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UNIFORM STABILIZATION FOR THE TIMOSHENKO BEAM
BY A LOCALLY DISTRIBUTED DAMPING

ABDELAZIZ SOUFYANE & ALI WEHBE

ABSTRACT. We study the uniform stabilization of a Timoshenko beam by
one control force. We prove that under, one locally distributed damping, the
exponential stability for this system is assured if and only if the wave speeds
are the same.

1. INTRODUCTION

A Dbasic linear model, developed in [19], for describing the transverse vibration
of beams is given by two coupled partial differential equations

pwir = (K(wy — ¢))z,
Iopu(a,t) = (BElpy)s + K(ws — ).
Here, t is the time variable and z the space coordinate along the beam, the length of
which is [, in its equilibrium position. The function w is the transverse displacement
of the beam and ¢ is the rotation angle of a filament of the beam. The coefficients
p,1,,E,1 and K are the mass per unit length, the polar moment of inertia of a

cross section, Young’s modulus of elasticity, the moment of inertia of a cross section
and the shear modulus respectively. The natural energy of the beam is

1

£t =4 / p |0l + 1, [0l + BI 0,0l + K |00 — o)dz. (1.2)

0

The aim of this paper is to study two types of stabilization of this system, the
internal and the boundary stabilization. Let us mention some results about the
stabilizability of the Timoshenko beam. The case of two boundary control force
has already been considered by Kim and Renardy [4] for the Timoshenko beam.
They proved the exponential decay of the energy £(t) by using a multiplier tech-
nique and provided numerical estimates of the eigenvalues of the operator associated
to this system, and by Lagnese & Lions [11] for the study of the exact controllabil-
ity, Taylor [7] studied the boundary control of system (1.1) with variable physical
characteristics. Recently Shi & Feng [16] established the exponential decay of the
energy £(t) with locally distributed feedback (two feedback).We will first prove that
it is possible to stabilize uniformly (with respect to the initial data) this beam,

on (0,1) x Rt (1.1)
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which is assumed to be clamped at the two ends of (0,1), by using a unique locally
distributed feedback

pwie = (K(wz — ¢))a,
L = (Elpy)s + K(wy — ) —b(x)ps,  on (0,1) x RY (1.3)
w(0,t) =w(l,t) =0; ¢(0,t) =p(l,t)=0.

where b is a positive continuous function of the space variable. Indeed, we prove

the uniform stability holds for system (1.3) if and only if the wave speeds % and
EI

T
tepchniques we use consist in the computation of the essential type (see the definition
in the next section) of the associated semigroups, thanks to the result of Neves et
al. [6].

Our paper is organized as follows. In section 2, we give a result of a well-
posedness of the solution of the system and we study the strong asymptotic stability
and the nonuniform stability of (1.3) under the assumption % #* %I In section 3,

we study the uniform stability of (1.3) under the assumption % = %
P

are the same. If not, the asymptotic stability for this system is proved. The

2. WELL-POSEDNESS, ASYMPTOTIC AND NONUNIFORM STABILITY

Well-posedness. Here we outline the existence theory of the solution of the Tim-
oshenko beam. To establish the existence and uniqueness of the solution of the
studied model we use the semigroup theory, we suppose that b € C([0,!]) . The
energy space associated to system (1.3) is

H == (Hy (J0,1[) x L*(]0,1[))?

The inner product in the energy space is defined as follows:
1
(Y1,Ys) := / (K (0pu1 — w1)(0pus — wa) + pv1va + I, f1fo + EI(Oyw10,ws))dx,
0

Ug
UV
Wi

Jr

the norm in the energy space. The system 1.3 can be written as

where V), = € H, k=1,2. In the sequel we will denote by |V := (Y,Y),

QY (t) = LY (1),

where
wl(t) 0o I 0 0
K K
vy | 20O | [0 O O ;
et) |’ 0 0 0 I
drp(t) 70z 0 F0wm -1 —b(z)

with D(L) == (H2(10,1) N HL(10,1) x H3 (10, 1)

Proposition 2.1 ([17],[16]). The operator (L, D(L)) generates a Cy-semigroup of
contractions (eXt);>q on H.
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Asymptotic strong Stability and nonuniform stability. Before giving our
first result, we need to recall some results and the following definitions:

el is asymptotically stable if, for any Yy € H lim,_ ., e"*Yy = 0.

el’ is uniformly (or exponentially) stable if there exist w < 0 and M > 0 such

that
left]| < Mevt teR*

For a continuous linear operator from a Banach space into itself, we define its
essential spectral radius r.(L) as

re(L) = inf {R >0:p€o(l),|ul > R implies i is an isolated } (2.1)

eigenvalue of finite multiplicity
It is well-known (see Gohberg-Krein [3]) that, if (L) is the spectral radius of L
re(L) < r(L);
re(L+K)=r.(L) VK € L(X), K compact
If eX* is a Cp-semigroup generated by L, then (see for instance [5]) there exist
two real numbers w = w(L) and w, = w(L) such that
r(ef) = e, (2.2)
re(eft) = e¥et vt € RY. (2.3)
w is often called the type and w,. the essential type of the semigroup. A third real
number which plays an essential role in stability theory is the spectral abscissa s(L)
of L defined by
s(L) =sup{ReA: A€ o(L)}.
These three real numbers are related as follows [5, Theorem 3.6.1., p. 107]:
w(L) = max (we(L),s(L)) .
Lt

Clearly, the uniform stability of e
to state our first result.

Theorem 2.2. Assume that b € C([0,1]) and
b(x) >b>0 on [by,b1] C [0,]]. (2.4)

is equivalent to w(L) < 0. We are now ready

Then:
Lt

e "' is asymptotically stable.
o If % #+ ?—I, then et is non uniformly stable.
P

Before giving the proof of this theorem we need to recall the following result.
Theorem 2.3 (Benchimol [2]). Let L be a mazimal linear operator in a complex

Hilbert space H and assume that:

(a) L has a compact resolvent.
(b) L does not have purely imaginary eingenvalues.

Then et is strongly stable.

Theorem 2.2. To prove strong stability of et it remains to verify the properties
(a) and (b) of theorem 2.3.

Property (a) follows at once from the compactness of the imbedding D(L) in H,
a consequence of Rellich’s theorem.
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Suppose the conclusion of (b) is false, then L have a purely imaginary eingen-
values iw. Let U; the eigenvectors associated to iw. Using the definition of L it
follows that LU, = iwU; if and only if

K0yu — K0yv = —pw?u,
El.0,,v+ KOyu — Kv — ib(z)wv = — pw2v, (2.5)
“|o,z = v’o,l =0.

We multiply the second equation of this system by v to obtain
l

1
/ (EI0yv|* — KOpuv + (K — I,w?)|v|*)dz =0 and / wb(x)|v|?dz = 0.
0 0
Then v = 0, on [bg, by}, and
El.O0p v+ Koyu— Kv=— prU,
which implies 9,u = 0 on ]bg, by[. From
KOypu — KOyv = —pw?u,

it follows that u = 0 on ]bg, by ][.
Now, it is trivial to see that u = v = 0 is the solution of the system
KOypou — KOyv = —pw’u,
El.0..v+ Koyu— Kv=— pwzv, (26)
v=u=0 on |b,bi], ’

“|o,z = U|o,l =0.

This complete the proof of the strong stability of (eXt);>o.

The proof of the nonuniform stability for e’* when % #+ %I is based on the

computation of the essential type of (e£t);>o. Let

o O OO
o O OO
o O OO

0

0

0
_K
IP

This operator is compact in the energy space H. Then r.(L) = r.(L — D). Now we
calculate the essential spectral radius of L1 := L — D | for this reason we transform
the equations by introducing the following variables:

K K
p=—4]—0u+ 0w, q=4/—0zu+ Ou,
P P
EI EI
Y= - 7811} + 8151}, w = 76$U + 8t1].
I, I,

which are solutions of the system

D p p

|| +K0, |¥|+c|?|=0, (2.7)
q q q
(U (U (0



EJDE-2003/29 UNIFORM STABILIZATION FOR THE TIMOSHENKO BEAM 5

with the boundary conditions

P+ a)0,1) = (p+9)(0,8) = (p+ )1, 1) = (¢ + )1, 1) =

where
K/p 0 0 0
Kk_| 0 VEIT, 0 0 |
0 0 —JE/p 0
0 0 o —EI/I,

K 1, K 1,

0 —\VE 0 5,\VEr
VK5 _ble)  _JEp b
c—| 21, 21, 21,

I, 1,

0 —ZV&E 0 LV
VEp bz _JEp _bla)
27, 21, 21, 2,

When % #* %, we can apply a result in [6, p 324] which implies that r.(el1?) =
P

re(el2t) = exp(at) where

K/p 0 0 0 g g(m) 8 g
o R R G v S L PR

0 0 0 —EII, 0 0 0 -39
and o = sup{Re(\) : A € o(L2)}. To compute « we solve the system

1/ 0z = Ap, \/ 0:q = —Aq,
P
EI B b(x) / B b(x)
ﬂ&c%ﬁ = ()‘ + ZIp )‘P: p 7:1/1 *( 2Ip’)7f1’

with the boundary conditions

P +9)0,1) = (p+¥)(0,1) = (p+ q) (1, 1) = (¢ + ¢)(I, 1) = 0.

Then we have

o) = vy 2o, a(a) = —erexn(-n L),

o(x) = cq exp( %()\x + /Ox l;(lyp)dy)),

0(o) = e exp(oy [ v+ [ G,

where ¢; and ¢z are in R\{0}. Using the boundary conditions, we see that one of
the following two equations must hold for non-trivial solutions,

exp(A %l) —exp(—A %l) =0,

1 l
exp(\/g()\l +/() l;(j)dy)) — eXp(—\/g()\l —l—/o b;}yp)dy) =0,
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these imply that
1 [t
Re(A) =0 or Re(\) = 77/ (@)dx,
lJo 21,
and thus
a =sup{Re(A\),A € 0(La)} = 0.

Then 7.(e’2t) = 1. Using the property r(e’?) > r.(e’t) we deduce, the non uniform

stability of the semigroup associated to the Timoshenko beam if % %. O

3. UNIFORM STABILITY
In this section our main result is the following theorem.

Theorem 3.1. Assuming that b(z) satisfies (2.4), elt is exponentially stable if
K _ EI

P I, "
The proof of the uniform stability is based on the construction of a Lyapunov
function ¢(Y (t)) satisfying the following inequalities:
i) There exist two positives constants, dy,d; such that

d |lY[IP < oY) <di |[Y]]® VY eD(L) (3.1)
ii) There exist a positive constant ds such that
Qep(Y (1)) < —da |V (1) (3.2)

To construct this function we will use the multiplicative technique.

Lemma 3.2. If ¢(Y(t)) satisfies (3.1), (3.2), then there exist m and e a positive
constant such that

Y (#)]* < mexp(—et)||Y (0)]

Proof. Tt follows from (3.1) that — ||V (£)||* < —%qﬁ(Y(t)). Using (3.2) then we
have

0¥ (1) < = 7-¢(Y(#))
thus J
BY (1) < exp(=FH)B(Y)
Using (3.1), we have ||V (¢)|? < gé exp(— d2t)||Y||2 O

Lemma 3.3. For any positive constant €1 and scalar functions h,c such that:
h(0) > 0, h(l) <0, hy <0 on [by,b1], hy > 0 on [0,1]\[bo, b1], and ¢y < 0 on [0,1],
we have the following statements:

i)
1, EI
8/Ic’9t<p h(x)p,dx ——/ o(p2)?dr — 2/ x((?tw)zd:c+7[h-(%)2]6
—A<<mww>%m+K/ — ) hipyda,
i)
1 1 EI [ l
8t/ Ipﬁtcp.c(m)god;v:—EI/ c(gpz)2dx+7/ cm(cp)de—i—Ip/ c(0yp)%dx
0 0 0 0
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!
+K/ cgadxf/o (b(x)Opp).c(x)pd.
i)
1
0 [ porer(-0.) 0u(hla)ps + cla)p)do
0

1 1 !
= K/O e1h(z)p, + slc(x)godl"./o pdx —|—/O K(wy — p).(e1h(z)pr + e1¢(x)p)dx

l
+/0 pOyw.((—0py) ' 0y (e1h(2)Oppr + 10(2)Dpp) ) da

where (—0,,) "' is taken in the sense of Dirichlet boundary conditions.

Proof. 1) Multiplying the second equation in 1.3) by h(x)y,, we get

! ! l
8t/ Ipatgo.h(x)%;dxz/ Ipﬁttgo.h(a:)gomdx—l—/ I,0vp.0(x)Orpgdx
0 0 0

! l
= / (Elpy, + K(wy — @) — b(2)0rp).h(z)prdx + / I,0vp.0(x)0rpyda
0 0

! EI Ip 2
= [ (=5 pehe = 2O Pho)da

l
+ [ (s = ) = W@ hla)puds + 55 o)
0

i) Multiplying the second equation of (1.3) by c(x)¢, we get
1
6t/ 1,0vp.c(x)pdx
0
! l
= / I,0up.c(z)pdz Jr/ I,0vp.c(x)Opdx
0 0

l !
= / (Elpys + K(wy — ) — b(2)0pp).c(x)pdz +/ I,0p.c(x)O0pdx
0

:—EI/ (@) dx—i——/ Cra (P dx—l—K/ ©).codz

—/((WM)(MW+%A (Oup)d

0
iii) Multiplying the first equation of (1.3) by

f=(=05) " O0s(e1hl(x) 00 + e1c(2)@),  f(0) = f(1) =0,

we obtain

Oy /l(patw.f)d:r
/ Ko, ( fd:v+/lp8tw.(8tf)dx

/ K(w ©)-fu d:z:—i—/l pOyw.(0 f)dx
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! !
7/0 K(wy — ©).0(—022) 102 (e1h(2) 00 + £1¢(x)p)dx + /o pOyw.(0y f)dx

Note that —8,(—8,s) '8 = v — * [2 v dz. Then
9, / (O )
= [ Kl = ) g +aret)plds
- 7/ e1h(2) s + erc(x)pda. / K(w, — )z + /l POy (0 f)da
/ K(w ).(e1h(x) 0y + e1c(z)@)d + —/ e1h(x
+ e1c(z)pde. /Ol wdr — /Ol POW.((—0pz) ™' 0u(e1h(2)Oppr + 1¢(2)Dpp) ) da
Now we introduce the function
01 (Y1) :=E@F) + e /Ol I,0:p.h(x)ppdr + 51/0 I,0p.c(x)pdr — /Ol(patw.f)dx

Lemma 3.4. For positive constants a; (i =1,4) and

o = ‘(hzam(*azz)il - h)|L2(O,l) ) 5 = |ax(7amr)71‘L2(0,l)

l

we have
101 (Y'(2))]
l 2 2 2
I Cl1b CLQb g1 6166
< — —e1Lh. I 27 =1 2
_/0( b(x) —e157he +erlpe a1 —— + a1 * 20 T 2a; )(0pp)%dx

! 2
EI h EI
+/ (—51—2 hgc—alEIc—l-al—2 )(<px)2dx+51—[h.(gpx)2]é
0 ai 2

! 2
EI c )
xTrxr d
+/0(51 5 ¢ +€12a2)(g0) x

! !
+]K/0(51h(x)<px+slc(m)go)dx./0 edz|

l
+(61a3a +61a4ﬂ)/ (pOyw)2da
2 2 0

Proof. Note that
D1 (Y (1))

l
=0E(t) + €10, / I,0vp.h(x)pzdr + slat/
0 0

1 l
I,0vp.c(x)pdr — 5}/ (porw. f)dz
0

! LBl I,
_ / D) (Brp)?d + 1 / (~EL e — L0 e

l
+ [ (K= ) = b)) hw)gads + S o)
0
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+€1( / QDZE dl“”i/ Cwac dI+K/ Cng:E

l
- / (b(2)Dup) cla)pd + T, / (Bup)de)
/K ).(e1h(z) e + e1¢(x)@)dx

l
_ T ; (alh( )gpx—l—glc(m)go)dx./o pdx

l
_/0 pat’w.((—81$>_18w(51h($)6tg0w+€1C($)8t<,0))d$

! I ! EI
:/ (—b(x)—615phz+611pc)(6t<p)2dx+/ (-1 2 he — 21 BT) (o2
0 0
l

1 1
—61/ (b(z)@tgo).h(as)gpxdm—l(/ (51h(z)<p$+slc(x)<p)dx./ pdzx

0 0 0

1 l
ey et +ay [ enlpid = [ 0@ow) ot

!
—/ pat'w.((—azm)ilam(slh(x)at@z+€1C(x)at(p))dm
0
! I ! EI
:/ (—b(z) — Elgphx + EQIPC)(atQO)Qde —|—/ (—517hz —e1EIc)(py)*dx
0 0

1 1 1
_51/0 (b(2)0pp).h(@)podx — ?/0 (€1h($)§0z+510(x)<p)dx./0 pdx

! !
—1—51%%.(%)2]64-61%/0 Cm(@Zdl‘—&/o (b(2)0rp).c(z)pdx

1 l
— / pe1(hpOy(—0pp) ™t — h)Oyw.0ppd —|—/ 010, (—0ps) " Opw.c(x)Orpda.
0 0

Using Young’s inequality we obtain

l
1
| [t heanl < & [ 0@pgrans o [ g,
0

l

l
| [ 00 crpan] < % [ wwarar s - [ ewrera

a2 0

/ (0P + 5 / (0%

!
£1045 (pOyw)*dx + 21 ( (2)0sp)*dx
2 0 2a4 0

€1astx

l
}/ pe1(hpOp(—0pe) ™ — h)@tw.&ggodﬂ <
0

1
|/ pelax(fﬁm)*latw.c(z)atgodﬂ <
0
Then
10:1(Y'(2))]
asb® e €186

l I b2
S/(—b(x)—fsl he + €11, c+€1 41—+ —+
0

2
2 5 T 20, T 20, O0) e
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! 2
EI h
+/ (—e1r—hy — e1 Elc + 15— ) (p2) 2da
0 9 2aq

2

EI . L EI ¢ )
ey e+ [ (@5 + ey (oo

l
T T R e

O

Lemma 3.5. For scalar positive constants a; (i =5,6), and scalar functions k, d
such that k(0) > 0, k(1) <0, k, <0 on [bg,b1], kx > 0 on [0,1]\[bo, b1], and d > 0
on [0,1], we have: i)

l g 1/
|8t/ pOyw.k(z)wydz| < / (——=k, +Kaj)( ) d:zc—&-K—/ (k(z)py)?dx

l
—/O L k(@) + %[k.(wz)ﬂg,
i)
l l l
- w.d(z)wdr = wy — ©).0,(d(z)w)dx — 2)(Opw)?dz
at/Opat d(z)wd /OK< ). O (d(z)w)d /Ode(a 2d
and i)

|8t/0 (Orp.(p —wy) — 8tw.<px)dx’

2

LK ag t b K
<[ (-=+=2L 1+ 27 2 Zlopaghl.
_/0( PRITRACRD dw+/0( + g O e + |l walo|

Proof. 1) Multiplying the first equation in (1.3) by k(z)w,, we obtain
!
815/ pOrw.k(x)w,dx
0
! 1
= / PO w.k(x)w,dr —|—/ pOyw.k(x)Opw,dx
0
l
/ KOy ( k(z )wxdx—i—/ pOrw.k(z)Opwedx

l
:—/ Kk: (wy) dac—/ Ko, .k(z )wwdx—/ Bkw(atw)de+5[k.(w$)2]6
) 2 ) 2 2

Using Young’s inequality we obtain

! ! 1/
/ V() wedr < %/( o) de + — (k(x)<p$)2da:.
0 2 Jo 2a;
Then

l l l
at/ Ipﬁtgo.h(a:)gaxdxg/ B+ K% w,) dx+Ki/ (b(2) )2
; o2 2 2as

l
f/ Bkﬂ(ﬁtw)zdanE[k.(wx)Q]é.
0 2 2
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ii) Multiplying the first equation in (1.3) by d(x)w, we obtain
—0 /Ol pOyw.d(x)wdr = — /l pOpw.d(x)wdr — /Ol poyw.d(x)Oywdx
/ Ko, ( d(z)wdz — /l pd(z)(0sw)?dx
= [ Kt~ ot [ pi@w2a

iii) Multiplying the first equation in (1.3) by ¢, and the second equation of system
(1.3) by ¢ — w,, we obtain

l
8t/ (Orp.(p — wy) — Orw.py )dx
0
! l
:/ 8tt<p.(ap—wx)dx+/ Opp-(0sp — Oywy )dx
0 0
l l
—/ 3ttw.<pl.daj—/ Oywypdr
0
EI 'K e
:/ —aa-(p — wx)dx—/ *(w—wx)de—/ Qatw-(w—wx)dx
0 I o Ip o Ip
U l
+ 8t<p.(8tap - 5twm)d33 - / ;&c(wm — ©).pzdr — / 0wy dx.
0 0 0

Using the fact that % = %I, we have

l
at/ (Orp.(p —wy) — Opw.p,)dx
0

'K e ! K
= —/ I—(gp — wx)zd:v - / %atgo.(cp — wy)dx + / (8t<p)2dx - —[gox.wm]é.
0 0 P

4 4 0
Using Young’s inequality we have

I, [ !
|/ atga © —wy)dx| < 2 /( (2)0p)? do + 8 (cp—wx)zdx
a6 0 2[

Therefore,

1
|8t/0 (Orp.(p —wy) — 8tw.<p$)dx’

1 l 2
K a I,b
< [T+ goe— e+ [ 0+ L) 0pRdn+ |l
0 p 2 0
|
Now, we define the Lyapunov function associated to this problem.
1
Y O) =Y O) + 22 [ Buplip = )~ Owpy)da
0
(3.3)

1
+ 53/0 poyw. (k(z)w, — d(z)w)d.
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Lemma 3.6. Fore; (i =1,2,3) sufficiently small and ¢, h, k,d satisfying
hy
—% +e(x) <0 Vae€lo,l[\]bo,bi]

ha ()

5 +ec(z) >0 Vaze€o,l]
2

+d(z) >0 Vze€l0,l,
the function ¢(Y (t)) satisfies (3.1) and (3.2).
Proof. Note that

l
(Y (1)) =01 (Y (1)) + £ / (Orp-(0 — ws) — Bz}

1
+ 633,5/0 poyw.(k(z)w, — d(z)w)de.

Using the Lemmas 3.3 and 3.4, we obtain

10:(Y (1))
1 ) )

1 ab ash®> 1
< — _ e P . T a20”
_/O( b(l‘) 512h + &1 pC(JU)+61 5 + & 5 +42a3

e1fc? IV )

14 P2

e el + L) (D) da

D" 4 ke 25 ) )

1
EI
—e1—h, — e, EI
+/0( f175 e1Elc+¢e o S

! clx 2 ! a
+/<61E2[cm+el( s eda e [ (< 5 — e

l
+53’/ K(w Oz (d(x) dw‘—&-’*/o (e1h(x )<Pa;+alc(x)cp)dx./0 ed|
+ealfpswl + elb;f (o)l + 2 ()l

l
K
+63/ (fEkE+K%)(w$)2dx
0

g1aza 81(I4ﬁ

l

Using Cauchy Shwartz’s inequality and Young’s inequality, we obtain

Kar [! K [
|/ K(w (d(z)wg)dz| < a7 / (we — @)?dx + — (d(x)wm)2dx
2 Jo 2a7
where a7 > 0,
K ! Kdeo [!
’/ K(w ).d wd:c| < a / (wy *Sﬁ)zdIJF © / (wm)QdI
2 0 20/7 0

where d = max(d,),

K [ !
‘7/0 (51h(ff)%+€10(x)go)dx./o (pdx|
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2 l l 2 021,
< X0 [wppnrar+ [[(KERCECED 2,

Then

l 2 2
1 b b
|0 (Y (1))] < / (=b(z) — slgphx +e1l,e(x) + glali + €1a27 4 g1
0

2 2 2a3
€1ﬁ02 Ipb2 )
1 Orp)=d
+ S b el g ) (Or)

l 2
EI h
+/ (—517hx—€1E1C+51( 2(2:)) +K i (k(iE))Q
0

1 2a5

PR @) + oo T2y 20,

l clx 2
+A (Elgczm"_gl( ;ai) )((P)de

l
+A (—EQIj( + 52226 +53Ka7)(<p—wm)2dx
+erg a1 HO) el + (2 — 150 (42 0)°
+(ergs 5 RN s () + (25 = 5 2h(0) (w(0)

as L K&QCO Kd?
2 2a7 2a7

l
K
o[ B
O 2

l
b [ 5k = eapd(o) + (F + 250 G
0

where ¢ is the Poincarré constant and ¢ = max(c(z)) on [0,1], then we choose ¢;
(i = 1,2,3) sufficiently small and we choose the constant a; (i =1...7) such that

a1b2 a2b2 Ipb2
—b 0
() +e1 5 +e1 2 €2 20 <4,
Ip g1 81502
—e1Lhy el aa 0,
€1 B +é1 pc(x) + 2as + %, +e2 <
EI (h(x))? €3 9 g 9
_EQK €206 53Ka7 < 07
1, " I, 2
B eupd(z) + (282 Q1B
2 2 2
ET (c(@))?
— 0
D) Coq + 2as ,
—2
K as Kd Co Kd2
Sy Y =2 <o
g e TS a7 2ay

e < min(—elEI%h(l), leI%h(O), —pesk(l), pesk(0))
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Then ¢(Y (t)) satisfies (3.2). The inequality (3.1) follows from the Cauchy Schwartz
inequality. Thus the system is exponentially stable. [
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