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Abstract

This work is concerned with the exact controllability of an Euler-Bernoulli beam system with small delays in the boundary
feedback controls
Wit (X, 1) + Wixxx (x,1) =0, x€(0,1), t>0,
w(0,t) =wx(0,t) =0, t>0,
wyx(l,t—¢) = —k%wtx(l,t) —cowe(l,t—¢), >0, k% +k% #0,
wxxx (1L, 1) = Kwe (Lt —e) —cqwix (L, t—e), ki, ci €R, (i=1,2),

with boundary conditions
wx,t) = @(xt), wilxt) =1P(xt), —e<t<O.

Our analysis relies on the exact controllability on Hilbert space M and state space H. Our results based on formulating the
original system as a state linear system. We formulate the system as the state feedback control systems } (A, B, C), and we get
the generalized eigenvectors of the operator A. Then we prove that they can form a Riesz basis for the state space H. In the end,
the system is proved to be exactly controllable on H. (©2017 All rights reserved.
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1. Introduction

Euler-Bernoulli beam systems arise in many fields such as physics, mechanics, chemistry, economics,
engineering and biological science, etc., see [1-5, 10, 12] for example. In these papers, the authors con-
sidered the exact controllability of the Euler-Bernoulli plate equation with variable coefficients and mixed
boundary conditions. By using the methods of basis perturbation and Weiss regular system, the papers
in [7-9] showed that the generalized eigenfunction of a flexible Euler-Bernoulli beam system with bound-
ary feedback consisting of velocity and angular velocity form a Riesz basis for the state space H and
they gave the computational formula exponential decay rate of the system, which solved the problems
considered in engineering, such as exponential decay rate, eigenvalues and so on. But there is always
time-delay in engineering practice. So the research of it is also active up recently, see [6, 11, 13] and the
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references therein. In these papers, many authors investigated the robust stability of time-delay system
with time-varying uncertainties via HPLKF. They gave a sufficient condition to demonstrate that the sys-
tem is asymptotically stable. A new class of Lyapunov-Krasovskii function is introduced, whose main
feature is that the conservativeness due to uncertainties is reduced. Numerical examples were given to
illustrate the effectiveness of their method.

In this paper, we discuss the following flexible Euler-Bernoulli beam system with small delays in
boundary feedback controls

Wit (X, 1) + Wyxxx (X, 1) =0, x € (0,1), t>0,

w(0,t) =w,(0,t) =0, t>0,

Wix (1, t—€) = —Kwix (1,t) —cowe (Lt —¢), € >0, kK3 +k3 £0,
Wixx (1, 1) = k%wt(l,t— ) —cwix(l,t—¢), ki,ci €R, (i=1,2),

(1.1)

with boundary conditions
w(x,t) = o(x,t), wi(x,t) =0P(x,t), —e<t<O0.

Different from the works mentioned above, we formulate the system (1.1) as the state feedback control
systems ) (A,B,C), where A is the generator of a Cp-semigroup on H, B is a control operator and C is
an observation operator. Moreover, B and C are unbounded operators. And we formulate the system
without time-delay as abstract differential functions on the Hilbert space X of the form

{ —d‘ﬁiﬂ = A1w(t),
w(0) = (u(x,0),u(x,0))7.

We get the eigenvalues and eigenvectors of the operator A through studying the eigenvalues and eigenvec-
tors of the operator A;. Then we prove that ) (A, B, C) is exactly controllable on H, which is generalized
by the eigenvectors of the operator A. Since the system (1.1) and the system } (A, B, C) are equivalent,
we only need to study the exact controllability of } (A,B,C). In the end, (1.1) is proved to be exactly
controllable on H.

2. Riesz basis of auxiliary system
To begin with, let

H™(0,1) ={¢:(0,1) = C| ¢Mis absolutely continuous (k=1,2,--- ,n—1), ™ e 12(0,1)},

!’

H3(0,1) = {@ € H*(0,1) | ¢(0) = ¢ (0) = 0}.

We denote
X =H3(0,1) x L2(0,1),
where
1 - 1 L
((f,9)7, (wv)")x = JO £ (x)u’ (x)dx + JO g(x)v(x)dx. (2.1)

Then, X is a Hilbert space under (2.1). Let
M =X x L*([~¢,0],X),

where 0
(69, £, (0, 0) T aa = (pra)x + | (F(0),g(0)]xct. @2)
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Then M is a Hilbert space under (2.2). Construct the system

Wit (%, 1) + Wy (X, 1) =0, x € (0,1), t>0,

w(0,t) =wy(0,t) =0, t>=0,

Wx (1, 1) = =k3wix (1, 1) —cowe(1,1), K +k3 #0,

Wxxx (1,1) = k%wt(l,t) —ciwix(1,t), ki,ci €R, (i=1,2),
w(x,0) = @(x,0), wi(x,0) =1VP(x,0).

0 I
(%) o
dx*

D(A1) ={(u,v)" € Xhu € H*(0,1) [JH5(0,1),v € Hj(0,1), " (1) = kv (1) —c1v'(1),
u'(1) = —k3v' (1) — cov(1)}
Lemma 2.1 ([9]). Let Aq be as in definition (2.3), then

(i) tnk =712, (k=1,2, n > 1) is the eigenvalue of A,

Let

1
Tnk = Pnk + 0(7)}
Pnk

(i) we can denote generalized eigenvectors of A1 by {Fo, Fnxlk =1,2, n > 1} (see [7]), where

F(x, Tnk)

Fak(x) = 47—,
R T TN

(k=1,2, n > N).

For the proof we refer the reader to [9, Theorem 3.2], where pnk (k = 1,2), F(x,Tnk), G(X, pnk) can
be seen [9, Eqs. (3.3), (4.2)]. The generalized eigenvectors of Aj, i.e. {Fp, Fnxlk = 1,2, n > 1} form a
Riesz basis for the state space X (this result is contained in [8]), so A; is the infinitesimal generator of a
Co-semigroup on the state space.

In order to formulate (1.1) as a state linear system, let H be a Hilbert space, A be the generator of a
strongly continuous semigroup T on H. For any p € p(A), we denote by H_; the completion of H with
respect to the norm ||x||_1 = ||(tI — A~1)x]|. This space is isomorphic to D(A*)*, and we have

D(A)=H; CHCH ;=D(A")", Ae€L(H,H)NL(H H_).

SoA:H— H_1 is the extension of A:

< A(fF))’ (g((]~)) )D(A*)*xD(A*)

P q *
<f(-)> €H <g(-)> € DIAT).

Hence A € £ (H,H_q). For convenience, we denote A by A in the following. Let

~ (Bo . f__—@%mﬂv
B‘(O)’ B°<g>‘< o(1) )’ 24

Il
/N
—~

4
-
<~

N
>
*

—~
(o]
—a
~

N—
x
~

where

B p(x)) —K3f.x(1,t)
cetx=c(0) = () 29
Output function:
. —kzwtx(l,t)
U(t) B < Wixx(lrt) )

Input function:
Wxx (1, t —€) +cowe(1,t—¢)
u(t) = K2
1Wt(1/t —&)—cwix(l,t—¢)
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3. The exact controllability of system (1.1)

A:(Al 0 ) (3.1)

d
0 &I

Let

D(A) ={(p, ()" € D(A1) x H'([—¢,0],X) | f(0) = p),
where H!([—¢,0],X) = {f : [—¢,0] — X| f is absolutely continuous on [—¢, 0], f'(-) € [2([—e, 0], X)}. Since
D(A) — M is a compact embedding, A is a discrete operator.

Theorem 3.1. Let A, B, C be as in definitions (3.1), (2.4), (2.5), then system (1.1) can be formulated as the state
linear systems ) (A,B,C):
d=(t) _ Az(t) + Bu(t), (t>0),

y(t) = Cz(t), (3.2)
_ (x(0)
z(0) = (?(-))l
where z(t) = (X’(‘,ﬁ)h)), x(t) = (Vv\)"t(('jt,[))), and w(-,t) is the solution of (1.1).

Proof. Take (g?.)) € D(A), where q = (g;) €D(A1), g(-) = (g;) € D(F), then

(5 G0 )= (5 a), # (R 00 )

= () (@) )+ (Pelt+), 90) )xpep,

Let us prove the first equation now:

1 - 1
" —_
= J Wixxqq dx — J Wxxxx quX
0 0

1 1
A N 7 —1 Bt o
:thq1|o_Wtq1 |0+J wi(, dX_Wxqu2|0+Wqu2|o_J Wquzdx
0 0

= wix(1,a7 (1) = Wann (1L, 00210 + (Ao, (81) )

= [—k;zwxx(l,t —€)— kz_zczwt(l,t — s)]qi’(l) — [k%wt(l,t — &) —Cciwix(1,t—¢)]
e+ (A7), (@)
= (Aolu) (2 )+ (w, Bi(3) )

— (Aox(t) + Bou(t)) (ql).
q2

Therefore,

(40, (1) )HZ(on(t)JrBou(t))(j;) F(Fxt+), 90) )y

= (on(t) + BOu(t))q + ( FX(t—|— ')/ g() )X[—E,O]
— (Az(t) + Bu(t))( q )
g(-)
From the above, we can see that these families of operators constitute an alternative description of the
system. O
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Now we are going to consider the eigenvalue problem of the operator A to research the exact control-
lability of system (1.1) in the following part.

Theorem 3.2. With the above notations, the following assertions hold true:
(i) if (A7) is a pair of eigenvalues of Ay, then (A, () is a pair of eigenvalues of A. On the other hand, if ()
is the eigenvectors of A corresponding to A, then (7)) = (.X,);
(ii) there exists a constant N, when n > N, the eigenvalues of A: unx, (k = 1,2) (see Lemma 2.1) are simple.

Proof.

(1) Firstly, for any A € o(A1), A # 0, since A; is discrete, we know that A € 0},(Aq), take r # 0,
r € D(A1) and (A\I—Aq)r = 0, then (.1,) € D(A). Further, AI—A)(.x,) = 0. So 0p(A1) C 0p(A),
moreover, ( e{. r) is the eigenvectors of A corresponding to the A. Set A # 0, A € o (A), take ( f(%)) as the

eigenvectors of A corresponding to the A, then p € D(A;) and

P\ [ AI-Agdp \ [0
(AI=A) (f(e)> - (Af(e)—fef(e)> - <0>

From (AI —A4)p =0, we obtain A € 0(A1) and o, (A) C 0p(A1). So op(A) = 0 (Aq). Solving this equation

{ 4O — xf(e),
f(0) =p,

we have f(0) = e .

(2) In the following, we will prove that there exists a constant N, when n > N, the eigenvalues of A,
Hnk, (k =1,2) are simple.
Actually, if (A\I—A)?(,F) =0, denotes

(0)
o PY_(d
a-2(5)) = (gt
then A1q = Aq, g(-) = e'q. For

P _ PY_ [ Adq qa\ _ (Aqg ) (0
ou-AR(() -on-mr-An-w1(2) - (28 -A(8) - () - ()

we have Aq =0, A # 0. It is easy to know that q = 0. So

P 0 .
Al—A = , d Al-AM) =1.
w=m(f)) = (o) amiea-am
Noticing pnx, k =1,2, n > N is the simple eigenvalues of A; (see [9, Theorem 3.2]). Evidently, it is also
a simple eigenvalue of A.
It follows from the above theorem and Lemma 2.1 that generalized eigenvectors of A are:

Fnk
Dk = k=1,2, n > N}
(@ni (em,Fnk) | n>N

Because A is discrete, all of the generalized eigenvectors can be set as
{@o, Oni [ k=1,2, n > 1} (3.3)
Evidently, (3.3) is not complete on M. Let
H =span{®g, Pnx | k=1,2, n > 1}

It is easy to see H # M and H is the A-invariant subspace of M. Using that H is closed, we know H is
a Hilbert space with the inner product (2.2). O
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For the sake of convenience, we denote by A the Ali4. So we have the following conclusions.
Lemma 3.3 ([8]). {®o, Pnx | k=1,2, n > 1} forms a Riesz basis for the state space H. When t > 0, let

z(t) = (X’(‘Sr).)), x(t) = (VVVVt((', t)), where W(-, t) is the solution of system (1.1). Denote

then (1.1) can be rewritten as an abstract equation

{ U — Az(t), t>0,
2(0) = (x(0), f(-))" € H.

This implies that A is the infinitesimal generator of the Co-semigroup {T(t)| t > 0}. So the following
results hold true.

Theorem 3.4 ([8]). Let A be given as in (3.1) and assume that {T(t) | t > 0} is the Co-semigroup, then we have the
following conclusions:

(i) A is a Riesz spectral operator on H;
(i) AL =3 15N Y ke1o k(& D) nWnk, VEEH;

(iii) T(t)E = eMY(E, Wo)u Do + Z+ N k=12 et (E, D )y Wnk, V& € H, where g is the eigenvalue of A
for @g, {Yo, Ynx | k =1,2, n > 1} is the biorthogonal column of {®g, Pny [k =1,2, n > 1}.

We are going to give the exact controllability of the system (3.2) in the space H, which is the main
result of this paper.

Theorem 3.5. Let B be given as in definition (2.4), then B is an admissible control operator for H.

Proof. We only need to prove that for any step function u(t) € L2([0,t]), there exist t > 0 and M > 0 such
that

< M[uflr2(0,e1,u)-

Jt T(t—71)Bu(Tt)dt
0 H

holds true. Actually,

t rt 2
| Ti—oumar] =|[ 5 e Bue), dmduteds
0 H J0 k=1 neN H
rt 2
= Z Z Mt (1), B* i Jubnkdr
J0 k=1 neN H
rt 2 t ( ) k—z —1 //(1 )
— n T u (T - Hax @ /Tn
a oZ D el ( (e 7 Q™) )u‘bnde
k=1neN H
3
< {Z > J Anic(t=T) [ kzzunim(ﬂcp”(lﬂnk)+uz(T)<p(1,Tnk)]dT|2}
k—=1neN

t

{Z R S A (1,Tnk)|eknkt||j e ATy (1)d ] + (1, Tl

k=1neN 0

¢ 2
X |J CA“kTuz(T)dTHZ} .
0
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Set i (1) = Y {4 CiX[x; %] (T), then

t m xXi
J e MkTyy (T)dT| = ZCiJ e kT
0 i=1 X
m .
= Z Ci (ef)\nkxt e*)\nkxl—l)
1:1'_Ank
— lci
S Z k Ml
. Mnu
i=1
M; [t
= ol | el
|Anﬂ 0

Therefore,

t
J e Mk (t)dt| <
0

which is the same as the previous proof. Where

M = e Ak — e Aniyy ),

M2 = maX{Ml, | 2 ZHT:i(P (1/ Tnk)|/ |e}\nkt|, |(p(]-/ Tnk)|}-
Then
t t 2 %
|| Te—omure {Z > g U harlld + | mmm] }
k=1neN

<M, U |u1(r)|dr+J0 |u2(T)|dT} ,

0

SIEY

M2
where M3 = [Zi:l 2 neN ﬁ} . Furthermore,

1
t 2
o = (]| i)

X s
_ (J ()P + |u2(T)|2dT)

t 2 t 2 %
> (L |u1(T)|dT> +(L |u2(T)|dT>]

t
J (|u1(T)|+|u2(T)|)dT] |

Let M = v/2M3, we have

< M[ufr2(0,u)-

Jt T(t—T1)Bu(Tt)dt
H

0

O

Theorem 3.6. Let A, B, C and T(t) be given as in definitions (3.1), (2.4), (2.5) and Theorem 3.4 (iii), set z = ( EE(X_))),

where p(x) = (g;&g), f(x,-) = (EEX ), then system (3.2) is exact controllable on [0, €].

Proof. In order to prove that system (3.2) is exactly controllable on [0, ¢], we only need to prove for any
e > 0, there exists y > 0 such that [ |B*T*(t)z||3,dt > v|/z|?, holds true. If we give an equivalent norm,
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{pnrlk =1,2,n € N} will become an orthonormal basis of H. So, let us assume that {1 |k =1,2, n € N}
are orthogonal for writing convenience. Actually,

2

2
B Z Z z, dni) Hd)nk
k=1neN
2 2
— Zz( F (%, Tnk) )> < F(x, Tnk) )
AnkF n Ank:
k=1neN g D)/ \ @Ak F(x, Te) H
2
_ZZ‘( F(X,Tnk) ) ) ‘2
B e Mk F(x, k) H
k=1neN
2 - 0 1
MZ Z J nk(p (X/Tnk)+p2(x)@(X/Tnk)]dX+eAnktJ J [leX(X/ e)
k=1neN —eJo

2
X AL @ (x, Tnk) + fa(x, 0)@(x, Tni)]dxdO

: _— 2
Z Z (J nk(P "(x, Tnk) —i—pz(x)m] dx) 4+ eReAnkt
k=1neN

1

1 0
XL [p{’(X)A;icp”(x,Tnk)+pz(X)cp(x,Tnk)]dXJ_ JO [f1xx (%, 0)A 1@ (X, Tnk) + f2(x, 0)

0 (1 - 2
X (P(X, Tnk)]dXde + eZReAnkt (J J [leX (X/ 9)7\;]150” (X/ Tnk) + fz (X/ e)(p(xl Tnk)]dXde> ] .
—e JO

Moreover,
J IB*T* (0)z]3, at = | HB* (Z D¢ it (2, ) H(an) It dt
k=1neN
kfz}\fl //( ) 2
— T
- Z Z et ( X~)>’ (e}‘fk(t);’?;;ik)) )H ( z(p(TIk"([P ) " ) dt
J0 k=1 neN sk u
re 2 —_— —_—
= 33 ey |J {0 @ (%, Tri) + Pa(X) @ (x, Tnic)1dx
J0 x—1neN

_ 0 1 -

M [ il DN ()
—&

2

+f2(%,0) @ (%, Tni)|dxdOP ks *A 20" (1, Tni)| +1@(1, Tni)ldt

1 S 2
L Z D erRermd ((L 1 (A @ (%, Tnic) +P2(X)(P(X,Tnk)]dx> +2eReAnkt

k=1neN

1 0 1
X (Jo [P{/(X)Anicp"(x,’fnk)+P2(X)(P(X,Tnk)]dx> (J Jo [Frex (%, )AL 1 @ (X, Tri)

0 1
+fa(x,0) @(x, Tnk)]dxde> + e2ReAnit (J JO [F1xx (%, 0)A 1 @7 (X, Tnk) + F2(x, 0)
—&
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2
X QX Tnk)]dxde) )dt

2 1 2
_ 1 2ReA, T SE—

2 1 I -
+ oo (ePRernke 1) J P ()AL @” (X, Tni) + P2(x) @ (x, Tnic )] dx
3ReAnk 0

0

0 1
x (J_J (e (% AL (%, Trr

- 1 0 1
4 falx, 8)@ (%, Tl dxdd | + ——— (e*ReAmke 1) j J [F1ex (%, 6)
4ReAnx —e JO

2
X A @ (%, Tnk) + f2(x, 0) @ (X, Tni)] dxd@) ]

2
,3R€Ank

1
,4R€Ank

> ﬂlrnhl{ (eZReAnks__l) 3ReAnk£__1) e4ReAnk£__1)’1’

2ReAnk

2

1

2eRe?\nkt/eZRe7\nkt} (J [p{/(X)A;]l(P”(X;Tnk)+P2(X)(P(X,Tnk)]dx> _|_26Re?\nkt
0

1

1 0
X (L [P{’(X)%nicp”(x,”fnk)+P2(X)<P(x,Tnk)]dX> (J JO [P (%, 8)A, L@ (X, Trc)

0 1
+ f2(x, 0) @(x, Tnk)]dxd6> + e?ReAnkt (J JO [F1xx (%, 0)A 1 0" (X, Trk)
—e

2
+f2(x,6)(p(x,'tnk)]dxd6> )

m . 2ReAnk e 2 3ReAnk e 1 4ReAnk €
>7 nk _1’ nk _1’ nk _1,1/
M MR (@ ) TRen (€ ) Reny € )
zeReknkt’eZReknkt}HZH%V
where
m= inf Do ALkl (1 td P+ o1, T
Take
v ::IEQnﬁn{ (eZReAnke__l) 2 (e3ReAnks__1) 1 (e4ReAnke__1) 1 zeReAnkt eZReAnkt}
M 2ReAnk " 3ReAnk " 4ReAni T ’ '
Therefore,
£
J, 1B @zl > vialfe
Since systems (1.1) and (3.2) are equivalent, we get the exact controllability of system (1.1). O
Conclusion

In this paper we discuss the flexible Euler-Bernoulli beam system with small delays in boundary
feedback controls (1.1) with boundary conditions. Different from the works in literature, we formulate
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the system (1.1) as the state feedback control systems ) (A,B,C). And then we formulate the system
without time-delay as abstract differential functions on the Hilbert space X. We get the eigenvalues and
eigenvectors of the operator A through studying the eigenvalues and eigenvectors of the operator A;.
Then we prove that ) (A, B, C) is exactly controllable on H, which is generalized by the eigenvectors of
the operator A. Since the system (1.1) and the system ) (A, B, C) are equivalent, we only need to study
the exact controllability of } (A, B, C). In the end, (1.1) is proved to be exactly controllable on H.
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