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POINTWISE FEEDBACK STABILIZATION OF AN
EULER-BERNOULLI BEAM IN OBSERVATIONS WITH TIME
DELAY™

KuN-Y1 YANGY** AND JUN-MIN WANG?

Abstract. This paper considers a one-dimensional Euler-Bernoulli beam equation where two collo-
cated actuators/sensors are presented at the internal point with pointwise feedback shear force and
angle velocity at the arbitrary position £ in the bounded domain (0,1). The boundary x = 0 is simply
supported and at the other boundary x = 1 there is a shear hinge end. Both of the observation sig-
nals are subjected to a given time delay 7 (>0). Well-posedness of the open-loop system is shown to
illustrate availability of the observer. An observer is then designed to estimate the state at the time
interval when the observation is available, while a predictor is designed to predict the state at the time
interval when the observation is not available. Pointwise output feedback controllers are introduced to
guarantee the closed-loop system to be exponentially stable for the smooth initial values when £ € (0, 1)
is a rational number satisfying & # 2[/(2m — 1) for any integers I, m. Simulation results demonstrate
that the proposed feedback design effectively stabilizes the performance of the pointwise control system
with time delay.
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1. INTRODUCTION

Effect of time delay exists in lots of engineering systems, aircraft control systems, laser models, biology
etc. [3, 11], for example, sampled data control [24]. Unfortunately, time delay is, in many cases, a source of
instability. It often has been involved in challenging areas of communication or information technologies [23].
An example of the one-dimensional wave equation in [13, 14, 15] illustrates that even small time delay in the
boundary output feedback may make the originally stable system unstable, also the elastic control system
is destabilized when time delay occurs for an Euler-Bernoulli beam [12, 13, 14, 15, 29]. Therefore, stability
analysis and robust control of time-delay systems are of theoretical and practical importance [17]. However,
stabilization of distributed parameter control systems with time delay in observation or control represents a
difficult mathematical challenge [16]. Recently we solved stabilization of a one-dimensional wave equation, an
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Euler-Bernoulli beam equation, and a Schrodinger equation where observation or control is suffered from given
time delay by the separation principle [20, 21, 22]. It seems that the feedback law based on the observer and
predictor is efficient to stabilize the hyperbolic distributed parameter system with time delay in observation.

It is a common phenomenon that the actuators have been jointed with each other which is called the pointwise
control system. Over the past two decades much attention has been devoted to pointwise stabilization of flexible
structures modeling infinite dimensional linear systems [32, 33, 34]. A string equation with a pointwise interior
actuator is considered and the uniform decay rate is obtained by [1] and [26]. The general model of serially
connected Euler-Bernoulli beams with joint linear feedback control was proposed in 1980s [8]. Later on many
efforts have been made to study the pointwise feedback control stabilization for two connected beam equations,
see for example [1, 2, 4, 5, 6, 7, 9, 10, 19, 22, 25] and the references therein.

From [2] it is found that exponential stability of the pointwise control Euler-Bernoulli beam equation is
independent of the position of the actuators in which one controls the velocity of the beam at the arbitrary
point £ (0 < £ < 1) and the other controls the shear force at the same point. It seems that exponential stability
of the pointwise control Euler-Bernoulli beam equation is robust to the position of the actuators. However, we
will show that for the Euler-Bernoulli beam equation where two actuators are presented: one controls the angle
velocity of the beam at the arbitrary point £ (0 < £ < 1) and the other controls the shear force at the same
point, exponential stability depends on the location of the joints for the boundary conditions different from that
in [2].

The following beam equation with both two boundary end fixed, and two force stabilizers at the arbitrary
intermediate joint 0 < & < 1 has been considered:

Wi (2, 1) + Wagre(2,8) =0, 0<z<E E<a<1, t>0,

w(oat) = ww(lvt) = www(oat) = wzxw(lat) =0, t>0,

w(§™ ) =w(,1), t=0,

wﬂﬂz(fivt) = wzz(ngat)v t>0,

Wat(§7,8) —wee(ET,) =us(¢), ¢ >0, (1.1)
Wepa (§1,1) = Weea(§7,1) = ua(t), t >0,

() = wee (&t —17), >,

Yo (t) = we(§,t — 1), t> T,

w(z,0) = wo(z), wi(z,0)=wi(z), 0<z<1,

with two sensors: one measures the angle velocity of the beam at an arbitrary point £ € (0,1) and the other
measures the curvature of the beam at the same point. u;(t) and us(t) are control or input, y1(¢) and y=(t) are
observation or output which are suffered from given time delay 7 (>0). For both of the boundaries, one boundary
x = 0 is simply supported and at the other boundary x = 1 there is a shear hinge end. The jointed condition
satisfies that when a physical variable is discontinuous its conjugate variable must be continuous. Besides, the
physical meaning of the jointed condition is related to the fact that there is only internal horizontal dampers
with a damping coefficient Cyg while there is none of internal vertical dampers, moreover, the external dampers
with a damping coefficient Cy is perpendicular to the horizontal line [9]. Our aim is to design a feedback law to
make the closed-loop system exponentially stable for certain sensor location &.

This paper firstly shows that the open-loop system is well-posed in the sense of Salamon-Weiss for the infinite-
dimensional systems. Then the observer is proposed at the time interval when the observation signal is available,
while the predictor is designed at the time interval when the observation signal is not available. A control law
is constructed to give the estimated state feedback. It is shown that the closed-loop system is exponentially
stable when the displacement of the actuator ¢ € (0,1) is a rational number satisfying & # 21/(2m — 1) for any
integers [, m. In this sense, this paper is of great significance to deal with pointwise stabilization of distributed
parameter systems with time delay.
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This paper is arranged below. Section 2 will show well-posedness of the open-loop system. The following
section is devoted to designing observer and predictor systems based on which output feedback is introduced.
The closed-loop system is illustrated to be exponentially stable for smooth initial values in Section 4. Numerical
simulation results are given in Section 5.

2. WELL-POSEDNESS OF THE OPEN-LOOP SYSTEM

The system (1.1) above is considered in the state Hilbert space
M =HZ2(0,1) x L*(0,1), HZ(0,1) ={f € H*(0,1) | f(0) = f'(1) = 0}, (2.1)

with the inner product induced norm:

I 9)7 |2, = / [F"(@)? + g(x)?] da. (2.2)

In this section we will demonstrate well-posedness of the open-loop system which may guarantee availability
of the observer system shown at following part. After introducing the variable

zl(x,t):wm(ﬁ,thz), ZQ(zvt):wt(gvthI)v 0<z<1,t>0,
the system (1.1) becomes

Wit (2, 1) + Wagre(2,8) =0, 0<z<E E<ax<1, t>0,
w(0,1) = wy(1,t) = wae (0,1) = Waga(1,1) =0, >0,
w(§™ 1) =w(,1), t=0,

Wi (§7,1) = waa(§7,8), >0,

wat (§7,1) —wee(§7,1) = us(t), t>0,

Wazz (E1,1) = Wera(§7,1) = ua(t), t >0,

Tzit(x,t) + zip(2,8) =0, 0<ax <1, t>0,i=1,2,
21(0,t) = wye(€,t), ¢>0,

22(0,t) = we(€,t), t>0,

(2,0) = wo(x), we(z,0) =wi(x), 0<x<1,
1(x,0) = z10(x), 22(x,0) = 290(x), 0<z <1,
y1(t) = z1(1,¢8), ya2(t) = 22(1,8), t> T,

(2.3)

g

I

where z19 and zog are the initial values of the new variables z; and z,.

With the state variable (w(-,t),w:(-,t), z1(-,t), 22(-,t))T, we consider the system (2.3) in the energy state
space H = H x L?(0,1) x L?(0,1). The norm of (w(-, ), ws(-,t), z1(-,t), 22(-,£))T in H is defined by the energy
as follows:

Ey(t) = = [|(w(es£), wi (1), 21 1), 2, )T
2

- %/o (w2, (z,t) + wi(z,1)] dz + %/0 [23(z,1) + 23(x,1)] da.

The input space and the output space are the same U =Y = C2.
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Theorem 2.1. The system (2.3) is well-posed: For each u; € L}, (0,00), ug € L OC(O o0) and initial datum

2
(wo, w1, 210, 220) T € H, there exists a unique solution (w(-,t), wy(-,t), z1(-, 1), 22(+, )T € C(0,00; H) of (2.3) and
for each T > 0 there exists a constant Cp > 0 such that

T
| (w(, T we(-,T), 21( 1), 22, T +/0 (lyr (O + ly2(t)[?) dt
T
S CT || (wo,wl, 210, ZQ())T ||]%]I +/ (‘Ul(t)|2 + ‘Ug(t)|2) dt:| (24)
0
Proof. Tt is known that the following system

Wi (X, 1) + Wogar (2,6) =0, 0<z<E E<ax<], t>0,

w(0,t) = wy(1,t) = We(0,t) = Weer(1,8) =0, ¢ >0,

w(§™ ) =w(,1), t=0,

Wi (§7,8) = wea(€F,8), 120, (2.5)
Wt (§7,1) —wee(EF,1) = wa(t), t>0,

Waaa (§F,1) = Wawa (§7,8) = ua(t), 20,

Yul (t) = wee (§,1),  Yu2(t) = wi(§,t), >0,

w( ﬂt) _ w('at) ul(t)
o <yw1<t)> ; (wm)) _ (wm@,t)
ng(t) wt("t) wt(g t)

where A : D(A)(C H) — H is defined below:

can be written as

A(f,9)" = (9, —f)T, Y(f,9)T € D(A), @7)
D(A) ={(f,9)" e HN(H*(0,1) x H2(0,1)) | f"(0) = f"(1) = 0}, '

and simple computation shows that A* = —.A that is, A is a skew-adjoint operator.
At the same time,

(hes) = ()
_c Zvvt((wm:tt)))’ (2.8)
where
c_ (<., 5”(»"3 - ) . 5(;— §)>>. (2.9)

Here 0(-) denotes the Dirac function, and both B and C are unbounded operators. Simple computation gives
that C = B*.
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Since

* Ax—1 T _ ¢ _ _ ' — ' 2.10
B*A*"(f,9) (& —n)g(n)dn ng(n)dn,—f(&) | , (2.10)
1 0

the operator B*A*~! is bounded.
Simple computation gives the eigenvalues and eigenfunctions of the operator A*:

{)\naxn}nENa
{(%Dnv '(/Jn)Ta (¢n7 wn)T}neN )

respectively where

A\ =i(n—1/2)%7%, neN, (2.11)
on(r) = —i(n —1/2) 277 2sin((n — 1/2)7x), n(z) =sin((n —1/2)7x), neN. '
For any (wg,w1)T € H with
w07w1 Z (Pnawn n(¢n7wn)Ta
we have that
eA* wawl Z QOnaq/}n) + Bnexnt(anad}n)T» (2-12)
which together with (2.9) illustrates that
> (A AR(E) + Bue 1 (€))
B A (wo, wi)" = | =1 _
5 (Anert + Buert) 1 (€)
n=1
Thus, Ingham’s Inequality of page 59 in the book [28] shows that
T . 2 'S
/ B A (o, wn)T| < €1 S (| An 2 4| Bo ), (2.13)
0 n=1

for some positive constant Cp > 0 with any 7" > 0.
Therefore, B* is admissible for eA™t, moreover, for each u; € L7, (0,00), uy € Lloc(07 00) and initial datum
(wo, w1, 210, 220) T € H, there exists a unique solution (w(-,t),w:(-,t), 21(-, 1), z2(-, 1)) € C(0, 00; H) of (2.3).
Next we show the transfer function matrix is bounded on some right half complex plane.
A direct computation tells us the transfer function matrix:

s [Gnte) Gt
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where
G11(s) = sin (\/575) cos (\/5(1 - 5)) cosh (\/87) + cos (\/57) sinh (@5) cosh (\/57(1 - §)>,
G12(s) = —iG11(s),
Go1(s) = —sin (\/Qﬁ) cos (\/5(1 - §)) cosh (\/Q) + cos (\/Q) sinh (\/Qf) cosh (\/;(1 - 5))7
Gaa(s) = iGa1(s),

and

A(s) = 2V/si cos (\/E) cosh (\/5)

Since obviously there exists no root for the equation A(s) on the right-half complex plane, the transfer
function matrix is bounded on some right-half complex plane. By the well-posed linear infinite-dimensional
system theory [11, 27, 31, 35], that is to say that C is admissible for e, B* is admissible for eA™t and the
transfer function is bounded on some right half complex plane. It was shown that the system (2.5) is well-posed
in the sense of D. Salamon: for any u; € L7 .(0,00), us € L}, (0,00) and (wq,w1)” € H, there exists a unique
solution (w(-,t),wy(-,1))T € C(0,00;H) of (2.5) and for any T > 0, there exists a constant Dr > 0 such that

1w (-, T), we(- ) |I3, +/0 (w1 (O + lyw2(H)?) dt < Dr ll(wmwl)Tlli +/0 (lur (OF + [ua(t)]?) dt .

(2.14)
On the other hand, for the “z;” part equation:

Tz16(T,t) + 212(2,8) =0, O0<zx <1, t>0,
21(0,t) = wer(§,1), t2>0, (2.15)
Zl(x70)2310(x)7 O<JJ<1,

by integrating along the characteristic line, the analytic solution can be obtained:

t t
Zm(m—), > -,
21 (x,t) = T T (2.16)
<

Wy (ga t— .’ET), T

Therefore, we have, for any T > 0,

1-T/1 1 T

1 / 220 (x)dz + 7/ w? (&, t)dt, T <,
/ 22(x, T)dx = 10 T Jo

0

T (2.17)
f/ wiw(f,t)dt, T>r,

and

/7 - (2.18)
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Similarly, the analytic expression of the “z5” part equation

Tzot(x,t) + 204 (2, ) =0, 0<x <1, t>0,
22(0,1) = we(§,1), t >0, (2.19)
z2(,0) = z20(2), 0<az <1,

can be obtained:

t t
Z2o(x—), Tz =,

zo(x,t) = T I (2.20)
=

1 —_
/ G, Tdr={° 7 (2.21)
’ _ / w?(fa t)dta T> T,
TJr—r
and
1
r [ as T<n
/ la(t)dt = ¢ AT T—r (2.22)
T/ Z%o(w)dm+/ w?(é,t)dt, T >
0 0
Collecting (2.14), (2.17), (2.18), (2.21) and (2.22) gives that (2.4). 0

3. OBSERVER AND PREDICTOR DESIGN

This section will focus on two steps of constructing the observer and predictor systems in order to estimate
the state of (1.1). For the state {(w(z,s), ws(z,s))T,s € [0,t — 7], > 7} which satisfies

Wss (T, 8) + Waaaa(2,8) =0, O<z<E <<, $>0,

w(0,8) = wx(1,8) = Wez(0,8) = Wyrr(1,8) =0, s>0,

w(™,s) =w(",s), s>0,

Wez(E7,8) = we(ET,5), s>0, (3.1)
Wes(£7,8) —wes (€1, 8) =uy(s), s>0, )
Wz (61, 8) = Weea (§7,8) = ua(s), s>0,

yi(s) = wea (€5 — 7)), y2(s) =ws(§,s—7), s>7,

w(x70) = w0($), U}S(l’,()) = ’Ujl(IL‘), 0<z <1,




8 K.-Y. YANG AND J.-M. WANG

the first step is committed to a Luenberger observer system as following, as k1 > 0 and ky > 0,

1 8) + Wagwa(2,8) =0, O<z<f E€<e<], 0<s<t—r, t>T,
w(0,5) = Wy (1,8) = Wz (0,8) = Waae(1,8) =0, 0<s<t—7, t>T,
W ,s)=w(T,s), 0<s<t—rT, t>T,
Wz (E7,8) = Wee(ET,8), 0<s<t—1T, t>T, (3.2)
Wes(§7,8) = Wes (€7, 8) = ur(s) — k1[Waa(§,8) —pn(s+7)], 0<s<t—7,t>T,
Wazz (ET,8) — Waza (§7,8) = ua(s) — kalws(€,8) —ya(s+7)], 0<s<t—r7, t>T,
0)

8

where (@, @;)7 is the initial state of observer (arbitrarily assigned).

In order to show that it is available for (3.2) to be the observer of (3.1), we have to show convergence between
these two systems. To do this, let

e(x,s) =w(x,s) —w(x,s), 0<s<t—r1,t>r, (3.3)

from both of (3.1) and (3.2), e(z, s) satisfies

€ss(X,8) + €paan(x,8) =0, O<z < E<z<], 0<s<t—r7,t>T,

€(0,8) =ex(1,8) = €22(0,8) = €z22(1,8) =0, 0<s<t—r7, t>T,

g€ ,s)=¢e(€h,s), 0<s<t-7 t>r,

€2a(§7,8) =cau(§T,8), 0<s<t-—7 t>T, (3.4)
Eus(E7,8) —€2s(ET,8) = —k1e40(£,58), 0<s<t—7, t>T,

€orr(§1,8) = €aaa(§7,8) = —k2es(&,8), 0<s<t—71, t>T,

e(x,0) = Wo(x) —wo(z), es(z,0)=wi(x) —wi(x), 0<z<1.

The system (3.4) can be written as:

where B : D(B)(C H1) — H; is defined as

B(f,9)" = (9, —f®)", ¥(f,9)" € D(B),
D(B) ={(f,9)" € Ha N (H*(0,) N H*(£,1)) x (H(0,&) NHA(&,1)), f"(0) = f"(1) =0, f(§) = f(&D),
GE) =g (€)= =k f"(€), f"(€7) = (), f (€)= f"(€7) = —kag(€),

(3.6)
and

Hi={(f,9)" € (H?*(0,§) N H*(&,1)) x L*(0,1)[£(0) = f'(1) = 0}.

From Theorem 3.1 of Appendix A it is known that when ¢ € (0,1) is a rational number satisfying £ #
21/(2m — 1) for any integers [, m, the operator B generates an exponentially stable Cy-semigroup on Hi, that
is to say, for any (wg,w1)? € Hi and (@, w1)T € H;, there exists a unique solution (g(-,s),e4(-,5))T of (3.4)
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such that
| (e(,8),86(;8)T N3, < Mem* || (W0 — wo, Wy — w1)” [l3g,, Vs €[0,6—7], t>7, (3.7)

for some positive constants M and w.

The second step is to predict {(w(z, s),ws(x,s))T,s € (t — 7,t],t > 7} based on the state
{(w(z,s),ws(z,s))T,s € [0,t — 7],t > 7}, especially, the estimated initial value {(@(z,t — 7), ws(x,t — 7))T}
obtained from (3.2):

Wes (T, 8,t) + Wagge(,8,8) =0, 0<z < E<ax<], t—7<s<t, t>r,
Wy (1, 8,t) = Wy (0, 8,8) = Wawe(1,8,8) =0, t—7<s<t, t>r,
W(E,s,t) =w(ET,s,t), t—T7<s<t t>T,
)= Wee(ET,8,8), t—T<s<t t>rT, (3.8)
) t—7<s<t t>r,
Weze (ET,8,1) — Wawe (E7,8,8) =ua(s), t—7<s<t t>T,
W(z,t —1,t) =w(x,t — 1), Ws(x,t —7,t) =Ws(x,t—7), 0<azx<1 t>7.

!
)
8
~
Lt
fla
2
S~—"
I
<
5
=

Finally we get the estimated state variable by
w(z,t) = w(x,t,t), wilz,t)=ws(z,t,t), t>T7. (3.9
Theorem 3.1. For any t > 7, we have
I (w(,t) =@, 8), we-, t) = @i, 1) [l < Me™ = || (@0 — wo, @1 — wi)” |3, (3.10)

where (o, w,)7T is the initial state of observer (3.2), (wo,w1)T is the initial state of original system (1.1), and
M,w are constants in (3.7).

Proof. Let
e(z,s,t) = wW(x,s,t) —w(z,s), t—7<s<t, t>r. (3.11)
Then e(x, s,t) satisfies

€ss(T,8,t) + €ppan(X,8,8) =0, O0<z<l, t—7T<s<t t>rT,
€(0,s,t) = €x(1,8,t) = €25(0,8,8) = €p02(1,8,8) =0, t—7<s<t, t>r, (3.12)
e(x,t —7,t) =¢e(x,t — 1), eslx,t—71,t)=es(z,t—7), 0<axz<1l, t>r,

which is a conservative system, that is,
Gt t)esCt )T lu= (eCot = 7),es(t =) oy
This together with (3.7) and (3.11) gives (3.10). O

4. STABILIZATION OF THE CLOSED-LOOP SYSTEM
Since the feedback

ul(t) = —kgwm(ﬁ,t),ug(t) = —k4wt(§,t)(/€3 > O,k4 > 0)
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stabilizes exponentially the system (1.1), and we have the estimation w,+(§,t) of wy+(&,t) and we(&,t) of wy(&,t)
respectively, naturally the estimated state feedback control law is designed as following (Figs. 1 and 2):

0, telo,7],
i(t) = 4.1
ui(f) {—kgfﬁm(f,t,t), t>7, ks >0, (4.1)

and

0, tel0,7],
5(t) = 4.2
UQ( ) {_kél@s(fvty t)v t> T, k4 > Oa ( )

under which, the closed-loop system becomes a system of partial differential equations (4.3)—(4.5):

Wit (2, 1) + Wagre(2,8) =0, 0<z<E E<ax<1, t>0,

w(0,1) = wy(1,1) = Wy (0, 1) = Weaa(1,8) =0, 20,

w(§™ ) =w(,1), t=0,

Wez(E7,1) = wee (ET,1), >0, (4.3)
Wet (E7,8) —wee(E7,8) = ul(t), ¢ >0,

Weaw (§F,1) — Waea(§7,1) = u3(t), 20,

w(x,0) = wo(z), w(z,0)=wi(z), 0<z<1,

Wes (X, 8) + Wagar (2,8) =0, 0<2x<E <], 0<s<t—1, t>T,
w(0,8) = Wy (1,8) = Wz (0,8) = Ware(l,8) =0, 0<s<t—7, t>7,

w(E,s)=w(Et,s), 0<s<t—r,t>r,
@11(5 ) ) {U\ (§+ )v 0<8<t—7— t>T7 (44)
Wys(E7,8) — Wy (§+ s) = ui(s) — ki[Wee(§,8) —yi(s+ 7)), 0<s<t-—7, t>T,

) = us(s) = ka[Ws(§,8) —ya(s +7)], 0<s<t—7 t=>7,
w(z,0) = wo(x), Ws(x,0)=wi(x), 0<x<1,

and

Wes (T, 8,t) + Wagge(,8,8) =0, 0<z < E<ax<], t—7<s<t, t>rT,
W(0,8,t) = Wy (1, 8,1) = Wee (0, 8,1) = Wane(1,8,8) =0, t—7<s<t t>r7,
W(E,s,t) =w(ET,s,t), t—T7<s<t t>T,
Wew(ET,8,t), t—T<s<t, t>rT, (4.5)
—Wes(ET,8,t) =uf(s), t—T7<s<t t>r,
w s, 1) (5), t—17<s<t, t>r,
)

ﬁ)acxac(ngasat) 7wx$ac( ) =u
w(x,t —1,t) =w(z,t —7), Ws(z,t—7,8) =ws(x,t—7), 0<x<1, t>r.

The systems (4.3)—(4.5) are considered in the state space X = H3. Obviously (4.3)—(4.5) are equivalent
0 (4.6)-(4.8) when t > 7 provided that u} € L? (0,00) and uj € L? (0,00) which will be clarified by
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FIGURE 1. State of the closed-loop system. (Color online.)

FIGURE 2. Velocity of the closed-loop system. (Color online.)
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(4.26) and (4.27).

W (X, 1) + Wegee (2,8) =0, 0<z<E E<a <], t>T,

w(0,t) = wy(1,t) = Wer (0,8) = Weee(1,8) =0, > 7,

w(€ ) =w(r,t), t>rT,

Wer (§7,1) = wau(§F,1), >, (4.6)
Wt (§7,8) —wae(§7,1) = —hs[wea(§1) + €22 (&1, 1)],  t> T,

Weze (X)) — Wapa (E7,8) = —kg[we(€,1) +e4(E,1,1)], t>T,

w(z,7) =w(z, ), w(x,7)=wi(z,7), 0<z<1,

€ss(Ty8) + €xman(2,8) =0, 0<z <& E<a<], 0<s<t—T,t>T,
€(0,8) =e2(1,8) = €42(0,8) = €22z(1,8) =0, 0<s<t—7, t>T,

€rx(E7,8) =€20(EF,s8), 0<s<t—71,t>T, (4.7)
Exs(€7,8) —€2s(€T,8) = —k1622(§,58), 0<s<t—rT, t>T,
Eoaz(ET,8) — Epaa(E7,8) = —kaegy(£,8), 0<s<t—r1, t>T,

e(z,0) = Wo(xr) —wo(z), es(x,0)=wi(x) —wi(x), 0<z<1,

€ss(x,8,t) + €pgan(2,5,8) =0, O<z<lit—7T<s<t t>T,
£(0,5,t) = e,(1,8,t) = €42(0,8,t) = €202(1,5,8) =0, t—7<s<t, t>T, (4.8)
e(z,t —1,t) =e(x,t — 1), es(z,t—71,t)=es(x,t—7), 0<ax<1, t>r,

where e(z, s) and e(x, s,t) are given by (3.3) and (3.11), respectively.

Theorem 4.1. Let ki > 0,k > 0,k >, kg >0, t > 7, and £ € (0,1) is a rational number satisfying £ #
20/(2m — 1) for any integers I,m, then for any (wo,w1)T € H and (Wo,w1)T € Hi, there exists a unique
solution of systems (4.6)—(4.8) such that (w(-,t),w;(-,1))T € C(r,00;H), (e(-,5),es(-,8))T € C(0,t — 7;H) and
(e(-,5,t),e5(-,8,t)T € O([t — 7,t] x (1,00); H). Moreover, for any

(o — wo, W1 —wy)" € D(B), (4.9)
where B is defined by (3.6), the system (4.6) decays exponentially in the sense that

1w (-, ), we () [l < Moe™ "= (wo, w1)|l3¢ + LoM Moe*T\/ (3 + ¢3) /2w

. (e—wot/Q 4e¥T. e—wt/2) . ||IB%('&}\(] . w(];'lﬁl . wl)T||7-Ll~

where M,w and My,wq are defined in (3.7) and (4.36) respectively.

Proof. For any (wo,w1)? € H and (@y, w;)T € Hy, since when & € (0,1) is a rational number satisfying & #
21/(2m —1) for any integers I, m, the operator B defined by (3.6) generates an exponentially stable Cp-semigroup
on H;, there exists a unique solution (£(-, s),es(+,s))% € C(0,¢ — 7;H) of (4.7) such that (3.7) holds true.
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Next for any given time ¢ > 7, write (4.8) as:
d (e(-,s,t) g(+y8,1)
L (st g (Elst) ) 4.10
ds (53('557t) 63('737t) ( )
where A : D(A)(C H) — H is defined as

: (4.11)
D(A) = {(f,9)" € HN(H*(0, ><H2(071))|f”(0)=f”’(1)=0}-

It is known that A is skew-adjoint in ‘H and hence generates a conservative Cy-semigroup on H, that is, for
any (e(-,t — 7),e5(-,t — 7)) € H determined by (4.7), there exists a unique solution of (4.8) such that

{ (£,9)" = (g, —fN", Y(f,9)T € D(A)
- 1)

” (€(~,S,t),€s(-,$,t))T HH:” (5('7t - T),E:‘s(',t - T))T ”’Hla Vs € [t -7, t]at > T. (412)

So, (e(-, 8,t),e5(-,5,t))T € C([t — 7,] x [, 00); H). Moreover, since A is skew-adjoint with compact resolvent,
the solution of (4.8) can be represented as

(28 B (10

+ Z b 71 n—1/2)%n%s <Z(’I’L - 1/3/))_(2;—_21#"()), (413)

n=1

in terms of s where {(:I:z(n - 1/2)_2ﬂ_21/}n(~),¢n(~))T} ) is a set of the maximal w-linearly independent
n=

sequence of eigenfunctions of A corresponding to eigenvalues +i(n — 1/2)?7%(n € N). It forms an orthogonal
basis in H and

Yn(x) =sin((n —1/2)7z), (n€N). (4.14)
Therefore, from (4.13),
e(6tt) =Y [an(t)ei(”_1/2)2”2t + bn(t)e—“”—l/?)z”zt} sin ((n — 1/2)7€), (4.15)
n=1
and
eralst,8) = 1 |an()e DTy, (e D in (0 - 1/2)m), (4.16)
n=1
where
o <V¢ (i(n — 1/2)*27772%(.),wn(.))THi <c¢y, VYneN, (4.17)
with some constants ¢1,co > 0.
Now suppose (g(z,0),e5(x,0))T € D(B). Then by Cp-semigroup theory, (e(z,t — 7),e5(z,t — 7)) € D(B).
That I to sap, 2u(nt — 1) € 1f € H0,6) 1 HAE DLAO) — F1(1) = O)e(nt ) & {F € HI0.)

H*(&,1)|f(0) = f'(1) =0} for any t > 7.
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From (4.13), we have that

Enan(t)ei(n71/2)2ﬂ2(t7‘r) _ <<
—(n-1/2)

e(-t—1)
es(-,t — T)> ’
27‘('72{ [ikoes (&t —T) —

K.-Y. YANG AND J.-M. WANG

—i(n —1/2) 7212 ()
k1ezo (&t — 7)) sin ((n — 1/2)7€)

- /0 (120000 (@t — 7) + Exnal, t — 7)) sin ((n — 1/2)72) da),

and

e = ()
=(n—1/2)"2n7 |

’Lk‘gc‘fé f t— )

i(n — 1/2)27T21/)n(')) >
Hi

kiepz (&t — 7)]sin ((n — 1/2)7€)

+/ (i2sne (@t — ) — £sgala,t — 7)) sin (n — 1/2)mz) de).
0

[Cnan(®)] < (n—1/2)7* 772 (k1 + k2 + 2) [ B(e(, t — 7),

Since
1 13
|Es(£at_7—)|:§ / ESI(
0
1( /¢ 1
<3 (/0 leus (2,1 —T)|2d.%‘> v
1 1/2

< (/ lese(z,t — T)|2dx>

0

1
|€II(£at - 7_)| = 5 5xmm(
0
1/2
1{ (¢ 1
< 5 (/o lezwa (X, t — T)|2d33> + 3
1

< (/ |em(x,t—f)|2dx)

0

we get that
and

[€nbn(t)] < (n

By (4.15), collecting (4.17)—(4.22) gives

|€S(€7t’ t)' < c3||B(€('7t - T)a

for some constant c3 > 0 independent of t.

—1/2)7 2772 (ky 4 ko + 2)||B(e(-, t — 7),

1
—7)dx — / esz(T,t — T)dl“
3

1
(/ lews (2,1 — T)|2dx>
3
1 1/2
< (/ lesza (X, t — T)|2dx> ,
1

1/2 1/2

)dﬂf*/ sme(iL',th)dlL'
3

(/: |ezws (2, — T)|2dx)

1/2

1
S (/ ‘mex;v(xat - T)|2d33> )
0

1/2

/2

58("t - T))THHN

85(',t - T))TH}ll'

ES('vt - T))T”Hlv

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)
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Similarly, together with (4.16) and (4.17)—(4.22) gives

|€ZL’CD(§7 L, t)‘ < C4HB(E('7 [ T)7 58(" l— T))T”Hl' (424)

for some constant ¢4 > 0 independent of t.
On the other hand, from (3.7) and Cyp-semigroup theory, we have

IB(e(,t = 7),es(t =) ey < Me™ 7 |[B(@o — wo, @1 — w1) |y, (4.25)

for Vt € [1,00) where M, w are defined in (3.7).
Finally based on the equations above (4.23)—(4.25),

les(&,t,1)] < esMe )| B(@o — wo, @1 — w1)” |3y, , (4.26)
and
leaw (&, 8,1)| < caMe™ 7| B(@o — wo, D1 — wi)” ||, - (4.27)

Next we consider the equation (4.6) which is written as

i w("t) _ U)(',t) sz(€7t7t>
dt (Uhﬁ(',t)) = Ao (wt(-,t)) +Bo <5s(§,t,t) ) (4.28)
where
Ao(f,9)" = (9, = )T, Y(f,9)" € D(A),
D(Ao) = {(f ) € Hi N (HY(0,6) N HY(&,1)) x (H*(0,6) N H2(E,1))|f7(0) = f"'(1) = 0, f(£7) = f(£T),
&) = 1" ( F)G(E7) = g'(€7) = —kaf" (&), f"(€7) — f(€7) = —kag(&)}-
(4.29)
Simple computations give that Aj = —Ap and
o _ (o —k3d"(z =) 0
B; = ( 24 e g)>>' (4.30)
A direct computation shows
By A (f,9)" = (F1(€7) = F1(E€7) kaf(€)", Y(f,9)" € Ha, (4.31)
which means Bj.Aj; ™" is bounded.
For the energy Ey(t) of the system (4.6), we have
Eo(t) = _k3w:2v:c(£7t) - k4wt2(€7t)7 (432)

which means

T
/O (kslwaa (€, 6)2 + kalwe (&, 0)]?) dt < Eo(0), (4.33)
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for any T > 0. This inequality together with (4.31) illustrates that By is admissible for e“*. Therefore, there

exists a unique solution of (4.28) such that (w(-,t),w;(+,t))T € C(7, 00; H). Since Ag generates an exponentially
stable C-semigroup, it follows from Proposition 2.5 of [30], (4.26), and (4.27) that

t/2 0 —s 5mm(£7sﬂs) 51?1(57878)
/T et/ )Bo<ss(f,s,s)>d8 (646&5))

S L()M (C% + CZ) /20.) || B(’l/u\o — wo,ﬁj\l — wl)T ||7.[1,

< Lo

L2(T,t/2)

and

! Ao(t=s) 3 €xx(§,5,5) d VAR
/t/f 0<ss<g,s,s>> ’

t
Ao (t—s) t/2
= /oeo Bol 00 e, s,5) | 4
t)2
gfrz(g?s?s)
es(&,s,8)

< LoMe“™ /(2 4 ¢3) J2w || B(@o — wo, W1 — w1)T |3, - “Y2, WVt >0,

H

< Lo

L2(t)2,t)

for some constant Lo > 0 that is independent of €., (¢, s, s) and €4(¢&, s, s), and

u(t), 0<t<T,

o(t), t>T. (4.34)

(wgv)(®) —{

On the other hand, the solution of the systems (4.6) can be represented as

w(at) _ o(t—T7 w('aT) ¢ o(t—s—T1 EIJE(§7878)
() = e (e )+ e (o)) as
t/2
_ pAolt—7) (w(", T))) +er(t/2—r)/T Ao(t/2=5) 3 (?:((gf;;;))) ds

t
—Aor Ao(t—s) €22(§,5,8)
+e /t/2 e Bo < el (£, 5) ds. (4.35)

wi(s, T

Since Ag generates an exponentially stable Cy-semigroup, there exists two positive constants M, wy such
that

eot]| < Mge™*ot, (4.36)

which together with (4.35) and the conservative property of the system (4.3) when v} (¢t) = 0 and u5(¢) = 0 lead
to the inequality below

1w (-, t), w0 (- 8) Nl < Moe™ 7| (wo, w1) T |3 + LoMMoe“*T\/ (5 + c3) /2w

. (6—wot/2 4T e—wt/Q) . ||IB%(’L/U\0 _ w07@1 _ wl)THHl-
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5. NUMERICAL SIMULATION

In this section, we use the finite difference method in the time and space domain to give some numerical
simulation results for the closed-loop system (2.16)—(2.18). Here we choose the space grid size N = 40, time
step d¢ = 0.0001 and time span [0, 10]. Parameters and coefficients respectively are chosen to be £ = 0.5,7 =
0.5, k1 = ko = k3 = k4 = 1. For the initial values:

0
wi(z) =z(x—1), 0<

we plot the displacement w(z, t) and velocity w;(z,t) in the figure above. It is seen that the displacement of the
string is almost at rest after ¢ = 5. That is to say, the predictor-observer based scheme is also useful to make
the pointwise control system exponentially stable for the beam equation in which observation is subjected to a
time delay.

APPENDIX A

When 7 = 0, after proposing both of the controls below

ul(t) = 7k1y1(t) = 7k1w:mc(€7t)7 k'l > O,
ug(t) = —kaya(t) = —kowe(&,t), ko >0,

the system (1.1) becomes

Wi (X, 1) + Wegae (2,8) =0, 0<z<E E<ax <], t>0,

w(0,t) = we(1,t) = Wer(0,8) = weee(1,8) =0, ¢ >0,

w(€,t) =w(Et 1), t>0,

Wer(§7,1) = wee (§7,8), >0, (A1)
wat(§7,8) —wa(§7,1) = —krwae(§,1), ¢ =0,

Waga (§5,1) = Wawa (§7,1) = —k2wy(§,1), ¢ >0,

w(z,0) = wo(z), wi(z,0)=wi(z), 0<z<1,

where w is the state, (wg,w1)? is the initial state, V¢ € (0,1).
In the state space defined as (2.1),the system (A.1) can be written as that:

% (zﬁ(('f,tt))) =4 (ZZ(('.’,?)) (A2)

where

A(f,9)" = (9. — "), Y(f.9)" € D(A),
)

D(A) ={(f,9)" € (H*(0,) N H*(&,1)) x (H*(0,€) N H(&,1) (A3)
£(0) = /(1) = f7(0) = f"(1) =0, f(¢7) = (5*) F1E7) = 1€, '
(€)= (€) = =k f"(©), /"€ = "(€7) = ~ka9(E)}-
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Theorem A.1. There is a family of eigenvalues \,, = {iw2, —iw2} of A for all sufficiently large positive integer

n satisfying the following asymptotic expression

Ap = —(ky 4 ko) sin®((n — 1/2)ér) +i(n — 1/2)*7% 4+ O(n™1).

Proof. The characteristic equations of the operator A are given as following:

No(x)+ oW () =0, O0<a<é E<a<l,
$(0) = ¢'(1) = ¢"(0) = ¢""(1) = 0,

A[¢'(€7) = ' (€1)] = —k19"(8),
¢"(ET) = ¢ (§7) = —kaAo(9).

Firstly, let A = iw?, the solution of the equations

oW (z) =wip(z), O<z<§ E<a<l,
$(0) = ¢/ (1) = ¢"(0) = ¢ (1) =0,

is

é(z) = c1shwx + cosinwz, 0<x <¢
N dichw(l —2) +dycosw(l —z), £<z<1,

which together with the boundary condition
P(E7) = o(€7),

gives that

c18hwé + cosinwé = dychw(l — &) + dy cosw(1 — &),
while ¢ (£T) = ¢"(£€7) yields

c18hwé — cosinwé = dichw(l — &) — dy cosw(1 — §).

Adding (A.9) and £(A.10) separately gives

c1shwé = dichw(l — &), cosinwg = docosw(l — &),

that is,

chw(l — &)
shwé&

cosw(l —¢)

dy, ¢ = -
sin wé

da.

C1 =

The boundary condition A [¢/(£7) — ¢'(£1)] = —k1¢” () shows that:

shw(l =€) - dy — sinw(l — &) - dg + [chwé — iwilklshwf] cc1 + [coswE + iw  ky sinwé] - cp =0,

(A4)

(A.5)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)
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while the boundary condition ¢/ (£7) — ¢/ (£7) = —ka MA@ (€) illustrates that:
[chwé — ikow ™ shwé] - ¢ — [coswé + ikaw ™ sinwé] - o + shw(l — €) - dy +sinw(l —€) - dy = 0. (A.14)

It follows from (A.11), (A.13) and (A.14) that A(w)(c1, ca,dy,d2)T = 0, where

shwé 0 —chw(1 —=¢) 0
_ 0 sinwé 0 —cosw(l —=¢)
Alw) = chwé — ikiw lshwé coswé +ikiwtsinwé  shw(l —€) —sinw(l —§) | (A.15)
chwé — ikaw ™ shwé — coswé — ikow T sinwé shw(l — &)  sinw(l —§)
So,
shwé 0 —chw(l —§) 0

_ 0 sin wé 0 —cosw(l —¢§)
detA(w) = chwé — ikiw ™ tshwé coswé + tkyw™ sinwf shw(l—=¢) —sinw(l —&) | (A.16)

i(ky — ko)w ™ lshwé —2coswé —i(ky + ko)w ™! sinwé 0 2sinw(1 — &)

Noting that A € (7/2,37/2) is equivalent to w € (0,7/2). Moreover, the eigenvalues are symmetric with real
axis, so we only consider w € (0,7/4), where for 0 < £ < 1,

S e (178 0o, @ w170
Therefore,

%e* wEemw(1-9) det(A(w))

1+ O(e=2%%) 0 —1+ O(e2(18)) 0
_ 0 sin wé 0 —cosw(l —¢§)
1—ig(k + kg) L O(e=2¢) i3 (k1 — kg)w™ smw§ 1+ O(e=2(1-9) 0
f(kl ka)w™! + O(w™te 2%¢) — cos w§ —i5 (k1 + ko)w ™l sinwé 0 sinw(l —¢§)

= —2cosw — i(k + kp)w ! sinwé cosw(l — &) + (k1 + ko)w ™t cosw + O(w™2).

By det(A(w)) = 0, we have
—2cosw — i(ky + kp)w ™ sinwé cosw(l — &) + (kl + ko)w ™t cosw + O(w™?) =0, (A.17)
or
O(w™?) —2cosw — i~ (k1 + ko)w [sinw — cosw + sinw(2¢ — 1)] = 0. (A.18)
Let @, = (n — 1/2)7 and w, = @, + O(n~!), from (A.18) we have

omn™1h = (lﬁ + ko), tsin? (@,6) + O(n™2). (A.19)
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Hence

An = w2 =i [a;n +0(nhH]?
— (k1 + ko) sin?((n — 1/2)ém) +i(n — 1/2)%7% + O(n™1). (A.20)

Theorem A.2. For any ki,ks > 0,

(i) the system (A.1) is asymptotically stable;

(ii) the system (A.1) is exponentially stable if and only if £ € (0,1) is a rational number satisfying & #
2l/(2m — 1) for any integers I, m.

Proof. (i) It is well known that A is a dissipative and discrete operator for any k1, ke > 0, so the system (A.1)
is asymptotically stable if and only if Re # 0 for any A € o(A). Let A\ = iw?(w € R), multiplying ¢(z) on both
sides of the first equation in (A.5) and integrating from 0 to 1 with respect to x, we have

!t / 6(2) P — / 16 (@) 2 + iw? (kald(€)® — |6/(€7) — &/(€7)) /hr) = 0. (A21)

Comparing the real and imaginary parts gives

/ oar = [ 16" @ar, (A2

¢ (€)= kikalo(&).

From the fifth equation A [¢/(§7) — ¢/ (€1)] = —k1¢”(€) in (A.5), we have that

Ky 2

1w?

2
66 - (€N = ‘ Bl =-Seer

which together with the second equation of (A.5) shows that ¢(&) = ¢”(€) =0
So, (A.5) becomes that

oM (z) =wie(x), 0<z <& <<,
$(0) = ¢'(1) = ¢"(0) = ¢"(1) = 0, (A.23)
P(&) =¢"(¢) = 0.

Since ¢(0) = ¢(£) = 0 and Rolle Theorem, there exists & € (0,£) such that ¢'(£1) = 0. Together with
¢'(&1) = ¢'(1) = 0 and Rolle Theorem tell us that there exists &2 € (€1, 1) such that ¢ (&) = 0. Since ¢”(0) =
@"(&) = ¢”(€) = 0 (it might assume that 0 < & < € < 1) and Rolle Theorem, there exists &5 € (0, &) such that
@"(&3) = 0, and there exists &4 € (£2,&) such that ¢'(&4) = 0. Similarly since ¢"'(&3) = ¢/ (&4) = ¢ (1) =0
and Rolle Theorem, there exists & € (£3,€&4) such that ¢ (&) = 0 and there exists & € (£4,1) such that
¢ (&) = 0. Thus, ¢(£5) = ¢(&6) = 0, that is, there is at least one zero point of ¢ in the interval (0,1), for
example &5, &q.

Now we show that if there are n numbers of different zeros of ¢ in the interval (0, 1), there are at least n + 1
numbers of different zeros of ¢ in the interval (0, 1).

Suppose

0<& << <& <,9(&)=0,i=1,2,...,n,
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since ¢(0) = 0 and the Rolle Theorem it is naturally shown that there exist 7;(i = 1,2,...,n) such that
0<m <& <M <& < <np<&n<l,

with ¢'(n;) =00 =1,2,...,n).
By ¢'(1) = ¢'(n;) = 0(i = 1,2,...,n) and Rolle Theorem, there exist a;(i = 1,2,...,n) such that

O<m<ar <N <<y <a,<l1,

such that ¢"(a;) =00 =1,2,...,n).
By ¢"(0) = ¢" (&) = ¢"(e;) =0(i = 1,2,...,n) (it might assume that 0 < { < a3 < ag < -+ < ay, < 1) and
Rolle Theorem, there exists 8;(i = 1,2,...,n + 1) such that

0< 1 <é<Pa<ar <PB3< < Ppy1 <ay <1,

with ¢(8;) = 0(i = 1,2,...,n +1).
Similarly since ¢"’(1) = ¢"(B;) =0(i = 1,2,...,n+ 1) and Rolle Theorem, there exist 6;(i = 1,2,...,n+1)
such that

0< P11 <t <Ba<by < <Pry1<bOpy1<1

with ¢ (0;) =0(i =1,2,...,n+1), 50 ¢(6;) =00 =1,2,...,n+ 1).

Therefore, ¢ = 0 by the uniqueness of the solution of linear ordinary differential equations. (See the proof of
Theorem 4.2 in the page 388 of the reference [18]) This contradicts that A = iw?(w € R) € o(A). Therefore, for
any ki, ko > 0, the system (A.1) is asymptotically stable.

(ii) Since the system (A.1) is asymptotically stable but not exponentially stable if and only if

sin ((n — 1/2)¢m) — 0, (A.24)

for some positive integer sequences {n — oo}, the second part of the theorem has been then obtained by
Theorem A.3 and Corollary 1 of the reference [22]. O

Especially when £ = 0.5, (A.1) becomes that

Wi (2, ) + Wegee(x,6) =0, 0<2 <05, 05<x<1, t>0,

w(oat) = wr(Lt) = wmm(oat) = wmmfc(lat) =0, t=>0,

w(0.57,t) =w(0.57,¢), t>0,

Wy (0.57,8) = W (0.57,8), >0, (A.25)
Wit (057, 1) — we (0.5, 1) = —kjw,.(0.5,), ¢ >0,

Wz (0.57,1) — Wape (0.57,1) = —kow;(0.5,t), >0,

w(z,0) = wo(x), wi(z,0)=wi(z), 0<z<1,

where w is the state, (wo,w1)? is the initial state, V¢ € (0,1).
The system (A.25) can be written as that:

i <fui(<'~’,tt)>> = (QZ((?’,%)’ (4.26)
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where

Ao(f,9)T = (g9, =), V(f,9)" € D(Ao),
Ao) ={(/ )T € (H*(0,0.5)N H*(0.5,1)) x (H?*(0,0. 5) NH?(0.5,1))
(1) = f(0) = f"(1) =0, £(0.57) = f(0.5"), f(0.57) = f7(0.5"),
0.5*) g'(0.5%) = k1 7(0.5), f"(0.57) — f(0.57) = —k2g(0.5)},

(A.27)

in the state space defined as (2.1).
From Theorems A.1 and A.2, we naturally have the two theorems below.

Theorem A.3. There is a family of eigenvalues \,, = {iw2, —iw2} of Ag for all sufficiently large positive integer
n satisfying the following asymptotic expression

A = — (k1 + k) /2 +i(n — 1/2)*7% + O(n™ ).
(A.28)

Theorem A.4. For any k1, ks > 0, the system (A.25) is exponentially stable.
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