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Abstract: The transportation of masses or objects by cranes, necessary in the construction sector to increase productivity, often
causes transverse vibrations of the system, which degrades production or process performance, and can even cause breakdowns.
Actively controlling or mitigating these vibrations is becoming essential in many fields, such as the construction of satellite
panels, etc. Therefore, many efforts have been made in recent years to find effective ways to eliminate these unwanted vibrations.
Thus, the vibration behavior of a crane on a construction site, transporting a mass represented by beams, is translated into an
equation using the theory of Euler-Bernoulli beam equations. These vibration effects are thus model led in a very reduced
manner by a nonhomogeneous Euler-Bernoulli beam fixed at one end and subjected to a point mass at the free end. In this
research article, we have generalized Wang’s results. We began by defining some fundamental properties of the closed-loop
system and then analyzed its spectrum. Using the theory of perturbed problems, we obtained the basic Riesz property. The
spectrum-determined growth condition and exponential stability were also derived. Moreover, when the damping was undefined,
we provided a condition on the negative value of the damping without destroying the exponential stability of the system.

Keywords: Beam Equation, Semigroup Theory, Asymptotic Analysis, Riesz Basis, Exponential Stability

1. Introduction vibrations are thus defined by the following system:

We consider a non-uniform Euler-Bernoulli beam with
a free-end mass under feedback control, the transverse

k(@) up (2,1) + (E1 (2
u (0, t)—uz(() 1) = u,
aug (1,t) + mug(1,t) —

U (T,1)) 0 v () ug (2,8) =0,0< 2 <1, t>0
(1,t) =0, t>0 (1
BEI

) Uz (2,
L BEI( ) tapar(1,£) — EI(1)tgue(1,£) = 0, ¢ > 0
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with u (z,0) = ug (z), us (2,0) = uy (z), 0 < & < 1, the
initial conditions. Consider «, 3, and m four given non-zero
positive constants where m is a tip mass.

Here and below, u (z,t) stands for a transversal deviation
of the beam at position x and time ¢; a subscript letter denotes
the partial derivation with respect variable. The length of the
beam is chosen to be unity, EI (x) = E(x)I(x) is the flexural
rigidity (or bending stiffness) of the beam while, E(z) > 0 is
the elasticity modulus and I(x) > 0 is the moment of inertia
of the cross section. Finally x (x) > 0 is the mass density and
~(x) is a continuous coefficient function of feedback damping.

Moreover, we shall always assume that:

k(.), EI()€C*(0,1) and v(1) #0 )

[18(5) we0 o

The Riesz basis property, meaning that the generalized
eigenvectors of the system (1) form an unconditional basis for
the state Hilbert space, is one of the fundamental properties of
a linear vibrating system.

For this kind of system, the stability is usually determined
by the spectrum of the associated operator and one can also use
the theory of nonharmonic Fourier series to obtain important
properties such as the optimal decay rate of the energy.

The same system of Euler-Bernoulli beam viscous damping
has been studied with (m = 0) in Touré al [6] with position
control. Using the tools in Birkhoff [4, 5] and Naimark [24]
the authors proved the Riesz basis property and concluded
that the spectrum determines the exponential decay rate if
~ > 0. This system was also recently studied by Hasanov in
[12], then by Baysal et al. in [2], with boundary conditions
different from those of system (1). In [2, 12], the authors
obtained stability results based on an approach that relies on
the use of regular weak solutions, an energy identity and a
Lyapunov function. Considering a system consisting of an
Euler-Bernoulli beam on a star-shaped network with indefinite
damping term, Bouallagui et al in [7] prove the exponential
stability of the system by the Riesz basis theory that we had
applied in our work.

The problems of stabilizing Euler-Bernoulli beams with a
tip mass controlled by combined feedback forces have been
the subject of several works, we could cite [13, 23]. The
asymptotic technique appears to be essential for the study.
There are two steps usually fund in the study of linear systems
with variable coefficients with damping. The first is to
transform the ”dominant term” of the system under study into
a uniform “dominant equation” by space scaling and state
transformation where no variable coefficient is involved any
longer. The second step is to approximate the eigenfunctions
of the system by those of uniform “dominant equation”. This
fundamental idea comes essentially from Birkoff works [4]
and [5]. This approach has been used in dealing with the
beam equations of variable coefficients see Bao [14], Wang
[32]. The system (1) was also studied in the uniform case
without the damping by Wang see [32]. The authors obtained
exponential stability using a method based on the Riesz basis.
In this work, we generalize the uniform system studied by
Wang in [32] by adding a damping term ~(x) and varying
the system coefficients. The main objective here is to obtain
the exponential stability of the system (1) thanks to the Riesz
basis property. To achieve our goal, we assume (1) # 0
and transform the beam eigenvalue problem into an ordinary
differential equation Lu = Au with polynomial boundary
conditions A (see Shkalikov [26] Tretter [29], Wang [32]).
The rest of the paper is structured as follows. The well-
posedness of system (1) in the context of the Cy semigroup
theory are derived in Section 2. In Section 3, we then study
the spectrum and the Riesz basis property for the considered
system is derived. The exponential stability of system (1) is
presented in Section 4. Finally, some concluding remarks are
given in the final Section 5.

2. The Well-posedness of the Problem
1)

In this section, we will discuss the well-posedness and some
basic properties of system (1). For the purpose, firstly we
formulate system (1) into an appropriate Hilbert space.

Set

Ve ={f€H?(0,1): f(0) = f'(0) =0}, 4)
)

H = V32 (0,1) x L* (0,1

D (0, 1) the space of smooth functions with compact support,

D’ (0, 1) the space of continuous linear functions
f:D(0,1) = C.

x C ®)

The superscript 1" stands for the transpose and the spaces L? (0, 1) and H” (0, 1) are defined as

L2(0,1):{f:[O,l]—>(C:/01|f|2<oo}

H*(0,1) = {f 0,1 5 C: f, 2 [0 e 12 (0,1)}
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In the space H, we define the inner-product

2

1 - —_
cluly = [ (@) @3 @ + B @) 1 (0) @) do+ 2,

where u = (f1, 91, 771)T € Hand u = (f2, g2, 772)T € H, a, 8 and m are positive constants.
We define an unbounded linear operator A, :D (A,) C H — H as follows:

g (x)
g —ﬁ (B () f" @) + () g (@) |, ®)
n B~ = B~ (o —mB~) g(1)
f
for | g | € D(A,) and the domain of operator A, is given by:
n
[ (fog.m)" € HY(0,1)NVE(0,1) x VZ(0,1) x C:
Dha) = { (1) = 0, = ~E(L) FO (1) + 3~ mg (1) } ' @

With these notations, the set of system (1) can be written as an abstract evolution equation in the Hilbert space H.

dy (t)
(o
Y (0) =Y, € H,

u(.,t) )
uzmm(lat) + Bilmut(lﬂt)

where

and

(m(ww——EIﬂ)

AY (1) ®

YO = 4y - B9 + 57 mn(1,0)

We consider the operator A designating the case without the viscous damping term, i.e.

v(z) =0, Yz € [0,1].

Let’s put

f
A, =Ag+T,withl', | g | =
n

I',, is a boundary linear operator on H.

Thus, we obtain the following results:

Lemma 2.1. Let Ag be defined as (6) and (7) with

~v(z) = 0Vx € [0,1]. Then Ay is a closed and densely
defined linear operator in H. For any o, 8 > 0 and m > 0,
0 € p(Ag) and Ay is compact on H. Hence (A) consists of
all isolated eigenvalues of finite multiplicity.

1 , /
oy = (000~ 5 (@10 77 0)) =577 =) o). (o) )

- / —(BI@)f" (@) g

(z) + EI (x) f" (2)g" (z) dx +

0 f
1
H(I)v(w)g(m) ,V]g| eH
0 n

Proof. The proof is the same as that of theorem 2.2. O

Theorem 2.1. The operator A, defined by (6) and (7) for
v(xz) = 0 Vx € [0,1], is a closed, densely defined m-
dissipative operator. Hence the operator A, generates a Cg
semigroup of contractions on H.

Proof. First, we prove that the operator A is dissipative.
Forany u = (f,g,n7)" € D(A¢) =D (Ay), we get:

n
2

ey = (= mB T g()
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By integration by parts and the boundary conditions and (7), we get:

! —_ - — _BInl2 —a ma(17
Gowie = [ B @’ @) - 1 @) @lds - B0 (001) + =200l
- OlEI(J:)[f”(ﬂC)QN (@) " (&) e + AL E IO ©)
(8712 + am) |g(D)I* | afg(D)n — aBy(1)n — 8 [nf”
m+ af m+ af3 :

The reorganization of the computations gives us:

y 2m (L + (17
(Aou,u)y = /EI [f7 (2)g" () = " (x) g" (w)dz + 2(m + aj) (10)

(B7'm? + am) |g( W aBg()n — aBy(l )n—ﬁlnlg.

m+ af + m+ af
As aresult:
- (2mBe(g(1)n) = (5~m? + am) |g(DI* - B1n[*) .
€< Ou7U>H_ m—|—0¢ﬂ 5 ( )
with Re the real part of a complex number.
Since
453 (671m2 + am) > 4m?, then Re (Agu, u)y < 0.
It follows from previous result that the operator A is dissipative.
Next, we show that the operator A is m-dissipative.
We prove that the operator (I — Ag) : D (Ag) C H — H is onto.
u
Let us show that forall z = | g | € H, thereexistsy = [ v | € D (Ag), such that 2 = (I — Ag) y. So
n w
v=u—f 12)
kv + (Elugy),, = kg (13)
n=01+B"Yw+p"" (a—mB ") v(1) (14)
Uz (1) =, (0) =u(0) =0 (15)
w = —FE(1)ugee(1) + 7 mu(1) (16)
where uw € H2(0,1), f =u—wv € L?(0,1).
Multiplying both sides of equation (13) by ¢ € V2 (0,1) and integrating from 0 to 1 with respect to z, we have
1 1 1
/ rupdz —|—/ (Elugy),, pdx = / k(g + f) pde. (17)
0 0 0

1
By integrating formally by parts twice the expression / (Elugy),, wdx using boundary conditions, we get
0

1 1 1
/ Elug,ppedr + / rkupdr + EI(1)ug..(1)p(1) = / k(g+ f)ede.
0 0 0

This is the weak formulation of (13) — (16). The left-hand side of (17) is a continuous coercive bilinear form a of ¢ and w.
Moreover, the right-hand side of (17) is a continuous linear form L of ¢ on V2 (0,1) .
Using the Well-known Lax-Milgram theorem, there exists a unique u € V2 (0,1) such that

a(u, ) =L(p) forall p € V3(0,1) (18)
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Regularity of the solution:
Let ¢ € D (0,1). Then equation (18) becomes

1 1 1
/ Kupdx + / (Elugy),, pdx = / lodz,
0 0 0

withl =p(g+ f).
This can be written as

19)

1
/ (ku — 1+ (Elugy),, =0, with | = k(g + f)
0

and lead to

ku~+ (Elugy),, =1€ D'(0,1),

the same equality hold in L? (0, 1)

because (Elug,),, =1 —ru € L?(0,1).

By using particular ¢ in V2 (0, 1) , we recover the boundary
conditions in u.

Hence, we have found a unique solution

u € H*(0,1)NV3 (0,1) of (13)—(16) . This shows that the
operator I — A is onto. We can thus conclude that the operator
A is m-dissipative according to the Lumer-Phillips theorem see
[25]. O

As a result we obtain the following important theorem for
the continuation of the work:

f
9| =4,
n
where
g = f
m = —pn—(a—mp~) f(1)
h =

So A, is invertible so A! exists and, 0 € p(A,) where
p (A,) is resolvent of operator A.,.
Since

Im| < Bnl+ |o—mp™| 12 0,1 -

it follows that

. f
Al g <N||yg
N/ \1m740,1)x 7H2(0,1)xC /) lm

for some constant N > 0. By the Sobolev embedding
theorem [1], A; 1is compact on H. Therefore, according to
the spectral theory of compact operator, the spectrum o (A)
consists entirely of isolated eigenvalues finite multiplicity.
Finally, since the operator A is infinitesimal generator of a
Cy-semigroup S(t) = 0! V¢t > 0 on Hl, satisfying

|S(t)]| < Me*t ¥YM € R}.

As we have A, = Ay + I'y, with I, is a boundary linear
operator on H.

Then using the perturbation by bounded linear operator,
we deduce that the operator A, = A + I'y is infinitesimal

(20)

Theorem 2.2. Let the operator

A, =Ao+T,: D(A,) C H— H defined by (6)-(7), then
A7 ! exists and is compact on H and A is generates a Co-
semigroup {e*7*} _ “on H. Hence, system (8) is well posed.

f
Proof. A direct calculation shows that: for all { g | € H,
n
fi
there is a unique | g1 | € D (A,) such that
m

bil
g1 )
mn

o Iy 52 T I @) F(8) + w(t)g(t)dtdrdsdy + (B + af (1)) [ [ By dsdy.

generator of a Cy-semigroup T'(t) = e ¥t > 0 on H,
satisfying
1T(8)]| < MelwtMIT, [t

(see A. Pazy [25], Theorem 1.1]). Hence system (1) is well-
posed. O

3. Spectral Analysis and the Riesz
Basis Property of Eigenfunctions of
Operator A,

3.1. Spectral Analysis of A

In this section, we use of the following result which deals
with the eigenvalue problem of beams in the form of an
ordinary differential equation L(u) = Au with A polynomial
boundary conditions see Shkalikov [26]; Tretter [29]. We used
this same technique in [27] and in this work we apply this
method to prove the basic properties of the system (1).

We begin by recalling some notations and definitions. Let
L (u) be an ordinary differential operator of order n = 2¢ € N,
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Lu) =u™ (x)+ Y f (@) (2), 0<z <1, (21)
v=1

and let the boundary conditions defined at the two points * = 0, and x = 1 be

k;

B (u) = 3 (a5,u® ™) (0) + 8,657 (1), 1<) <n, 22)
v=0

where k; € N, 1 < k; < n—1and «;,, 5, € C, minimal with respect to all equivalent boundary conditions
aj, + Bj, > 0. (see Naimark, 1967) .

We suppose that the coefficient functions f, (z) (1 < v < n) Let ug (z,p) (k=1,2,...,n) be the fundamental solution
in (1) are sufficiently smooth in [0, 1], and that the boundary  for the equation:

conditions are normalized in the sense that ) k; is a
v=0

L(u)+p"u+ plp(z)u(x)=0, peC (23)

where p (x) being continuous in [0, 1], and let wy, (k = 1,2,...,n) be the noth roots of w™ + 1 = 0. If we denote by A (p) the
characteristic determinant of (23) with respect to (22)

A (p) = det [Bj (uk (~a p))]j,k:lﬂ,...,n

then A (p) can be expressed asymptotically in the form (for r > 1)

Alp) = pt)y e [For] (24)
K,
whenever p is large enough see Shkalikov [26]; Naimark [24]. Here, ky, is a k element subset of {1,2,...,n}, i, = > wj,
J€ky
[F] =Fg* +p "Ff* + .+ p " E* + O (p77), (25)
and the sum runs over all possible selection of k. of operator A
Since, according to the previous section, the spectrum Let A\ € o(A,) and ® be an eigenfunction of A,

o (A,) consists entirely of isolated eigenvalues. Thus, the  corresponding to A. Then each eigenfunction corresponding to
conditions are met for studying the problem of the eigenvalues X € o (A) with A # —3~! is of the form

satisfies the following equation for ¢ # 0, see [23]:

Nk(z)d (x) + (BI (z) ¢" (2))" + My (@) ¢ (2) =0, 0<x <1,
$(0) =¢"(0) =¢" (1) =0 (26)

" B al + A\32m
W) =G aErm? -

Expanding (26) yields

"(z " (x x 2k (x
09 @)+ 2o o @)+ 8o @ 0L o)+ LT o) =0, 0 <o <1,
50)=¢(0) =" (1) =0 @)
9" (1) = 222 ).

(I+BNEI(1)
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In order to simplify our computations, we introduce a spatial scale transformation in:

fo=o), == [ (;}fg))‘l‘dc

1 1
AORE
=) () ¢
o \E1)
Then, (27) together with its boundary conditions can be transformed into

v ()

where

fO ) +a ) f"(2) +b(2) " (2) +c(2) f (2) + )\h4% (x) + X2t f(2)=0,0< 2z <1,
f(0)=f(0)=0
2 W)+ 2 (1 (1) =0 .
" 32z (1) " Zpaa (1) / aX + X’m _
PO W o MO arma o e W ="
with 6 Br
a(z) = Z’:;x + zzEI(EC:c)) (29)
322, 62, FEI (v El' (x 42
b(z) = zg + 23ET (x() ) Z%EI((x)) 23 30)
Zowwr  2Zzzs B (T zea BT (T
¢(@) = 24 22ET (a:() ) 22ET (:i)) G
1 k() 1 1 k(2)
2T (EI(J:)) ’ Zi_ﬁEl(x) (32)
and L, .
1 k(@) T d [ k(x)\*
Z”4h<EI(:c)> da:(EI(x)) ' (33)
If we define
-3

The equation in (28) is forany 0 < z < 1
FO ) +alz) [ (2) +0(2) [ (2) + ¢ (2) [ (2) + Ah*d (2) f (2) + XA S (2) = 0.

This can be further simplified by applying another invertible transformation:

s = (§ [[a©dc) 1), 0<z<n

and we arrive at the following eigenvalue problem that is equivalent to the origins one:

gD (2) + b1 (2) g (2) + c1 (2) ¢’ (2) + dig (z) + AR (z) g (x) + A2htg (2) =0, 0<z<1,
g(0)=4g"(0)=0 (34)
g" (1) +b11g’ (1) + bi2g (1) =0

9" (1) + ba1g” (1) 4 ba2g’ (1) + basg (1) =0,

where
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D) = ) - 1)+ (IR - 5sa'(:) +000) (1pat(e) - ) ) - )
b11 = —*&(1) + 'Z:Qx((ll))
1 2 2 1 2 /
g0 — R0 — el
12 —
z (1)
b=+
B , 3 3zez(1)a(l)  2zpre(1)
b = =30 W+ 00 = =+
B " 3, 1 32z2(1)a’ (1) 3242 (1)a?(1)  2zzze(1)a(1) a+ X2m
by = =0 (1) + g’ (Da(1) = ra’(1) - 122(1) 1622(1)  423(1) (14 BNBWEI()

We will now solve the eigenvalue problem (34) by dividing ~ was used by Wang et al in [30-32], Touré al in [27] and My
the complex plane into eight different sectors as Birkhoff  Driss et al in [23], then recently by other authors see [16].
(1908a, b) [3], [4] and Naimark (1967) [24]. This technique Let us consider the following eight sectors:

k k1
Sk{ze(C:Igargzg(tl)ﬂ}, k=0,1,2,..,7

and let w1, wa, w3, wy be the roots of equation ¥* + 1 = 0 that are arranged so that

Re (pw1) < Re(pwz) < Re(pws) < Re(pws), Vp € Sk. (35)
Obviously, in sector .S7, we can choose
3 V2 V2. 1 V2 V2.
wi = expliym) = =5+ S-dwe = explizm) = 5+ 50,
i VR T VB
w3—expz47r =7 2z,w4—expz47r = 22,

such that the inequalities in (35) are verified and we make  sectors with similar proofs.
these same choices in other sectors. In the rest of this section, . p* .

. ) . . Setting A = —, in each sector S.
we shall derive the asymptotic behavior of the eigenvalue of 2

the sectors S; and Sy because the same will hold for the other The following lemmas will be used for the fundamental

asymptotic solutions of the system (34) , see [32].

Lemma 3.1. For p € Sy, with p large enough, the equation: g*) (2)4+by (2) ¢ (2) +¢1 (2) ¢’ (2) +dig (2) +p?h3d (2) g (2) +
p*g(2) =0, 0 < z < 1, has four linearly independent asymptotic fundamental solutions,

b, _
P, (2,p) = exp pwsz <1+’;('Z)+O(P 2))7 s=1,2,3,4 (36)

and hence their derivatives for s = 1,2, 3,4 and 5 = 1, 2, 3 are given by

di

al — J Ps1(2) -2
77 D, (z,p) = (pws)’ exp pwsz (1 + 5 +0(p7?) 37)

where

1
Ps1(2) = T 43
s JO

w?b (¢)d¢, @41 (0) =0,

for s=1,2,3,4 and

1 h2 1
By (2) = —— /0b1<c>d<—@/0 d(C)d

4w
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1 1
= —p1 + —3H2,
Ws Wy

2
with p, = —%fol b1 () d¢ et po = —hZ Old(C) dg.

Lemma 3.2. For p € Sy, if we set § = sin 7 = %, then we have following inequalities:

Re (pw1) < —|pld, Re(pws) > |p|d, wy = —wy and

e”1 =0 (p~?) when |p| = +oc.

By applying the two lemmas above, we obtain the following Theorem:
Theorem 3.1. Let A (p) be the characteristic determinant of the eigenvalue problem (34). In sector Sj, an asymptotic
expression of A (p) is given by:

Ap) = plerws{2er 4 2e7P%2 + Qpzp~lere (38)
+ 2ipap e + 0 (p7)},
where
3 = V2 (1 + biy) — \fm—&-\f—
30 BT (1) 72 )

=2 b — 2—.
pa = V2 (p1 + br1) + V22 \[521( DEI() 2
Problem (34) is strongly regular. Therefore the system of the generalized eigenfunctions forms a Riesz basis in the state
Hilbert space H.
Proof. According to lemmas 3.1 and 3.2 and substituting (36) and (37) into the boundary conditions (34), we obtain asymptotic
expressions for the boundary conditions for large enough |p| :

Us (®5,p) = @5 (0,p) =1+ 0 (p72) = [1],, 5=1,2,3,4, (40)
Us (®s,p) = @,(0,p)
= pws (1+0(p7?))
U3 (©S7p) = pws [1]27 §= 172a3547
Uz (Bs,p) = @J(1, P) + 0112 (1, p) + b12®5 (1, p) U2 (D55, p)
= (pws)? eP*s[1+ (Wi + p2) p~wg® + biip~lwg' + O (p72)] (41)
U2 (¢Sap) = (pWS’ epb-)s 1+((wSM1 +M2) w§3+bllw§1)p_l]27 §= 17273a4'
Up (®s,p) = @ (1,p) + 0219 (1,p) + b22®s (1, p) + b3 P (1, p)
= (pws)’ e (14 (whmn + 12) p7 w5 + baap ™ w5 ) + (pws)® e (bas (pws) ™+ 0 (572))
wg” (pm + ap”'h?) 42)

(pws)® s [1 4 (w? (1 + ba1) + p2)p twg?] — (pws)® ePs|

(2 + Bp?) 22 (1) BI (1) 2

+ O (p‘j)]
Uy ((IDS,p) = (pr) epws[l + (W?S' (/1'1 + b21) + /~L2)p71w§3 - X]27 s=1,2,3,4,
-3 _1
mwe®p
h = Sr
WX = B ) EI (1) 2
2
Note that A = % # 0 is the eigenvalue (34) if and only if p satisfies the characteristic determinant A (p) = 0, with
U4 (¢17P) U4 (@27/)) U4 ((I)?np) U4 (¢47P)
A(p) — U3 ((I)lvp) U3 (®27p> U3 (q)?np) U3 ((I)4ap) (43)
U2 ((I)lvp) U2 (®27p) U2 (@3”{)) U2 ((D‘lap) ’
U (®1,p) Ui (®2,p) Ui (®3,p) Ui (P4,p)
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so substituting (40) — (42) into (43) , using lemma 3.2, we get:

(1], [1}[21]
pwi [1] pw2 [y
A=) (Pw2)2 er2 [14 (w3 (1 + bua) + p2) ﬂ_lw53]z
0 (pw2)” 72 [1+ (w3 (1 + bar) + p2) p~ w3 ® — x],
1], 0
pws (1] 0

(pw3)2 ervs [1 + (w§ (1 + b11) + ,Ug) p‘1w3_3]2
(Pw3)3 e [14 (w§ (1 + ba1) + p2) plwy — X}z

(pwa)” e [1+ (wf (p1 4 b11) + p2) p_1w4_3]2

(pwa)® €7 [1 + (w3 (1 + bo1) + p2) pwi® — 1],

Expanding the above determinant, we obtain the following expression

A (p) = pPer {(wn — w1) wiwder® ws — ws + (w32 — wy ) waws (1 +bin) p

4

+(wr?—wi®+ (wy

+ (w1 — LU3)

4

+ (w;z — w;z + (w; — wfl) w4o.)2) ugp_l +

In sector S7, the choices are:

_ OJ;4) OJ4(A)3) M2P_1 +

wiwier? wy — ws + (w

-1

mp . B
Fam BT @ el
2_2 _ w4—2) Wawo (,Ul + bll) p
e e )]+ 0 ()

—iv/2,

w%z—@ w%z@ w%zz} wi:—i, w§4—w24:07

—4 —4 -1 .

wy  —wy =0, wy wy=—1, w3 = —wy,

Wi — w3 = V2, w —ws = \fz Wy — w1 = V2, Wy —wy =
—2 -2 S 2

wy?—wit=-2%, wit—w?= -2 Wil =1, wiw=1.

So a straightforward simpliﬁcatlon will arrive at

A (p) = plefva{2eP“2 4 2 P2 4 2u3p el 4 2ipyp e P2 + O (p

This expansion is also true for other sectors Sy, by applying
the exact same arguments above.
Then, from the determinant A (p), we have

O10=2#0, Ogp =0, O_190=2#0.

From ([32], Definition 3.2.5), we conclude that the
eigenvalue problem (34) is strongly regular. O

)

We can further deduce a necessary condition for the stability
of (1) because the spectrum determined growth condition
is true now. For this purpose, we look for an asymptotic
expansion for the eigenvalues of the system (34).

Theorem 3.2. Let A, be defined by (6) and (7), then an
asymptotic expression of the eigenvalues of the problem (34)
is given by

An = % (ta — p3) £ hi(g (4 + p3) + (” + ;) )i+ O (n'), (44)
where n = N, N + 1, ... with N large enough, and
_ 2V2mh [ k(1) E
= =V = =~ ern (2105)
fa + prz3 = 2V2 (1 + buy) - 45)
We have .
n? [t (@) dz 1 [ k(xz) \*
H2 = _? 0 d(C)d<7 d(l‘) - H("EY% - E <E1($)> ’
s0,
B @1 (w@ N\ ) (@) Vo
w=-5 [ Xa (arm) @1 v (aw) -
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Moreover, A, (n = N, N + 1, ...) with sufficiently large modulus are simple and distinct except for finitely many of them, and

satisfy B ) ,
o Redn = _Bhijn;(l) (51(8)) - % /0 Zg; (51%)) da- @0

Proof. Using (38), we can deduce an asymptotic expression for the eigenvalues of problem (34). The equation A (p) = 0 and
(38) imply that

2ePY2 4 2e7PY2 4 QpapTtePY? 4 Qipyp e TP + O (pfz) =0

which equivalent to
ePv? 4 gmPwW2 4 Mgp—lePwQ + ,L"u4p—le—pW2 +0 (p—2) =0 47

and can be rewritten as
el e P2+ O (pfl) =0. (43)

Note that the following equation:
el e =0
has solutions ) ]
P = <n+) =12, .. (49)
2 w2
Let p,, be the solutions of (48). Applying Rouch?s theorem see Naimark, 1967, p.70 in [24] to (48), we get the following
expression:

— 1 )
pnpn+an<n+)m+ana anzo(nil)a (50)
2 w2
n=N,N+1,..
where N is a large positive integer. Substituting p,, into (47), and using the fact that e?“? = —e™P¥2,
We obtain:
Qw2

. _ pmamwn | ’ulgﬁ;lfleanwg . iu4b\;fle—anw2 + O(ﬁ;*2) =0.

Expanding the exponential function according to its Taylor series, we get:

Qp = — Hs + s i+(9(n*2), n=NN+1,..

2W2Pn 2W2Pn

Therefore, we have

— 1 ]
pn:<n+>m+ H3 i+ Ha +O(n72)7 n:N’N—‘rl,

1 1

2
Notethat/\n:%;&(),wgzei% andw%zi. So we have
V2 1 V2 1\? .. .
An = W(M4—M3)+h2(2(M4+M3)+(”+2> W)Z+O(” ) D

where n = N, N + 1, ... with N large enough.
The same proof can be applied to sector So because the eigenvalues of the problem (34) can obtained by a similar calculation
with the choices

— Xp(-,ﬂ)_@ @'u = exp(i=n) = V2 V2
! ¢ Z4 2 2172 ¢ Z4 2 21’

_X(-Z>_£_@- _X(é)__\/i_\/i'
W3—epz47r—2 227w4—epz47r— 2 2@,

so that inequality (35) holds:
Re (pw1) < Re(pws) < Re (pws) < Re(pwy), Vp € Ss.
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Hence, in sector S, we have the following asymptotic expression of A (p) :

A(p) = poer i{2eP? + 2e7F“% — 2pu5p™ P + 2ipup~ e P2 + O (p7%) )

By a direct calculation, we have for n= N, N +1,...

— 1 ) -
pn=<n+2)zz— B —it — e+ 0 (07, (52)
22 ( + 2) m 2 (n + 2) U
with IV large enough. Again
V2 1 V2 N oo
M= i) = (5 Gt + (4 5) 40 (), (53
where n = N, N + 1, ... with N large enough. asymptotically simple and isolate one from another.

Here we should point out that the eigenvalues generated
from the other sectors S}, coincide with those from S; and Ss

the detailed argument can be found in [24]. Combining with
(51) and (53), we obtain the result on the eigenvalues. O

Remark 3.1. From the above theorem, taking

El(x) = k(z) = 1, v(z) = 0 Vx € [0, 1], we obtain the
result of Wang see ([32] pages 82-86). We thus generate this
result of Wang.

Remark 3.2. In Theorem 3.2, we obtain the asymptotic
expression of A,. If A € o(A,) with A large enough,
then A\ has an asymptotic form given by (44).  So,

A )N {Xn, Ay n > N} has finitely many eigenvalues.

3.2. Riesz Basis Property of Eigenfunctions of A,

Definition 3.1. The boundary problem (23) with (22) is
said to be regular if the coefficients Fj;* in (24) are nonzero.
Furthermore, the regular boundary problem (23) with (22)
is said to be strongly regular if the zeros of A (p) are

with

We consider the following theorem see [32]:
Theorem 3.3.1f the ordinary differential system with
parameter A = p?

{ L(u,)) =

Bj (u) =
has strongly regular boundary conditions, then the generalized
eigenfunction system of A (A the operator associated to (54))
form a Riesz basis in the Hilbert space H.

In this subsection, we discuss the Riesz basis property of
the eigenfunctions of operator A, of the system (8). We begin
with showing that the generalized eigenfunctions of A defined
by (54) form an unconditional basis in Hilbert state space H.

For this aim, we introduce a transformation £ via

L(f,9,8) = (¢,%,§) whith &,¢" €C,

L(u) + Nu+ M (z)u

0, 1<j<2 (54)

where

- / (51(%)%4'

It is easily seen that £ is a bounded invertible operator on H.

Now we define the following ordinary differential operator:

L(f) =W (2) +a(2) f" (2) +b(2) f" () + c(2) f' (2),
n() = h2d(z) = 1
Bi(f)=110), B> (f)=Ff(0), (55)
By (f) =z ()f//(3)+(za:>m(1) )= () s
Y Rax " Ziwﬂ / _ QA+ 2m —
1 1 T
where the coefficients are given by (29)-(33). Let A, € o (A) be an eigenvalue of A and (n’{q,g7 % (1 )) be

an eigenfunction, then we have g = nf and f will satisfy the following equation:

FD ) +az) 7 (2)+b(2) f (2) +c(2) f/ (2) +nu(z) f(2) +n’f (2) =
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with boundary conditions B; (f) =0, j = 1,2, 3,4. Now by taking A = M and

h?

L(f,9,6) = (¢(2),¢(x),¢")

we see that 1) = \¢ and ¢ satisfies the equation

@ () 2BL @) o BI (@) s M) (@) )
o (x) + B () " () + El(x)¢> ( )+El(a:)¢( )+/\H(x) 0,0<z<1,
</>(0)=¢>’(0)=¢>”(1)=20

¢///(1) _ aX + A*m ¢(1)

(148222 (1) EI(1)

Hence we have the following result.

Theorem 3.4. Let operator A, of the system (8). Then the
eigenvalues of operator A, are all simple except for finitely
many of them, and the generalized eigenfunctions of operator
A, form a Riesz basis for the Hilbert state space H.

Proof. From the previous subsection, we have shown that
the boundary problem (34) is strongly regular because the
coefficients of Fy'* are nonzero in A (p) see Definition 3.1,
which implies that the eigenvalues are separated and simple
except for finitely many of them. Thus the first assertion is
true. Next, according to Theorem 3.3, the strongly regular
boundary conditions ensure that the generalized eigenfunction
sequence F,, = (fpn,nfn,&n) of operator A forms a Riesz

basis for H. Since £ is bounded and invertible on H, it follows
that ¥,, = (¢, \non, &) = LF,, also forms a Riesz basis on
H. O

4. Exponential Stability

We are now in a position to investigate the stability of
system (8). Since the Riesz basis property implies the
spectrum determined growth condition (see Curtain & Zwart,
1995), and (46) describes the asymptote of o (A, ), for any
small € > 0 there are only finitely many eigenvalues of A, in
the following half-plane:

Y :Rel\ > —

om (;@(1)>43 1 17(x)<n(x)>idx_+€ (56)

BhEI (1) \ EI (1) " 2h )y k(z) \EI(2)

The following stability result that describe how stability depends upon damping function .
We recall the following definition to begin see [32].
Definition 4.1. Let A be the infinitesimal generator of a strongly continuous semigroup 7'(¢) on a Hilbert space . Consider

w(A) = lim T,

t—oo

the growth exponent bound of T'(¢), and
s(A) = sup{Re(\) : A € o(A)},

the spectral bound of the operator A. If
w(A) = s(A)

We say that the spectrum determined growth condition holds. If w(.A) < 0, then T'(¢) is exponentially stable.
Theorem 4.1. If 7y is continuous and nonnegative on [0, 1] and 8 > 0, then the system (8) is exponentially stable.

Proof. Forany u = (f,g,n)" € D (Ay),

. g(z) f
——— ((BI (z) " (x))" +v(x)g(x)) |, | 9 >

<A’7ua U>H = < k (z)
—B7 =B (a—mpB1) g(1) 7
1 L 2
= /O —(BI(2)f" ()" g () + EI () f" (2)g" (x) — v (2) g ()" da + P (=B~ ="  (a=mpB™") g(1)) 7.
As aresult
Re (Ayu,u)y = —/O v () |g ()]” dz + oy a5(2mRe (g(1)m) = (B7'm* + am) [g(1)|* = BIn|*), 57
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with
(2mBe (g(1)n) — (57"m? + am) |g(DI* = B1nl*) <0

since
443 (571m2 + am) > 4m?2.

where we derive the last equation by integrating twice by parts and using the boundary conditions of the system (1) .
It follows from previous result that the operator A, is dissipative.
Moreover, the spectrum of A, has an asymptotic

R =~ (Eﬁf(g))f -5 01 78 (51(26;)) g

If we can show that there is no eigenvalue on the imaginary axis then the exponential stability holds.
Let A = 4r with » € R be an eigenvalue of operator A, on the imaginary axis and & = (¢, ¢,£) be the corresponding

eigenfunction.
We have 51 (ar— mp1)
¢ = <>\1¢7¢7—)\_~_ﬁ_1¢(1)) .
We get
Re((A,®,®)) = || @[ Re()) =0,
and
[ @ ek (2mRe (4(1)9) = (67'm? + am) |9V - BI)
0 m+ af
Since
44 (ﬂ_1m2 + am) > 4m?,
then
(2mBe (6(1)¢) = (57 'm® + am) [6(V[ - B1¢P°)
B m + af B
and

v (@) ¢ (x)]* =0, Vo € [0,1],

moreover y(x) > 0in [0, 1], and (1) # 0, we have
¢(1) = 0.

Which implies that the eigenvalue ® of A, is zero because 1) = A\~ !¢ and ¢ (z) is the uniqueness solution of the differential
equation:
Nm(z)¢ () + (BI (x) ¢ ()" + Ny () 6 (2) = 0,
for 0<z<1, (58)
¢(0) =¢'(0) =¢" (1) = ¢" (1) = ¢(1) = 0.
The above equation has a zero solution only see [27].
However, ® = 0 contradicts ® being an eigenfunction and so there is no eigenvalue on the imaginary axis. Then Re(\) < 0.
From the Theorem 3.4 and the spectrum determined growth condition Definition 4.1, the system is exponentially stable. O
Now we can consider the case where «y (.) is continuous and indefinite in [0, 1] . We follow a Wang’s idea [32]. Consider
v(z) =~ (x) — v (z) forall z € [0, 1] with

max{ry(x),o}:{ v (x), ify(z) >0 7

&
[

0 elsewhere

T = 0.0 = (g e
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let

A'y* (f,gJI)T: _ 1
K (2)

g9 (z)

—— ((BI (z) f" ()" + v (x)g(z)) = B~ In— B~ (a—mB~) g(1) ] °

Y (f,9.:m)" €D (A+) =D(A,)

and

I_(f,g.n)" = <0, g

So A, can be rewritten as follows: A, = A+ +T'_.
Theorem 4.2. Let s (A.+) = sup {ReA|A € o (A,+)} . if

then the system (8) is exponentially stable.

s ey ) < )

9

Proof. Referring to Section 2, we see that the operator I'_ is bounded and symmetric, that is, that:

(T'_(uw),v)m = (u, T'_(v))m Yu, v € H,

so the operator I'_ is self-adjoint (see H. Brezis [8], page 113) and we have:

It || = max
z€[0,1]

(59)

Ui

By Theorem 2.2 and the definition of the operator A+, {e‘&xv+ t}tzo is a semigroup of contractions and s (A7+) <0.
By applying the theory of disturbance of linear operators, we have A € p (A.) every time

ReX > 5 (Ay+) + [T || . Again, the theorem 3.4 gives

w(Ay)=s5(A,) <s(A+)+|T-| <O,

where w (A,) designates the rate Optimal of the system’s
energy decline. So the system, (8) is exponentially stable. O

5. Conclusion

In this paper, using the basic Riesz theory, we discussed
the exponential stabilization of a variable coefficients Euler-
Bernoulli beam equation with viscous damping and a tip mass.
Different from the earlier papers, we imposed a very important
condition on the damping term ~ to prove that no eigenvalue
of the operator A, of system (1) is on the imaginary axis.
This led us to the exponential stability of the system through
the basic Riesz property and the spectrum determined growth
condition. We note that the condition used in this paper can
also be applied to the study of the exponential stability of other
systems.
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