ESAIM: COCV 23 (2017) 497-515 ESAIM: Control, Optimisation and Calculus of Variations
DOI: 10.1051/cocv /2016001 WWW.esallm-cocv.org

ADAPTIVE STABILIZATION FOR A CLASS OF PDE-ODE CASCADE
SYSTEMS WITH UNCERTAIN HARMONIC DISTURBANCES *

ZATHUA XU!, YUNGANG Liu! AND JIAN L1?

Abstract. Adaptive boundary stabilization is investigated for a class of PDE-ODE cascade systems
with general uncertain harmonic disturbances. The essential difference between this paper and the
existing related literature is the presence of the uncertain disturbances belonging to an unknown inter-
val, which makes the problem unsolved so far. Motivated by the existing related literature, the paper
develops the adaptive boundary stabilization for the PDE-ODE cascade system in question. First, an
adaptive boundary feedback controller is constructed in two steps by adaptive and Lyapunov tech-
niques. Then, it is shown that the resulting closed-loop system is well-posed and asymptotically stable,
by the semigroup approach and LaSalle’s invariance principle, respectively. Moreover, the parameter
estimates involved in the designed controller are shown to ultimately converge to their own real values.
Finally, the effectiveness of the proposed method is illustrated by a simulation example.
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1. INTRODUCTION AND PROBLEM FORMULATION

In this paper, we consider the adaptive boundary stabilization for the following PDE-ODE cascade system
with general uncertain harmonic disturbance:

1(t) = Xa(1), (L.1)
2(t) = Aa(L)wy (L, t) + sru(t) + d(t),
0) = wo(x), wt(x,()) = wl(w)»

where w : [0, L] x Rt — R and X = [X;, X5]T : RT — R? are the states of the PDE and ODE subsystems,
respectively; z takes values in [0, L] on which the PDE subsystem evolves, called the spatial variable; u : RT — R
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is the control input of the entire system; w, (resp. ws,) and w; (resp. wy) denote the (resp. second) partial
derivatives of w with respect to x and ¢, respectively; ¢, A and M are positive constants; a : [0, L] — R is
defined as follows:

a(z) = arx + ag (1.2)
for positive constants a; and ag; d : RT — R is the general uncertain harmonic disturbance given by:

n

d(t) = Z (0; sinw;t + ; cosw;t) (1.3)
i=1

with w;’s and 6;’s, ¢;’s being known and unknown nonnegative constants, called frequencies and amplitudes of
the harmonic disturbance, respectively.

System (1.1) can describe the motion of a crane with flexible cable [2,4]. The boundary stabilization of such
systems has received much effort in the past decades (see, e.g., [2—4,8,13-15,20,28,29] and references therein),
since cranes are widely used in new buildings, assembly plants, nuclear waste-handling facilities, shipyards and
so on. It is necessary to point out that, systems considered in [2-4, 8,20, 28,29] don’t allow any disturbance.
Although systems with disturbances have been investigated in [13-15], the involved disturbances are required to
belong to a known interval. However, in practice, due to the uncontrollable conditions, such as wind, rain and
complex terrains for cranes, disturbances cannot be ignored and the bounds are usually difficult to be obtained.
Consequently, how to stabilize system (1.1) with disturbance d(¢) which doesn’t belong to a known interval is
of much interest from both practical and theoretical viewpoints, and deserves intensive investigation.

Much attention has been made on the control of PDE-ODE cascade systems, see, e.g., [1-4,6,8-15, 20,21,
23,24, 26,28,29,31] and references therein, where the uncertain disturbances are limited in a known interval
or aren’t involved at all. Quite differently, system (1.1) allows the general uncertain harmonic disturbance to
belong to an unknown interval, which makes the problem under discussion unsolved so far. It is worth pointing
out, the case with the uncertain harmonic disturbance satisfying (1.3) has been studied in [16,17], but the
proposed approaches are to PDE systems, rather than to PDE-ODE cascade systems. Motivated by [2,17],
the paper develops the adaptive boundary stabilization for PDE-ODE cascade system (1.1). First, an adaptive
boundary feedback controller is constructed in two steps by adaptive and Lyapunov techniques. Then, it is
shown that the resulting closed-loop system is well-posed and asymptotically stable, by the semigroup approach
and LaSalle’s invariance principle, respectively. Moreover, the parameter estimates involved in the designed
controller are shown to ultimately converge to their own real values. It is worth mentioning that, as [2,4], the
designed adaptive controller depends merely on the measures at the end x = L of system (1.1), which makes
the controller much easier to implement.

The remainder of the paper proceeds as follows. Section 2 provides the procedure of the adaptive control
design. Section 3 shows the well-posedness of the closed-loop system. Section 4 presents the main results of the
paper. Section 5 gives a numerical example to illustrate the effectiveness of the theoretical results. Section 6
addresses some concluding remarks. The paper ends with an appendix which gives the proof of a proposition
and several useful inequalities.

Notations. Throughout the paper, L?(0, L) denotes the space of all measurable functions on (0, L) with the
property that fOL |f(z)]2dx < +o0; L*°(0, +00) denotes the space of all bounded measurable functions on
(0, +00) with the property that esssup,c (g, 1o0)lf(t)] < +00; C5°(0, L) denotes the space of all real-valued
functions on [0, L] having continuous derivatives of all orders and having compact support contained in (0, L);
H(0, L) denotes the usual Sobolev space of functions in (0, L) with derivatives up to ith order also in L2(0, L);
IL°°(0, 4+o00; H!(0, L)) denotes the space of all bounded measurable functions f(z,t) : (0, +oo0) — H(0, L) with
the property that [f(z, )]s 0, 1) € L>(0, +00); W20, +o00; H(0, L)) denotes the space of all functions t —
f(z,t) in L>(0, +o00; H'(0, L)) with first derivative with respect to ¢ also in L°°(0, +oo; H(0, L)). Moreover,
for simplicity of expression, we sometimes drop the arguments of a function if no confusion is caused.
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2. ADAPTIVE BOUNDARY CONTROL DESIGN

This section is to design an adaptive boundary feedback controller for system (1.1) to achieve the desired
stability of the resulting closed-loop system, which is presented in two steps. Specifically, in Step 1, as in the
famous backstepping technique for ODEs in the finite dimensional framework [22], we first design the controller
X5 (t) for the following subsystem peeled from (1.1):

wy(0,t) = qu(0, ),
w(L,t) = X1(t), (2.1)
Xi(t) = X5(1),

to ensure the asymptotic stability of the resulting closed-loop system of (2.1). Then, in Step 2, an adaptive
controller is successfully constructed for the original system, which guarantees that the error Xo(t) — X35 (t)
converges to zero and the resulting closed-loop system of (1.1) is asymptotically stable, and furthermore the
estimates of the parameters ultimately converge to their own real values.

Step 1. Motivated by [2], we introduce the following energy function for subsystem (2.1):

L
1
M0 =5 [ (w0 +aud(e) do+ 3320,
0
which satisfies

Vi(t) = [ (welz, )wee(z,t) + a(z)we (x, )we (z, 1) do + X1 (£) X1 (2)

(wi(z,t) (a(@)wy (z,1)), + a(2)ws (z, )we (x, 1)) de + X3 (1) X1 (2)

/
L
-,
= (a(@)ws (z (@, 1) | + X1 (X (2)
= X1(t) (a(L)we (L, t) + X1(1)) — qa(0)wi (0, 1). (2.2)
Then, we can choose
X3(t) = =K (a(L)wx (L, t) + Xu (1)) , (2.3)
where K is a positive constant, which makes (2.2) become

Vi(t) = =K (a(L)w, (L, 1) + X1(1))” = ga(0)w?(0,¢) <0, (2.4)

noting ¢ > 0 and a(0) = az > 0.
Based on (2.4), it will be shown that the following closed-loop system deriving from (2.1) and (2.3) is
asymptotically stable:

wy (0,1) = quy(0, 1),

w(L,t) = Xy(t), (2.5)
X1(t) = =K (a(L)we (L, 1) + X1 (1)),

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

in the sense

t—o0o

lim (/L (wi(z,t) + a(z)w?(z,t)) dz + Xf(t)) =0.
0
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To see this, we introduce for system (2.5) the Hilbert space F; = {(5, v,v) € HY(0,L)xL2(0, L) xR | v= 5(L)}
with the following inner product:

L
(B0, (37 ), = [ (@afty +97) da o (2.6

and define the linear operator A; : D — Fq as

Ai(B,7,v) = (7, (aBe)e, =K (a(L)Bo(L) +v)), V(B,7,v) €Dy,
Dy = {(8,7,v) € H*(0,L) x H'(0,L) x R |v = B(L), £(0) = ¢7(0) },

where a is defined the same as (1.2), and ¢ and K have been specified in (1.1) and (2.3), respectively.
Thus, by (2.7), system (2.5) can be changed as the following evolution equation:

Yi(z,t) = A1Y (x,t),
Y(‘T’O) = Yo(l'),

where Y(x,t) = (w(z,t), w(x,t), X1(t)) and Yo(z) = (wo(x), w1 (z), wo(L)) € Fy. Then, for the weak solution
(see Def. 3.1.6, p. 105 of [7]) of system (2.5), there holds the following theorem, whose proof is so similar to that
of Theorem 2 in [4] and hence is omitted here.

Theorem 2.1. For any initial value Yo(z) € Fy, the weak solution Y (z,t) = S(t)Yo(x) of system (2.5) is
asymptotically stable in the following sense:

L
tlim ||Y(;1:,t)\|12Fl = tlim (/ (wf(w,t) + a(x)wi(w,t)) dx + Xf(t)) =0,
—00 —00 0

where S(t) is the contraction semigroup on Fy generated by Ay and ||Y (x,t)||r, is the inner product induced
norm given by (2.6).

Step 2. The estimates of unknown parameters 6;’s and ¢;’s are denoted by éi(t)’s and ;(t)’s, respectively, whose
updating laws will be determined later. Accordingly, the parameter estimate errors are defined as 6;(t) = 6;—6;(t)

. _ T
and 3;(t) = p; — (1), and for late use O(t) 2 (91(15), N RORNONS .,@n(t))
To derive the suitable form of u(t) in this step, we define

V(t) = Vi(t) + 5 X3(t) + 507 (1)O(1), (2.8)

as the energy function for the entire system:

Ufg(CL,t) = X1(1), B (29)
(1) = X3(0) + Xa(t),
Xa(t) = U(t) +d(t) — X5(t),

where Xy = X5 — X3, and U(t) simply denotes Aa(L)w, (L, t) + Zul(t).



ADAPTIVE STABILIZATION FOR PDE-ODE CASCADE SYSTEMS 501

By (1.1), (2.3) and similar to the derivation process of (2.2), there holds

V() = Vi) + Xa(t) (V) + ) — X5(0) = D (8:00:6) + i) 3i(1))
i=1
= (X3 + X2(0)) (@(L)we (L,1) + X1 (1)) — qa(0)wi*(0,1)
+X%o(t) (U(1) +d(t) - X3()) = 30 (8:000:(8) + Gilt)di (1))

i=1

= —K (a(L)wy (L, t) + X1(t))* + Xa(t) (a(L)wy (L, t) + X1 (t) — qa(0)wi*(0, )
+ Xo(t) (U(t) X6+ Xn: (e}(t) sinwit + @q(t) cos w&))

+ Xo(t) z": (9 (t) sinw;t + @;(t) cos w; ) z”: ( (t)@z(t)) . (2.10)

i=1 i=1

Noting ¢ > 0, a(0) = a2 > 0 and by the method of completing square, we have

V(t) < K (L (L, 0) + X0 (0 + o (0L (L1) + Xa())* + 522 X3()

+X(t) )+ ” 0;(t) sinw;t + ¢;(t) coswt
’ ( 1= 1( QO >>

3 (é (t) (Za(t) sinwit - it )) + @ilt) (Kalt) coswit - @(t)))

< 5 (@lDwalL,H) + (1) + 5 K30 + Xa(t) (U() — K50

—1—2(9 () sinw;t + ;i (t) coswt +Z<’ X smwit—éi(t))
i=1 i=1
+ @i(t) (Xz( ) coswit — it )) ) (2.11)

Thus, we choose the adaptive boundary feedback controller as follows:

u(t) = M (X;(t) —aXs(t) - > (éi(t) sinwgt + @i(t) cos wit) — Xa(L)w,(L, t))

i=1

= M (Ka(L)wsa(Lt) = K2 (@(Lywa (L, 1) + X1(0)) + (K + ) X (1))

n
M (Z (éi(t) sinwit + @ (t) cos wit> + ha(L)w,(L, t)) , (2.12)
i=1
where « is a design parameter satisfying o« > 5+; the corresponding updating laws for 0, (t)’s and @;(t)’s are

given as

éit =X t)sinw;it, 1=1,...,n,
{ (t) = Xalt) o1

Gi(t) = Xo(t)coswit, i=1,..., n.
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By (2.12) and noting that U(t) = Aa(L)wg(L,t) + 57u(t), there is

Ut) = X3(t) — aXa(t) - Y (éi(t) sinwit + @; (t) cos wit> .
i=1

By substituting this and (2.13) into (2.10) (its first equation) and (2.11) (noting a > %), we have
{V(t) = Vi(t) — aX3(1),
V() <—E(a(L)w(L,t) + X1(1)* — (o — 5) X3(t) < 0.

Next two sections are devoted to respectively address the well-posedness and the asymptotical stability of
the entire system (2.9) with the controller (2.12) and (2.13) in the loop.

(2.14)

3. WELL-POSEDNESS OF THE CLOSED-LOOP SYSTEM
Let’s analyze the well-posedness of the following closed-loop system which consists of (2.9), (2.12) and (2.13):
wy(x,t) — (a(x)we(z,t)), =0,
w, (0,1) = qui (0,1),
w(Lt) = X, (b),
Xi(t) = =K (a(L)wa (L, t) + X1 () + Xa(t),

)L(z(t) = —aXo(t) + 30, (éz(t) sin w;t + @;(t) coswit) , (3.1)
éz’(t) = —Xp(t)sinwit, i=1,...,n,
Gi(t) = —Xa(t)coswit, i=1,...,n,

Ny

:(0) = 0i0, $:(0) = Gio, i=1,...,m,

w(x,0) = wo(x), wi(z,0) =w(z).

For this system, inspired by [2,18], we introduce Hilbert space Fy = {(f, g, h,k,®) € H'(0,L) x L?(0,L) x R x
R x R?" | h = f(L)} with the inner product:

((fr9,h b, @), (f' g B K@) = /OL (afofs+99') dz+ hH + kK + &7, (3.2)
where a is defined the same as (1.2). Define the linear operator Az : Dy — Fy as follows:
Ax(f. 9,0k, ®) = (9, (afs)e. —K (a(L) fo(L) + h) + k, —ak + dT02, —k$2) N(f, g, h, k,®) € Do,
Dy = {(f.g.h, k,®) € H?*(0,L) x H'(0,L) x R x R x R*" | h = f(L), f(0) = qg(0), (3.3)
9(L) + K (a(L) fo(L) + ) = k},

where 2 = (sinwit,...,sinwyt,coswit,...,cosw,t)T; ¢, K and a have been specified in (1.1), (2.3) and (2.12),
respectively. Then system (3.1) can be formulated as the following abstract evolution equation:

{Zt(x,t) = A2 Z(x,1), (3.4)
Z(x,0) = Zy(x), |

where Z(z,t) = (w(:c,t),wt(x,t),Xl (t), Xa(t), 8(t)> and Zo(z) = (wo(w),wl (), wo(L), Xa(0), @(0)) e I,.
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Next, we show that linear operator As defined by (3.3) generates a contraction semigroup on Hilbert space F.
By Lumer—Phillips theorem (see Thm. 4.3, p. 14 of [27]), we need to prove that A, is dissipative and there exits
a Ag > 0 such that the range of A\gI — Az is Fy, seeing Lemmas 3.1 and 3.3 below, respectively.

Lemma 3.1. Linea operator Ay defined by (3.3) is dissipative.
Proof. For any (f,g,h,k,®) € Dy, by (3.2) and integration by parts, we have

(Aa(f.9.h kD), (F.9.h b ) = / *(0foge + (@F)eg) dr + b (K (@(D)FalL) 4 ) )
+k(—ak 4+ T0Q) — kTP
= g(L) (a(L) fo(L) + h) — qa(0)g*(0) — ak?,
= —K (a(L) f2(L) + 1)* + k (a(L) fa(L) + h) — qa(0)g*(0) — ak®.
Then, align to the derivation process of (2.11) and noting « > %, there holds

1

<A2(faga hvka@)’ (faga h7k)@)>ﬁ<‘2 < _g (a(L)f:v(L) + h)2 - <O[ - ﬁ) k2 < 0. (35)

Hence, A is dissipative in F. O
Motivated by [19], we obtain the following proposition.
Proposition 3.2. For any (p*,n*,r*,v*,¥*) € Fy, there exists a p € H?(0, L) such that
(apa)e —p = —p" = 1",
P=(0) = q(p(0) — p*(0)), (3.6)
* * T
Ka(L)p,(L) = —(K + Dp(L) +r* + {4 or'e
where a is the same as (1.2), q, K, o and 2 have been specified in (1.1), (2.3), (2.12) and (3.3), respectively.
Proof. See Appendix of the paper. O
Based on Proposition (3.2), we establish the following lemma.

Lemma 3.3. Let As be defined by (3.3). Then the range of I — Ay is Fa.
Proof. To prove that I — Az is surjective, it suffices to prove that for any (p*,n*,r*,v*,¥*) € Fq, there exists
a (p,n,r,v,¥) € Dy such that
(I - Ag)(p,'l],"”,@,@) = (p*an*vr*av*aW*)v

which together with the definition of A; given by (3.3) yields that
p—n=7p",
n—(apz)z = 0",
r—v+ K (a(L)p, (L) + 1) = r*,
v+av—0TNR = v*,

(3.7)
U = U,
r = p(L),
p=(0) = qn(0),
n(L) + K (a(L)pz(L) + 1) = v.
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For simplicity of presentation, the first, second, ..., and eighth equations of (3.7) are denoted by D, @), ...,
and ), respectively.
From @) and (®), it follows that
v+ av+vRTR =v* + ![/*TQ,

by which and noting that 1 + o + 272 > 0, we arrive at

v* + !p*T.Q
Sirar ot 38)
Substituting (3.8) into ) results in
P S Sk G (3.9)
B v l+a+ 02T '
From (), we can directly conclude
n=p-p,

by which and p* € H'(0, L), we have n € H!(0, L) if there exists a p € H?(0, L) satisfying (3.7). In addition,
by ©), (3.8) and (3.9), we can directly conclude that (r,v,¥) € R x R x R?". Thus, the remainder of the proof
is to prove that there exists a p € H?(0, L) satisfying (3.7).

First, from @), @ and (7), it follows that

p=(0) = q(p(0) — p*(0)).
Then, by @), @ and (3.8), there holds

v* —'—W*TQ

Ka(L)p:(L) + (K + 1)p(L) = r* + Trar om0

which together with (3.10) and Proposition 3.2 concludes that there exists a p € H?(0, L) satisfying (3.7). Thus,
(p,m,r,v,¥) € Dy and hence completes the proof. O

Now, similar to Theorem 1 in [2], we obtain the following theorem which mainly states the well-posedness of
the closed-loop system.

Theorem 3.4. Let Ay be a linear operator defined by (3.3). Then Az generates a contraction semigroup T (t)
on Fy. Therefore, for system (3.4), there hold

(i) For any Zo(x) € Fa, system (3.4) has a unique mild solution Z(x,t) =T (t)Zo(x

(il) For any Zo(x) € Do, system (3.4) has a unique strong solution Z(xz,t) = T(
w(z,t) € WHe°(0,00; H(0, L)) N1L>(0, 00; H2(0, L)).

(iil) For any Zo(z) € D, | Z(x,t)|lp, and ||A2Z(z,t)||r, are nonincreasing with respect to t, where || Z(x,t)||r,
and ||A2Z(x,t)||lp, are the inner product induced norm given by (3.2) in Fs.

).
t

VZo(z), and furthermore

Proof. We first prove that Ay generates a contraction semigroup 7'(t) on Fy. By Lemmas 3.1, 3.3 and Lumer—
Phillips theorem, it suffices to show that the closure of Dy denoted by D5 is Fy. Assume Do # Fo, then there
exists Z*(z,t) € Fo such that, for all Z(z,t) € Do,

<Z*@;ﬂ,ZCmt»F2:(L (3.11)
Noting I — A; is surjective, we have that for Z*(z,t), there exists a Z'(x,t) € Dy such that

(I — A)Z' (x,t) = Z*(,t), (3.12)
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which together with (3.11) results in
((I = A2)Z'(x,1), Z(w,t)>F2 = 0.
Since Z(x,t) is arbitrary in Dy, we take Z(z,t) = Z'(x,t). Then by (3.5), it can be established that
(Z'(z,1), Z’(ac,t)>F2 <0,

which implies Z'(x,t) = 0. By (3.12), we have Z*(x,t) = 0. Thus, Dy = Fy is proved. By Lumer-Phillips
theorem, As generates a contraction semigroup 7T'(t) on Fo, and hence claim (i) can be directly concluded.
We next turn to prove claim (ii). By Lemma 3.3, it follows that —As is m-accretive. Hence, by Proposition 3.3
on page 102 of [5], we have
Ry =Fy, for allXA > 0,

where R; denotes the range of I — AAs, which implies that
Ry O Do, for all small X > 0.

Moreover, by Corollary 2.5 on page 5 of [27] and using the fact that any a contraction semigroup is a
Cy-semigroup, we have that A, is closed. Thus, noting Fy is a reflexive space and by Theorem 1.5 on page 216
of [5], for any Zg(x) € Dy, system (3.4) has a unique strong solution Z(x,t) € W1°°(0, 0o; F3) which implies
that w(z,t) € W1>°(0, 00; H(0, L)).

To prove w(z,t) € L>(0,00;H?(0, L)), by Zo(z) € Dy and Theorem 2.1.10.a on page 21 of [7], we have
Z(z,t) € Dy which implies that w(z, t) : [0, +00] — H?(0, L), so it remains to show [w(z, t)|m2(,1) € L>(0, +00).
For this, by (2.8) and (2.14), we have

L _ n B
sup ( /0 (wh(z,t) + a(@)w?(z,1)) do + X3(t) + X3(0) + ; (02t) + @3@))) < o0,

which implies that
SUP;>( (fOL w(x,t) dx) < 00,

sup;sq w(L,t) < occ.

(3.13)

From (3.13) and Poincaré’s inequality (see Lem. A.1 of Appendix A in the paper), it follows that

L
31218 (/0 w?(z,t) das) < 0. (3.14)

Thus, by (3.13), (3.14) and Agmon’s inequality (see Lem. A.2 of Appendix A in the paper), there holds

H? <
max lw(z, )" < oo,

and hence w(z,t) € L>(0, 00; H2(0, L)) is proved.
We then prove claim (iii). Noting [|Z(z,t)||3, = ((Z(x,t), Z(x, t)>]F2 and by (3.4), we can directly obtain

dlZ(z, )z, (A2 t), Z(x, ),
d - HZ(xvt)”]Fz ’

which together with (3.5) yields

d||Z(2,t)|r,
S E 1
5 <0 (3.15)

Thus, t — || Z(z,t)||lp, is nonincreasing.
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Noting Z(z,t) € Dy and by Theorem 2.1.10.b on page 21 of [7], we have A2 Z(z,t) € Dy whose proof is similar
to that of Theorem 2.1.10.a on page 21 of [7]. Then, again by Theorem 2.1.10.b, there holds

dAxZ(z,t)  d*Z(x,t)

@ = g = A,

by which and a similar argument as in deriving (3.15), it follows that

dHAQZ(xvt)”Fz <0,
dt -

and hence claim (iii) is proved. This completes the proof of the theorem. O

4. MAIN RESULTS

In this section, we adopt LaSalle’s invariance principle (see Thm. 3.64, p. 161 of [25]) to study the asymptotic
stability of closed-loop system (3.1). For this, the following lemma is required which will play a key role in the
later analysis.

Lemma 4.1. Let Ay be defined by (3.3). Then 0 € Ry and (I — A2)~t is compact, where Ry denotes the range
Of .Az.

Proof. From (3.3), it is easy to verify that
and hence 0 € Ry is proved. - -

We next turn to prove that (I — A3)~' is compact. For this, let {Z,«(2,t)| || Zp-(2,t)|r, < ¢, n* € N}
be a bounded sequence in Fy. On the one hand, from Lemma 3.3 we know that there exists a sequence
{Zp+(2,1) ’ Zp(x,t) € Dy} satisfying

(I — AQ)Zp-(2,t) = Zype (0, 1). (4.1)

Therefore, we have

(Zp(,1), Zn» (x,t)>F2 = ((I = A2) Zp+ (2, 1), Zyp~ (1’,t)>F2
= (Zn+ (@, t), Zy (ac,t)>F2 — (A2 Zpe (m,t), Zy (z, t)>IF27

which together with (3.5) results in
<ZTL* (1‘7 t)a ZTL* (1‘7 t)>]F2 Z <Z7l* ('T? t)? Zn* (‘T? t)>ﬂ<‘2 ° (42)
On the other hand, by (4.1), it follows that

(Lo (@,1), Zne (2,0) ), = (L (2), Ze (1) ), = (AaZne (1), Zne (2,1) ),
+ <A2Zn" (1'7 t)’ ‘AzZ”* (1" t)>F2’

by which and (3.5), we arrive at
<Zn* (l‘, t)a ZTL* (l‘, t)>F2 S <

Thus, by (4.2) and (4.3), there holds

n*(x,t),Zn*(x,t»M. (4.3)

1Zn= (@, 8)llpy < 1| Zn= (2, 8)llr, <cc,
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which together with Sobolev Imbedding Theorem implies that there exist a subsequence {Zn;* (x,1) ’ k* € N}
of {Z,-(z,t)} and Zy(z) € Fy, such that

Zn;* (xat) - ZO(‘T)
Hence, (I — A3)~! is compact and the proof is complete. O
We are now in a position to address the main result of the paper, which is summarized in the following
theorem.

Theorem 4.2. For any initial value Zo(x) € Fa, if design parameters o and K satisfying o > %, then the
weak solution Z(x,t) = T(t)Zo(x) of closed-loop system (3.1) is asymptotically stable in the following sense:

L
lim (/ (wi(z,t) + a(z)w2(z,t)) dz+ X%(t)) =0, (4.4)
0

t—o0

lim X2(t) =0, (4.5)

t—oo

and

limg oo 05(t) = 6;, i=1,...,n,
(4.6)

lmy oo Gi(t) =i, i=1,...,n.
Proof. We first prove that (4.4), (4.5) and (4.6) hold for any initial value Zy(z) € Do. For this, by Theorem 3.65
on page 162 of [25] and Lemma 4.1, we can directly conclude that the trajectory v (Zo(z)) = {Z(z,t) |t > 0}
of system (3.4) is precompact in Fo. Then by using LaSalle’s invariance principle, any solution of system (3.4)
tends to the largest invariant set of the following:

§ = { (w(e, ), wi(e,1), X, (), X2(6),0()) | V(&) = 0}

For any (w(x,t),wt(x,t),)z'l (t),)z'g(t), é(t)) € S, by the inequality of (2.14), we have

Xs(t) = 0,
0 u o
a(L)wg (L, t) + X1(t) = 0,
by which, the forth equation of (2.2), (2.3), (2.13) and (2.14), there holds
Xo(t) = 0,
wt((),t) e 0,
< v (4'8)
0;(t) = 6;(0), i=1,...,n,
Gi(t) = ¢i(0), i=1,...,n.
Hence, by (3.1), (4.7) and (4.8), w(x,t) should satisfy
Wit (z,t) — (a(2)Wy (2,t)), = 0,
W, (0,t) = 0,
’ (4.9)

a(L)w,(L,t) +w(L,t) = 0,
w(L,t) = 0.
Noting that Zy(z) € Do and by claim (ii) of Theorem 3.4, there holds
w(x,t) € WH(0,00; H' (0, L)) N1L>®(0, 00; H(0, L)),
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which together with Lemma 3 in [4] yields that, for system (4.9)
w(z,t) = 0.

Moreover, by (3.1) and (4.8), we obtain that for any ¢t > 0

n
v

Z (éz(t) sin w;t + éz(t) cos wit) =0,
i=1
from which it follows that é(t) = 0 and ¢;(t) = 0. Thus, we have
S ={(0,0,0,0,0)}.
By LaSalle’s invariance principle, the following result can be directly obtained:

T [|7(1) Zo() 2, = 0. (4.10)

This directly yields

t—o0

L ~ ~,
lim (/ (w7 (z,) + a(x)w? (z,1)) do+ X7(t) + X5(6) + (ef(t) + ¢?(t))> =0,
0
which implies that

t—o0

L
lim (/ (w(z,t) + a(z)w?(z,t)) dz + Xf(t)) =0,
0

lim X2(t) =0,

t—oo

and R
{limtﬂoo Qz(t) = 92‘, = 1,...,77,,

limy oo @i(t) = @i, i=1,...,n.

We next turn to prove that (4.4), (4.5) and (4.6) hold for any initial value Zy(x) € Fy. From Dy = Fy, there
exists a sequence {Z;-(,1) | Zj+(x,t) € Dq, j* € N} such that

lim Zj(z,t) = Zo(x),

j*—o0
by which and noting that 7'(¢) is a contraction semigroup defined on Fa, we arrive at

IT(t)Zo(2)llf, < IT()(Zo(x) — Zj+ (2, O)E, + I T(8)Z;+ (2, )],
< |1 Zo(@) = Zj= (2,03, + IT(t) Z~ (2, 1)

[F, -
Since Z;+(x,t) € Dy and (4.10) holds, we obtain

lim || 7(t)Zo(x)|%, =0,
t—o0

and hence for any initial value Zy(z) € Fq, (4.4), (4.5) and (4.6) hold. This completes the proof. O

Remark 4.3. It is worth mentioning that, if d(¢) in (1.1) is replaced by d(t)+¢&(t) where £(t) € L]0, +00) is the
perturbation for d(t), then for any initial value Zy(x) € Fa, only the boundedness of the states w(z,t), X1(t),
Xo(t) and O(t) of the resulting closed-loop system can be obtained under the adaptive controller consisting
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of (2.12) and (2.13). This is because when d(t) in (1.1) is replaced by d(t) + £(¢), by choosing o > 5k,
function (2.8) satisfies

: K s 1 1\ o K K
Vit) < —— (a(L Lt)+ X:1(t)” — = - — ) X5(t ——e(t) L ——¢~(¢
(0 <~ @y (L0) + 000" - 5 (- 57 ) KO + 570 =120 < om0

which can be derived similarly to the inequality in (2.14). Noting V(t) = || Z(x, t)||Z,, we have

K t
< 2 2 .
V() < 1Z0@) B, + 5= [ O

Then, by the definition of V(£) and noting () € L2[0, +00), it follows that states X (t), Xo(t) and O(t) of the
resulting closed-loop system are bounded, and moreover, w(x,t) satisfies (3.13). From (3.13) and the bounded-
ness of X(t), we conclude that w(z,t) is bounded by using Poincaré’s inequality and Agmon’s inequality.

5. SIMULATION RESULTS

In this section, numerical results are given to illustrate the effectiveness of the theoretical results for the
following system:
wit (2, 1) — (a()ws (2,1))2 =0,

we (0, 1) = 0.03w, (0, 1),

w(L,t) = X (), (5.1)
X1(t) = Xa(t),

Xo(t) = Aa(L)wy (L, t) + f7ult) +d(1),

with scale initial conditions
wo(z) = w(z,0) = 0.5(L — x)

and

The values of the parameters are assumed as: L = 5m, M = 25kg, m = 2000kg, p = 5kg/m, g = 9.8111/s27 =2,
wi =1, wy=7%,00 =18, =0.5 0, =1.2 and ¢ = 0.3. Then, from (1.3), we have

d(t) = 1.8sint + 0.5 cost + 1.2sin %t + 0.3 cos %t.

From [2,4], by taking a(z) and X as
a(x) = gr + 5,

_ (mpL)
A= e

we obtain

a(x) = 9.8z + 3920,
A=0.2.

Moreover, the initial values of the estimates of unknown parameters are chosen as: 01(0) = 1.5, $1(0) = 0.2,
62(0) = 0.8 and ¢»(0) = 0.6.
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FIGURE 1. Trajectory of w(x,t) FIGURE 2. Trajectories of X1 (¢) and
when K =0.1. Xo(t) when K =0.1.
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FIGURE 3. Trajectories of 0y (t) and FICURE 4. Trajectories of f(t) and
@1(t) when K =0.1. P2 (t) when K =0.1.

To derive the explicit form of the adaptive controller for system (5.1), we find suitable design parameters
K =0.1 and o = 6.65. Then, by (2.12) and (2.13), we design the following adaptive controller:

u(t) = —25 (396.9th(L, £) — 0.01 (3969w, (L, t) + X1 (1)) + 6.75X2(t))

925 (9} (£)sint + 1 (£) cost + Ox(t) sin Tt + Go (t) cos gt) —19845w, (L, 1),
0.(t) = Xo(t)sint,
G1(t) = Xa(t) cost,

By(t) = Xo(t)sin Tt,

$o(t) = Xa(t)cos Tt.

By using the implicit backward Euler method and explicit central difference method (see e.g., p. 407 and 415
of [32], respectively) with the grid size is taken as N = 20 and time step dt = 1073, four figures are obtained
for the closed-loop system signals. Specifically, Figures 1-2 show the trajectories of the PDE subsystem state
w(z,t), the ODE subsystem states X;(t) and Xz(t), respectively, from which we can see that the closed-loop
system (3.1) is asymptotically stable; Figure 3 shows the parameter estimates 6;(¢) and ¢1(t), and Figure 4
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FIGURE 5. Trajectory of w(x,t) FIGURE 6. Trajectories of X1 (¢) and
when K = 0.08. X2 (t) when K = 0.08.
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FIGURE 7. Trajectories of 0, (t) and FIGURE 8. Trajectories of f(t) and
$1(t) when K = 0.08. P2(t) when K = 0.08.

shows the parameter estimates 65(t) and @o(t), from the two figures we can see that 01 (t), ¢1(t), f2(t) and
P2(t) ultimately converge to their own real values 1 = 1.8, o1 = 0.5, 62 = 1.2 and 2 = 0.3 (dashed lines),
respectively.

To show the effects of design parameters K and « on the theoretical results, we take K = 0.08 while o remains
the same, then we obtain Figures 5-8. These figures together with Figures 1-4 (especially Figs. 2 and 6) show
that the convergence time when K = 0.1 (¢ < 80 s in Fig. 2) is shorter than that when K = 0.08 (¢ > 100 s in
Fig. 6).

6. CONCLUDING REMARKS

In this paper, the asymptotic stabilization has been investigated for a class of PDE-ODE cascade systems
with uncertain harmonic disturbances. A non-adaptive controller X () is first designed for a PDE subsystem
of (1.1). Then, based on the obtained controller and the adaptive technique, an adaptive feedback controller is
successfully constructed for the entire system which guarantees that not only the error Xs(t) — X5 (t) converges
to zero, but also the closed-loop system is asymptotically stable and the parameter estimates converge to their
own real values. Moreover, the well-posedness of the closed-loop system is established through the semigroup
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approach. Our further research is to the output feedback boundary control design for the case of more gen-
eral unknown harmonic disturbances, such as those with not only unknown amplitudes but also unknown
frequencies.

APPENDIX A.

A.1. Proof of Proposition 3.2
Define the following functional J(I") on H(0, L):

L L
o) =5 [ arzery ao [Tor s 20 o) - o)
K 1 1, v+t ’
TIE T ((1+?>F(L)_§<T +1+a+QTQ>> ’ (A1)

which together with Young’s Inequality yields

L L L
J(Ir) > %/O al? dx+%/0 Ide — %/0 ((p* +n*)? +F2) dx + %(O) (I°(0) — p*(0))*

2
K 1 1 (., v+wtp
T ET D <<1+§>F(L)_?<T +1+a—|—QTQ>>

L L
>3 [arzar—3 [ ey e s 22 (r0) - 50
K 1 1 (., v+ ’
v (5 0 (o)) Y

For I" € H'(0, L), define the norm || I'||w1(o,1,) = \/fOL I'?(z)dx+ \/fOL I'2(z) dz. Then, by Poincaré’s inequal-

ity, we have I'(0) — oo or fOL IZ(z)de — oo as ||I'||lm(o,0) — oco. Hence, when ||I'||g1(o,1) — oo, from (A.2),
there holds J(I') — oo, which implies that J(I") is coercive.

Moreover, from (A.1), it is easy to verify that J(I") is convex and continuous on H' (0, L). Noting that H' (0, L)
is a closed, convex and reflexive space, by Proposition 38.15(a) on page 155 of [33] and choosing M = H'(0, L),
there exists a function p € H'(0, L) such that

J(p)= inf J(T
(p) et (),

which implies that the function 1" : yp — Y () = J(p + pI") attained a minimum at the point g = 0. Thus, for
any I' € H'(0, L), there holds

d(J(p+pl))

o = 0. (A.3)

n=0
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From (A.1) and (A.3), it follows that

d(J(p+ul)  d (1 [ "
d—u_d_u<5/o (a(pm+ufx)2 (p+pl’) ) /0 " +107) (p+ pl') dz
+%(‘”<p<o>+ur<o>—p*<o>>2 K+ ((1 ) L)+ pl'(L))

L[, v+t

K (T +1+a+QTQ>) )
L L

~ [+ ar) Lt @) D do— [0 P

0 0

+00(0) 00) + 170) =5 O) O + ( (14 1 ) 0(E) + 6T (D)
1 (., v+t

K (T * 1+a+QTQ> )F(L)’

and hence

d(J(p+pl)

7 L
du B /0 (ape Ty + pI') da — /0 (P +n") I"dz + qa(0) (p(0) — p*(0)) I'(0)

* *T
+ ((1 + %) p(L) — % (r* + %)) (). (A.4)

For any I' € C3°(0, L) which implies that I'(0) =0 and I'(L) = 0, by (A.3) and (A.4), we have

n=0

L L L
/ apxl}dx—&—/ dex—/ (p* +n*) dx =0,
0 0 0

which implies that
(aps)e —p = —p* —n*, p € H*(0, L). (A.5)
Moreover, using integration by parts for (A.4), we obtain

d(J(p+pul))
dp

L L L
= —/ (apx)xpdl"i'/ dew—/ (p*+n") 'dx
pn=0 0 0 0

—a(0) (p2(0) — ¢ (p(0) —p™(0))) I'(0) + (a(L)px(L)

1 1 (., v+t
* (” ?) < ( ’ m) )“L%

by which and (A.5) as well as the fact that I is arbitrary, there holds

Therefore, the existence of solutions of system (3.6) is proved. O
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A.2. Useful inequalities

The following two lemmas provide several useful inequalities. The proofs of these two lemmas are similar to
those of Lemmas B.1 and B.2 in [30] and hence are omitted here.

Lemma A.1 (Poincaré’s inequality). For any w € H'(0, L), the following inequalities hold:

fOL w?(z)dx < 2Lw?(0) + 4L? fOL w?(z)dz,

T

fOL w?(z)dr < 2Lw?(L) + 4L? fOL w?(z)da.

xT

Lemma A.2 (Agmon’s inequality). For any w € H'(0, L), the following inequalities hold:

(1]
2]

mMaX,e(o,L] w?(x) < w?(0) + 2\/fOL w2 (z)da fOL w2 (z)dz,

max,eo,z] w?(r) < w?(L) + 2\/f0L w?(z)dx fOL w?(z)dz.
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