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COMPENSATOR DESIGN VIA THE SEPARATION PRINCIPLE
FOR A CLASS OF SEMILINEAR EVOLUTION EQUATIONS

PO3POBKA KOMIIEHCATOPA 3A IITPUHIUMIIOM NTOALTY
JIJISI KJIACY HAIIBJIIHIMHUX EBOJIIOIIMHUX PIBHSIHD

We establish a compensator design via the separation principle in the practical sense for a class of semilinear evolution
equations in Hilbert spaces. Under a restriction imposed on the perturbation, which is bounded by an integrable function,
we propose a nonlinear time-varying practical Luenberger observer to estimate the states of the system and prove that the
Luenberger observer based on the linear controller stabilizes the system. An illustrative example is given to demonstrate
the applicability of our theoretical results.

BcraHOBIIEHO cxeMy KOMIEHCATopa Yepe3 MPUHIMII TTOALTY B IPAKTHYHOMY CEHCI JUlsl Kllacy HaIiBIiHIHUX €BOMIOLIHHUX
PIBHSIHB B TIEOEPTOBHX MPOCTOpaX. 3a yMOB 0OMEKEHHs Ha 30ypeHHsI, sike 0OMEeXeHe IHTErPOBHOIO (YHKIIIE€I0, 3aIIPOIIOHO-
BaHO 3aCTOCOBYBaTH HEJIIHIHHOTO 3MIHHOTO Y 4aci MPaKTUYHOTO crocrepirada JlroenOeprepa Al OLIHKU CTaHiB CHCTEMHU
Ta JIOBEZIEHO, 10 crocTepirad JlroeHOeprepa Ha OCHOBI JIHIHHOTO perynaropa crabiiisye cucremy. HaBeneHo HaouHMA
HPHUKIIAJ, 0 AEMOHCTPYE MOXIIMBICTh 3aCTOCYBAHHS HAIlIMX TEOPETUYHHX PE3yJIbTaTiB.

1. Introduction. Feedback compensator design of partial differential equations has been attracting
a lot of attention (see [4, 6, 7, 10, 11, 24]) over the past few decades, due to its wide potential
applications in heat exchanger [18], chemical engineering [5], and flexible mechanical systems [19].
The theory of compensator design is a straightforward extension of the finite dimensional theory
and has been used as a starting point in many control designs for distributed parameter systems,
see [1, 17, 20, 22, 25]. Alternative direct state-space finite-dimensional compensator designs can be
found in [4, 9]. For extensions to systems with unbounded input and output operators (see [7, 10]),
and for a comparison of various finite-dimensional control designs (see [8]). The authors in [24] give
an observer-based output feedback design for linear parabolic partial differential equation (PDE) with
local piecewise control and pointwise observation in space. Moreover, the problem of compensator
design for linear systems in Hilbert spaces can be solved (see [6, 11]), but if the system contains some
nonlinearities as a disturbances or perturbations, the problem remains a difficult task. However, the
problem of practical stabilization of the infinite-dimension time-varying control systems in Hilbert
spaces has been presented in [12]. In finite dimensions one simple way of designing a compensator
is to first construct a state feedback stabilizer and an observer for the system and then to combine
the two to design a compensator using a feedback of the observer instead of the state. This is the
so-called separation principle (see [2, 3, 13, 15, 16]). In the present paper, the result is obtained
in the Hilbert space setting and, hence, can be regarded as a contribution to this class of problems.
Give a compensator design based on analysis results for cascaded systems, as done for instance in
[15, 16, 21] used a nonlinear time-varying practical observer to estimate the system states for a class
of nonlinear systems.
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The main contribution of this paper is the study of the problem of practical feedback stabilization
for a class of semilinear evolution equations and the design of a Luenberger observer. We refer
the reader to [11, 15, 16, 24] and the references therein for more information on this direction.
A compensator design is given under a restriction about the perturbed term that the perturbation
is bounded by an integrable function where the nominal system is supposed to be exponentially
stabilizable by a linear feedback law. We show, how under the assumptions of stabilizability and
detectability of the pairs (A, B) and (A,C), we can construct a stabilizing feedback law and a
Luenberger observer. A practical approach is obtained.

This paper is organized as follows. The system description, notations and some preliminary
results are presented in Section 2. The required assumptions and the statement of the main results
are provided in Section 3. In Section 4, an example of application of the result is given. The paper
is concluded in Section 5.

2. Preliminaries and system description. Throughout this paper we adopt the following
notations: R, denotes the set of all nonnegative real numbers, H denotes a Hilbert space with the
norm ||.|| and the inner product (..). L(X) (respectively, L(X,Y")) denotes the space of all linear
bounded operators S mapping X into X (respectively, X into Y') endowed with the norm

IS = sup {[[Sz||: € X, ||=[| < 1}.

The domain and the adjoint of an operator A are denoted by D(A) and A*, respectively. I denotes
the identity operator. C'([0,00), H) denotes the space of all continuous functions from [0, c0) to H.
In this paper, we consider the controlled system

&(t) = Az(t) + Bu(t) + G(t,z), t>0,
1
) C. (1

where x € H is the system state, u € U is the control input, y € Y is the measured output. H, U
and Y are assumed to be Hilbert spaces. Further, the operator A: D(A) C H — H is the generator
of a Cp-semigroup over H with a domain of definition D(A), B € L(U,H) and C € L(H,Y).

Given an initial condition
x(to) = xo € H.

Let z(t) = =(t, to, o, u) denote the state of a system (1) at moment ¢ > to > 0 associated with an
initial condition zg € H at t = tg and input v € U.
We consider mild solutions of (1), i.e., solutions of the integral equation

z(t) = S(t —to)xo + /S(t — 5)[Bu(s) + G(s,z(s))]ds,

belonging to the class C([to,to+ 0], H) for certain 6 > 0. Here {S(t), t > 0} is a Cp-semigroup on
. : P S(t)x —
a Hilbert space H with an infinitesimal generator A: D(A) C H — H, Az = lim;__,g+ ()fx,

whose domain of definition D(A) consists of those x € H, for which this limits exists.
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Definition 1. We call G: Ry x H — H locally Lipschitz continuous in x, uniformly in t on
bounded intervals if for every t > 0 and constant ¢ > 0, there is a constant L(c,t), such that

HG(t,u) - G(t,v)H < L{c,t)|ju — |

holds for all u,v € H, with ||u|| < ¢, ||v|]| < ¢, and t € [0,%].
We will use the following assumption concerning nonlinearity GG throughout this paper.
(H1) We assume that G: Ry x H — H is continuous in ¢ and locally Lipschitz continuous
in z, uniformly in ¢ on bounded intervals and there exists a function ¢ such that

G, 2)|| < ¢(t) V=0, 2

with
+oo
/ ¢(s)ds < My < +o0.
0

The corresponding system without perturbations, called the nominal system, is described by
z(t) = Az(t), z(0) =x0, t>0. 3)

Next, we recall the definition of the generator of an exponentially stable semigroup as well as that of
the exponential stabilizability and detectability (see [11] for details).

Definition 2. The operator A generates an exponentially stable semigroup S(t) if the initial
value problem (3) has a unique solution z(t) = S(t)xo and ||S(t)|| < Me™ for all t > 0 with
some positive numbers M and «.

The « is called the decay rate.

If S(t) is exponentially stable, then the solution to the abstract Cauchy problem (3) tends to zero
exponentially as ¢ — co.

An important criterion for exponential stability is the following.

Lemma 1. The Cy-semigroup S(t) on H is exponentially stable if and only if , for every x € H,
there exists a positive constant v, such that

/HS(t)xHth <
0

Definition 3. The pair {A, B} is said to be exponentially stabilizable if there exists a feed-
back operator D € L(H,U) such that the operator A + BD generates an exponentially stable
semigroup Spp.

Definition 4. The pair {A,C} is said to be exponentially detectable if there exists an output
injection operator L € L(Y,U) such that the operator A + LC generates an exponentially stable
semigroup Src.

To study stability properties of (1) with respect to external inputs, we use the notion of practical
stabilizability.

Definition 5. System (1) is practically stabilizable if there exists a continuous feedback control
u: X — U such that system (1) with u(t) = u(xz(t)) satisfies the following properties:
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1076 H. DAMAK

(i) for any initial condition xo € H, there exists a unique mild solution x(t) defined on R ;
(i1) there exist positive scalars w, k, and r such that the solution of the system (1) satisfies

lz(t)]| < Ellzolle™ ") 41 Wt >ty > 0.

When (i) and (ii) are satisfied for (1), we say that (1) with u(t) = u(x(t)) is globally uniformly
practically exponentially stable.

Remark 1. We deal with the practical stabilizability of (1) whose the origin is not necessarily an
equilibrium point. In the case of infinite-dimensional space, the practical stabilizability is studied by
[12] of a class of time-varying control systems having a time-varying linear part.

In what follows, we shall that V' : X — R is a Lyapunov function.

Definition 6. The Lie derivative of V' corresponding to the input u is defined by

V(x) = limsup E (V(z(t,z,u) — V(2)).
t—0t

Recall that a self-adjoint operator P € L(H) is called positive if (Pz,z) > 0 holds for all
x € H\{0}. A positive operator P € L(H) is called coercive if there exists £ > 0 such that
(Px,x) > k|z||* Vz € D(P).

Proposition 1 (see [11, 14]). Suppose that A is the infinitesimal generator of the Cy-semigroup
S(t) on the Hilbert space H. Then S(t) is exponentially stable if and only if there exists a coercive
positive self-adjoint operator P € L(H) such that

(Az,Pz) + (Px, Az) = —(x,x) Vx € D(A). 4)

Equation (4) is called a Lyapunov equation.

The following technical lemma will be needed in ours investigations.

Lemma 2 (generalized Gronwall — Bellman inequality [27]). Let 3, p: Ry — R be continuous
functions and ¢ : Ry — R4 a function such that

p(t) < B(B)p(t) + p(t) V= to.

Then, for any t > tg > 0, we have the inequality

t

¢(t) < p(to) exp /tﬁ(v)dv +/eXp jﬂ(v)dv p(s)ds.

to

3. Main results. 3.1. Practical stabilization. We consider the nonlinear system (1) satisfying
the following assumptions.

(H2) The pair {A, B} is exponentially stabilizable, there exists a constant operator D €
€ L(X,U) such that a sufficient condition specially related to operator Ap = A + BD is presented
in [11] as the following:

there exists a coercive positive self-adjoint operator P;

where 1 > 0, which satisfies
ABPl +P1Ap = —1.
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We start with the following result which assures the global existence and uniqueness of mild
solutions of (1).

Lemma 3. Suppose that (Hi1) holds. Then the system (1) possesses a unique mild solution
x € C([0,00), H) for any z¢ € H.

Proof. The local Lipschitz of GG suffices to assure that the mild solution of (1) exists and is
unique, according to a classical existence and uniqueness theorem (Theorem 1.4 in [23]).

Using the fact that u(t) = Dx(t), we have

t
lz(@)[| < M(||zol| + M) + M /HBHIID!WH ds. ()
to

By applying Gronwall inequality (see [26, p. 42], Lemma 2.7) to inequality (5), any solution of this
equation is uniformly bounded

()| < M(||zol| + My)eMIBIIPIS

where M = sup {||S(t — s)||: 0 < to < s <t < ¢+ 4} on an arbitrary time interval [to, to + 4].
Then, using Theorem 1.4 in [23], we have ¢y + § = oo, and so the corresponding = € C([0,00), H)
is a mild solution of (1).

The lemma is proved.

Next, sufficient conditions are presented to guarantee the practical stabilizability of a perturbed
control system using the Gronwall — Bellman inequality and Lyapunov direct method.

Theorem 1. If assumptions (H1) and (H2) are fulfilled, then the system (1) in closed-loop with
the linear feedback u(t) = Dx is globally uniformly practically exponentially stable.

Proof. Let x(t) be the solution of system (1). We consider the Lyapunov function

W(z) = (Piz,x).

The Lie derivative of W in ¢ along the solution of the system (1) in the closed-loop with the
controller u(t) = Dx leads to

= (Pi[(A+ BD)z + G(t,2)],2) + (Piz, [(A+ BD)z + G(t,z)]).
By using (H2) with the help of Cauchy — Schwartz inequality, we obtain
W(x) < —(z,z) + 2P| G (¢, 2) | |-

It follows from (2) that

< \/ﬁcb(t) W ().

Let
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The derivative of 1 is given by

o = 2W (;/(Z))’
which implies that
; 1 [Pl
90 < ~gpprp 20+ 900

According to Lemma 2, we have
s Y S
— ok (t—t0) 1 / — ok (t—s)
H(t) < Htg)e 271l + —— [ ¢(s)e” M7l ds.
(t) < d(to) AR
0

Using (H1), we get

— i (t—to) , Pl
9(t) < I(tg)e 2171l + —M,.
(t) < I(to) i Mo

We deduce that

1
le@]) < 4/ 1P gy ez te=to) 4 IP1ll
7 7

Consequently, the system (1) in closed-loop with the linear feedback u(t) = Dz is globally uniformly
practically exponentially stable.

Theorem 1 is proved.

3.2. Practical Luenberger observer. In this subsection, we use the measurements to estimate the
full state (the construction of a Luenberger observer) and to apply state feedback on the estimated
state. The Luenberger observer is a dynamical system that is expected to reconstruct the states of
the system. Our objective is to design a state reconstructor for the system (1), such that the practical
global exponential stability of the resulting error system can be guaranteed.

We shall introduce the following assumptions:

(Hsz) The pair {A, C} is exponentially detectable, there exists a constant operator L € L(Y, H),
such that a sufficient condition specially related to operator A;, = A+ LC is presented in [11] as the
following:

there exists a coercive positive self-adjoint operator Ps

vl <Py < ||P2|1,

where v > 0, which satisfies
AE’PQ + P A, = —1.

To design a Luenberger observer, we shall consider the system
z(t) = Az(t) + Bu(t) + G(t,2) + L(g(t) — y(t)), t>0,
g(t) = Ci(t),

where & is the Luenberger observer with output injection L € L(Y, H).

(6)
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Define estimation error e as e = & — x, which is governed by
&(t) = &(t) — i(t) = (A + LO)e(t) + G(t, &(t)) - G(t, z(t)), )

where ey = To — xg.

The following lemma provides sufficient conditions for the global solution of (7).

Lemma 4. Under assumption (H1), the system (7) possesses a unique mild solution e €
€ C([0,00), H) for any ey € H.

Proof. 1t is known from [23] that for every initial state ey € H, system (7) has a unique mild
solution given by

e(t) = Sro(t —to)eo —I—/SLc(t —5)[G(s,2(s)) — G(s,z(s))]ds, to<t<ty+9d, &>0,

to

where Sp¢ is the Cy-semigroup of Ay.
From the above equation, we get

t
le(®)l] < Nlleoll + N | 2 / o(s)ds |
to

where N = sup {||S(t — s)||: 0 <ty < s <t < ¢+ J} on an arbitrary time interval [to, to + d].
Then, using Theorem 1.4 in [23], we have ¢y + § = oo, and so the system (7) has a unique mild
solution e which exists for all ¢ > .

By arguing in exactly the same way as in Theorem 1, we prove that the output injection L can be
chosen in such a way that system (6) is a practical exponential Luenberger observer for system (1).

Theorem 2. Under assumptions (H1) and (Hs), the system (6) is a practical exponential Lu-
enberger observer for the system (1).

Proof. Let e(t) be the solution of system (7). We consider the Lyapunov function candidate

Z(e) = (Pae,e).
The Lie derivative of Z along the trajectories of system (7) is given by
Z(e) = (Paé, ) + (Pae, é) =
= (Po[(A+ LC)e + G(t, ) — G(t,x)], e)+
+(Pae, [(A+ LC)e + G(t, z) — G(t,x)]).

By using (H3) with the help of Cauchy — Schwartz inequality, we have

Z(e) < —(e,e) +2||Po[[|G (¢, 2) — G(t, x)|[[[e]]-
It follows from (2) that

2(6) < el + 412 o10) V2.
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Let

The derivative of 6 is given by

2/ Z(e)
which implies that
; 1 2[[Palo(t)
o(t) < — o(t) + —————
2|, v
Applying Lemma 2 on the above inequality, we get
— sy (t—to) . 2[P2l| My
0(t) <0(t 2072l _
(1) < oto)e ) 4 S
Hence,
S 2||P2|| M,
ety < (1P g o  2P2 e,
v v

We deduce that the system (7) is globally uniformly practically exponentially stable. Consequently,
the system (6) is a global uniform practical exponential Luenberger observer for the system (1).

Theorem 2 is proved.

3.3. Compensator design. To obtain a compensator design to (1) just consider (1) controlled by
the linear feedback control u(t) = Dz(t) estimated by the Luenberger observer (6).

Theorem 3. Consider the nonlinear system (1) and assume that assumptions (H1), (He2) and
(H3) hold. If D € L(H,U) and L € L(Y,H) are such that A+ BD and A + LC generate
exponentially stable semigroups, then the controller w = Dz, where % is the Luenberger observer
with output injection L, stabilizes the closed-loop system. The stabilizing compensator is given by

& = (A+ LO)i + Bu(t) + G(t, &) — Ly(t),
u(t) = Dz(t).

Proof. Under assumptions (#2) and (H3), there exist operators D and L such that Spp(t)
and Src(t) are exponentially stable. Combining the abstract differential equations, we see that the

closed-loop system is given by the dynamics of the extended state x® = <i>,

:é A+ BD LC i G(t,2)
é 0 A+ LC e G(t,z) — G(t,x)

Let us define the Lyapunov function
Y (z¢) = aW(z) + Z(e),
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where W(z) = (P12,2), Z(e) = (P2e,e) and a > 0 is a Lyapunov parameter to be determined.
The Lie derivative of Y along the trajectories of system (8) is given as follows:

Y (2%) = aW(2) + Z(e) =
= a((P12,2) + (P12,2)) + (Paé, e) + (Pae, é) =
= a((P1]Az + BDz + G(t,z) + LCe|,z) + (P1&, Az + BD% + G(t,z) + LCe)+
+(P2[(A+ LC)e+ G(t,2) — G(t,x)],e) + (Pae, (A+ LC)e + G(t,2) — G(t,)).
By using (H2) and (#3), with the help of Cauchy — Schwartz inequality, we obtain
Y(2) < a(=(2,2) + 2|PL|G(¢, 2)]|2]+
F2|Puf[[LCe[l|Z]]) — (e, e) + 2P| |G (2, &) — G(E, ) [le]]-

It follows that

o 1 ) .
Y () < a(—wmm 2Pl 2] + 2H7>1HHLCeHHwH) .

1
_Wz(e) + 4[| P2llo(t) le@)]-

Let € > 0. Using Young’s inequality
. L.
2lj2llllell < Zl12l|* +ellel®,

we can continue the above estimates as

- 1 H7’1HHLCH> A
Y(zf) < |- + aW (z2)+
@< (g + e @)
1 a6||7’1||!\LCII) 2a||P1|p(t) | 4lP:ll8(t)
+{ - + Z(e) + ——————2V/W(2) + ——F——=V/Z(e).
< [Pl v VI Vv
Choose € > 0 such that L — IPAIECT > 0.
[P ] pie
Let
o 2||P ||| LC||
1
1 L

Also, choose for this value of ¢ the scalar « such that — cclPflIlEC] > 0. Then let

| P2]] v

_ v
APy (Pl LC|1?

Q

We get
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V() < —— W(E) - —Z(e) + W\;}W\/W(:ﬁ) 4 APelo) 7o

2| Pl 2||Pa N
Thus,
V(@) < MY (2°) + Aot (@W + \/Z(e))

with

« 1

A =min| ——, ————
' <MHHM%U
and
Ny — max(?ﬁllﬂll ’ 4!7’2H)
Vi N

Since /a + Vb < 2v/a+b, for all a,b > 0, one can get, for all ¢ > g,

(\/aW(gz) n \/Z(e)) < 2/aW (%) + Z(e),

which implies that
Y (2°) < =AY (2°) + 2X00(t) /Y (2°).

Let

The derivative of w is given by

which implies that

o) < —Le(t) + X (1)

It follows from Lemma 2 that
w(t) < wltg)e™ 2 E0) 4 Ay M.
By using the inequality, (b; + b2)? < 2b2 + 202 for all by, by > 0, we obtain

Y (1)) < 2V (af)e MU0 4 2(AoMy)?,

where z§ = (2o, ep).
Hence,

@) < \[[max (Val Pl VTPl (ol + lleoll)e™ = 700 + Ao My .

Consequently, the cascade system (8) is globally uniformly practically exponentially stable.
Theorem 3 is proved.
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4. Illustrative example.
Example. We consider the controlled metal bar equation

0x(¢,t) 0%z(¢, 1) (t+1)e?
o = o TPOUO T TR
ox oz

aic(O?t) :Ozaic(lvt)a H?(C,O) :1'0(4)7 t>0,

where x((,t) represents the temperature at position ¢ at time ¢ > 0 and xo represents the initial
temperature profile, u(t) the addition of heat along the bar and b, ¢ represents the shaping functions
around the control {y and the sensing point (7, respectively,

1
b(¢) = 55Lico-0Go+4

and

1
C(C) = %1[C1—H,C1+H] ,

with [(o — 9,0+ ] N[(1 — Kk, (1 + K] = @ and

1, if 9<z<w,
1o (z) =

0, otherwise.

Notice that b and c in this example are both elements in L?(0,1) for a fixed small, nonnegative
constants § and k.

The partial differential equation is equivalent to system (1) where H = L?(0,1), U = C, Y = C,

A= ks with D(A) = {h € L*(0,1), h oh are absolutely continuous Gl e L2(0,1) and
= an) - y L)y ) 8C y s 8C2 s
Zg(o) =0= 2?(1)}, the input operator

B € L(C, H), and has norm

V26

Furthermore, the measured output operator
1
Ca= [ (Oalc. 0y
0

1
where C € L(H,C), and has norm ——, and
(H,C) o
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(e Det
G(t,r) = 1+ [Jz(¢, )|

A has the eigenvalues 0, —n?72, n > 1, and the corresponding orthogonal eigenvectors are

1, if n=0,
Up, =

V2cos(nn¢), if n>1.

It follows that A is the infinitesimal generator of the Cy-semigroup (see [11] for details).
We can take as a stabilizing feedback u(t) = Dx with

Dz = —3(z,v9) = —3(x, 1),

where (,) is the inner product on L?(0,1).

It is easy to verify that A + BD has the eigenvalues —3, —(nm)?, n > 1. Then the pair {A, B}
is exponentially stabilizable.

In addition, the stabilizing output injection is given by

Ly = —3yvg = —3y.1.

The system A+ LC has the eigenvalues —3, —(nm)?, n > 1. Then the pair {A, C'} is exponentially
detectable.

Moreover, the assumption (H;) is satisfied with ¢(t) = (¢ + 1)e™" is a continuous nonnegative
function with

—+00
/(t+1)e‘t:M¢:2<oo.
0

From Theorem 3, we conclude that a stabilizing compensator is given by

C1+k

0% ? BQA ) 3 . 1 1 _
x(;l; t) = Z(Cg t) . % / fE(Cat)dC + %1[<O,5,<0+5}(C)u(t) + % 4 Sy(t),
G-+
gi(o,t) =0= Zf(l,t), 2(¢,0) = #0(¢), t>0,

1
u(t) = -3 / (¢, t)dC.
0

5. Conclusion. We have presented the problems of state observation and state trajectory control
via output feedback for a class of nonlinear system. It is shown that the system can be practically
stabilizable by means of an estimated state feedback given by a designated Luenberger observer.
Furthermore, a compensator design of a class of nonlinear control systems has been considered. An
example has been introduced to validate the developed methods.
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