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CHAPTER 1. Introduction

A distributed parameter system is generally understood to be a control system governed by
a partial differential equation. Often the control function is distributed over a portion of the
domain of the PDE or on its boundary. If the control function is a scalar function of time, it
is referred to as a scalar control system. Linear scalar distributed systems can be represented

as follows:

(1) = Ax(t) + bu(t) (1.1)

z(0) = xo, (1.2)

where z(t) is called the state of the system, A, b are linear operators and w(t) is the control
input. In this thesis, we consider control systems of this type that arise from the study of
composite beams.

The fundamental controllability problem is the following: given an initial state z(0) and
a terminal state (7T, find a control that ”steers” the solution of (1.1-1.2) from z(0) to x(7T)
in time 7. Implicit in solving this problem is describing an appropriate function space X for
which (1.1-1.2) has a unique solution which evolves continuously in time (so that it makes
sense to speak of initial and terminal values). If such a control function can be found for all
possible z(0),2(T) € X, the pair (A, b) is said to ezactly controllable on X in time T.

There is a dual concept to controllability known as observability which is associated with

the following system:
#(t) = Ax(t), z(0) = =z (1.3)
y(t) = Ca(t), (1.4)

where A, C are known operators and z(0) is the unknown initial condition. The fundamental



observability problem involves finding the initial value 2(0) (and hence the solution z(¢) Vt > 0),
given the observations y(¢) in an interval [0, 7. If this is possible, then the pair (A, C) is said
to be observable in time T'.

Let us briefly consider the finite dimensional situation with a single control input u(t). In
this case, z(t) € R?, A € R™" and b € R"*!. The solvability of (1.1)-(1.2) follows from the
existence and uniqueness theory of ordinary differential equations. The controllability of (1.1)-
(1.2) is equivalent to the Kalman’s rank condition i.e the matrix IC = [b .Ab A%b ... A"~1b] should
have full row rank. Observability of (1.3)-(1.4) is equivalent to the condition that the matrix
[C, CA, CA2...,CA™ YT have full column rank. Furthermore, controllability/observability in
a specific time Ty implies the same in an arbitrary time ¢t > 0. We have the following theorem

which illustrates the duality between the two concepts:
Theorem 1. The pair (A,b) is controllable < (A*,b*) is observable.

However, in the case of infinite dimensional systems, where A is an operator, the situation
is more complex and its analysis involves machinery from functional and harmonic analysis.
For example, Theorem 1 still holds, where the duality exists in a more general function space
setting. In addition, controllability /observability in general depends on the time interval [0, T7].

On one hand, the problem of driving a solution of Equation (1.1) from a specified initial
state to a specified terminal state in time T can often be equivalently stated as a moment

problem of the following form:
T
/ Ntu(t) dt =¢;, i=1,2,3... (1.5)
0

where {c¢;} and {)\;} are given sequences of complex numbers and w(t) is the control function
that we seek, usually belonging to L2[0, 7], where T is the control time. The methods used
to solve (1.5) depend on the type of PDE that describes (1.1) and involves techniques from
functional analysis. In particular, the amount of damping in (1.1) greatly influences the form
of the sequence {e**} in (1.5) and hence also the techniques involved in solving the control
problem. On the other hand, one can use techniques from partial differential equations to prove

observability of a dual system of the form (1.3)-(1.4) which in turn implies exact controllability



of the original system. In particular one needs to show an observability estimate of the form
T
| lieeta(| Pt = clla(o) (16)
0

where C, T > 0. The estimate (1.6) implies that if the observation y(t) = Ce**x(0) is zero for
the time interval [0, 7], then the initial condition x(0) is zero. The technique of multipliers is
used to show (1.6) after which the HUM principle (Hilbert’s Uniqueness method, see for e.g
[22],[18],[19]) is used to conclude exact controllability in a suitable function space.

A physical example of a scalar control system is a beam subject to boundary forces, which

may be viewed as controls, e.g., an Euler-Bernoulli beam

Wit + Wapae =0, 0< o<1, t>0 (1.7)

w(0,t) = w(1,t) = wez(1,t) = 0, w4y (0,8) = u(t), t > 0. (1.8)

In this example the bending moment at the left end is viewed as the control. The state of the
system is (w, w;), and an appropriate choice for the state space X is Hg(0,1)x H~1(0,1). Using
semigroup theory, the system can be represented in the form (1.1)-(1.2). For this particular
example, it is known that exact controllability holds in the space H}(0,1) x H=%(0,1) in any

arbitrary time 7" > 0. This is in contrast to Dirichlet boundary control for the wave equation,

Wy — Wee =0 0< < 1,t>0 (1.9)

w(0,t) = 0, w(L,t) = u(t), t >0, (1.10)

where exact controllability in the space L?(0,1) x H~1(0, 1) holds only if 7 > 2. The difference
is due to the fact that the wave equation has a finite wave speed, and there exist nontrivial
solutions of the wave equation that do not touch a controlled boundary up to the time instant
T = 2. (Thus observability as in (1.6) cannot hold if T < 2.)

In this thesis, we investigate exact boundary controllability results for two beam systems
that arise in the theory of composite structures. Both of these models are based upon a three
layer beam (or ”sandwich beam”) in which the central layer allows shear and the outer layers
are rigid with respect to shear. The first of these, known as the Mead-Markus [25] model

turns out to have controllability properties that are similar to the Euler Bernoulli system on



which the model is partly based (the outer layers). The second of these systems, known as the
Rao-Nakra [30] model turns out to have controllability properties similar to the wave equation,
due to the presence of finite wave speeds. To date, very little appears to have been published
concerning boundary controllability of sandwich beam structures. For spectral studies we
mention [8] and for stability studies we mention [13] and [9]. A huge body of literature exists
for controllability of elastic systems. To mention just a few, we have [23],[21],[19],[20] and

references therein.

1.1 Preliminaries

In this section we briefly describe a few elements of semigroup theory. A detailed treatment

of the same can be found in [2],[27].

Definition 1. Let X be a Banach space. A one parameter family 7(¢) : X — X,0 <t < oo,

of bounded linear operators is a semigroup on X if

1. 7(0) = I (I is the identity operator) on X

2. T(t+s)=T(t)T(s) Vt,s > 0.
Remark 1. The family {7 (¢) };er is called a Cy group of operators if 7 (¢) is invertible V¢ € R
and 7 (1)~ = T(—t).

Definition 2. A semigroup 7 (¢),0 < t < 0o, of bounded linear operators is a strongly contin-

uous semigroup if

ltii%l’f(t)x =uz,Vore X. (1.11)

A strongly continuous semigroup is sometimes called a Cy semigroup.

Definition 3. A is the infinitesimal generator of a Cy semigroup {7 (¢)}+>¢ if

T —x  dTT(H)z
Az = ltlilgl ; = |lt=0 (1.12)

B LTt —=x
D(A)—{mEX.ltlirgf € X}



We consider systems whose state evolves according to an equation given by the following:
z(t) = Ax(t) + f(t) (1.13)

2(0) = o, (1.14)

where A is the infinitesimal generator of a Cy semigroup on X, f(t) € L%([0,T], X) and zo € X.
In Equation (1.13), X is referred to as the state space, x(t) is the state of the system and zg
is the initial condition.

There are conditions on the resolvent of the operator A which are sufficient for A to be the
infinitesimal generator of a Cp semigroup {7 (¢)}:>0 of bounded operators (e.g Hille-Yoshida

theorem (see [27])).
Definition 4. A mild solution in [0, 7] for Equation (1.13) is defined as:
t
z(t) =T (t)xo + / T(t—s)f(s)ds,vt € [0,T], (1.15)
0

where {7 (t)}:>0 is the semigroup generated by A. The condition f(¢t) € L([0,7],X)
guarantees the continuity of the mild solution defined above (i.e z(t) € C([0,T], X))(see [27]).

In this thesis we look at scalar control systems described as below.

(t) = Az(t) + bu(t) (1.16)

z(0) =29 € X,
for which the mild solution is given by
t
x(t) =T (t)xo +/ T (t — s)bu(s)ds,Vt € [0,T). (1.17)
0
We define the control to state map as follows.
¢
Dy (u) = / T (t — s)bu(s)ds. (1.18)
0

If b € X then ®; is a continuous map from L?[0,7] to X and hence ||®;(u(-))||x <
Cllu(-)|lr2(0,1)- However, for boundary control problems, the mapping ®; may remain con-

tinuous even though b ¢ X. If this is the case, we say that b is admissible. More precisely,



Definition 5. b is an admissible input for Equation (1.16) if V¢ > 0, 3 C' > 0 such that

19 (u(-)llx < Cllul)llz2(0.)- (1.19)

Also Equation (1.17) remains valid for such an admissible input. Hence admissibility of b
in (1.16) is equivalent to the continuity of the control to state map. Equation (1.19) guarantees
that the mild solution z(¢) € C([0,T], X).

If b ¢ X , we might still be able to guarantee the (1.19). A necessary and sufficient condition

for well-posedness is given by the Carleson measure criterion (see e.g [17],[31]).

Definition 6. The system of equations given by (1.16) with b admissible, is said to be exactly
controllable in X in time T, if there exists a control input u(t) € L?[0, T] which can steer the

system from any initial state x(0) to any final state x(7") € X in the finite time interval [0, 7.

Definition 7. The system of equations given by (1.16) with b admissible, is said to be exactly
null controllable in X in time T, if there exists a control input u(¢) € L?[0,T] which can steer

the system from any initial state 2(0) to the origin in the finite time interval [0, 7).

In Definitions 6 and 7, steering means that the system evolves from any initial condition
xzo € X to any final condition 7 € X in a finite time interval [0,7] according to Equation

(1.15), maintaining z(t) € C([0,T7], X).

Definition 8. The set of all states that can be reached starting at the origin using a control

u(t) € L?[0,T] in time T is called the reachable subspace R i.e
T
R={zreX:zr= / T(T — s)bu(s)ds}. (1.20)
0

It is clear that R is a subspace since if z; = fOT T(T — s)buy(s)ds and zy = fOT T(T —
s)bug(s)ds, then axy + fre = fOT T (T — s)b(aui(s) + Pua(s))ds i.e the state ax; + fxa can be
reached from the origin using the control au;(s) + Sua(s) in time 7.

Next we prove a theorem connecting the above concepts.

Theorem 2. Let {7 (t)}ier be a Cy group of operators i.e they are invertible and (T (t))~! =

T(—t) Vt € R. Then the following are equivalent:



1. R=X in timeT.
2. The system (1.16) is exactly null controllable in X in time T .
3. The system (1.16) is exactly controllable in X in time T

Proof : (1) = (2) Since the entire space is reachable, the state —7 (7)z(0) is reachable.
Hence we have

T
—7T(T)z(0) = /0 T (T — s)bu(s)ds.

Hence, given any initial state z(0), we have
T T T
o) =T(Da(0) + [ TT = uls)ds =~ [ T@ = puls)ds + [ T(7 = bu(s)ds =0
0 0 0

(2) = (3) Let z(0), z(T) be arbitrary initial and final states in X respectively. We are given
that there exist controls uy(t) and uz(t) in L?[0,T] such that the states x(0) and —7 (=T)x(T)

can be steered to zero i.e there exist controls ui(t) and ua(t) such that the following are true:

T
T(T)x(0) —1—/0 T(T — s)buy(s)ds = 0.

—x(T) + /OT T (T — s)bug(s)ds = 0.

Adding the above two equations and rearranging we get,
T
x(T) =T (t)x(0) + / T (T — s)b(u1(s) + ua(s))ds,
0

or in other words, (0) can be steered to x(7') in time T using the control us(s) + ua(s).
(3) = (1) We are given that the entire space X is exactly controllable. This means that
in particular, we can reach any state z(7') € X from the origin in time 7" using a control u(t).

This means that R = X.

Remark 2. The group property is used only to show (2) = (3). Otherwise (1) < (3) = (2)
even in the semigroup case. The collection of operators {7 (¢) };cr forms a group if the system
(1.16) is conservative i.e there exists a certain energy that is conserved for all time. An example

of this type is considered in Chapter 3.



Remark 3. If {7 (¢)}4er is not invertible, then 1,2 and 3 in Theorem 2 are not generally
equivalent. For example, in the case of Dirichlet control on the boundary applied to the
heat equation, 2 is known to hold, while R is only dense in X (R # X). In this case, 3
also fails. However, a weaker concept called approximate controllability does hold i.e given
an € > 0, x(0),z(T) € X, there exists a trajectory x(t) from B(x(0)) to Be(xz(T)) where

Be(x(0)),Bc(z(T)) are balls of radii e centered at z:(0),x(T) respectively.

This thesis is organized as follows. In Chapter 2, we consider the Mead-Markus model of a
damped three layer sandwich beam (see e.g [25]). The moment method is used to conclude null
controllability in a certain function space. In Chapter 3, we consider a conservative Rao-Nakra
(see [30]) beam. In this case, the multiplier method is used to prove an exact controllability
result. In Chapter 4, we summarize some controllability results that were proven using the
moment method in [14],[15] and [16] for a multilayer Rao-Nakra sandwich beam. In Chapter 5,
we conclude with a summary of both methods and topics of future research. In the appendices,

we mention some open problems.



CHAPTER 2. Null controllability of a damped Mead-Markus sandwich

beam using the moment method

2.1 Introduction

In this chapter, boundary null-controllability of the Mead-Markus model (see [25]) of a
damped sandwich beam with shear damping is considered. A null controllability result is
proved using the moment method. The equations of motion as formulated in Fabiano and

Hansen [3] are as given below :

B? B
muwy + (A + ?)wxmf}x - asxx:c =0 (21)
1 B
Bsi + vs = 63501‘ + awxmc =0, (22)

with homogenous boundary conditions
w(0,t) = w(l,t) = 0,5,(1,t) = 0, wze(1,1) = 0, (2.3)
with controlled moment at the left end (see Hansen [10])
Wez(0,1) = u(t), s4(0,t) = Bu(t), (2.4)
and initial conditions :
w(z,0) = w’(z), w(z,0) = w'(z), s(z,0) = s°(x). (2.5)

In the above, w denotes the transverse displacement of the beam, s is proportional to the shear
of the middle layer, u(t) represents moment control, m is the mass of the beam, A,B and C
are material constants, v and [ are the elastic and damping coefficients of the middle layer

respectively. For simplicity we assume that the beam is of unit length.
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In this chapter, we prove that (2.1)-(2.5) is exactly null controllable to a particular one-

dimensional state in which transverse displacement vanishes.

The chapter is organized as

follows. In Section 2.2, the semigroup formulation of (2.1)-(2.5) is discussed. The spectral

analysis of (2.1)-(2.5) is done in Section 2.3. The wellposedness of (2.1)-(2.5) is discussed in

Section 2.4, and the moment problem and its solution is discussed in Section 2.5.

Let

2.2 Semigroup formulation

w1 (t, x) w(t, x)
wat,z) | = | we(t,x)
ws(t, x) s(t, x)

The arguments (¢, z) will be omitted from now on for simplicity. First we consider the problem

(2.1)-(2.5) with u(t) = 0 (i.e the case of homogenous boundary conditions) and obtain the

following:

where (using D =

and

wy w1y w1(0) w(x)
% wy | =AB) | we || wa(0) | = w'(z) |-
w3 w3 ws3(0) s (x)
o)
0 I 0
AB) =| -L@Aa+E)p* 0o LD :
— &5 D3 0 (=3 +g3D?

Hﬁ; = {¢ € H4(0’ 1) : ¢(0) = d)(l) = ¢x:c(0) = Qba:x(l) = 0}
Hy = {¢ € H*(0,1): ¢(0) = ¢(1) = 0}

H} ={¢ € H*(0,1) : ¢5(0) = ¢2(1) = 0},

(2.6)
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A(B) : D(A(B)) — H = H2 x L*(0,1) x H*(0,1) where H is a Hilbert space with the following

energy inner product (see Fabiano, Hansen [3]) :

f U
1t A y
=3 v — Jaa Uz —hw
<9 ; v> 2/0(9v+mfu + hw
h w

1
+@(Bfm — hy)(Blgy — w,)) dx.

Theorem 3. A*(3) = —A(—f) and D(A*(3)) = D(A(B))

Proof: We use the definition of A and D(A) from Equations (2.6) and (2.7).
Let

f u
g | €DA),| v | €H.
h w
We calculate the following:
f u
<«4(5) g |- v > :
h w

e
We omit the factor of half for simplicity. We have several terms as follows:

LU B? B A
Term 1 = /O (_R(A + 6)f:m:xm + 5h:m:x)5 + Eg:rxa:m-

! B 1
Term 2 = / l(— foax — Ih + Bz )W
o m

cp 8 Cp
| B 1
Term 3 = /0 Cim(ngx - (_Ciﬁfm:mc - %hx + @)(Baxz - ww)

We look at terms involving g first. We have
1 1
B B i _ B _ o

ta A [t A
GrazUgzr = JUzzzx + ga:ua:m‘g;:o-
o m m Jo m
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So collecting all g terms, we have

A

1 1
B - _ A _ B _ o= _ -
g terms = /0 Cimg(Buzmxa: - w$zz) + E /0 JUzzze + Cimgz (Bum:c - wz) ’i:é + E (gmum:c) ‘i:(l)

Next we look at terms involving f,..

2B tewww= 22 [ s

C?mg J, C?mg J C?mp =

73 ' 7 B ! 7 B — =1
_CQmﬂ /0 fzmr:rU)a: = _CW/O fmwmx — m(fzmwm) 2=0"

Collecting all terms involving f,., we have:

B ! B !
xrx t = zeWr =™ ~o9 5 xTxT 7zxxx N9 o xrx 7:cxac
frz terms mcﬁ / frz o /0 frall 2 /0 frawW

B — =1
+m(f:v:c:c :cac)’x 0~ szﬂ<f$$$wa7)‘a::0

Next we look at terms involving h.

B _
136301: TITT-
mCB J, h.u mCﬁ/hu

1
i - Y _ i _ \jz=1
hacx = h Tr h x)|lx=0"
mC}3 /0 YT meB /0 e = g Moe)le=o
Collecting all terms involving h, we get:

72 1 ,.YB 1

1
_ Yy _
h terms = ——— hw — —— hlgrs + / htg, —
0 mCﬂ 0

g
mB Jo mC[3 mCf3

Finally we look at terms involving h,;.

B ! B ! B _
~ hmxm = = h;p VUzx — hxx v a::1 .
& [ hosev =G [ ot + ST

1 1
B _

x=1

! / et = / haase + o (haatt)
5 5 zezWer = 55, cWrzx 5 5 UlzaWzx )| 2—0-
c2mj J, c2mp J, C2mf 0
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1 1

i _ Y _
= hxx = T a4 hx xT-

mCﬂ/O v mC’ﬁ/O v

Collecting terms involving h,, we have

B 1 B 1 1 1 v 1
h:c t = = hximc N9 h:r: 7:1:379090 9 o h:r: 790301 ) h:): 71
erms C/o v C’Qmﬂ/o U +C'2mﬁ/0 w mCﬁ/o W

— = 1 o\ |x=

B, ..., B
+5(h$1‘7})’x=0 C?mp

We have taken care of all terms. Adding terms involving g, f;., h and h; we have the following:

f U
11 B? _ A [
<A(ﬂ) g s v > = 2/(; g(mua:xmcc,rnw:cazx)m/o fx:z:va:x
h w
+L 1h( B 7+1)+1/1(Bf h.)(—Bu L +B* +7’)
P ——aLrxx T ZWT S 5Wee = zx — Nz )\ —DVUgy — 5, Waaa T ~,;Uzzze T, We
2m Jo Cp g CpB 2 Jo cp cp B
B _ N A _ e A _ e B2 B e
+%gr(3um - wx)|x:(1) + E(gmum”x:(l) + %(gmum)’xzé + m(fmmum)‘x:(l)
B — x=1 Y — x=1 N\ z=1 B — r=1
m(fmzwxﬂx:o - m(hwxﬂz:o + 6(hxxv)|m:0 - m(hmum)’z:o
1 — r=1
+Cgm/6(hmwx)‘x—0
If we choose
U
v | € D(A(B)),
w
then all the boundary terms above vanish. Finally, we see that
f U
IR B? _ A o
<~A(ﬁ) g s v > = 2A g(%ummx:c - Cimwzzz) - 277@/) frzvzm
h w
e
b [ BTt Jia + [ B ) (Bt tannt Stannet T
- ——Lzrxx — ZWT S5 Wee = zx — N )\ —DVgy — 5, Waaax T~ Uzzze T Wy
om J, Cp g CB 2 Jo cp cp p
f u
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where
U —v
1 B? B
~ACO o | = A G e =
i + L w
w — Uz — Z;W T S Wee
cp B cf

Hence we have the proof of Theorem 3.

Theorem 4. A((3) is the infinitesimal generator of a strongly continuous semigroup on H. Fur-

thermore A(3) extends by duality to an isomorphic semigroup on H_1 = H}(0,1)x H~1(0,1) x

N

L%(0,1).

Proof: We check that both A and A* are dissipative on H. Then the result will follow
from the Lumer-Phillips theorem (see for e.g. Pazy [27]). We show the calculation for A. Since

from Theorem 3, we have that A(5)* = —(A(—0)), same is true for A(3)*.

f f 1 2
1 -1 B B A _
=5 —(A+ — crzzl T = Nzez —Yzz Jxx
<«4 g |1 g > 2 J, m( +C)f g+Cm 9+m9 f:
h h
v =B, s _ vy 1, 5
—\"Aa zx:ph_ *hh 7hmch
Tintgglee = Mt et
1 B vy 1 - _
7B:r:p ‘~nlrrxx St T S Lhltrxx Bzm_ x
+Cm( Gzz + @f +ﬁh Cﬁh V(B frz — hz)
2
0 a2 2

a._ a h *mm332<0-
ﬁl'y + o fowal” =

The semigroup is easily extended by duality to H_; = (D(A(5)*))* as in e.g. Weiss [31]. The
interpolation to H_1 := H}(0,1) x H~1(0,1) x L?*(0,1) is easily justified once the Riesz basis
2

property is proved. Hence pending the proof of Theorem 5, Theorem 4 is proved.

Remark 4. The space H_1 is the completion of the set of finite linear combinations of eigen-
2

HZkeJ \/|T

eigenfunctions of A(3) are seen to be sinusoidal in Section 2.3. This can be used to show that

functions with respect to the norm given by || >, c;ckdrlln | oklle. The
-2

H

= H}(0,1) x H71(0,1) x L*(0,1).

[V
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Using a standard integration by parts against a function in D(A(/)), one can reformulate
(2.1) - (2.5) as a problem with homogenous boundary conditions, but non-homogenous right

hand side. Formally, one obtains the following system:

w1 w1
| = 40| w |+ 5 2
ws w3
0 w1(0) w’ ()
f=1 Laa+8y | o | w0 | =] v'@) |, (2.9)
0 w3(0) s (x)

where in (2.9), ¢’ is the distributional derivative of the Dirac delta distribution. Henceforth we
adopt the above formulation of (2.1) - (2.5). We will see later that (2.8) - (2.9) is well posed

on a subspace of H_1.
2

Remark 5. We clarify the appearance of ¢ in (2.8)-(2.9) by the following argument. Let ¢(x)
be a test function satisfying all the homogenous boundary conditions in Equation (2.7). We
multiply (2.1) and (2.2) by ¢(z) and integrate by parts in space using (2.3) and (2.4). We get
the following weak formulation:

2

1 1 1 1 BQ
/0 mwyg + (A + C)/O Whrarra +/0 S5Grer = _E<A + ?)(bz(o)u(t)

/01 Bst¢ + /01 5¢ — % /01 5¢Gzr — (We(1)dz(1) — w,(0)d(0)) — /01 Iy —

The term —¢,(0) justifies the term ¢’ in (2.8) - (2.9). Furthermore (2.8) - (2.9) also yield the

same weak problem as above.

2.3 Spectral Analysis of {A(3)}

Under some parametric restrictions, it is shown in Lemma 1 that the spectrum of A(S3)
henceforth denoted by A) consists of a negative real branch {A; 1132, | J Ao and two complex
y g Afk=1 p

conjugate branches {Ar2}72;, {Ae3}3e;, where Ag = —3. It is also shown that each of the
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three branches grow asymptotically at a quadratic rate with limy_, arg(—XAg ;) = 6, for some

0 €(0,5),j =1,2,3. The eigenfunctions can be calculated and are given by the following:

0 ﬁ sin(agx)
o=\ 0 |, {¢r;}= sin(agx) ) (2.10)
1 Ay, j cos(agw)

Mej + o (A + %)7
A= 53 , (2.11)
%%
where oy, = km and A ;’s are the solutions of the following cubic equation 3] :

a? AC + B?
BmA; + (?k +Y)mAL 4+ B————a Ak (2.12)
AC + B2
LACED =0.

2

The following change of variables

m 1 - m 1 B?
v T vor A ok

converts (2.12) to the following:

z® + Ba? —i—/w—i—ﬁ%—ﬂa:(aﬁ + k) =0. (2.13)

Lemma 1. If k € (1,9], B> NoL and v < % the eigenvalues are separated and the following
estimates hold for j =1,2,3:

3 6¢€ (0, g) such that |arg(—A ;)| <0, V k€N, (2.14)

3 C41,Cy > 0 such that C1k* < M\ ;| < Cok?, ¥V k€N, (2.15)

3 G >0 such that |A\pmj — Mnj| > &m* —n?|, ¥V m,neN. (2.16)

Proof: We observe that as 8 takes all values from 0 to oo, so does B and vice-versa. We
also observe that as £ — 0o, Rouché’s theorem implies that the roots of (2.13) with v # 0 will
be close to the roots of (2.13) with v = 0. Thus, let us consider the case 7 = 0 first. Then we

are interested in the roots of

fla)=a®+ B2’ + kx+ 3 =0. (2.17)
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It can be shown [3] that if 1 < k£ < 9 then (2.17) has one negative real root (say a < 0) and
a pair of complex conjugate roots (b £ ci, b < 0). Each root of (2.12) with v = 0 is a real

multiple of one of the three roots of (2.17). The roots of (2.12) with v = 0 are given by

Sk = a(kﬂ)Q\/g, sk2 = (b+ ci)(lm)Z\/Z, sk = (b— ci)(kzﬂ)Q\/Z.

The argument of the branches is given by the argument of the roots of (2.17). Hence the roots
lie within a sector in the left half plane; i.e. 3 0 € (0, %) such that |arg(—sg ;)| < 0V k €
N,j = 1,2,3. The sg;’s satisfy |s;,; — snj| > o|(m? —n?)|, V m,n € N for some o > 0.

Now, we return to the roots of (2.12) with v # 0. The following change of variables

converts (2.13) to the following form:

Y2+ By + Ry + 6 =0, (2.18)
where
Oy 23
B/:B(l—’_a%)Q K
1+ %7
2

Hence (2.18) can be handled in a way similar to (2.17) to conclude that if 1 < k < 9, then
(2.13) has one negative real root (a < 0) and a pair of complex conjugate roots (b= ci, b < 0)
with negative real part V k € N and 3 C;,Cy > 0 such that C1k% < Ak, < Cok?, ¥V j =

1,2,3,k € N. Hence (2.15) holds.

Next we show that V 3 > L5 Mg # Moy i k1 # ko Let p = VA e= 5% Let A
denote an eigenvalue which is common to k = ki, k3. Then rewriting (2.12) in terms of \ we

get the following:
A+ pk2B(1 + A2 + p*k kA + B(1 + er)p*kS = 0. (2.19)

Subtracting the equations corresponding to k = ky and k = ks in (2.19), we get

. - ~Cyk
NpB(kt — k3) + p*r(ki — k) A + B (K — k) + == (ki — k3) =0 (2.20)



18

R ~Cvk
(k2 — k2) A25+pn(k%+k§)x+ﬁp2<k;*+k§+k%k§)+5T'ép2(k%+k§) =0. (2.21)

It can be checked that if 3 > f then the quadratic in (2.21) has no real roots and hence
there is no common real root between k = ky and k = k9. Using the fact that the real roots of
(2.19) are distinct, we show the same for the complex conjugate roots.

Hence the eigenvalues {) ;} are distinct for all k € N and j =1, 2,3.

Next we obtain estimates on Ay ;’s. We choose k > Ky such that |A\p; — sp ;| < €0 =

T V3 =1,2,3. Then V m,neN m,n>Kpand j=1,2,3, we have

Amj = Angl 2 [8mj = snjl = Amj = smjl = [Anj = snj
> olm? —n?| - 2¢
= (f|m2—n2|—g
2
> g|m2—nz|.
2

Also V m,n < Ky we have finitely many roots. Let 6 = min(|\p; — Anj| : m,n =1,..., Ko).

Then

IMM—MAZ&ZKz

1\mQ—nQ| vV m,n < K.
2 _

Now let 6 = min(o Then we have

7%)
Am,j = Anjl = lm* —n?, ¥ mn€eN,j=1,23.

Hence (2.16) holds. Also by a similar argument we can show that 3 6 € (0,7) such that
larg (—Ag ;)| < 0, Vk € N,j = 1,2,3. Hence (2.14) holds. Finally, to ensure that A\g #

Mg, ¥V keN,j=1,2,3, we look at Equation (2.13) again:

BCy

flz) = 23 + Ba? +/<ax+ﬁ+7(a: + k). (2.22)
O
We note that f(—3(1 + kgrg)) < 0 and f(— ﬁ( 1+ kSVQ)) > 0. Hence we have that the real

root of (2.22) satisfies

ae (B+ 50 -2 ).
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Hence the real root of Equation (2.12) (denoted by a) satisfies

_ Cy., 1 45, Cvy . 1 k?x?
—(1 —k —(1 — .
ae( ( +k27T2)C,8 7T, ( +k271'2)0ﬂ K )
1
Hence we have that if v < — then
kC
y 1 Cy 1 k?r?
M=——>——=>—(1 —
=5 w0 > W) eg )

and hence \g # A\, ;, V k€N,j=1,2,3. This completes the proof of Lemma 1.

Definition 9. A basis for a Hilbert space is a Riesz basis if it is equivalent to an orthonormal
basis, that is if it is obtained from an orthonormal basis by means of a bounded invertible

operator.
Theorem 5. {¢; ;} U{¢o} forms a Riesz basis for (H,< . >.).

Proof: Let

2
sin(krz),0,0)T

\f
fo=(0,0,1)",0k1 = (555

2
0.2 = (0, V2sin(knz),0)T, 03 = (0,0, g cos(km))T.

Then 6’s are related to ¢x’s in the following way:

o = 0o
]{3271'2 1 k‘T(Akj .
s = o Tt g e VRSN =128
khj

It can be checked that {6y} U {6 ;} is an orthogonal basis in (H,< . >.). Also 3IM > 0 such
that & < ||;]le < M, Vk € N, j = 1,2,3. Hence {0y} U{0y;} is equivalent to an orthonormal

basis in the energy inner product. We define a mapping L : H — H as follows:

L(6y) = ¢o
Or,1 k1
L Ok 2 = k2

O3 Pk,3
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Let
k22 1 krAg1
Akl V2 V2
_ k2m2 1 kWAk,2
Li = Ae2 V2 V2
k22 1 krAg 3
ks V2 V2

denote the matrix of transformation of 7' between blocks. The set {¢y ;} is block orthogonal
with block size 3 corresponding to j = 1,2,3. Hence {¢;;} U {¢o} will be a Riesz basis if each
of the block matrices Ly are uniformly bounded and invertible [4]. Using (2.15) in Lemma
1, it can be easily checked that Ay ~ O(%), where Ay ;s are described in (2.11). Hence Ly
has an invertible limiting form for k large enough. Also Ly is invertible for small k£ due to the
separation of the eigenvalues. Hence we also have that |det(Ly)| < C for some C' > 0. Thus,

{0k} U{¢o} forms a Riesz basis for (H, <. >.). This proves Theorem 5.

Remark 6. We show that if X # X\ j,k € N,j = 1,2,3, then A € p(A). Let J denote the set

of indices for the eigenvalues of A(3). Let f = >, ;dr¢r. Then it is clear that the solution
d

to (A — M)u = f is given by u = ﬁqﬁk, and u € H since the sequence {m}k@ is

bounded. This means that the operator (A — AI)~! is bounded VA # A,k € J. Hence the

spectrum of A consists only of point spectrum.

2.4 Admissibility of input element

Let {1} be a sequence of eigenvectors of A(3)* which are also biorthogonal to {¢y} and

wy
Wt,x)=| wy | =Y wi(t)dr(z) (2.23)
keJ
w3

be the solution of (2.8) where ¢;’s are the eigenvectors of A found above and wy(t)’s are scalar

functions of time. Also let

0(0,2) = | wl(z) | = wi(0)dr(x) (2.24)

keJ
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Substituting (2.23) in (2.8) , we get

0
we=Ad+ | LA B | u(t),

0

0
= <@t,¢k($)>e = <vawk(:ﬁ)>e + < %(A + %)5/ U(t)ﬂl)k:(x)> 5
0

e

<Zwk o > <Zwk (Abn(e wk<x>>e

keJ keJ

+ <Z fxon (@), ¢k(£€)> u(t),

keJ

= wi,(t) = Mewr(t) + fru(t),

= wy(t) = My (0) + /t M =3) fru(s)ds, (2.25)
0
where
0 0
LA+ By | = > fdr(@),  fi= < LA+ By 7¢k($)> : (2.26)
keJ
0 0

€

The 1’s can be computed explicitly and are as follows:

=L sin(krz) 0
)\k,]
Vk,j = sin(kmx) Wo=1 0
flw cos(kmx) 1
where
5\k,j = Mkjs

~j + (A + BQ)U; -
Mo keN,j=1,2,3. (2.27)

Akj =
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The fi’s can also be computed and are given by the following:
fo=0

1 B?
frj= (A+ ?)lm, VkeN,j=1,2,3. (2.28)

m

Next we show that { f; ;} defined in (2.28) forms an admissible input for (2.25) in the Hilbert

= ({di} : { Jﬁ?} € 12(J)), where the norm is given by |[{dx}||»_

— [2(J) in the following way:

= H%HP(J)-

We define A_% :H

1
4

1
1

_1 oy Gk
A e = (=t

Then A~1% is an isomorphism from H_1 into 12(.J).

1
4

. iterion: Wer rleson’s measure criterion for
Remark 7. Carleson’s measure criterion e recall the Carleson’s measure criterion fo

{fx}res to be admissible in [(J). We first define the Carleson rectangle as below:
R(h,w) ={z€ C:0< Re(z) < h,|[Im(z) —w| < h}.

Then a necessary and sufficient condition for {fx}res to be admissible in [%(J) is given by (see

e.g. [11, 17]):

> i< Mh.

—Ak ER(h,w)

Using the Carleson’s measure criterion, we have the following theorem:

Theorem 6. {f;}rcs given by (2.28) forms an admissible input for (2.25) in H_

PN

Remark 8. Equivalently, if {wy(0)} € H—i’ then {wy(¢)} in (2.25) satisfies the following:

[H{wr®} e, < Cr([{wn(O)} ey + llullz2jo,m7).

Proof: Equivalently, we prove that A_%{ fr} forms an admissible input for H. This will

prove the theorem since AT H 1 — I2(J) is an isomorphism. We verify that {A*i frtres

1
1

satisfies the Carleson measure criterion [11, 17]. Recall from (2.28) and Lemma 1 that f; ~
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O(k) and Ay ~ O(k?). Let g, = A_ifk ~ O(Vk). Then (2.25) can be rewritten in the

following way.

t
A_iwk(t) = A_ie)"“twk(()) —I—/ M) gru(s)ds, ¥V ke (2.29)
0

If we choose {wy} € H—i’ then A‘i{wk} € 1?(J). We define the following rectangle in the

complex plane.
R(h,w)={z€ C:0< Re(z) < h,|[Im(z) —w| < h}.
Then we have,

Yoo dwmlP< ). <0G, v h>0, (2.30)
—ALER(K?,w) —ALER(k2,0)

where in (2.30) we have made use of the fact that the number of eigenvalues in R(k?,0) is O(k)
and that the worst case scenario happens when the rectangle is centered at the origin. Hence

it follows that 3M > 0 such that

> lgkl* < Mh
— Ak ER(h,w)

and this proves Theorem 6.

Remark 9. As a consequence, if the initial data in (2.9) belong to H_1 and u(t) € L?[0,T]
4

then there exists a unique solution {w,wy, s} to (2.8) - (2.9) defined by (2.23) and (2.25).

Furthermore for some C' > 0 we have the following:

H{wﬂwtas}('vT)HH SC(H{woﬂwlvso}HTt

+ [lullz2(0,77)-

N
.

2.5 The moment problem and its solution

For controllability to the zero state we seek u(t) € L2[0,T] which solves (2.29) with
{wr(T)} =0, Yk € J. Let d, = A_iwk(O). Then we have dy € [?(J), and (2.29) can be

rewritten as:

T
—dy = / =) gou(s)ds, (2.31)
0

T
—dp; = / M=) gy u(s)ds, Yk € N,j=1,2,3. (2.32)
0
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Remark 10. In (2.31), g9 = .A_ifg = 0 and hence the eigenspace span ({0,0,1}%) corre-
sponding to the eigenvalue Ay = —% cannot be controlled to the zero state. Hence we consider

the solvability of (2.32).

From (2.28) we have that {f;};k € N,j = 1,2,3 is bounded away from zero and hence

we can rewrite (2.29) as follows:
T
/ MaTi(r)dr = ey ¥ k€N, = 1,2,3, (2.33)
0

where

— A5 { Ty, ;(0)}
A_ifk,j

Crj = , ¥V keN,j=1,2,3,

where T is the final time instant and u(¢) = (7 —t). Using Lemma 1 and (2.28) it can be
shown that Ja, B > 0 such that |c; ;| < Be_akQ, V keN,j=1,23. If we are looking for a

control in L2[0, T, then equation (2.33) can be rewritten as

<a(t),e%‘t> —cry, ¥V kEN,j=1,2,3, (2.34)

L2[0,T]

where {cy ;} € 1?(J —{0}) Hence the original problem has been transformed in to the moment
problem given by (2.34).
In order to solve the moment problem given by (2.34) we need the following theorem from

Hansen [5] :

Theorem 7. Let Ay := {\}32, be a sequence of distinct complex numbers lying in Ag =

{Ae C:larg(N) <0}, which satisfy
IMe = Al = plk? =58, (B>1,p>0), e(A+ BEK’) <X\, < A+ BK’.

Then there exist a sequence of functions q.(T,t) which are biorthogonal to {e**} in L2[0,T)

and satisfy

"™ < law(T Ol 207y < Kre™, (m, M > 0).
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After reindexing the eigenvalues, it is clear from Lemma 1 that the eigenvalues { Ay }res—f0}
satisfy the estimates needed by Theorem 7. Hence a solution to the moment problem given by
(2.34) is given by

at)= Y cragr(T,t).

keJ—{0}

We also have the following:
~ _ 2
lallzor < D lerlllarllzory < D BEre e < oo,
keJ—{0} keJj—{o0}
We conclude by stating the main theorem of the chapter.

2m 1
Theorem 8. Assume B < 2\/m>5 < \/ZM’

state {w® w!, s} € H_% and T > 0, Ju € L*(0,00) supported on [0,T] such that ¥t >

and v < % Given any initial

T, {w,w,s}(.,T) ={(0,0, e_%TKO)}, where Ko is a constant determined by the initial data.

Remark 11. The restriction on 3 prevents the eigenvalues from being overdamped (asymptot-
ically). Without the other parametric restrictions there is at most a finite number of repeated

eigenvalues which could result in a lack of controllability.

Remark 12. The undamped model has been proved to be exactly controllable in H{ (0, 1) x
H~1(0,1) in [28]. Here in the damped case, we obtain greater regularity due to analytic
smoothing (see Hansen and Lasiecka [13]). Thus, the space of exact null controllability is
smaller. On the other hand, the homogenous problem is well posed in H_ 1= HE(0,1) x
H~0,1) x L*(0,1). If we are given initial data in H}(0,1) x H~(0,1) x L?(0,1) the zero

control can be applied for a short time € after which Theorem 8 applies.

Remark 13. It is also interesting to note that the uncontrollable subspace does not exist in
the undamped case, whereas in the damped case, we have a one dimensional state that is not

controllable.

Remark 14. As in Remark 3, Chapter 1, approximate controllability holds in H_ 1 modulo a
one-dimensional space for the damped Mead-Markus model since the operators {7 (¢) };cr are

not invertible due to the diffusive nature of the Equation (2.2).
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CHAPTER 3. Exact controllability of an undamped Rao-Nakra sandwich

beam using the multiplier method

3.1 Introduction

In this chapter, exact controllability of an undamped Rao-Nakra sandwich beam (see e.g
[6],[30]) is considered. The classical Rao-Nakra [30] sandwich beam model consists of two
outer “face plate” layers (which are assumed to be relatively stiff) which “sandwich” a much
more compliant “core layer”. The Rao-Nakra model is derived using Euler-Bernoulli beam
assumptions for the face plate layers, Timoshenko beam assumptions for the core layer and
a “no-slip” assumption for the displacements along the interface. We consider the undamped
case and a beam of unit length for simplicity. We first consider the problem with the omission

of the moment of inertia term i.e —awg;¢:. The equations of motion are as follows:

mwy + Kwepee — N2hoGowgy — NGa(—vk +03) =0 (3.1)
G

hlplfutlt — hlElv}m — h—j(—v1 + v3) — NGhw; =0 (3.2)
G

h3p31}?t — h3E3U:§x + h72(—1)1 + 213) + NGow, = 0. (33)
2

The boundary conditions are as follows:
w(0,t) = w(1,t) = w,(0,t) = v1(0,t) = v3(0,¢) =0 (3.4)
wiﬁ(L t) = M(t), Ul(lv t) = g1(t), 113(1, t) - g3(t)a (3'5)

where M (t), g1(t) and g3(t) are control inputs at the right end. The initial conditions are

as follows:

w(z,0) = w’(x),w(x,0) = w'(x) (3.6)

vl (z,0) = v'%x), v} (z,0) = v (2),v*(z,0) = v3°(x), v} (x,0) = v3!(x). (3.7)
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In the above, w denotes the transverse displacement of the beam, ¢ = hy 1(—1)1 +03) +
Nw, denotes the shear angle of the core layer, vo = (v',v3)T is the vector of longitudinal
displacement along the neutral axis of the outer layers. (i = 1,3 is for the outer layers,
i = 2 is for the core layer.) The density of the ith layer is denoted p;, the thickness h;,
the Young’s modulus E;, the shear modulus of the core layer is Go. We let m = > hip;
denote the mass density per length, o = p1h$/12 + p3h3 /12 is a moment of inertia parameter,
K = E1h3/12 + E3h3 /12 is the bending stiffness.

We use the multiplier method in conjunction with the HUM (Hilbert’s Uniqueness Method)
to prove exact controllability results. A classical reference for the HUM method is [22]. The
use of multipliers can be found in [26],[21],[19],[20],[18] and references therein. In particular,

Ho seems to be the first to use multipliers in a control application. The HUM method was

formally introduced by J.L.Lions in a set of lectures at the Collége de France, 1986/1987.

3.2 Semigroup formulation

We consider the homogenous problem first. We recall the homogenous problem once again.

mwy + Kwyppe — N2hoGowys — NGQ(—’U;; + vi) =0 (3.8)
G
hlplvtlt - hlElv}m - h—2(—v1 + v3) — NGhw; =0 (3.9)
2
G
h3p3vft — h3E3’U§x + h72(—1)1 + 213) + NGow, = 0. (310)
2
The boundary conditions are as follows:
w(0,t) = w(0,t) = wy(1,1) = v (0,t) = v3(0,¢) =0 (3.11)
wy(1,t) = 0,0 (1,¢) = 0,03(1,¢) = 0. (3.12)
The initial conditions are as follows:
w(z,0) = w’(x),w(x,0) = w'(x) (3.13)

vl (z,0) = v'%x), v} (z,0) = v (2),v*(x,0) = v*°(2), v} (x,0) = 3 (). (3.14)
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Let Y = (wy, w2, w3, wy, ws, we)’ = (w,v', v, wy,v},v3)T = (U, V)T. Then Equation (3.1 -

3.3) can be rewritten as follows.

dy
T AY, Y(0) = (w°, 00, 0% w, vt 3T, (3.15)
where (using D = a%)
—KD* + N2hyGoyD? —NGyD NGyD
e NG Biy G Go |
hip1 p1 hahip1 hahip1
—NGZD Go %DQ _ Go
h3p3 hahzp3 P3 hahzps3
03x3  I3x3
A= S (3.16)
A 03x3

D(A) = Hy x HA x H% x H2 x HY x HY,
and
Hyy = {¢ € H'(0,1) : (0) = ¢(1) = ¢(0) = 6(1) = 0}
H} = H} = {¢ € H*(0,1) : $(0) = ¢(1) = 0}

Hy, = {¢ € H*(0,1) : $(0) = ¢(1) = ¢(0) = ¢(1) = 0},

A:D(A) —H=H2 x H}0,1) x H}(0,1) x L*(0,1) x L*(0,1) x L*(0,1).

We will refer to the Hilbert space (H, < .,. >3) as the energy space, where the energy inner

product is given by the following:

w i
vl ol
3 ~3
v v ! — 1=1 3=3 - 1=1
< , >.= mwiws + h1p1v; 0 + hapavy v, + KwepWey + b1 E1v,0,
Wy Wy 0
vt 0}
3 ~3
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+hyEsv3i. + Gaha(hy (—v* + %) + Nwg)(hy (=01 + 03) + Nibg)da.
Consequently we have the following expression for the energy norm:
1
E(t) = H(wa Ulv U3a Wi, Utl7 U?)H%—{ = / mw? + hlpl (vtl)2 + hgpg(’[)?)Q (317)
0
1
+/ Kw?, + h1Ey(v)? + haF3(v3)? 4+ Gaha(hy ' (—v +v?) + Nw,)?dz.
0
We define a new norm E(t) in the following way:
E(t) = ||wM||%2(071) + ||wt||i2(o,1) + ||Utl||%2(0,1) + ||U;||%2(0,1) + ||U§||%2(0,1) + ||U§||i2(o,1)(3-18)
We show that that F(t) is equivalent to E(t).

Theorem 9. The norm E(t) and E(t) are equivalent i.e there exist constants Fy > 0 and

F5 > 0 such that

FLE(t) < E(t) < FRE(t), (3.19)
where

Fy = min (h1p1, h3ps, h1 E1, hsE3,m, K) (3.20)

1 1
Fy = max (m, hip1, hsps, h1E1 + 2G27T2(N + h7)7 hsEs + 2G27['2(N + h*),
2 2

K + NGom?(Nhy +1)).
Proof: We first show the lower bound. We note that
1
/ Gaha(hy t(—v! + %) + Nw,)?dz > 0.
0

The remaining terms in F(t) resemble those of E(t) except for multiplicative constants. We
call the lowest of all those constants Fy and we have E(t) > FiE(t). Next we show the upper

bound. We need the following estimate:

1 1
/ Gaha(hy t(—v! +v%) + Nw,)? = / %(—vl +13)? — 2NGy(—v! + v3)w, + N?*Gohow?.
0 0 2

Next we use Cauchy-Schwartz and Poincare’s inequality to obtain the following:

1

G

/ h—2(—v1 4+ 03)? = 2NGy(—v! + v*)w, + N2Gohow?
0o ho
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1
: / 252 (012 4 (0P)2) + NGa(wuZ, +2((0) + (%)) + N*Gohor?u?,
0 2

1 1
— (NGyn?)(Nhy +1) /0 Wl +2Go(N + ) /0 (W) + (%)?)

< (VG (h +1) [ a2, 420w+ ) [ (@h?+ )
0 0

Once again, the rest of the terms in E(¢) along with the right hand side in the above estimate
resembles E(t) except for multiplicative constants. We collect the constants for similar terms

and call the greatest as F,. This proves the theorem.

Remark 15. It turns out that E(t) is an easier norm to work with. The fact that Fy is
independent of the coupling constant G will be needed later on while proving estimates.
Furthermore, constants m, h1p1, hsps, h1E1, haFEs, K can be chosen large enough so that F3 is

also independent of Gs.
Theorem 10. A is the infinitesimal generator of a strongly continuous semigroup on H.

Proof: We can easily check that A* = —A and D(A*) = D(A) by direct calculation.
Next we check that both A and A* are dissipative on H. Then the result will follow from the
Lumer-Phillips theorem (see e.g. Pazy [27]). We show the calculation for A. The calculation
for A* is similar. Let Y € D(A) be given by Y = (z1,z2,23,y1,92,y3). < AY,Y >, consists
of various terms. We omit writing dx inside the integrals in what follows, as it is understood

from the limits of integration.

1
Term 1 = / m(—KD4£L‘1 + N2h2G2D2x1 + NGQ(—xQ + 563))3]1.
0

! 1 G
Term 2 = / hlpl(i(hlElDQl’g + 72(—132 + 1’3) + NGQDz:l))gjg
0 hipy ha

1 — G —
= / —h1FE1Dxo Dy + h72(—.%'2 + 1’3)@2 — NGox1Dxo.
0 2

! 1 G
Term 3 = / h3p3(7(h3E3D2‘7}3 - i(—%g + IL’3) — NGQD(El))Qg
0 h3ps ha

1
_ .
= / (—hgEsDx3Dys — 7h22 (—x2 + 3)ys + NGaz1Dys).
0

1 1 1
Term 4 = / KD%y D%z, = / — KDy, D3z, = / Ky D4z
0 0 0
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1
Term 5 = / hi1E1DysDxs.
0
1 [
Term 6 = / hsEsDysDxs.
0
1
Term 7 = / Gghg(hg_l(_?h + y3) + NDy1)(h2_1(—i‘2 + fg) + ND.’El)
0

1

Gq o

= / (7h22 (—y2+y3)(—Z2 +3) — N*Gahay1 D2z — NG2D(—ya +y3)Z1 — NGayy D(—x2 + 73)).
0

Adding Terms 1 through 7 and rearranging, we get
1 [ —_—
<AYY >y= / K (DYxiyy — D*z131) + N*Gaha(D* w191 — D2x1y:1)
0

+NG2(D(—.’L‘2+$3)@1 —D(—SUQ + Ig)yl)-l-hlEl (DyQD:L“Q—DygDQZQ)—f—thg(Dyng‘g—DygDmg)

. G . .
+NGo(x1D(—y2 + y3) — D(—y2 + y3)ZT1 + T;((_y2 +y3) (=2 + x3) — (—x2 + 23)(—y2 + ¥3)).

Hence we have Re (< AY,Y >7) = 0 and hence A is a dissipative operator and the proof

is complete.

Remark 16. The fact that A generates a semigroup of contractions (call it 7 (¢)) means that
(0,00) € p(A) where p(A) denotes the resolvent of A (see [2], page 124). Also, there is a

doubly infinite array of Hilbert spaces { Xk, < .,. >k }rez satisfying the following properties:
1. Xy =H, X1 = D(A), X = (D(AF)), and X}, is densely embedded in X; if k > j.
2. < x,y >p=< APz, APy >4 Yz € X, .

3. If we define Ayz = Az, Vo € D(A;) where D(AL) = {x € X : Az € &y} = D(AM) =
Xj+1, then Ay, generates a semigroup of contractions 7y (t) = 7 (t)|x, on A} which is a

restriction of 7 (¢) to Xx. Each of the semigroups 7;(t) are invariant on A.

Remark 17. The point of Remark 16 is that if we choose initial conditions in a smoother
space, i.e Y(0) € X} for k large enough, then the invariance of the semigroup in X} implies
that a semigroup solution exists in X}, i.e the smoother the initial data, the smoother are the
solutions. Furthermore, the solution is given by Y (t) = 7 ()Y (0),¢ > 0. The existence of

smooth solutions to the homogenous problem (3.15) justifies the integration by parts formulae
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that we show in what follows. Furthermore, X}, is a dense subspace of X Vk > 0 and hence any
inequality involving elements in &A%, Vk > 0 is true for elements in X using a standard density

argument.

dE(t)
dt

Remark 18. It can be shown that = 0 along the solutions of (3.8)-(3.10) i.e energy is
conserved. Therefore we have that E(t) = E(0), Vt € R. Conservation of energy implies that
the system (3.8)-(3.10) is time reversible and hence the semigroup {7 (¢)}+>0 generated by A

is in fact a group {7 (¢) }ier-

3.3 An important identity

In this section, we establish an identity which is true for smooth solutions which result
from smooth initial conditions i.e Y (0) € X}, for k large enough. We omit writing dx and dt

inside the integrals as it is understood from the limits of integration.

Lemma 2. Let T > 0. Then every smooth solution of (3.8-3.14) satisfies the following identity:

T
el / (wh(1, 1) + / W32+ 2 / (W (1,1))? = (3.21)

[ [ e [ e [
it [0 et [0 <v3>2+h1f1 [ [
2h2// —ot + %) + X,

1
where X = / MW LWy + hlplvtlasvg}j + hgpgvfa:viﬁzg.
0

Proof: We first multiply (3.8) by zw, and integrate by parts. We get the following:

T ,1 1 T /1
/ / mwitTw, = m/ wtxwx\izg — m/ / WL Wt -
o Jo 0 o Jo
[} = [ [ et = 5 [ [
m WL Wat = M r(zwp)y = — wy .
o Jo o Jo 2 2 Jo Jo

T /1 1 T 1
_ t=T7 , M 2
mwitzw, =m [ wrwgliZy + — wy.

o Jo 0 2 Jo Jo

Hence we get
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Next we have,

T 1 T 1 T 1 T 1
0 0 0 0 0 0 0 0

T 1 T 1
K/ / WepeWe = —K/ / w?
0 0 0 0

T /1 T /1 T T /1
1 K K
K/ / TWapa Wae :K/ / m(ing)a;: 2/ wfm(l)—2/ / TWagWaps -
o Jo o Jo 0 o Jo

Hence we get

T 1 T 1 T
3K
0 0 0 0 0

T 1 T 1
—N2h2G2/ / Wayg TWy :NQhQGQ/ / Wy (TWy )z
_NQhQGg/ / w? +N2h2G2/ / x_NthGg/ /

We leave the coupled terms unchanged i.e

T 1
—NGQ/ / (—valj + vg)xwz.
o Jo

Putting everything together, from (3.8), we get

K (T K N2
> | ek / / T+ 2, + R NG (ki
0

Next we have

1
+m / wyzw, =Y
0

Next we multiply (3.9) by xvl and integrate by parts.

T 1 1 T 1
hlpl/ /Utlt‘rva}::hlpl/ UtlxvglcioT—hlﬂl/ /vtlmglm:
0 0 0 0 0

T 1
mo [ [ 2. = - / /
o Jo 2

e ! hip1
hlpl/ /Utltiwizhlm/ vizvl + / /
o Jo 0
Next we have
T 1
hE hE
—hlEl//U}mxvalj:—ll/( 1(1,4))? 11//
o Jo 2 Jo

Hence we get,

(3.22)
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We leave the coupled terms unchanged i.e

Gy [T [ T 1
—/ / (=o' + )zl — NGQ/ / WVl
2 Jo Jo o Jo

In all, from (3.9) we get

E T T 1 E
Il / (wX(1,1))2 = / / Mapr e IEy e Gy sy (303)
2 0 0 0 2 2 h2

T r1 1
1 1., 11t=T
_/ NGawzxvy, + hlpl/ v 2L |10 -
o Jo 0

Similarly from (3.10), we get

haBEs [T T rlp hs E G
3 3/ <v§’z<1,t>>2=/ / haps aye  18Bs a2 G2t sy (30
2 0 0 0 2 2 h2

T 1 1
—I—/ NGgwxxvg—i—hgpg/ vizvd|i=T.
o Jo 0

Adding Equations (3.22),(3.23) and (3.24) we get

T
L / (b 1)+ 22 / (L0 + / (e (1,))? = (3.25)

[ Lot [ [ [t [ [
S Lt [t [
2h2// (=o' + %)), + X,

where X = fo mwiTwWy + hq plvt azv + hapsv; azv3|t . We have one last calculation.

2h2// v—i—v —th//v+v

This proves the Lemma.

3.4 Estimating X

We recall from the Lemma 2 that

1
1,1 t=T
X = / mwrwy + hip1v; xvg + hgpgvfxvi =0 -
0

We first look at

X(t) = /0 MWTWg + hlPIUtl$Uglc + hgpgvfxvg.
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We have

| X (t)| = |/1 mw;zw, + hyprvizvl + hapsvizv?|
/ m|wta:wm|+/ hip1|vf vl |+/ haps|vdzvd).
/ m|wpzw,| </ m(|we)? + |wg|?).
[ moleteeti < [ i+ 102

[ ol < [ nam(ud + 27

0

We also have by the Poincare’s inequality on (0, 1) that ||wx|\%g(0 1y < 772me||%2(0 1. Using
all of the above, we have that |X(¢)] < DE(t), where D = max (mn?, hip1, h3ps). Using

2D
Remark 18, and Equation (3.19), we have that | X| < ?E(O), where
1

Fy = min(h1p1, h3ps, h1 By, haE3, m, K).

3.5 Hidden Regularity Estimate

In this section, we derive a hidden regularity estimate for the homogenous problem (3.8)-
(3.14). The regularity estimate will allow us to define a weak solution to the controlled equa-
tions (3.1-3.7) by the method of transposition.

Using the above estimate for X in the previous section, we can prove the following regularity

estimate:

Theorem 11. Let T > 0. Then every smooth solution of (3.8)-(3.14) satisfies the following

"hidden” regqularity estimate:

T T T
wB [ wanr+ "2 oor+5 o < X280, e

where
D = maz (mn®, hipy, h3p3) (3.27)

C = maz (m, 3K, N*hyGan?, hipy, hiF1, haps, hsE3) (3.28)

F1 = min (hlpl,hgpg,hlEl, thg,m, K) (329)



As a consequence, the linear form (w', v, v31 w0 v v3%) — (we,(1,t),vi(1,1),v3(1,t)) is

continuous from H to (L*[0,T])3.

Remark 19. Due to existence of finite energy solutions, we have that vl(z,t),v3(x,t) and
Wy (,t) belong to L2((0,1)x[0,77]). Theorem 11 implies that the point evaluations v} (1,t),v3(1,¢)
and wy(1,t) belong to L2[0,T] which is a stronger result than the usual trace theorem, where

we expect point evaluations to be less regular by half an order.

Proof: We begin by observing that in Lemma 2, Equation (3.21),

2h2/ / v+v _O,

and every other term except X looks like an energy term except for a multiplicative constant.

We denote by C' the greatest of all the constants multiplying ”energy like” terms. Hence we

2 T 1 T 1
[ [ [ [t
2 0 0 2 0 0
T 1
h3E3// 2h1m// )2+ hlEl/ /(vi)QSTCE(t)ng(o)-
2 Jo Jo £y

2D
From Section 3.4, we also have that | X| < ?E(O) Putting all the pieces above together, we
1

have

have the statement of the theorem.

3.6 Solution of the non-homogenous problem

In this section, we use the regularity estimate proved in Theorem 11 to show the existence
of weak solutions for the non-homogenous problem. To maintain consistency of notation, we

rename the variables in Equations (3.1)-(3.7) as follows:

mzy + K Zegae — N?hoGaozew — NGo(—yL +42) =0 (3.30)
G

hip1yl — M Eryy, — }Tj(—yl +9%) = NGazp =0 (3.31)
G

hspsyl, — haEsys, + —2(—y' + ) + NGazy = 0. (3.32)

ha
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The boundary conditions are as follows:

2(0,1) = z(1,t) = 2,(0,t) = 41(0,t) = 3(0,t) = 0 (3.33)

2 (1,t) = M(t),y (1,1) = g1(1). y* (1, £) = g3(t), (3.34)

where M (t), g1(t) and g3(t) are control inputs at the right end. The initial conditions are

as follows:

2(z,0) = 2%(2), 2(z,0) = 2! (2) (3.35)

y'(2,0) = y"(2),y; (2,0) =y (2),5°(2,0) = y™(2), 57 (2,0) = > (2).  (3.36)

In order to define a solution for Equations (3.30)-(3.36), we first multiply Equation (3.1)

by z and formally integrate by parts.

1 T 1 1 T
m/ / Wyt 2 :/ m(wiz — wzt)|§0T +m/ / Wt
o Jo 0 o Jo
1 0T 1 0T 1 0T T
K/ / Wrrzri = _K/ / WygxZe = K/ / WyxZrr — K/ wxw(lvt)M(t)
o Jo o Jo 0o Jo 0
T 1 T 1 T 1 T
= —K/ Wee (1, 8) M (1) —K/ / T — —K/ / Wae (1, ) M () —I—K/ / WZppas-
0 o Jo o Jo 0o Jo
1 T 1 T 1 T
—N2h2G2/ / wmz:N2h2G2/ / Wy 2y = —NthGg/ / W2
0o Jo o Jo o Jo
1 0T f 1 0T f
—NGQ/ / (—v' +03),2 = NGQ/ / (=o' + o)z,
o Jo 0o Jo
Now we multiply Equation (3.2) with y' and formally integrate by parts.
1 0T
h1p1/ / vy Zhlpl/ (viy' —v'y)) +h101/ / o'y
o Jo 0
1 T T
—hlEl/ / U;xyl = —hlEl/ ’U;(l,t)gl(t) + hlEl/ / VY
o Jo o Jo
= —h1E1/ v g1 (t h1E1/ / 0 Y-
0

For the coupled terms, we leave —— / / —vl 4¢3 y unchanged.

1 T 1 T
—NGQ/ / wwyl = NGQ/ / wy;.
o Jo o Jo
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Finally we multiply Equation (3.3) by 3® and formally integrate by parts.

1 T
hsps/ / v y? =h303/ (viy® — vPy}) +h3p3/ / viys,.
0o Jo 0

1 T T
—h3E3/ / vl y? = —h3E3/ Ug(l7t)93(t)+h3E3/ / vy
o Jo o Jo
= —h3E3/ v3gs(t h3E3/ / vy,
0

For the coupled terms, we leave G / / (—v! 4+ v*)y® unchanged.

1 T 1 T
NGQ/ / way® = —NGQ/ / wyi.
o Jo o Jo

Adding everything from above and rearranging, we get the following:

1
/O m(wy(T)2(T) —w(T)z(T)) +hipi (v (T)y' (T) —v'y; (T)) +haps (v} (T)y* (T) —v*(T)

/ mw ZO—U) Py )+h1p1( 11y10 10 11)+h 03 ( 31y30 30y31

/ Kwey(1,t)M(t) + hi E1vy(1,8)g1(t) + ha Ezvi(1,)g3(t).
We define the following linear form.

,UIO ’U30 wl,’Ull,Ugl))

/ Kwao(1,t)M(t) + hy Ervl(1,£)g1(t) + hsB3v3(1, £)gs(t)

o,10 ,30 ., 1 11

10 , 30 31
Z _y _y ay 'Y ),(U),’U , U, w,v v )>H’,H

where

11 31 _0 .10 , 30 0,10 ,.30 1,11 31
<(_Z7_y y Y 29 Y )7(w7v U, w, v, )>'H’,'H

1
_ / m(w'2® — w02 + hipr (01 1y10 — v10%1) - gps (v3Ly30 — 030430),
0

Using the above defined linear form, we can rewrite everything from above as follows:

LT((U)O, 2}107 U30, w17 UH, UBl)T) —

< (_Ztv _yt17 _y?7 Z, y17 yg)‘t=T7 ('LU, 'Ul, Uga We, Ul? v3)|t=T >H’,H

v (T))

(3.37)

(3.38)
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Definition 10. We say that (z,y%,y3, 2, v}, v) is a solution of (3.30)-(3.36) if
(ztaytl7y1:€3)zaylpy3) S H/
and (3.38) is satisfied V¢ € R and V(w?, v1?, 030w, v, 031) € H.

Theorem 12. Given (2%, y*, 931, 20,410 43%) € H' and M(t), g1(t), g3(t) € L?[0,T)], the prob-

lem (3.30)-(3.36) has a unique solution.

Proof :It is clear from Theorem 11 that the linear form defined in Equation (3.37) is
bounded on H for every ¢ € R. Furthermore, due to conservation of energy, the linear

0,10 ,30 .1 .11 31
v™)

map (w, v, v, we, v!, 0?)mp — (W0, 010,030, Wt v is an isomorphism from H onto it-

L3 wg, vh vd) = — Le((w®, 010, 039wl vl v31)) is also

self. Hence the linear form (w,v
bounded on H. Therefore, by the Riesz representation theorem, there exists a unique element

(26,9893, 2,91, y3) =1 € H' satisfying Equation (3.38). This proves the theorem.

3.7 Observability Estimate

In this section, we prove an observability estimate for solutions of the homogenous problem
(3.8)-(3.14) for initial conditions in a smooth enough space as discussed in Remark 16. This
estimate will aid us to solve the problem of controlling any initial state in H’ to zero terminal

state.

Theorem 13. Let T > 0. Then every smooth solution of (3.8)-(3.14) satisfies the following

observability estimate:
'K , hi1Ey
o> War
0 2 2

W02 > (@S~ 92y 2Dyp) (3.30)

L haby
F2 F1h2 F1

(vh(1,0)7 + 22

(1) +

where
C = min (m,3K,h1E1, hip1, h3Es, hsps)
D = maz (mn®, hipy, h3ps3)

Fi = min(hip1, haps, hiE1, hsE3, m, K)
1 1
Fy = max (m, hip1, hsps, h1E1 + 2G27T2(N + hf), hsEs + 2G27T2(N + }‘T)j
2 2

K + NGyn?(Nhy + 1)).
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Proof: We first recall the identity proved in Lemma 2:

T
i / (b1 1)+ 2 / W32+ 2 / (wa(1,1))? =

[ [ [ [t [
T L A R A R
2h2/ / —v! +03)? + X.

2hyG
From above, we omit the term % / / wg as we are only looking for a lower bound

for the right hand side. We also recall the estimate on the term X as derived in Section 3.4 i.e

2D
X< —F
X| < B,
and hence
2D
X > ——FE(0).
>~ )

We use the above estimate along with similar estimating techniques as in Theorem 11. We

first estimate as follows:

Ga
<T E <T E
2h2// ol () < T2 E(0).

Hence

Go
> -T E(0).
2h2// ot Finy L0

We also have

RS WA R S AL
h3E3// 2h1P1// )2 h12E1/0T/01( 1y2

where

C = min (m, 3K, h1E1, hip1, h3E3, h3ps).

Putting all of the above together, we have the proof of the theorem.
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Combining Theorems 11,13,Remark 15 and using a density argument as in Remark 17, we

have the following theorem:

Theorem 14. Assume that constants m, hip1, hsps, h1FE1, hsEs, K are large enough so that

G C
Fy is independent of Go. Assume that 2 <~ and T is large enough such that
Fihy — F
2D
yA f—
¢ G
Fy Flhg
Then
T
K h1Eq h3E3
[ S+ A )+ R ) (3.40)

defines a norm equivalent to the energy norm ||.||s.

3.8 The HUM principle

In this section, we will apply Hilbert’s Uniqueness Method (see e.g [19]) to derive an exact
controllability result. First, we look at (3.30)-(3.36) with terminal state conditions and with

controls given by M(t), g1(t), g3(t) i.e

mzy + K Zuzze — N?hoGozey — NGao(—yt +42) =0 (3.41)
hlplytlt — hlElyim - fjj(—y1 + y3) — NGoz; =0 (3.42)
hapayy, — haBayy, + fj(—yl +9°) + NGaz, = 0. (3.43)
The boundary conditions are as follows:
2(0,t) = 2(1,t) = 2,(0,2) = 41(0,t) = 4>(0,t) = 0 (3.44)
z(1,t) = M(t),y (1,1) = 91(1). y* (1. £) = g3(¢), (3.45)
2(z,0) = 2°(2), 2(z,0) = 2} (x) (3.46)

y'(2,0) = y"%(2), 5, (2,0) =y (2), ¥’ (2,0) = y™(2), 9/ (2,0) = 5> (z).  (3.47)



42
It follows from Theorem 12 that for initial conditions (2!, y!!, 43, 20,410 43%) € H’, the prob-
lem (3.41)-(3.47) has a unique solution (z, v, ¥, z, y', %) € H' Vt € R.

Definition 11. The problem (3.41)-(3.47) is exactly controllable if for any given pair of initial

and terminal states

((hy™ v 20910 0%, eyt vt 20y ut)) € M,

there exist controls (M (t), g1(t), g3(t)) in L2[0, T] such that the solution of (3.41)-(3.47) satisfies
2(x,T) = 2%, 2(x, T) = 2% (3.48)
yl(x7 T) = y%pv yg(ma T) = y%“la yS(x7 T) = y%oa y?(l‘, T) = y%“l' (349)

Theorem 15. Assume that constants m, hip1, hsps, h1F1, hsFEs, K are large enough so that

G C
2 <~ and T is large enough such that

Fy is independent of Gy Assume that 5~ < o

where

min (m,3K, h1E1, hip1, h3E3, h3ps)

g @
Il

= maz (m71'2,h1p1,h3p3)

Fy = min(hyp1, hsps, h1 Ev, hsEs,m, K)

F> = max (m, hip1, haps, hiE1 + 2G27r2(N + th), hsEs3 + 2G27r2(N + }32),
K 4+ NGor*(Nhg + 1)).

Then for any pair

oyt v 20910 0%, oyt vt 20y ut)) € M,

there exist controls M (t), g1(t), g3(t) in L%[0,T)] such that the solution of (3.41)-(3.47) satisfies
2(z,T) = 2%, 2z(x, T) = 2% (3.50)

y (z,T) = vyt (2, T) =y, 3 (2, T) = v, y3 (=, T) = yi. (3.51)
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Remark 20. Let us consider the solution of the problem

Mzt + K 2pzze — N?hoGobey — NGao(—92 +42) = 0 (3.52)

. . G . . .
hap19l — hEvit, — h—j(—y1 + %) — NGa2y =0 (3.53)

. . Gy, 4 . .
hgpgyft — thgygz + hfj(—yl + yg) + NGQZx = 0, (3.54)
2(0,t) = 2(1,t) = 2,(0,t) = 91(0,t) = 53(0,t) = 0 (3.55)
2:(1,t) = 0,9'(1,1) = 0,9°(1,¢) = 0, (3.56)
2w, T) = 2%, 2(x,T) = 2 (3.57)
gl(x, T) = y%pv ytl(xa T) = y%’la QS(:I% T) = y%“oa Q?(J), T) = y%“l' (358)

and assume that there exists controls M(t), g1(t), g3(t) € L?[0, T] such that the solution of the

problem:
Mzt + K 2ppzr — N2hoGozey — NGo(—yt +y3) =0 (3.59)
hipryly — i Evyy, — ij(—yl +9”) = NGaz, = 0 (3.60)
hapsys, — haEsys, + i;(—y1 +9%) + NGaz, = 0, (3.61)
2(0,t) = 2(1,t) = 2,(0,t) = 41 (0,¢) = y*(0,t) = 0 (3.62)
ze(1,8) = M(t),y" (1,8) = g1(1), y°(1,) = g3(t), (3.63)
2(z,0) = 2° — 2(,0), 2(2,0) = 2* — 2(x,0) (3.64)
y'(z,0) = y' = §'(2,0), (3.65)
yi (2,0) =y = 9; (2,0),4°(2,0) = y* — §°(2,0), 4 (2,0) = y*' — 3 (2,0),
satisfies

2(x,T) =0, 2z(x,T) =0 (3.66)

yl(x,T) = O,yt1 (z,T) =0, y3(a:,T) = O,yf’(x,T) =0. (3.67)
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Then by linearity, Z = 2 + 2,§* = g + y!, 7° = 93 + y> is the solution of (3.41)-(3.47) and

it satisfies (3.48)-(3.49). For this reason it is sufficient to prove Theorem 15 in the special case

(zpyr sy 20y, yi)) = (0,0,0,0,0,0).
End of Remark 20.

Remark 21. Remark 20 can also be seen as a consequence of the fact the semigroup that
arises from (3.59)-(3.61) is invertible due to the conservative nature of the problem and using

Theorem 2, Chapter 1.

The first idea of HUM (Hilbert’s Uniqueness Method) is to seek controls of the form
(M(t),91(t),93(t)) = (wee(1,t),v1(1,t),v3(1,¢)) where (w,v!,v3) is a solution of (3.8)-(3.14)
with initial conditions (w!,v!!, v3!, w% v19 v3Y) € H. Let us recall (see Theorem 10, Remarks

16-18) that given (w!, v, v31 w? v v3%) € H, (3.8)-(3.14) has a unique solution satisfying,
(waa(1,1),v5(1,1), 2 (1,1)) € L*[0, 7],
(see Theorem 11) and the linear form
(wh, o™ 03w 010 030) = (wee(1,1),vE(1,1),v3(1,1))

is continuous from H to (L?[0,7T])3.
As mentioned in Remark 20, we consider the problem of controlling every state in H’ to

zero in time T. For clarity, we rewrite the problem again:

mzy + K 2uzze — N?hoGozey — NGao(—yk +42) =0 (3.68)
G

hap1yl — hiEyyl, — hij(*yl +4%) = NGazp =0 (3.69)
G

hgpgy?t — thgygx + hfj(—yl + y3) + NGQZQU = 0, (3.70)

Z(O,t) = Z(lat) = zx(07t) = y1(07t) = y3(07t) =0 (371)

2e(1,t) = wee (1,1), 4 (1, 1) = vk(1,1),53(1, 1), = v*(x)(1) (3.72)
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2(x,T) =0,z(x,T) =0 (3.73)
y'(x,T) =0, (3.74)
1 _ 3 _ 3 _
Yt (IL‘, T) - Ovy (:L'aT) - ant (IE,T) =0.
Using Theorem 12 we deduce that the problem (3.68)-(3.74) has a unique solution satisfying

(z:(0), 52 (0),52(0), 2(0),4*(0),4%(0)) € H'. Hence we have defined a map A : H — H’ which

takes the homogenous initial conditions and maps it to non-homogenous initial conditions i.e

A® 0% 0™ wh vt o) = (24(0), 5 (0),57(0), 2(0), ' (0), 4°(0)).
If (wh, vt v3 w v10 %) are such that

(2¢(0), 3£ (0),52(0), 2(0), 5% (0),5*(0)) = (=%, g™, 5%, 20, y'%, %),

then the controls given by M (t) = wa.(1,t),g1(t) = vi(1,t), g3(t) = v3(1,¢) drives the system
(3.41) - (3.47) to rest in time 7. Thus, Theorem 15 will be proved if we show the surjectivity
of the map A : H — H’. For technical reasons it is more convenient to study the surjectivity

of the map
A(w()? le’ 0307 wl’ UH? U31) = (Zt(o)v ytl (O)a yf(o)v _2(0)7 _yl(o)v _yS(O)).

Clearly, the two maps ]\, A are surjective at the same time.

In fact, we have a stronger result:

Lemma 3. Assume that constants m, hip1, haps, h1E1, hsEs, K are large enough so that Fs is

G C
FlfLQ < 5 and T 1is large enough such that

independent of Go. Assume that

¢ _ G
Fy  Fihy

Then A is an isomorphism of H onto H'.

Proof: Clearly A is a linear map. Next we compute the following:
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We first multiply Equation (3.30) by w and integrate by parts.

T 1 1 T 1
/ / mzttw:/ m(ztw—zwt)ﬁg—l-/ / M2ZWet.
—N2G2h2/ / zmw:NQGghg/ / ZpWy = —N2G2h2/ / ZWa -
0 0 0 0 0 0
T 1 T 1
—NG2/ / (—y1+y3)xw:NG2/ / (—y' +9°)ws
o Jo o Jo

Next we multiply Equation (3.31) by v! and integrate by parts.

hlpl/ / Yo —hlﬂl/ (yiv' —y'o))liZ 0+h1P1/ / y g

T 1 T
—hlEl/ / yixvl ZhlEl/ / yxvx —hlEl/ gl() 1 t hlEl/ / y 1)
0 0 0 0
T 1
—NGQ/ / Zoy" :NGZ/ / zy}c
0 0 0 0

T 1
We leave the term —%/ / (—y' 4 3*)v! unchanged.
2 Jo 0

Next we multiply Equation (3.32) by v3 and integrate by parts.

T 1 1
h3p3/ / ypv® = h3,03/ (yiv® — o= + h3ﬂ3/ / yiup,.
0 0 0

T 1 T 1 T T 1
thg/ / ygzv3 = h3E3/ / yivi = h3E3/ gg(t)vg(l,t) — thg/ / y3’l)2r
0 0 0 0 0 0 0
T 1 T 1
NGQ/ / zxy?’ = NGQ/ / zyg.
0 0 0 0

G T 1
We leave the term ——= / / (—y' + 9*)v® unchanged.
2 0
Adding all the terms obtained above, using the zero terminal state condition and using the

controls given by M (t) = wy,(1,t),91(t) = vi(1,1),g3(t) = v3(1,t), we get
< A(w®

’ 30’ wl’ Ull, 1}31)7 (wO7 ,U107 1)30, ’LUl, ’Ull, 1)31) >H’,H (375)

10y
T
- / Kw:%:c(l) + hlEl(Uglc(lvt)>2 + h3E3(v2(17t))2dt'
0
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By Theorem 14, we have that if the parametric restrictions stated in Lemma 3 are satisfied,
then

T
/ Kwi, (1) + hi B (vg(1,6))* + ha E3(v3(1, 1)) dt
0

defines a norm equivalent to the energy norm. The two inequalities show boundedness and co-
ercitivity of A and hence by the Lax-Milgram theorem A : H — H’ is an isometric isomorphism.
This proves the Lemma.

Proof of Theorem 15: Lemma 3 proves the surjectivity of the map A and hence keeping

Remark 20 in mind, we have the proof of Theorem 15.

3.9 Inclusion of the moment of inertia term

In this section we consider the problem (3.1)-(3.7)(see e.g [6],[30]) with an additional term

namely —awg,. We rewrite the problem with this extra term in place.

mwy — 0Waptt + KWeppy — N2hoGowpy — NGQ(—’U; + vi) =0 (3.76)
G

hipivg — by By, — h—Z(—vl +v3) — NGow, =0 (3.77)
2

h3p3vs, — haFsvd + %(—vl +v3) + NGow, = 0. (3.78)
2

The boundary conditions are as follows:

w(0,t) = w(l,t) = w(0,t) = v (0,¢) = v3(0,¢) = 0 (3.79)

wr(Lt) = M(t)a Ul(lat) = gl(t)a Ug(lat) = 93(t)a (3'80)

where M (t), g1(t) and g3(t) are control inputs at the right end. The initial conditions are
as follows:
w(z,0) = w’(x),w(x,0) = w'(x) (3.81)

vl(xz,0) = v'%x), v} (z,0) = v'(2),v*(x,0) = v3°(2), v} (x,0) = v* (). (3.82)
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3.10 Semigroup Formulation (with the inclusion of additional term)

We consider the homogenous problem first. We recall the homogenous problem once again.

MWy — 0Wagtt + KWepee — N2hoGowgy — NGa(—vk +03) =0 (3.83)
G

hipiv}, — hiEyvl, — h—j(—vl +03) = NGow, =0 (3.84)
G

h3p3vs, — haFsvd + h—Q(—vl +v3) + NGow, = 0. (3.85)
2

The boundary conditions are as follows:

w(0,1) = w,(0,1) = wy(1,t) = v1(0,1) = v3(0,¢) =0 (3.86)

w(l,t) = 0,0 (1,t) = 0,v(1,t) = 0, (3.87)
The initial conditions are as follows:

w(z,0) = w’(x), w(x,0) = w'(x) (3.88)

vl (z,0) = v'%x), v} (x,0) = v'(2),v*(x,0) = v*°(2), v} (x,0) = v*(z).  (3.89)

Let Y = (w1, w2, ws, wy, ws, we)! = (w,v!,v3, wy, v}, v})T = (U, V)T. Then Equation (3.76 -
3.78) can be rewritten as follows.

dY
y7 AY, Y (0) = (wo,vw,vgo,wl,vn,v?’l)T (3.90)

where (using D = 8% and J = mI — aD?)

J Y (=KD*+ N2h,GyD?) J Y(=NGyD)  J YNG,D)

- N E
A= “2p Eipe G G2 ,
h1p(1; p1 G hahip1 . h2hlp1G
NGy 2 By o Go
h3p3 hahsps3 P3 hahsp3
O3x3 I3x3
A= X x : (3.91)
A 0O3x3

D(A) = H, x H% x H2 x H x HY x HY,
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and

H ={¢ € H*0,1) : $(0) = (1) = ¢5(0) = (1) = 0}
H} ={¢ € H*(0,1): $(0) = ¢(1) = ¢5(0) = ¢(1) = 0}

A:D(A) — H =H2 x H}(0,1) x H}(0,1) x H}(0,1) x L*(0,1) x L*(0,1)

The energy inner product is given by the following;:

w w
vl ol
3 ~3
v v L — — 1=1 33 - 1=1
< ) >e= mwtwt+athth+hlplvt Uy +h3ﬂ37)t Uy +waxwx:(:+hlElvam
Wy (on 0
1 ~1
U Ui
3 ~3
Ut Ut

+hyEsv3i. + Gaha(hy ' (—v* + %) + Nwg) (hy (=01 + 03) + Nibg)da.
Consequently we have the following expression for the energy norm:
1
E(t) = [|(w, 0", v, we, v, 0} )13, = / mw; + awy, + hipi(vy)” + haps(v))* (3.92)
0
1
+/ ngz + hlEl(’U;)2 + thg(’Ug)2 + Gghg(hgl(—’ul + ’()3) + wa)2
0

As in Section 3.2, we define a new norm E (t) which is equivalent to the energy norm and easier

to work with.

E(t) = waIH%Z(oJ) + ||wt||%2(o,1) + ||th|‘%2(o,1) + HvtlH%?(oJ) (3.93)

HlwA B2 + 1012200 + 103220,

As in the previous case, we have the following theorem.
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Theorem 16. The norms E(t) is equivalent to E(t), i.e there exist constants Fy > 0 and

Fg > 0 such that

FE(t) < E(t) < FyE(1), (3.94)
where
Fl = min(a, hlpl,hgpg,hlEl,thg,m, K) (395)

. 1 1
Fy = max (m,a, hip1, hsps, h1E1 + 2G27T2(N + hf), hsEs3 + 2G27T2(N + hf),
2 2

K + NGyn?(Nhsy + 1)).

Proof : The proof proceeds exactly as in Theorem 9.

We also have the following remark:

Remark 22. It turns out that E(t) is an easier norm to work with. The fact that F is
independent of the coupling constant G will be needed later on while proving estimates.
Furthermore, constants m, a, h1p1, haps, h1 E1, hsFs, K can be chosen large enough so that Fg

is also independent of Go.
As in the previous case, we have the following theorem:
Theorem 17. A is the infinitesimal generator of a strongly continuous semigroup on H.

Proof : The proof follows the same lines as the proof of Theorem 10. For completeness,
we show the calculations again.

We can easily check that A* = —A and D(A*) = D(A) by direct calculation. Next we
check that both A and A* are dissipative on H. Then the result will follow from the Lumer-
Phillips theorem (see e.g. Pazy [27]). We show the calculation for A. The calculation for A* is
similar. Let Y € D(A) be given by Y = (21, x2, 23, y1,¥2,¥3). < AY,Y >, consists of various
terms.

1
Term 1 = / mJ N (=K D'z + N?hoGoD?xy + NGo(—22 + 3))71
0

1
Term 2 = / aD(J Y (=K D*z; + N?gohoD*xy + NG D(—x9 + 23))) D
0



o1

1
= —/ OéD2(J71(—KD4SUl + N2gzh2D21’1 + NGQD(—IQ + 333)))3]1
0

! 1 G
Term 3 = / hlpl(i(hlElDZ.TQ + i(—[ﬁg + 1’3) + NGQDCEl))QQ
0 hip1 ho

1

.« .

= / —h1E1DxoDys + h72(_x2 + 23)72 — NGax1Dxo
0 P

! 1 G
Term 4 = / h3p3(7(h3E3D2:133 - i(—CEQ + LL’3) — NGQDCCl))QQ,
0 h3ps ha

1

G o

= / (—h3E3Dx3Dy3 — h—j(—xg + 23)73 + NGaz1 Dys3)
0

1 1 1
Term 5 = / KD?y D2z = / — KDy D3z, = / Ky, D4z,
0 0 0
1 [
Term 6 :/ hi1E1DysDxo
0
1 [
Term 7 :/ hsFEsDysDxs
0
1
Term 8 = / GQhQ(h;l(—yQ + yg) + NDyl)(hgl(—fg + f‘g) + ND:El)
0

1

a _ -

= / <7h22 (—y2 + y3)(—3_32 +3_?3) - N2G2h2y1D21‘1 — NG2D<—y2 + y3).f'1 — NGleD(—ZCQ + 1‘3))
0

Adding Terms 1 through 8 and rearranging, we get the following. Note that the term J~!

cancels with J while adding all the terms.
1 —_— —
<AY,Y >y= / K(D*az1y1 — D'x1yin) + N?Gaho(D*2131 — D2a1y1)
0

—i—NGg(D(—arg—i—xg)gjl—D(—xg + x3)y1)+h1E1 (Dyng'Q—DygDa?Q)+h3E3(Dy3D.%'3—Dy3D:C3)

o aQ o .
+NGo(x1D(—y2 + y3) — D(—y2 +y3)T1 + fj((_yQ +y3)(—z2 + x3) — (=22 + 23)(—y2 + ¥3))-

Hence, once again we have Re (< AY,Y >7/) = 0 and hence A is a dissipative operator
and the proof is complete.

Remarks 16,17 and (18) hold true in this case also.
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3.11 An important identity (with the additional term)

We recalculate the identity obtained in Section 3.3 with the moment of inertia term in-

cluded.

Lemma 4. Let T > 0. Then every smooth solution of (3.83-3.89) satisfies the following

identity:

T
s / (h(1, 1)) + 2222 / (L0 + / (waa(1,))? = (3.96)

m//t+// N%GQ// _//
A st [ Lot ] et [ [
th// —o ) 4 X

where X = / TMWET Wy — QWagpt TWe + hlplvng; + hgpgv{?xvi\ii%

Proof: The proof proceeds exactly like in Theorem 2 except for an addition calculation
which results while multiplying Equation (3.83) by zw, and integrating by parts. We show

that calculation here.

T 1 T T 1
t=T
- / / WaattTWy = —Q / Weat TWy[j—y + / / Waat TWat
0 0 0 0 0
T 1 T 1 T 1
_ 1L, o 2
o Wept TWy = O w(ith)x =5 w
0 0 0 0 0 0

T 1 T T 1

_ t=T & 2

—a Wogtt TWy = —0 | Wegpdwy |y — 5 w
0 0 0 0 0

The rest of the calculations remain the same and the Theorem is proved.

Hence we have

3.12 Estimating X (with the additional term)
We estimate the term X in a manner similar to Section 3.4.

1

1,1 =T

X = mwirwy + hip1v; v, + h3p3vf’wv§ — a/ Wt LWy ,’g:O
0
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We first look at

1 1
X(t) = / MW LW, + hlplvtlxvglc + hgpgv?xvg — a/ Wt TWy -
0 0

The only additional estimate as compared to Section 3.4 is due to the moment of inertia

term. We only show that part here.

A 2D
Hence following the same lines as in Section 3.4, we have |X| < DE(t) < ?E (0) where
1

N

D = max (m7r2, hlpl,hgpg,hlEl, thg,Oé).

3.13 Hidden regularity estimate (with the additional term)

Following the same lines as in Section 3.5, we derive an analogous hidden regularity estimate
for the homogenous problem (3.83)-(3.89). This estimate will allow us to define a weak solution

to the controlled equations (3.76)-(3.82).

Theorem 18. Let T' > 0. Then every smooth solution of (3.83)-(3.89) satisfies the following

Zhidden” reqularity estimate:

T T T 5
BB [etaor+ 2 [aaor+§ oo < EE2200, 6o

where
D= maz (m7r2, hip1, hsps, h1Eq, hsEs, a),
C = maz (m,3K, N?hoGon?, h1E1, hip1, haFs, hs, p3),
Fy = min (a, h1p1, hsps, hi E1, hsE3,m, K).
As a consequence, the linear form (w', v, v3' w® v v30) — (W, (1,1),v1(1,1),v3(1,1))

is continuous from H to (L*[0,T])3.

Proof : The proof follows the same steps as in Theorem 11.
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3.14 Solution of the non-homogenous problem (with the additional term)

In this section, we use the regularity estimate proved in Theorem 18 to show the existence
of weak solutions for the non-homogenous problem. To maintain consistency of notation, we

rename the variables in Equations (3.76)-(3.82) as follows:

mzy — OZgart + K 2ppgr — N2h2G2za}x - NGZ(_y:}: + yg) =0 (398)
G

hipiyl — hiEyyl, — h—j(—yl +43) = NGazp =0 (3.99)
G

hapsyi; — hsEsyy, + hfj(—yl +1%) + NGaz =0. (3.100)

The boundary conditions are as follows:

2(0,1) = z(1,t) = 2,(0,t) = 41(0,t) = 43(0,t) = 0 (3.101)

2(1,t) = M(t),y (1,1) = g1(1). y* (1, £) = g3(t), (3.102)

where M (t), g1(t) and g3(t) are control inputs at the right end. The initial conditions are

as follows:

2(z,0) = 2%(2), 2(z,0) = 2! (2) (3.103)

y'(2,0) = y"%(2), 5, (2,0) =y (2), ¥’ (2,0) = y™(2), 9/ (2,0) = 5> (z). (3.104)

In order to define a solution for Equations (3.98)-(3.104), we first multiply Equation (3.76)
by z and formally integrate by parts. We have the same terms as in Section 3.6 except for the

following;:

1
—a/ / Weatt? = —a/ (Wagtz — Wez2t) |12 —a/ / WogZtt
/ / Wrxtt = Oé/ / Wy Zytt = —Oé/ / WZyatt-

So in all, the extra term amounts to the following:

T 1 1 . T 1
t=
_a/ / Wertt? = _a/ (wx:ctz - w:carzt)|t:0 - a/ / WZxaxtt-
0 0 0 0 0
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Now we multiply Equation (3.77) with y!, Equation (3.78) with y? and formally integrate
by parts. Since we get exactly the same terms as in Section 3.6 we choose not to repeat the
terms.

Adding everything from above and rearranging, we get the following:

1
/0 ((mI — D®wy(T)2(T) — (mI — D*)w(T)z(T))

1
— /0 ((m]— _ DZ)wle . (mI o D2)w0z1) 4 h1p1(vny10 o leyll) 4 h3p3(’l}31y30 _ ,USOySl)
T
+/ K (1, )M (E) + by Brol(1,)g1(8) + hs Bsv(1, )5 ().
0
We define the following linear form.

(w010 030wt vt W3 = (3.105)
/ Ko (1, )M (E) + by Erol(1,)g1(8) + hs Bsv(1, £)gs(t)

< (=(mI — D}2Y, —y't, —48L (mI — D2)20, 410, 430, (w®, 010, 30, w11, 431 > 0034,
where
< (=(mI — D21, —y't, —8L (mI — D?)20, 410, 4%, (w0, 010, %0, w, p11, 431 > 0021
_ /1((mI — D2w'2® — (mI — D2z + hapr (0110 — v10h1) 4 hypy (0330 — 30451).
0
Using the above defined linear form, we can rewrite everything from above as follows:

Ly ((w®, 010,030 w! ot o3 T) = (3.106)

< (=(mI = D)z, —y, —yi, (mI — D*)z, 4",y )=, (w, 0", 0% w0, 0% e >93¢
Definition 12. We say that (z,y',y3, 2,4}, ;) is a solution of (3.30)-(3.36) if
(z, 95,02, 26,8, y3) € HE(0,1) x L2(0,1) x L(0,1) x L2(0,1) x H7*(0,1) x H~%(0,1)
and (3.106) is satisfied V¢ € R and

V(wo,vm,vgo,wl,vn,v?’l) e H.
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Theorem 19. Given
(2%, 910y 2yt ) € H(0,1) x L2(0,1) x L*(0,1) x L*(0,1) x H'(0,1) x H~'(0, 1),
and M(t), g1(t), g3(t) € L?[0,T), the problem (3.98)-(3.104) has a unique solution.

Proof : It is clear from Theorem 18 that the linear form defined in Equation (3.105)
is bounded on H for every ¢t € R. Furthermore, due to conservation of energy, the linear

0,10 ,30 .1 ,11 31
™)

map (w,v!, v3, wg, v!, 03 =r = (W0, 010, 0%, w! v is an isomorphism from H onto it-

self. Hence the linear form (w,v!,v3 wy, v, v3)|=r — Lp((w?, 00,030 w v v31)) is also
bounded on H. Therefore, by the Riesz representation theorem, there exists a unique ele-
ment (3, vy}, v, 2, yL, v3) i=r € H' satisfying Equation (3.106). Next, we note that the op-
erators (mI — aD?) : H}(0,1) — H~Y0,1) and (mI — aD?) : L*(0,1) — H~2(0,1) are

isometric isomorphisms. Hence given (2, %)= € H1(0,1) x H~2(0,1), we can solve for

(2, 2t)li=r € H3(0,1) x L?(0,1) from the following equations:
(mI — D*)2(T) = 2(T), —(mI — D*)%(T) = %(T), ¥t € R

This proves the theorem.

3.15 Observability Estimate (with the additional term)

In this section, we prove an observability estimate for solutions of the homogenous problem
(3.83)-(3.89) for initial conditions in a smooth enough space as discussed in Remark 16. This
estimate will aid us to solve the problem of controlling any initial state in H’ to zero terminal

state.

Theorem 20. Let T > 0. Then every smooth solution of (3.83)-(3.89) satisfies the following

observability estimate:

h3E3 é G2 (0% 2D
—5 (L) = (T( = (5~ +
2 Fy Fihy 2K Fy

TK2

w hlEl
0 2 Tx

2

(1) + (v(1,1))* +
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where

C = min (m,3K, hlEl,hlpl,thg,hgpg)
f) = maxr (m7r2,h1p1,h3p3, hlEl,thg,a)

Fy = min(a, hipr, haps, hi E1, haEs3,m, K)

+i)
hy’

K + NGyn?(Nhy + 1)).

. 1
Fy = max (m,a, hlpla hgpg, hi1Ey + 2G27T2(N + hf), hsE3 + 2G27T2(N
2

Proof: We first recall the identity proved in Lemma 2:

T
hlEl/ (0 (1,1))? +h3E3/ (W3 (1,1))? +K/ (W (1,1))? =

m/ /wt+/ / N2h2G2/ / w? + h303/0 /01(05’)2
+h3E3/ /(Ug)zhlm/ /@g)uhlfl/o /0<vi>2
th// —vl 032+ X

From above, as in Section 3.7, we omit the term

N2hyGo
2

a lower bound for the right hand side. We also recall the estimate on the term X as derived

In fol w? as we are only looking for

in Section 3.12 i.e

2D
| X| < —FE(0),
Fy
and hence
2D
X > — F(0).
Fy

We use the above estimate along with similar estimating techniques as in Theorem 18. We

first estimate as follows:

Go
v—i—v <T E T — FE(0
2h2// 2l () < T2 E(0)

Hence

Go
—o! +v 2> _ 72 E0
2h2/ / F1h2 ( )
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We have an additional estimate due to the moment of inertia term

T 2F
and hence

We also have

2 T .l T A
R A R e W AC s
2 o Jo 2 Jo Jo
S [ [ fr- 2 [
2 Jo Jo "

> TCE(t) >
F2
where

(0),
é = min (m, BK, hlEbhlpl,thg,hgpg)

Putting all of the above together, we have the proof of the theorem

Combining Theorems 18 and 20 and using a density argument as in Remark 17, we have
the following theorem:

Theorem 21. Assume that constants m,«, h1p1, hsps, h1E1, hsEs, K are large enough so that
Fg 1s independent of Go. Assume that

g G2 (6]

— > (=——+—)
Fy Fihy 2F;

and T is large enough such that

2D
T > (j 521 -
?2 - (Fth " 27%1)
Then

T
K hiE hsE.
S wae(1) + =5 (0 (1,6)° + =2 (0(1,1))°
0

(3.107)
defines a norm equivalent to the energy norm ||.||x
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3.16 The HUM principle (with the additional term)

As in Section 3.8, we will apply Hilbert’s Uniqueness Method (see se.g [19]) to derive an

exact controllability result. First, we look at (3.98)-(3.104) with terminal state conditions and

with controls given by M (t), g1(t), g3(t) i.e

Mmzy — gzt + K 2pper — N2h2G2'ZCCI - NG2(_yi + yi) =0
G
hipryy, — i Bry,, — ]722(—y1 +1°) = NGz, = 0

Go
h3p3y?t — thgygx + h—2(—y1 + y3) + NGQZQC =0.

The boundary conditions are as follows:
2(0,1) = 2(1,t) = 2,(0,t) = 41 (0,t) = 43(0,t) = 0

Zw(lat) = M(t),yl(l,t) = gl(t)7y3(17t) = g3(t)7

2(z,0) = 2°(x), z(z,0) = 2} (x)

yH(2,0) = y"(2),y/ (2,0) = y" (2),1°(2,0) = y*(2), 5} (2,0) = y* (2).

It follows from Theorem 19 that for initial conditions
((mI - O[DQ)ZI y117 y317 (mI - OZD2)207 y107 ygo) S Hl?
the problem (3.108)-(3.114) has a unique solution (2, yt, v}, z,y%, y3) € H'.

Definition 13. The problem (3.108)-(3.114) is exactly controllable if for any given

(%", 9% 2y Y, (3 s 2, yt U €

HL(0,1) x L*(0,1) x L*(0,1) x L*(0,1) x H~1(0,1) x H71(0,1)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

(3.114)

there exist controls (M(t),g1(t),g3(t)) in L2[0,T] such that the solution of (3.108)-(3.114)

satisfies

z(x,T) = z%, zt(x,T) = z%

yl(w,T) = y%“ov ytl(x,T) = y’}l“la y3(:L‘,T) = y%‘oa yf’(x,T) = y%“l'

(3.115)

(3.116)
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Theorem 22. Assume that constants m,«, h1p1, hsps, h1E1, hsEs, K are large enough so that
Fy s independent of Go. Assume that

é GQ [0
— > (=—+—=)
F2 Flhg 2F1

and T is large enough such that

where

min (m, 3K, hiE1, hip1, hsE3, haps)
maz (mn?, hip1, haps, h1 v, h3E3, )
1 = mian(o, hipt, haps, hiE1, haEs,m, K)

1 1
max (m, o, h1p1, haps, h1 E1 + 2G27T2(N + hf), hsEs + 2G27T2(N +—),
2

2
K + NGyn?(Nhg + 1)).

Then for any pair

(2% 9", 9% 2y ), (2, ur v 2 ur s yt)) €

HL(0,1) x L*(0,1) x L2(0,1) x L*(0,1) x H~1(0,1) x H71(0,1)

there exist controls M(t), g1(t), g3(t) in L2[0,T] such that the solution of (3.108)-(3.114) sat-
isfies

2(x,T) = 29, 24, T) = 2% (3.117)
yl(x7T) = y%p, y7t1<x7T) - y’%la yg(x7T) = y%oa y?($,T) = yi%l (3118)

Remark 23. For a similar reason as in Remark 20, it is sufficient to prove Theorem 22 for
the special case

oy v 20,y i) = (0,0,0,0,0,0).
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As in Section 3.8, the first idea of HUM (Hilbert’s Uniqueness Method) is to seek controls
of the form (M(t),g1(t),93(t)) = (wee(1,t),vE(1,1),v3(1,t)) where (w,v!,v?) is a solution of
(3.83)-(3.89) with initial conditions (w'!,v'!, v3' w® v v3%) € H. Let us recall (see Theo-
rem 17), Remarks 16-18) that given (w!, vl v3 w® v10 v3%) € H, (3.83)-(3.89) has a unique

solution, wy,(1,t),vL(1,t),v3(1,t) belonging to L2[0,T] (see Theorem 18) and the linear form
(w', ot v w010 0%) = (wea (1,1), v5(1, 1), 03(1, 1))

is continuous from H to (L?[0,7T])3.
As mentioned in Remark 23, we consider the problem of controlling every state in Hg (0, 1) x
L2(0,1) x L?(0,1) x L?(0,1) x H=%(0,1) x H=%(0,1) to zero in time T. For clarity, we rewrite

the problem again:

M2y — OZggtt + K Zpnnr — NQhQGQch — NGQ(—y; + yf;) =0 (3.119)
G

hiprysy — i Eryb, — hf(—y1 +y%) = NGz =0 (3.120)
G

h3p3y?t — thgygx + h—j(—yl + y3) + NGQZI =0. (3.121)

2(0,t) = 2(1,t) = 2,(0,t) = 41 (0,t) = 4>(0,) = 0 (3.122)

z(1,1) = M(t),y" (1,t) = 1 (), y°(1,¢) = g3(1), (3.123)

2(x,T)=0,2z(x, T) =0 (3.124)

y (z,T) =0,y (z,T) =0, (3.125)

ys(x,T) = O,y?(a:,T) =0.

Using Theorem 19 we deduce that the problem (3.119)-(3.125) has a unique solution satisfying
((mI —aD?)2(0),y+(0),y3(0), —(mI — D?)z(0), y*(0),43(0)) € H'. Hence we have defined the
following map A : H — H’

A, v, 0%, wh ot 0% = ((m] — aD?)24(0), 5 (0), 47 (0), (mI — aD?)2(0),5"(0),5°(0)).
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If (wh, vt o3t w010 30) are such that
((mI - aDQ)Zt(O)a ytl (0)7 yf(O)v (mI - DQ)Z(O), yl (0)7 yB(O)) =

((mI — ()¢D2)z1 ytt 3t (mI — aDQ)ZO,ylo,y3O),

then the controls given by M (t) = w..(1,1),91(t) = vi(1,t),g3(t) = v3(1,t) drive the system
(3.108) - (3.114) to rest in time 7". Thus, Theorem 15 will be proved if we show the surjectivity

of the map A : H — H’. For technical reasons it is more convenient to study the surjectivity

of the map
A(wo 1}10 U30 wl UH 1}31)
= ((mI - aDQ)Zt(O)a yt1(0)7 yg(o)v _(mI - 04D2)Z(0), _yl (0)7 _y3(0))
Clearly, the two maps ]\, A are surjective at the same time.

Once again, we have a stronger result:

Lemma 5. Assume that constants m, c, h1p1, hsps, h1E1, hsEs, K are large enough so that Fy

is independent of Go. Assume that

é G2 (6
-—>(=—+
F2 F1h2 2F1

and T is large enough such that

2D

~

T> | —= Iy
£_<G2 «

= + —
Py Fihe  2F
Then A is an isomorphism of H onto H'.

)

Proof: Clearly A is a linear map. We calculate the following:
0,10 ,3 , 1 11 31 0,10 .30 1 11 31
< A(w”, v, 07w v v, (W v v wT, v, v0) S

As in the proof of Lemma 3, we multiply Equation (3.98) by w, Equation (3.99) by v!, Equation
(3.100) by v and integrate by parts. We get exactly the same terms except for the following

additional term due to moment of inertia:

T 1 1 T T 1
t=
—a/ / ZppttW = —a/ (ZoatW — Zzawi) |i—o —a/ / 2Wagtt-
0 0 0 0 0
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Adding all the terms from Lemma 3 with the term above, using the zero terminal state
condition and using the controls given by M (t) = w,(1,t),g1(t) = vi(1,t), g3(t) = v3(1,t), we

get the same right hand side as in Equation (3.75).

< A(wo’ UlO’ 0307 wl, Ull, U31), (wO, ,Ul()’ 'USO, wl’ 'Ull, U31) >H/7H (3126)

T
= / Kwl, (1) + hi Ey(vg(1,))? + hs B3 (v3(1, 1)) dt.
0

By Theorem 21, we have that if the parametric restrictions stated in Lemma 5 are satisfied,
then

T
/ Ku?, (1) + b Byl (1,6))° + hsBs(o3(1, 1))t
0

defines a norm equivalent to the energy norm. The two inequalities show boundedness and
coercitivity of A and hence A : H — H’ is an isometric isomorphism. This proves the Lemma.
Proof of Theorem 22: Lemma 5 proves the surjectivity of the map A and hence keeping

Remark 23 in mind, we have the proof of Theorem 22.

Remark 24. Put in words, Theorem 15 and 22 state that for certain parametric restrictions
and a sufficiently large control time 7', the two problems presented in this chapter are exactly

controllable in appropriate spaces.

Remark 25. We have illustrated in this chapter that observability of the homogenous prob-
lems (3.8)-(3.14),(3.83)-(3.89) implies controllability of the non-homogenous problems (3.30)-
(3.36),(3.98)-(3.104). We have also seen that the controls that drive the non-homogenous
problems (3.30)-(3.36),(3.98)-(3.104) from one state to another in appropriately defined spaces
were explicitly constructed using the solution of the homogenous problems (3.8)-(3.14),(3.83)-

(3.89). This is the essence of the HUM principle.
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CHAPTER 4. Exact controllability results for a Rao-Nakra sandwich

beam using the moment method

4.1 Introduction

In this chapter, some results from [14],[15],[16] are summarized. The following formulation

of the Rao-Nakra model (adapted here for a beam model) is described in Hansen[6].

map — aD2 4+ KD*w — DyNho(Gap 4+ G2¢) = 0 on (0,L) x (0, 00) “1)

hopoVo — hoEpD2ve + BT (Gap + Gap) = 0 on (0,L) x (0,00)

where ¢ = hy 'Bvo + Nw,. In addition we consider the following controlled boundary condi-
tions:

w(0,t) = D2w(0,t) = Dyvo(0,t) = w(L,t) = 0 t>0, (42)

KD2w(L,t) = M(t), hoEoD,vo(L,t) = go(t) i>0 '

In the above, w denotes the transverse displacement of the beam, ¢ denotes the shear angle of
the core layer, vo = (v1,v3)7 is the vector of longitudinal displacement along the neutral axis
of the outer layers. (i = 1,3 is for the outer layers, i = 2 is for the core layer.) The density of
the ith layer is denoted p;, the thickness h;, the Young’s modulus E;, the shear modulus of the
core layer is Go. We let m = Y h;p; denote the mass density per length, o = p1h3/12+pgh3 /12
denote a moment of inertia parameter, K = E1h$/12 + E3h3/12 denote the bending stiffness.

In addition,

po = diag(p1,p3), ho = diag(hi,h3), Eop = diag(E1, E3)

_h1+h2+h3

B=(-1,1 N
(-1,1), v
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The boundary control functions acting at the right end of the beam are M(t), the applied
moment, and go(t) = (g1(t),g3(t))T, the longitudinal force. (See Hansen[6] for a precise

definition of the applied forces.)

To keep things brief, we will assume that the wave speeds /K /a,/E1/p1 and \/ E3/p3

are distinct. Similar results for the case of identical wave speeds are discussed in [14],[15] and
[16].

We summarize the results below.

4.2 Semigroup Formulation

Let (u,v)q = fOL u - v dz, where u may be either scalar or vector valued. Define quadratic

forms a and c by

c(w,vo) = (mw,w)a + a(w, wz)o + (hopovo,vo)a

a(w, V(’)) = K(wxrm wxm)Q + (hOE(’)VOx> VOJJ)Q + (GQh?(pa @)Q (43)
The energy of the beam is given by

R .
&(t) = 5 (c(w, Vo) + a(w, vo))

where R is the width of the beam. The homogenous problem can be written as follows:

0 I U
Y Ay , (4.4)

dt A, A, v

J Y =KD+ DyNhyGslhy ' (Bu + haND,u
where AU = ( 22l ? ) (4.5)

hy,'py' [hoEeD2u — BTGo[hy ' (Bu + ho ND,u)]|

J YDy NhoGalhy ' (Bv + hoNDyv
AV = ( 2 2~[ 2 ( 2 )] | (46)
hy,'py' [-BTGalhy ' (B + haND,v)]|
The energy inner product is defined by

<Y,Y >.=a(U;U) +c(V;V), (Y = (U,V)),

where
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are the bilinear forms that coincide with the previously defined quadratic forms a(-), ¢(-) on

the diagonal. Let
X, = {u,u} € H*0,L)N H}(0,L) x (H'(0,L))?
Xy = {u,u} € H}(0,L) x (L*(0,L))%

It can be shown [6] that the equations of motion are well-posed on the energy space (U,U) €
C([0,T]; X1 x Xp). It is not hard to prove the same for semigroup solutions. The domain of

this semigroup is D(A) = Xy x X3, where
Xy ={(u,u) € X1 :ue€ H*0,L), ue (H*0,L)*+ BC's}

where “+BC’s” means D?u and D,u vanish at each end. The non homogenous problem can

be written as follows:

dl U 0 I U 0
% = + ; (4.7)
Vv Al A2 \%4 B{Ma g(’)}
where
JIM ()5 (2)
B{M,go} = L t : (4.8)
h, Py godr(z)
Y = (U, V) € C([0,T]; X1 x Xq). (4.9)

In order to define solutions of (4.7) one first extends the semigroup et to a weaker space
defined by duality. However for the inputs defined in (4.7)-(4.8), using the Carleson’s measure

criterion it can be shown (see [15]) that (4.7) is well posed on X; x Xj.

4.3 Spectral Analysis

Proposition 1. Assume the wave speeds are distinct. The spectrum of A consists of the

etgenvalues
a(A) = | Sk,
k=0

where Sy consists of the double eigenvalue 0 and the roots of (4.10).

A2 + ARG>/hs + RGa/hy =0, R =Bhy,'p,'B” >0, (4.10)
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FEigenvectors and generalized eigenvectors associated with Sy are given in (4.12)-(4.13) and

(4.11).

U = (0, hsps, —h1p1)",V = \U.

(4.11)
u=1p, u=0, V=0 (4.12)
U=0, wv=0 v=Ip (4.13)

Fork=1,2,3... and j =0,1,3 we have

IENET T S T
Sk = {Ak70 = Sk’)‘k,o = S )‘k,l’)‘k,l’ )‘k,3’)‘k,3}7

where for k sufficiently large, )\,jj, )\I;j are complex conjugate roots which are given below:

b [K
+ . —1
E; o
N =dog, | =L — +0O(k™),j=1,3. 4.15
k.j o 2, (k™) (4.15)

For A\ = )\,fd # 0, the corresponding eigenvectors (and possibly generalized eigenvectors) Yy
exist and are of the form

Ay jsin(opx)

uy, up,j By, j cos(op)

where k sufficiently large the Y/\ki_ are eigenfunctions given by
»J

Uk,0 1 sin(ojx)

U0 ~[(hopo + hoEoy?) "B Gayr + O(k~1)] cos(ox )

where y, = %k

sy’
O(k=2) sin(op) O(k=2) sin(op)
Uk,1 Uk,3
cos(ox) ) O(k™1) cos(op)
uy 1 uy 3
O(k~1) cos(op)

cos(ox)
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Theorem 23. The eigenvectors of A form a Riesz basis for the finite energy space X1 x Xo.

The Riesz basis property Theorem 23 is proved using Bari’s theorem [32], applied to the
eigenvector estimates of Proposition 1. Next, we consider the problem of controlling an initial

finite energy state to another in time T with controls go, M(t) belonging to L?(0,T). We

7= 2L |min \/5, &, L
« P1 P3

then the system (4.1)—(4.2) is exactly controllable modulo a finite dimensional quotient. If

prove that if T > 7 where
-1
, (4.16)

the coupling terms G and G, are sufficiently small, this quotient consists of the the space

determined by “zero energy” uncontrollable state w = 0, (v1,v3) = (1,1).

4.4 The moment problem and its solution

After suitably defining new controls fi(t), f2(t) and f3(t), we have the following moment

problem: For k € N

T

o = /0 R (fo(t) + Ok~ 1) fi(t) + O(k™") fa(t)) dt (4.17)
T

= /0 MO folt) + Fu(t) + O far)) de (4.18)
T

i = /0 3 (O(k™) fo(t) + O™ 1) fu(t) + f3(t)) dt. (4.19)

The finite system corresponding to the nullvector (4.12), the generalized nullvector (4.13), and

the eigenvectors described in (4.11) are

T
co0 = / 0dt (4.20)
0

T T
~ ~ j: ~ ~
co1 = / g1+ gadt C({g = / 05t (h3psgy — hipsgs) di (4.21)
0 0

Remark 26. As is easy to see from (4.20), it is not possible to steer a solution of (4.1) from

the origin to the state corresponding to the null vector solution w = 0, vp = (1,1)7.

We state the result which guarantees a solution of the moment problem in terms of the

original controls M(t), g1(t) and g3(t).
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Theorem 24. Assume the wave speeds are distinct. Given any {c\} € (2 there exists functions
M(t) and go(t) in L*(0,T) which solve the three moment problems (4.17)-(4.19), for all

k > K, where K is sufficiently large in any time T > 7, where the control time T is given in

(4.16).

Remark 27. Keeping Remark 26 in mind, one can ask whether it is possible to solve (4.17)—
(4.19) for all k together with (4.21). If possible, then exact controllability of (4.1)-(4.2) holds
modulo the one dimensional uncontrollable quotient described in Remark 26. A sufficient
condition for this result is that the eigenvalues grow (are not repeated) along each branch.
It is not hard to show that this will hold if the coupling between the equations is sufficiently

K crﬁ o km . .
small and { ——— ,0 = — is a sequence of distinct numbers.
m+ao ),y L

4.5 Controllability results

Let P denote the spectral projection operator defined on X; x Xy by
(0]
Pe(d_ D aa) =D > el
k=1 €Sy k>K \eSy

where K is the integer defined in Theorem 24.

Theorem 25. Given any initial data Yo € X1 x Xo and T > 7 (T as defined in (4.16)),
there exists {M,g0} € (L%*(0,T))® such that the solution Y (t) of (4.7) satisfies (4.9) and

PacY (t) =0, V¢t >T.

In view of Remark 27, we also have the following corollary.

- Kot ™ k
Corollary 1. If Go and G2 are sufficiently small and {Jk} ,O) = fﬂ S a sequence
m k=1

of distinct numbers, then for T > T Equation (4.1) is exactly controllable in the quotient space

2
+ aoj,

(X1 x Xg)/(0,1,1)7.

Remark 28. Theorems 24 and 25 remain valid for the case of identical wave speeds [15],

however the analysis is somewhat different.
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4.6 Simultaneous boundary control

We give sufficient conditions for a similar result as in Theorem 25 to hold with a reduced
number of boundary controls. In particular, we consider two physically motivated choices of
boundary controls. In the case that the top and bottom of the beam at the endpoint x = L

are subject to surface tractions g1 (t), and gs(¢), the controls in (4.2) take the form (see [6]),

a1t) gs(t)\r M(t) = ( hi (t) hs . (1)). (4.22)

= LA — B aa(t
O = VEhy’ Eshs ok It 2K 93

In the case that the surface tractions are applied in equal and opposite amounts, the controls

take the form

u(t) u(t) hi + hs
= — M(t) = ———u(t). 4.23
© hlEl’ h3E3 ’ ( ) 2K U( ) ( )

4.7 The moment problem and controllability results

Using controls of the form (4.23), the moment problem (4.17)-(4.19) can be rewritten using

= u(T —t) as follows:

+ r At~
Cho :/ e 0k Apti(t) ds (4.24)
0
+ r At ~
Cra :/ e Lk Brau(t) ds (4.25)
0
T +
Gy = / skt Crai(t) ds, (4.26)
0
where
h1+h3 5]f2 €]f3
A = — 4.27
k oK hiE; h3Es3 (4.27)
(h1 + hs)eh, 1 ebs
B = — 4.28
k 9K B,  hiE; (4.28)
(h1+hs)ehy | &by 1
= — . 4.2
Ci oK B,  hsks (4.29)

The constants Ay, By, and C}, defined above are bounded and bounded away from zero if & > K

where K is sufficiently large. Hence dividing, (4.24)-(4.26) by Ay, By, C) respectively, we get

T \E
at, = / Nestia(t)dt, (4.30)
’ 0
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where {df j} € 12, Under the assumptions of the theorem, for k > K sufficiently large, there

exists a & > 0 such that

|>\m0 — )\ | > o for (mo, k:o,jo) 75 (ml, k‘l,jl). (4.31)

ko,jo k1,51

Theorem 26. Assume the wave speeds 1/%,]' = 1,3 are distinct and the numbers
J

(6%
hi, pshy, —————
{,01 1,pP3N3 (h1+h2+h3)}

are distinct. Then the eigenvalues )xfj have the following asymptotic form:

)\;j = —aj +ipjog + O(k_l), (4.32)
as k — oo, where puy = %:Mj = 1/%,j = 1,3., and ag,a1,as are distinct non-negative

numbers. Furthermore, there exists a control u(t) of the form (4.23) that solves all but finitely

many of the equations in (4.17)-(4.19) with T > T where

1 1 1
T=0Q2L(—+—+—)).
( (Mo M1 M3))

The proof of Theorem 26 relies on the following proposition.

Proposition 2. Assume that pij > 0,5 =1,...,n,, 0,a1 < az < ... < ap, )\ij = —a; L ipik +
z]fj,j =1,...,n,k € N, z,z,tj € 1?2, and {Afj} are pairwise distinct. Let T > Z?Zl i—’; Then

+
{e*i'Y forms a Riesz basis for its closed span in L2(0,T).

The proof of Proposition 2 relies on some ideas from [7] along with some standard per-
turbation techniques from the theory of non-harmonic Fourier series [32] and will appear in a
future publication.

We have the following controllability result:

Theorem 27. For the case of distinct wave speeds, assume the hypothesis of Theorem 26 holds.
Then given any initial data Yo € X1 x Xo and T > 7 (1 as defined in Theorem 26), there exists
u € L%(0,T) such that the solution of (4.1), (4.1), (4.2) (as defined by Y (t) of (4.7)) satisfies
Y(t) € C([0,T]; X1 x Xo) and PY (t) =0, Vt > T.
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Remark 29. In the case that the wave speeds \/F1/p1, /E1/p1,/K/a are equal, the mini-
mum gap condition fails since two branches of eigenvalues are asymptotically the same. Hence
a single control cannot be used to solve the moment problem. However, by choosing two
controls as in (4.22), all but finitely many moments can be solved. Hence a result similar to

Theorem 27 is true for the case of equal wave speeds. For a detailed explanation see [16].
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CHAPTER 5. Conclusion

We have seen the application of two methods in this thesis, namely the moment method
in Chapter 2 and the multiplier method in Chapter 3 to control of beams. In this chapter, we
attempt to draw a parallel between the two methods and also outline future research topics.

In both cases, we were attempting to solve a control problem involving a differential equa-

tion as follows:

& = Az + bu(t) (5.1)

2(0) = xo. (5.2)

5.1 Solution of the differential equation

5.1.1 The homogenous problem (the common step)

The first step in both methods is same, namely finding an appropriate Hilbert space H
in which the homogenous problem (Equation (5.1) with u(¢) = 0) is well-posed. The tech-
niques involve the usage of semigroup theory ([2],[27]), the usage of Lumer-Phillips theorem in

particular to show that the operator A generates a semigroup on H.

5.1.2 The non-homogenous problem

After showing the semigroup property of the operator A, we try to find an appropriate
space in which the non-homogenous problem is well-posed. It turns out that due to the
boundary action, the regularity of the space in which the non-homogenous problem is well-
posed, is weaker than the original space H. We also have that (Remark 16), Chapter 3) there

is an infinite array {Xj}rez of spaces in which the extensions or restrictions of A generate



74

a semigroup. In the moment method, we project these spaces onto the space of sequences
using Hilbert space isomorphisms and endeavor to choose the optimal sequence space from the
infinite array {Xj}rez of spaces. The projections onto the sequence space is justified due to
the Riesz basis property of the eigenfunctions {¢x} of the operator .A. The main result used
here concerning regularity is the Carleson’s measure criterion [31]. In the multiplier method,to
prove regularity we choose an appropriate multiplier m(z) and multiply the underlying PDE
and integrate by parts to obtain a certain ”"hidden regularity” result. This result along with the
application of the Riesz representation theorem gives us the space in which the non-homogenous
problem is well-posed. In both cases, the solution of the non-homogenous problem belongs to

a weaker (or rougher) space than the space H.

5.2 Solution of the control problem

5.2.1 The moment method

In the moment method, we restate the problem of control as a moment problem i.e the

problem of determining a contol u(t) given the non-harmonic Fourier coefficients ¢j. Explicitly

T
o = / u(r)eMTdr, (5.3)
0

where {c;} is a known sequence related to the initial and terminal data, {\;} is a sequence
of eigenvalues of the operator A and T,u(t) are the unknown control time and control input
to be determined. The solution of the moment problem heavily relies on spectral analysis
of the operator A and estimates on the growth and separation of the eigenvalues and the
norm of the eigenfunctions. The key result to prove is that the sequence {e***} forms a Riesz
basis of L?(0,T) for sufficiently large 7. This guarantees the existence of functions {q(t)}
that are biorthogonal to {e*'} and the solution to the moment problem (5.3) is given by
u(t) = > pckqr(t). The techniques involved in the proofs are adapted from the theory of

non-harmonic Fourier series (see [32]).
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5.2.2 The multiplier method (The HUM principle)

The key ingredient in solving the control problem in the multiplier method is to prove an
observability estimate. This estimate allows us to show that a certain map A from the space
of initial conditions of the homogenous problem X to the space of initial conditions of the non-
homogenous problem X" is an isometric isomorphism, thereby implying the exact controllability
of the non-homogenous problem in the space X', the dual of X. The regularity and the
observability estimates imply the boundedness and coercitivity of the bilinear form generated
by A which allows us to use the Lax-Milgram lemma to our advantage. This technique has been
referred to in the literature as the HUM (Hilbert’s Uniqueness Method) principle. In [19] it has
been shown that the observability estimate is equivalent to showing that the moment operator
M : 1?2 — L2(0,T) given by {cr} — >, cke! is onto. This guarantees the existence of a
control u(t) € L?(0,T) which solves the moment problem. Hence there is no harm in saying
that the multiplier method is an operator theoretic approach towards solving the moment

problem ( 5.3).

Remark 30. In conclusion, we remark that the moment method is applicable to situations
where the spectral analysis of the operator A can be done easily, whereas the multiplier method

is applicable to situations where the spectral analysis is difficult.

5.3 Future research

1. In this thesis we have restricted our interests to one-dimensional models of three layer
sandwich beam. A next step would be to consider the case of plates i.e two dimensional

theory.

2. The multiplier method has been used to prove an exact controllability result for the
conservative Rao-Nakra beam. It remains to see how this technique can be adapted to

the damped situation.

3. The multiplier and moment methods are equivalent to each other. Each multiplier prob-

lem yields a moment problem and vice versa. The usage of multiplier method always
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has in its background a moment problem which arises out of projecting the observability
estimate onto an appropriate Hilbert space of sequences. It remains to show that such
moment problems can actually be solved directly using techniques from non-harmonic
Fourier series. An example of such a problem is boundary control of the wave equation on
a unit square (see Appendix A). Likewise, there are boundary conditions that work well
for the moment method that do not seem to work so well using the multiplier method.

(see Appendix C for a detailed discussion of one such case.)
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APPENDIX A. Boundary control of the wave equation on a unit square

Introduction

In this section we formally derive the moment problem that arises out of controlling the
wave equation on the boundary of a unit square. Let us assume that the control acts on the
bottom and left corners of the unit square. Let us denote Q = [0,1] x [0,1]. The equations of

motion are as follows:

wy —Aw =0, (x,y,t) € Qx[0,T] (A.1)
The homogenous boundary conditions are as follows:
w(l,y,t) = 0,w(x,1,t) = 0. (A.2)
The controlled boundary conditions are as follows:
w(z,0,t) = u(x,t),w(0,y,t) = v(y,t). (A.3)
The initial conditions are as follows:
w(z,y,0) = w’(z,y);w(z,y,0) = w'(z,y) on Q. (A.4)

We consider the homogenous problem at first. We make the following variable substitution

and rewrite Equation (A.1) as follows:



m=Am (A.6)
wd
m(0) = on €,
w!
where
0 1
A= , (A.7)
A0
D(A) = (H(Q) N HY(Q) x HY(Q). (A.8)

Also A : D(A) — H, where H is the natural energy space with the following energy inner

product:

f h _ _
: = [ f'R +gql. (A.9)
< g l > /Q

Eigenvalues and Eigenvectors of A

Let ep(x) = sin(kmz) and e;j(y) = sin(jry). The eigenvalues and eigenvectors of A are

easily seen to be sinusoidal and are given by the following:

ex(z)e;(y)
1 T
Ny = i /B2, o (0y) = 5 A , Vk,j € N. (A.10)
€k($)€j(y>

It can also be easily seen that the eigenvectors {qﬁf j}k,jEN in Equation (A.10) form an or-
thonormal basis for the energy space H. By using standard PDE techniques, it can be shown
that the homogenous problem (i.e with u(z,t) = v(y,t) = 0) is well posed in H}(Q2) x L*(Q).
We multiply Equation (A.1) by a test function satisfying homogenous boundary conditions
and use integration by parts to transfer the controls u(z,t) and v(y,t) to the right hand side.

We obtain the following:

i= Azt (A.11)
—(0"(y)u(z,t) + 0'(x)v(y, 1))

2(0) = on (2, (A.12)
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By using Carleson’s measure criterion as in Chapter 2 or the method of transposition
as in Chapter 3, we can show that the controlled problem (A.11)-(A.12) is well posed in

L?(Q) x H71(2). We seek solutions of the following form:

@t = 3 5 06 @) (A.13)
k,jeN
We also seek to write :
w°
= > 5E(0)¢ (2. y) (A.14)
w' kjeN
0 + £
—(0"(y)u(z,t) + 0'(x)v(y,t)) k.jEN
where
1 1 1
fk:ij = 2(k;7r/ u(zx, t) sin(kmx)dz —|—j7r/ v(y, t)sin(jry))dy (A.16)
’ 0 0

- %(k:ﬂuk(t) + jmu;(t)).

The control problem

We consider the problem of reaching the all states in L?(€2) x H~'(Q) from the origin
in time T using controls u(z,t) and v(y,t). By Theorem 2, Chapter 1, this implies exact
controllability in L?(Q) x H~1(2) as we have a conservative system. Substituting (A.13) in
(A.11) and using (A.14),(A.15), we follow the same steps as in Chapter 2 to obtain the following

moment problem:

+ 1T s .
dty = [ Gomuntt) + oy (0) (A17)
’ 0
where
dy,j = wi(T) € P(N), \;; = Fim/k? + 52, (A.18)

1 1
ug(t) :/0 u(z,t) sin(krx) dx, v;(t) :/0 v(y,t)sin(jry) dy
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In the above problem the unknowns are 7" and uy(t), v;(t).
On the other hand using the multiplier method as in Chapter 3, we can prove the following

observability and regularity estimate:
T 1
CLE(0) < / / s (0, . ) Pelydt + w, (x,0,0)2dedt < CoE(0), VT > 2132, (A.19)
0o Jo

where E(0) = [, [w’(z,y)[* + [Vw!(z, y)|*dzdy is the initial energy which is conserved for all
time and C1,Cs > 0 are constants that depend only on the initial data and 7. Hence we
can use the HUM principle to conclude that the wave equation on the unit square is exactly

controllable in the space L?(Q) x H~(Q) provided the control time satisfies T > 2v/2.

Open problem

Using the series representation as in Equations (A.13) and (A.14), Equation A.19) can be
rewritten as follows:

T rl
oY R [ [
k 0 0

k . .
Z —sin(jy)e*V 24720 12 gy dt (A.20)
JeN EVk 452

k,jeN

T 1 .
+/ / Y A sin(ka)e FTVEREO 2adt < 0y 3 |5E(0)2.
0o Jo ’

kjeN T k? 42 k,jEN
An inequality of the form (A.20) in one dimension is called Ingham’s inequality, the proof
of which uses the theory of non-harmonic Fourier series and is very clever (see [12]). This
is an indication that an independent proof of (A.20) using non-harmonic Fourier series might
require a clever trick in two dimensions. Furthermore Equation (A.20) implies that the moment
operator M as described in Chapter 5, Section 5.2.2, is onto and hence the moment problem
(A.17) is solvable. However, it remains to be seen whether (A.17) can be solved for ug(t) and
vj(t) provided T' > 21/2 directly using methods of non-harmonic Fourier series. The solution
also makes physical sense since the supremum of the lengths of geometric optics that do not

touch a controlled surface is 21/2.
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APPENDIX B. An unusual observability estimate

Introduction

In this appendix, we consider the same problem as in Chapter 2 and try to use the multiplier

method instead of the moment method as in [14],[15] and [16].

MWy — QWaptt + KWappe — N2hoGotgy — NGQ(—U}C + vg) =0 (B.1)
G

hipivl, — hiEyvl, — h—;(—vl +03) = NGow, = 0 (B.2)
G

hgpgv?t — h3E3’U§x + FQ(_Ul + 7)3) + NGQ’wx = 0. (B3)
2

The boundary conditions are as follows:

w(0,t) = w(1,t) = we(0,2) = v2(0,1) = v3(0,¢) =0 (B.4)

wxx(lvt) = M(t)7vals(17t) = gl(t)avgu?t) = gS(t)v (B5)

where M(t), g1(t) and g3(t) are control inputs at the right end. The initial conditions are

as follows:

w(z,0) = w’(z), w(z,0) = w'(x) (B.6)

vl (z,0) = v'%2x), v} (z,0) = v (z),v3(z,0) = v3°(z), v} (z,0) = v3!(z). (B.7)

Using semigroup theory, we can show that A generates a semigroup in the natural energy space
H = H2 x HE(0,1) x H}(0,1) x L*(0,1) x L?*(0,1) x L?*(0,1), where H2 = {¢ € H*(0,1) :
#(0) = ¢(1) = 0}. We omit the well-posedness issue here and focus on obtaining the regularity
and observability estimates. As usual, we consider the homogenous problem first i.e (B.1)-

(B.7) with M(t) = g1(t) = g3(t) = 0. We omit writing dr and dt as it is understood from the
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limits of integration. We first multiply Equation (B.1) by zw, and integrate by parts. We get

T ,1 1 1 /T

_ t=T 2
/ / MW T Wy —m/ WTWg|i—p —l—/ / wy.

o Jo 0 2

T ,1 2 2
—N-hoG N hoGG
N2h2G2/ / WrzTWy = 222/ ( (1 t) 2 2/ /
0
_a/ / Wttt LWy = —O[/ wx:ctxwx’t =0 +()[/ / Wyt LWyt
= —a/ LTI TOM L +a/ —a/ / Wat (TWet) 2
0
1
—a/ / Wagtt TWy = —a/ wmta:wﬂt o+ 2/ / /
K/ / Weprs LWy = K/ Waar (1, ) wy (1, 1) K/ / Wagr (TWy) g
K/ / wxmwx:—K/ / w?
0 0 0 0
T 1 T 1
K
K/ / WrrrTWery = _/ / w2
0o Jo 2 Jo Jo
Hence we have

K//wmmmwx—K/ wxmxltw$1t+//

So from Equation (B.1) without changing the coupled terms, in all we have:

T 2 2
[ R0+ 2 ) = 8 [z m)

+a/ /wmtmwxﬂr/ / NGy(—v} + v3)zw,
m _

+/ / wf—k/ (—awmtxwx—i-mwtxwx)]i;g.
2 Jo Jo 0

Next we multiply (B.2) by zv} and integrate by parts.

h
hlpl/ / vh vl —hlpl/ vizvlIZL — 1p1/ /
T rl
- E h E
—hlEl//U}mxv;:H/( 1(1,1))2 11//
o Jo 2 Jo

the following:
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Finally from Equation (B.2) without changing the coupled terms, we have:

[ ="+ 2 [ ()

/ / (—v' + %) + NGowy)av! + hlpl/ vizvl|i=L.

0

Similarly from Equation (B.3), we have

h3E3 /T( 3(1,1))% = h3p3/ / 2 h32E3 /OT/Ol(vg)Q (B.10)

1
/ / (—v! +0%) + NGow,)zv? + h3p3/ vizvd|i=T
0

Adding Equations (B.8),(B.9) and (B.10) and noting that all the coupling terms are gone,
we have the following:

T 2
[ Rttt + 2 0+ M2 Codanp man

+h3E3/( 3(1,1))2 N2G2h2/ /w ++a/ /wmxth
m// 2h1,01// 2 4 h12E1/ /(01)2

o Jo
h3/>3// )24 h32E3/0/0(U2)2+X

where

1 1 1
X = hlpl/ vizvl[IZ1 + h3p3/ vizvd|I=T + / (—Qwgprw, + mwizw, )= (B.12)
0 0 0

We can estimate X as before to get |X| < C3E(0). We can also estimate the right hand
side of (B.11) to get regularity and observability estimates.

N2h2G2

/ (K (1L a1, + (s (1)) + 1 winn?  B13)
0 2 Jo

h3E3
2

/T(vi(lﬂt))2 < C1E(0)

0

/T(—wam(l,t)wz(l,t) - NQ};QGQ(%(Lt))?) - h12El /T(v;,(l,t))2 (B.14)
0 0

h3E3
+ 2

/T(Ug(lat))Q > (CoT — C3)E(0),
0
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where C1, Cy and Cj5 are constants that depend on the parameters. From (B.13) and (B.14) we
T 2 T T
N?hoG hE hsE.
have the/ (K1, (1,542 (g (1)) L / (U;(1,t))2+323/ (W3(1,1))2
0 0 0

is a norm equivalent to the energy norm as in Chapter 2.

Open problem

It is not clear whether the term

T 2 T T
/O (Kt (L D (1,6) 4 2 (1, 1))2) 4 /0 (wh(1, 1)) + 22 /0 (v3(1,1))?

defines an equivalent norm for the energy space H = H2 x H}(0,1) x HE(0,1) x L%(0,1) x
L?(0,1) x L?(0,1), where H2 = {¢ € H?(0,1) : ¢(0) = ¢#(1) = 0}. The two estimates above
seem to yield a trace theorem which needs further investigation. Even if the term above can be
shown to be an equivalent norm on H, it is not clear how to use the regularity and observability
estimates above to construct the HUM controls explicitly as we did in Chapter 3 to show exact
controllability in H’. This is an example where the moment method seems to work well (see
[14],[15] and [16]) whereas the applicability of the multiplier method to this situation remains

an open question.
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