) "] 21,22 € D(«/?) C D(#") nD(?), (16)
A3+ A (77%’*,%’4— EC* 6 )z € D(,ng )}

The following Theorem 1 assures the well-posedness of the
observer in the common sense.

Theorem 1. The following assertions are valid.
a) Suppose assumptions (H1), (H3) and (H5). Then the
observer (13) is well-posed, that is, there exists a unique

solution 2 to (13) such that for any 7' > 0, there exists a
constant Cr > 0 such that

12(T) | < Me(—5+MH—sC*CHL<H>)T||20HH

17
FOrlyO)la ()

where M and ¢ are the constants defined in (8).
b) Suppose assumptions (H2), (H4) and (H5). Then the

observer (13) is well-posed, that is, there exists a unique
solution £ to (14) such that for any T > 0, there exists a
constant Cr > 0 such that

12D < Cr (Ilzolla + Iy L2 o.rv)) - (18)
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4. CONTROL DESIGN AND STABILITY OF
CLOSED LOOP SYSTEM

With the solvability of the observer, we can naturally
design the feedback based on the estimated state

Then the corresponding closed-loop system becomes

Wy + A w + 77%’93*12& = O7
w(0) = wy, w(0) = wo,

W + AW+ (NBRB* + €€ )iy = €™y, (20)
w(0) = o, W (0) = wy.
Set the error e = w — w. Then e satisfies
[ e + 5%*%6)5 = O, (21)
e(0) = eg, e:(0) = e;.
By assumption (H4), the solution d = (e,e;)" to the

system (21) tends to zero exponentially as ¢ goes to infinity,
ie.,
()l < Le*[|(eose1) "l (22)

Theorem 2. Let A be the infinitesimal generator of a Cjy-
semigroup et in a Hilbert space H satisfying

e | ey < Ke ™
for some constants K > 0, A > 0. Let f be a function such
that f € C(0,00; H). If

1f ()]l < Ne™ (23)
for some constants N,~ > 0, then, z(t), the mild solution
of the non-homogeneous equation of the following

z=Az+ f, 2(0) =2z € H, (24)

satisfies

l2(t) lex < Ke™*||20]le + Moe ™", (25)

where My and w are positive constants.

Theorem 3. Under either assumptions (H1),(H3), (H4),
and (H5) or assumptions (H2), (H3), (H4), and (H5), the
closed loop system (20) is exponentially stable.

5. APPLICATIONS

Ezample 1. We consider the wave equation with the
distributed control and the boundary observation
wy(z,t) —Aw(z,t) + nu(x,t) =0 in 2x(0,00),
w(z,0) = wi(x), we(z,0) = wa(x) in Q,
w(z,t) =0 on 002x (0, 00), (26)
B -1
oA wr) on 902 x (0, 00),

v (2,7)

y(x,t) = —¢
where  is a bounded open set in R™ (n > 2) with
C?%-boundary 0. Here and in the rest of the paper v
always denotes the unit normal vector field on 0f) pointing
towards the exterior of €, u and y are the control and the
observation, respectively, n and e are positive constants,
the operator A is given by

Aw = —Aw, D(A) = H*(Q) N HL(Q), D(A?) = H}(Q).

We consider the system (26) in the state space H =
L?(Q) x H=1(), control space U = X = H~ () and

observation space Y = L?(9). Design the observer for
the system (26)
Qf)tt—AUA)—F'f]wt:O iDQX(0,00),
1I)(:L'70) = UA)07UA)t($, 0) = 11)1 in Qa
(A
% on 90 x (0, 00).

Theorem 4. The closed-loop system (26) and (27) under
the observed state feedback u = w0, is exponentially stable
in Hx H.

(27)

w(x,t) =¢ +y

Proof. We cast system (26) into the abstract setting (1)
or (2) in Section 2. To do this, we introduce the following
operators and spaces

X = [D(A?)] = H(Q), where
the dual ’ is with respect to the pivot space L*(Q);
o/ is defined by

( f, 9>H71(Q)xﬂg(9):/Vf(x)VQ(x)dl’, Vf,9 €Hg(Q);
Q
D(o) = HL(Q), D(/7) = L*(Q), and
o/ is the extension of A to Hj(f);
B=—I¢cL(H )
-1
v = _w Ve D)= L)
In this way, assumption (H2) holds for the system (26).
Assumption (H3) is equivalent to the exponential stability
of the following system in H

o0

vy —Av+nu, =0 in Q x (0, 00),
v(z,0) = vy, ve(z,0) =v; in (28)
v(x,t) =0 on 09 x (0, 00).
Set & = A~ %v. We have
||1:1||H5(Q) = [[v]lL2(q), Vv € LQ(Ql), (29)
9]l z2(0) = [Vl z-1(0), Yo € H(Q).
Then v satisfies
"Dtt*A’ﬁ‘i’T}’Dt:O inQX(O,oo),
0(x,0) = T = A”2vg € Hy (%), (30)

5p(2,0) =0, = A 20y € L2(Q) in Q,
o(x,t) =0 on 09 x (0,00).

By Theorems 4.4 and 2.3 in Liu (1997), it follows that
the system (30) is exponentially stable in H}(Q) x L%(9),
which shows in turn by (29) that so is the system (28)
in H. That is, the assumption (H3) is satisfied for system
(26).
The assumption (H4) is equivalent to the exponential
stability of the following system in H
wy(z,t) — Aw(z,t) =0, in Q x (0, 00)
w(z,0)=wi(x), w(z,0)= wa(z) in Q,

w(z,t) = eW(m) on 99 x (0,00).

(31)

However, this is just Theorem 1.1 in Lasiecka and Triggiani
(1992).

Finally, we verify assumption (H5) for the system (26).
To do this, it suffices to prove the boundedness of the
input-output map with zero initial data since the control
operator is bounded, and by Proposition 2.2 in Ammari
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(2002), the associated observation operator C' is admissible
for the semigroup e”* generated by the associated operator

A.

Set w; = wy = 0 in (26) and T > 0. We introduce the
following transformation

z(t) = A w, € C(0,T; Hy(Q))

continuous w.r.t. u € L2(0,T; H™*(Q)). (32)
Then we have
= A wy = —w+n A u e L2(0,T; L*(Q)) (33)
continuous w.r.t. u € L2(0,T; H™*(Q)

The new variable z(t) satisfies the following equation

2 —Az+n A luy, =0 inQx(0,T)2Q,

z(z,0) =0, z(x,t) =21 in Q,
z(z,t) =0 on 90 x (0,T) 2%, (34)
y(z,t) = —eg(x,t) on %,

where the Dirichlet boundary condition is obtained by the
transformation (32). By (33), we can take z; = 0 for u in
the class (36) defined below.

Multiplying the first equation of (34) by (T'—t)h-Vz with
h a C?-vector field on €, h|sqg = v, (see Lemma 2.1 in
Komornik (1994) on p. 18), and integrating by parts, we
obtain the following identity (see also equation (2.27) of
Lasiecka et al (1986))

1 822
§/<T‘t> o
>

1 / (T — )| — |V2P?) div(h) dQ

axy = /(T — t)Dh(Vz,V2)dQ
Q

5 (35)
[nsesann]

+ [ 2h-VzdQ +n [ (T —t)(A  uy) h- VzdQ,
Q Q

where Dh is the Jacobian matrix of the vector field h.
By (32) and (33) we see that the first three integral terms
on the right hand side of (35) are well defined and are
continuous w.r.t. u € L*(0,T; H~1(Q)).

Now we treat the last term 7 [, (T — t) (A Yug) h - V2 dQ
n (35). Suppose that u is in the following class

ue C([0,T); H* (36)

that is dense in L?(0,T; H=(f)). Using (36) and integrat-
ing by parts in ¢, we obtain

n/(T— ) (A uy) h - VzdQ

=n [ (A W) h-V2dQ + 17 /(t —T) (A u)h - V2,dQ
Q

(A" Yw)h - V2dQ + 1 /(t — Tz (A u)h - vdE

>

Lu)dQ

=0

— O —

(t — T)div(h)z (A" u)dQ (noticing that z|x = 0)

3 I O
QO

=7 T)zih - V(A u)dQ

—

(A" )b - V2dQ — n/(t —
Q

/ (t — T)div(h)z: (A u)dQ.
Q

3 O

Since A~lu € L2(0,T; H}(Q)) is continuous w.r.t. u €
L?(0,T; H~1(Q)), it follows from (32) and (33) that the
terms on the right hand side of the above equality are
continuous in w in the class of (36), then so are for u €
L?(0,T; H-1(Q)) by the density argument. Assumption
(H5) is therefore verified for (26).

By the abstract results in previous sections, the observer
for the system (26) should be (27).

The desired result then follows from Theorem 3. The proof
is complete.

Ezample 2. We consider the wave equation with the
Dirichlet boundary control and the distributed observation

wy —Aw =10 in £ x (0, 00),

’LU(x,O) = W, wt(xvo) = w2 in Qv (37)
w(z,t) = nu(z,t) on 99 x (0, 00),

y(z,t) = ewy(x,t) in Q x (0, 00),

where the domain 2 and &, n are the same as in system
(26), w is the control and y is the observation.

Again we consider the system (37) in the state space
H = L*(Q) x H1(Q), the control space U = L*(9%)
and the observation space Y = X = H~1(Q). Design the
observer for the system (37) as

’LDt Aw €UA},¢ Yy = 0 in © x (0, OO)7
il 0) =@ (2.0) =0 0

(38)
w(x,t) = %(m,t) on 09 x (0, 00).

Theorem 5. The closed-loop system (37) and (38) under

the observed state feedback u = 8(%:@) ’ o
tially stable in H x H.

o Is exponen-

Proof. Again we introduce the associated operators and
spaces to cast the system (37) into the abstract setting in
Section 2.
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Aw = —Aw, D(A) = H*(Q) N H(Q), D(A?) = H();
X = [D(A?)] = H (), where

the dual ’ is with respect to the pivot space L*(Q);

o/ is defined by

(& F,9) sy = | VH@)Val@de, ¥h.g € HY(E)
Q
D(e/) = Hy(Q), D(/*) = L*(9),
o is the extension of A to Hy(9);
f=Dg< {Af=0in Q and flgg = g},
D € L(L2(8Q), H());
DAL

B =—AD € L(U;[D(2)]), B* = ov

0
(see (2.16) and (2.18) in Guo and Zhang (20059);
¢ =1¢cL(H Q).

Assumption (H1) holds true for system (37), and assump-
tion (H3) is also satisfied since the system (31) is expo-
nentially stable in H. Similar to Example 1, assumption
(H4) also holds since the solution of equation (28) tends to
zero exponentially in H. Finally, the well-posedness of the
system (37) in the sense of D.Salamon was actually proved
by Proposition 2.2 in Ammari (2002) since the observation
operator ¢ is bounded. Hence assumption (H5) also holds
true.

Now the abstract results in previous sections give the
observer (38) for the system (37). The result follows again
from Theorem 3.

To end this paper, we give an example that does not
exactly fit the abstract setting in Section 2, but the
stabilizability still can be proved in the same spirit.

Example 3. Consider the following wave equation with the
locally distributed control and the Neumann boundary
observation

wy — Aw+nxcgu =0, in Q x (0, 00),

w(z,0) = wy(x), we(x,0) = we(z) in Q,

w(z,t) =0 on Y, (39)
ow

y(z,t) = E(m,t) on Y,

where Q is an open bounded domain in R" (n > 2),
with Cg—boundary o0 = P() @] Fl, F() 7é @, F() N Fl = (Z)
satisfying the geometrical condition: there exists a vector
field h(z) € C?(Q;R™) such that

h-v<0onTy,

and for some constant p > 0, and all vectors v(z) €

(L))",
Dh(v,v)dz > p [ |v|*dz,
[Pz

where Dh is the Jacobian matrix of h. ¥ = 00 x
(0,00), X9 = Ty x (0,00), X1 = I't x (0,00), G is a
Lebesgue measurable subset of €2 and satisfies the following
geometrical condition

(9;G) : there exist open sets ; C  with Lipschitz
boundary 9Q; and points zj} € R", j = 1,---,J such
that Q,NQ; =0 forany 1 <i<j <J and

J J
éoanN, [lUT U2V U Y
j=1 j=1

for some a > 0 where
Ny [S] == U{yER”: ly — x| < a} for S € R,
zeS
I ={zed: (x—a)) v (z) >0}
with ©7(z), the unit normal vector of 9, at z pointing

towards the exterior of 9€);, being defined almost every-
where on 0 and belonging to L>(0€;; R™).

Xc(+) is the characteristic function of G, 7 is a positive
parameter, u is the control and y is the observation.

We consider the system (39) in the state Hilbert space
H = H}(Q) x L?(Q), the control space U = L?(G) and
the observation space Y = L?(T';). Design the observer
for the system (39) as

Ibtt—A’uA)—f—T]XGUA}t:O iIlQ)((O,OO)7
w(x,0) = o, W (x,0) = i in ,

w(z,t) =0 on Yo, (40)
o

a—qj(x,t) = —ewy(z,t) + y(z,t) on Xy,

where ¢ is a positive constant. The system (40) is consid-
ered in a different Hilbert state space H = H} (Q2)x L*(2)
with Hp, (Q) = {f € H'(Q)| flr, = 0} which is larger
than H.

Theorem 6. The observer system (40) is well-posed in H,
and the system (39) can be exponentially stabilized by the
observed state feedback u = w;.

Proof. Supposing that (40) is well-posed in the common
sense, we first show the stability of the system (39) under
the feedback u = w;.

By Theorem 2.1 of Lasiecka et al (1986), we know that
the system (39) is well-posed in the sense of D. Sala-
mon, i.e., for each u € L? (0,00; L?(@)) and initial data
w1 € HE(), wy € L*(Q), there exists a unique solution
(w,wy) € C(0,00; H) to equation (39), and for each T > 0,
there exist some Cr > 0 independent of u and (w1, ws)
such that

T
1(w(T), we(T)) 1 + / ly()|Z2r, ) ds
0

T
< cT(||<w1,w2>||%1+ JaCCIiA ds)-
0

Design the observed state feedback v = w0 in (39), and let
the error e = w—0. Then formally we obtain the following
system satisfied by e:
ewt(x,t) — Ae(x,t) =0 in Q x (0, 00),
e(x,0) = e1(z), et(x,0) = ea(z) in Q,

e(z,t)=0 on Xy, (41)
0
a—i(m,t) = —cey(a,t) on ;.

By Theorem 1.2 of Lasiecka and Triggiani (1992), we know
that the solution to (41) tends to zero exponentially in H,
i.e. there exist constants v > 0 and L = L, > 0 such that

[(e(), ex(t))llre < Le™ || (ex, e2) |3, Vt > 0. (42)
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Now the system (39) with u = w0, can be represented as
wiy — Aw +nxgwr —nxger =0 in Qx(0,00),
w(z,0) = wy(x), we(x,0) = wa(z) in Q,

w(z,t) =0 on Y.

(43)

By Theorem 2.3 and Theorem 4.2 in Liu (1997), the
solution (w(t),w¢(t)) to the following system in H =
Hi () x L*(%)

wy — Aw +nxegwe =0 in Q x (0, 00),
{w(w,O) = wo(z), w(z,0) = wy(z) in Q,

w(z,t) =0 on 99 x (0, 00),

(44)

tends to zero exponentially as ¢ tends to infinity.

Noting this fact and (42), it follows from Theorem 2 that
the solution to the system (43) is exponentially stable in
H. In other words, the system (39) can be exponentially
stabilized by u = w;.

The remaining is to validate the solvability of the observer
system (40) in H. To this end, we cast the system (40) into
an abstract setting and then make use of Theorem 1.

of
81/|F1:0}’
f:Ng(:){Au:OinQ, flre =0

o1 }

oy

N € L(L2(Ty); H2(Q));

€ = /N, Cf = —N"/f = flog, ¥ € D(/)

(see Eqn.(3.3.1.12) of Lasiecka et al (2000) on p. 196);
B =—u(-),Vue U =L*QG),

@ € L?(Q) is the zero extension of u to Q, B € L(U, X).

Introduce the following operators

of=-Af,
per) = { £ € H*@) flr, =0
D(s/*) = Hy, ()

With these operators at hand and (14), we can write the
observer system (40) into a first order abstract system in
H = H}, (Q) x L*(Q)

2 =A.2—nBB*:2+ C*y, (45)
where the operator A, is defined by (10), the operators
B,B*,C and C* are defined by (4), (5), (6), and (7)
respectively.

Since the exponential stability of (42) is equivalent to
the assumption (H4), it follows from Theorem 7.6.2.2 of
Lasiecka et al (2000) on p. 665 and the fact y € L(0,T;Y)
that

(1) € L*(0,T;H) N C(0,T; H),
that is, the observer (40) is solvable in H. The proof is
complete.
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