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Abstract: This paper contributes to a design of stabilizing compensators for the stabilizable systems in the class. A strongly continuous
quasi semigroup approach is implemented as a generalization of a strongly continuous semigroup for autonomous systems. Stability of
the non-autonomous linear control system is identified by a uniformly exponential stability of a strongly continuous quasi semigroup
on the state space. The results showed that in the infinite-dimensional state space, if the closed-loop non-autonomous linear control
system was stabilizable and detectable, there existed an infinite-dimensional stabilizing compensators for the system. The assigned
controller is given by u = FX where £ is the Luenberger observer. In any non-autonomous Riesz-spectral system, there exists a finite-
dimensional compensator for the system. The construction of the compensator is based on the separation of the unstable eigenvalues of
the corresponding Riesz-spectral operator. The numbers of the unstable eigenvalues are defined to be an order of the compensator. An

example of the non-autonomous heat equation is given to assert the theoretical results.
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1 Introduction

This paper focuses on unstable infinite-dimensional non-
autonomous linear control systems with state x, input u,
and output y (see [1,2]):

(1) = A()x(t) + B(1)u(r),
y(t) = Ct)x(1),

where A(?) is a linear closed operator in X with domain
2(A(t)) = 2 independent of ¢ and dense in X, B(t) :
U — X and C(r) : X — Y are bounded operators such that
B(:) € Lo(R",.Z(U,X)) and C(+) € Lo(RT, Z(X,Y)),
where X, U, Y are complex Banach spaces, and £ (V, W)
and L..(22,W) denote the space of all bounded operators
from V to W and the space of all bounded measurable
functions from €2 to W provided with essential supremum
norm, respectively. In sequel, we denote system (1) by
(A(1),B(1),C(2))-

Recall that system (1) is considered stable if the
family {A(z)} is an infinitesimal generator of a strongly
continu- ous quasi semigroup which is uniformly
exponentially stable on X [3]. We often have problems of

t 207 X(O) = X0,

D

the instability as in system (1). This occurs when a
control system is adjusted to improve the performance’s
system. To make the system behave as desired, we need to
redesign the system and add a compensator, a device
(artificial system) which compensates the deficient
performance of the original system. The system
conditioned by this way is considered stabilizable.
Concretely, system (1) is stabilizable if there exists an
admissible control u(t) such that the corresponding
solution x(#) has some desired properties. If the
stabilizability is identified by null controllability, system
(1) is stabilizable if there exists a control u(r) = F(t)x(z)
such that the zero solution of the closed-loop system

x(t) =[A(t)+B()F(t)]x(t), t>0,

is asymptotically stable in the Lyapunov sense. In this
case, u(t) is called the stabilizing feedback control.

If system (1) is a finite-dimensional stabilizable auto-
nomous system, then construction of the stabilizing
compensator can apply the Luenberger observer or
Kalman filter, see [4-10]. The methods are also
applicable for the finite-dimensional non-autonomous
control system [11]. Similarly, if system (1) is the
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infinite-dimensional autonomous linear control system,
then the Luenberger observer can also be generalized on
the construction of the stabilizing compensator for the
system, see [12—17]. However, there is no guarantee that a
finite-dimensional controller can always produce the
closed-loop exponential stability for arbitrary system.
This is a fundamental question for the associated
feedback control. The question is answered positively if
the system is a Riesz-spectral system [14]. In fact, this
system can always be exponentially stabilized by
finite-dimensional controllers as long as the original
system is stabilizable and detectable, see [18-20]. In
other words, if the Riesz-spectral system is stabilizable
and detectable, then there exists a finite-dimensional
stabilizing compensator for the system, see [13,21-23].

The references address the necessity of investigating
the stabilizability of system (1) and characterize the
finite-dimensional stabilizing compensator for the non-
autonomous Riesz-spectral systems [24]. A strongly
continuous quasi semigroup is chosen as an analytical
approach because the quasi semigroups can be widely
applied to the non-autonomous problems. Since it has
been introduced by Leiva and Barcenas [25] in 1991, the
research development of the strongly continuous quasi
semigroups has increased and expanded in various
applications, see [3,24,26-28].

This paper focuses on the stabilizing compensator for
the stabilizable non-autonomous systems (1) using the
strongly continuous quasi semigroup approach and the
finite-dimensional stabilizing compensator for the non-
autonomous Riesz-spectral systems. The organization of
this paper is as follows: In Section 2, we provide some
properties of the strongly continuous quasi semigroups
and the uniformly exponential stability as identifying
tools to the stabilizability and detectability. Application of
the Lunberger observer to design the infinite-dimensional
stabilizing compensator for system (1) is described in the
Section 3. In Section 4, we design the finite-dimensional
stabilizing compensator for the non-autonomous Riesz-
spectral systems. The theoretical results are also attached
by two examples.

2 Stabilizability and Detectability

A strongly continuous quasi semigroup is a major tool in
this research. We recall the definition of the strongly
continuous quasi semigroup which was initiated by Leiva
and Barcenas [25]. The weaker definition that follows the
definition of Cy-semigroup is provided.

Definition 1.Let . (X) be the set of all of bounded linear
operators on a Banach space X. A two-parameter
commutative family {R(,s)}s,>0 in Z(X) is called a
strongly continuous quasi semigroup (in short Cyp-quasi
semigroup) on X if:

(2)R(z,0) = I, the identity operator on X,

(b)R(t,s+7r) =R(t+r,s)R(t,r),

(©limg_o+ [|R(z,5)x —x]| =0,

(d)there is a continuous increasing function M : [0,c0) —
[0,0) such that

IRz, )] < M(s), 2
for all r,s,t > 0 and x € X.
For each ¢ > 0 we define an operator A(¢) on 2 by

R(t,s)x—x

)

A(t)x= lim
s—0T N
where Z is a set of all x € X such that the following limits

exist
R(t,s)x—x

3

lim

t>0.
s—0t S

The family {A(¢)} is called an infinitesimal generator
of the Cp-quasi semigroup {R(z,s)}. Some examples and
properties of Cp-quasi semigroups can be founded in [25],
[26], and [27]. In the sequel, we write the quasi semigroup
{R(z,s)} and the infinitesimal generator {A(r)} by R(¢,s)
and A(t), respectively.

In general A(z) does not need to be closed and 2 does
not need to be dense in X, as shown in Example 3.2 and
Example 3.3 of [27]. However, in this paper we always
assume that each A(r) is a closed operator and the domain
2 is a dense set in X. As the first auxiliary result and
using a similar principle we can construct a new Cyp-quasi
semigroup from any Cp-quasi semigroup.

Lemma 1.Let R|(t,s) be a Co-quasi semigroup on a
Banach space X with the infinitesimal generator Ay (t). If
there is an H € £ (X1,X;) such that H™' € Z(X2,X)
and HH ' = Iy, and H'H € Z(Xp,X1) for some
Banach space X», then Ry(t,s)xy := HR(t,s)H 'x, for
all x, € Xy is a Cy-quasi semigroup on a Banach space X»
with the infinitesimal generator A,(t) = HA,(t)H™" on
domain 9(Ay(t)) = {x2 €Xo : H 'xp € 2(A (1)) }.

Proof. From the definition of R, (¢,s) we can easily verify
that it satisfies Definition 1. Moreover, by Theorem 3.2
of [27] and differentiating R;(z,s) respect to s then
evaluating for s = 0 we obtain A»(t). O

Stabilizability and detectability of the non-autonom-
ous linear control systems are characterized by the
uniformly exponential stability of the associated Cy-quasi
semigroup.

Definition 2.A Cy-quasi semigroup R(t,s) is considered
uniformly exponentially stable on a Banach space X if
there exist constants & > 0 and N > 1 such that

[R(#,)x]| < Ne™|lx],

xeX, t,s>0. 3)

The definitions of stabilizability and detectability of
the non-autonomous linear control systems follow the
similar definitions for the autonomous systems developed
by Curtain and Zwart [14].
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Definition 3.The non-autonomous linear control system
(A(1),B(t),C(1)) is considered:

(a)stabilizable if there exsits an F € Lo.(R*, Z(X,U))
such that A(z) + B(¢)F(t) is an infinitesimal generator
of a uniformly exponentially stable Cy-quasi semi-
group Rp(t,s). The operator F is called a stabilizing
feedback operator;

(b)detectable if there exists an L € Lo,(RT,.Z(¥,X)) such
that A(¢) + L(r)C(¢) is an infinitesimal generator of a
uniformly exponentially stable Cp-quasi semigroup
Ry (t,s). Lis called an output injection operator.

« in (3) is called the decay rate and the supremum over
all possible values of o is called the stability margin of
R(t,s). Indeed, the stability margin is minus its uniform
growth bound wy(R) defined by

inf oy (1),

t>0

ao(R) =

where (1) = igg(%logHR(t,s)H).

Theorem 1.Let R(t,s) be a Cy-quasi semigroup on the

Banach space X. R(t,s) is uniformly exponentially stable
on X if and only if (R) < 0.

Proof. Let R(t,s) be uniformly exponentially stable on X.
There exist constants & > 0 and N > 1 such that

e [|R(z, 5)x][ < NIJxl],
for all #,5 > 0 and x € X. This provides

gN

1
IR(z, )l <New®™ or —log|[R(t,s)]| < ———a,

forallz > 0 and s > 0. This gives that @y(R) < —a < 0.
Conversely, let @y(R) = —a for some o > 0. From

Definition 1, there exist sg,s; > 0 and n € N such that
HR(tas)H S M(So)n+1 S efas(efocksoslM(SO)n+l)

)

forallt > 0 and s > sg. For 0 < s < s we have

efocs(eocs()M(SO)),

for all + > 0. From both it can be chosen an N > 1 such that

IR(2,5)|| < M(s) < M(so) <

IR(t,s)|| < Nem®, 1,5>0.

Thus, R(z,s) is uniformly exponentially stable on X. [

The following theorem gives a method to construct a
quasi semigroup from two quasi semigroups and the
relationship of their growth bounds.

Theorem 2.Let R(t,s) and Ry(t,s) be the Cy-quasi
semigroups on Banach spaces X\ and X, with the
infinitesimal generator A(t) and A;(t), respectively. If
D() € Lo(RY, £ (X1,X2)) and ||R;(t,5)| < M;(s), for all

t,s >0,i=1,2, then A(t) = ADI((I)) Azo(t)

2 =2(A1(t)) X 2(Aa2(t)) is the infinitesimal generator
of the Cy-quasi semigroup R(t,s) on X = X| x X, given by

Ri(t,s 0
R(t,s) = |: SI(E‘l:s)) RQ(I,S):| “)

] with domain

S
where S(t,s)x| = / Ry(t+ 7,5 —T)D(t + T)R; (¢, 7)x1dT,
0

or allx1 c Xl. Moreover, there exists a positive continuous
p
function M such that

IR(z,s)|| <M(s), t,s>0.

Al(l) 0 .
0 Axr)| "
the infinitesimal generator of a Cp-quasi semigroup

Rl (tas) 0 . 0o o] .
{ 0 Rz(l,s)} on X. Since [D(t) O] is bounded on

Proof. We see that the matrix operator [

X, Theorem 3 of [3] implies that A(¢) = [Al(( )) AZO( )} s

the infinitesimal generator of a Cy-quasi semigroup.
By the definition of S(z,s) and the transformation of
variable v = r 4 T we have

S(t+r,s)R (t,r)x1 +Ro(t +1,5)S(t,7)x) =

S
/ Ry(t+r+t,s—1)Dt+r+7)R(t,r+7)x1dT+
0
/ Ry(t+v,r+5s—0)D(t+ V)R (t,V)x1dV
0

r—+s
:/ Ra(t + 0,745 —0)D(i+ V)R, (1, v)x1dv
0
=S(t,r+5)x;.

Therefore, the operator R(z,s) in (4) satisfies
Ri(t,r+5s) 0

R(t,r+s)x = [ S(t,r+s) Ra(t,r+s } [XI}

)
S e | 50D mtn ] 1]
=R(t+nrs)R(t,r)x, xeX.

This gives that R(z,s) is a Cyp-quasi semigroup with the
infinitesimal generator A(t).

X
Next, for x = {xl } , we have
2

R(t,5)x = [Rl (féS)xl ] 7

-
0= / Rz(l‘+T,SfT)D(l‘+T)R[(I,T)xldT+R2(t,S)xZ
JO

Therefore,

[R(z,s) s) i [, My (s) Mz (s)s([DC) [ |
+Mz IIXzII} < M(s)]lx]|x,

where

M(s) = max {M;(s), M (s)Ma(s)s|| D(-) || + Ma(s)}. O
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3 Compensator Design

When we consider the stabilizing by state feedback
u(t) = F(t)x(t), we hope that the whole state can be
measured. However, it is impossible for an infinite-
dimensional system. A more realistic assumption is that
can only measure an output that involves information
about a part of the state. A problem that arises naturally is
how to stabilize the system using only partial information
about the state, as schematically shown in Figure 1. The
second system in Figure 1 is an artificial system which is
called a compensator, whose input and output are the
output and input of the original system, respectively. The
whole system in Figure 1 (modified from [14]) is called a
closed-loop system.

u

Y-
v

@, B®). CQ)

Compensator —<

Figure 1: Closed-loop system

A basic question is how to design the compensator. In
the finite-dimensional systems, we have two approaches,
i.e. by Luenberger observer or by Kalman filter. Since the
designed controller uses the partial information of the state
to estimate the whole state and to apply the state feedback
on the estimated state, we use Luenberger observer.

Definition 4.Luenberger observer for the non-autonomous
linear control system (A(z),B(t),C(z)) (1) is defined by

x(t) = A(0)x(1) + B(0)u(t) + L(1) (5(1) — y(1)),
() = C(0)%(1),
where L(+) € Lo(RT, Z(Y,X)).

For the non-autonomous linear control system (1),
how to design an observer of (5) such that £ is the best
estimation of the state x. This is possible if the system
(A(r),B(1),C(t)) is detectable.

Lemma 2.Let (A(t),B(t),C(t)) be a non-autonomous
linear control system with the associated Luenberger
observer (5). If A(r) + L(¢)C(¢t) is the infinitesimal
generator of a uniformly exponential Cy-quasi semigroup
where L(-) € Lo(RT, . Z(Y,X)), then approximated error
e(t) := x(t) — x(t) converges to 0 exponentially as t — oo.
Proof. Let Ry (t,s) be a uniformly exponential Cy-quasi
semigroup generated by the family A(¢) + L(¢)C(¢). For
y(t) = C(t)x(t), the mild solution of (5) is

(&)

£() =Ri(0,1)%0 + /0 "Ri(s,1 — 5)B(s)u(s)ds

_ ./O‘t Ry (s,t —s)L(s)C(s)x(s)ds. (6)

By Theorem 3 of [29] Ry (¢, s) verifies the integral equation

t
Ru(rt)x = R(r,t)xo+/RL(r+s,t —S)L(r+s)-
0
C(r+$)R(r,s)xods.

Therefore, the mild solution of (A(z),B(t),C(t)) can be
formulated to be

x(t) = R(0,1)xo + ./(:R(s,t —s)B(s)u(s)ds
— Ru(0,1)x0+ /O "R(s,1 — 5)B(s)u(s)ds

~ /0 "Ri (5,1 — $)L(s)C(5)[R(0, 8)x0 + x(s)
—R(0,s)xo]ds

— Ru(0,1)x0+ / "R(s,t — 5)B(s)u(s)ds
0
- / "Ri (5, — $)L(s)C(s)x(s)ds. )
0
By subtracting (7) by (6) we have

e(t) = x(t) — x(t) = R(0,1) (%o — x0) = RL(0,1)eo,

where ey = £y — xo. Since Rz (0,7) converges to 0, then
e(t) converges to 0 exponentially. O

Lemma 2 states that the Luenberger observer (5) is a
good estimator for the state of (A(¢),B(r),C(t)) whenever
Ry (t,s) is uniformly exponential. If x(¢) is the state, then
to stabilize the system we have to choose a feed back
operator u(t) = F(t)x(t) where F(-) € (RT,Z(X,U))
such that A(r) + B(¢)F (¢) is the infinitesimal generator of
a uniformly exponential Cyp-quasi semigroup. However,
the observation vias y(z) = C(r)x(¢) that gets a part
information of the state x(z).

The following theorem shows that the feed back u(r) =
F(1)%(¢) which is based to the estimated state having same
influence, whenever the error of estimator converges to 0
ast — oo,

Theorem 3.Let (A(t),B(t),C(t)) be the stabilizable and
detectable non-autonomous linear control system. If
F() € Lo(RT, 2 (X,U)) and L(-) € Lo(R", Z(Y,X))
such that A(t) + B(t)F(t) and A(t) + L(t)C(t) are the
infinitesimal generator of uniformly exponential Cy-quasi
semigroups, respectively, then the control u = FX where X
is the Luenberger observer with output injection L
stabilizes the closed-loop system, and the stabilizing
compensator is given by

x(t) = [A(e) + L()C(0)]%(r) + B(r)u(r) — L(t)y(1)), ®)

which is depicted in Figure 2.
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u MO =A@ + B(e)ulr) R ¥
10 =COx()

{0 =103 -1 &

Figure 2: (A(r),B(t),C(t)) with compensator (8)

Proof. By hypothesis there exist the exponentially stable
Co-quasi semigroups Rp(t,s) and Rp(tz,s) which are
generated by A(f) + B(¢)F(¢r) and A(r) + L(t)C(2),
respectively. We notice the closed-loop system

ng] = () ng] , 120, )

A(r) B(1)F (1)
—L(t)C(t) A(t) +B(t)F(t)+ L(t)C(r) |
Since 24(¢) is a bounded perturbation of the infinitesimal
A(()t) A%)], by Theorem 3 of [3] 2(¢) is the
infinitesimal generator of a Cy-quasi semigroup Ry (7, ).
We must show that Ry (¢, s) is uniformly exponentially
stable. On 7 & 2 we have the identity

{A(I) +L(t)C(1) 0

where 2((t) = [

generator |:

—L(1)C(r)
(10)

Let Ry(t,s) be a Cp-quasi semigroup generated by the
operator on the right-side of (10). Lemma 1 guarantees
that Ry((¢,s) and Ry(¢,s) have the same growth constant.
On other hand, Theorem 2 gives that the growth bound of
Ry(t,s) is the maximum of the growth bounds of Rr(t,s)
and Ry (z,s), which are negative. Therefore, Theorem 1
asserts that the Cy-quasi semigroup Ry((¢,s) is uniformly
exponentially stable. O

Since the compensator has the same state of the
system (A(z),B(r),C(¢)) which is infinite-dimensional,
the compensator has infinite dimension. The following
example illustrates how to design a compensator for the
non-autonomous linear control systems.

Example 1.Consider the non-autonomous equation of the
temperature of a heated rod, which can be measured via
some device on interval [0, 1],

x(8,1) = a(t)m *xgg (§,1) +b(§)u(r),
xg(o,l‘):)%(l,t):o, X(é,O):JCO(é), (11)

o) = [ e@.nag,

A(t)+B(t)F(t)} = V) _11] A() {é ﬁ] :

where x(¢,&) € R is the temperature at time 7 and at point
& €10,1], u(t) € R is the control input, a(z) is a time-
dependent thermal (a positively bounded uniformly
continuous function), b is the actuator function, and c is
the sensor function.

We formulate system (11) in a Hilbert space X =
L,(0,1), where L,(0,1) is the usual Lp-space with inner

product (¢, @) := fol 0(E)p(&)dE. We define an operator
A:2(A)CX =X as

1 d*h
72 dE2’
PD(A)={h € Hy(0,1): K'(0)=0=h'(1)}.

Ah = he 2(A),

The A is a self-adjoint operator in X and its eigenvalues
and eigenfunctions are A9 = 0, A; = —j* and ¢o(§) = 1,
0;(&) = V2cos(jr&), j = 1,2,..., respectively, where
{¢;} forms a complete orthogonal system in X. We also
define B(t)u = Bu = bu and C(t)x = Cx = (¢, x).

Setting A(z) = a(t)A, we see that A(r) and A have
common eigenfunctions even though they have different
eigenvalues. We can also verify that A(r) satisfies the
spectrum decomposition assumption for any f3. Following
Example 13 of [29], if we choose the stability margin
B = —0.5, then we have the stabilizing feedback and
stabilizing output given by F(f)x = —(x,¢) and
L(t)y = —y¢y, respectively. Theorem 3 provides that the
stabilizing compensator is given by

860 =alm e (E0) — [ ()30, E)ag

+b(S)u(t) +y(), #(§,0) =%0(S),

)@:(O,I)Zﬁé(l,t)zo, a2

Therefore, the system is stabilizable with the compensator
instead of a state feedback.

4 Finite-Dimensional Compensator

Although in theory as shown in Example 1, we can
construct an appropriate compensator, for a wide class of
interesting systems, an implementation of state feedback
or controllers of infinite order is often impossible. This
section aims to find sufficient conditions under which
system (1) can be stabilized by a finite-dimensional
compensator. In particular, we focus on system (1) of a
type of non-autonomous Riesz-spectral systems (see [24]
for details). Recall that the family A(z) in (1) generates a
Co-quasi semigroup R(z,s) on X.

Refers to [24] and simplicity, we assume A(7) = a(t)A
where A is a self-adjoint Riesz-spectral operator, and
B(t) € Z(R!,X) and C(t) € Z(X,R™) for all t > 0. In

© 2020 NSP
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this case, we have

=

Ax=Y Aj(x,9,)¢;, x€ D(A),

=1

where 7(A) ={xeX : Y7, |22 (x,9;)]|> < +o0}, A; are
the eigenvalues of A such that

RC)L] Z Rekz Z RG)L3~~~

and ¢; are the corresponding eigenfunctions forming a
Riesz basis for X.

The approach developed in this section generalizes the
approaches of Schumacher [18] and Curtain and Salamon
[13] to the non-autonomous systems. To make the output
operator is well-defined for the solutions of system (1), we
need the following hypothesis.

(H1) Operator B(-) is an admissible input for Cy-quasi
semigroup R(z,s) i.e for every T > 0 there exists a constant

T

B > 0 such that / R(s,T—s)B(s)u(s)ds € 2 and
0

for every u € L,([0,7],R!) for 1 < p < oo.

Hypothesis (H1) implies that for F € £ (X,R?), there
exists a Cyp-quasi semigroup Rp(t,s) generated by A(¢) +
B(1)F satisfies the equation (see Theorem 2.3 of [3]):

< Bllullz,om)

/OTR(S7 T —s)B(s)u(s)ds

Rp(r,t)x = R(rt)x+

/tR(r+s,t*S)B(F+S)FRF(r7S)XdS' (13)
0

As finite-dimensional model of system (1), we devote
a finite-dimensional compensator of the form (see [13]):
W) =M () < Hy(e), wO)=wo.
u(t) = Kw(t),
where M € R H e R™™ K ¢ R gre suitably chosen
matrices. The following result gives the well-posedness for
the connected system (1), (14).

Theorem 4.If (HI) is satisfied, then for all xy € 2,
wo € R, and v € Lp,loc([O,m),Rl) there exists a unique
solution pair x(t) and w(t) of system (1) and system (14),
respectively. In other words, x(t) is continuous in 9 and
absolutely continuous in X and satisfies the first equation
of (1) where u(t) given in (14) and w(t) is continuously
differentiable and satisfies the first equation of (14) where
¥(2) is given in (1).

Proof. Set the spaces 7, = Z x R", X, = X x R",
U, = R' x R" and the operators R,(t,s) € Z(Z.),
B.(t) € Z(U.,X,), F, € Z(%.,U,) by

Re(t,s) = {R(g’s) egs], B, = [ﬁ OH} Fe= [gg]

Hypothesis (H1) is still valid if 2,X,R(t,s),B(:) is
replaced by Z,,X.,R.(t,s),Be(+), respectively. Moreover,
x(t) € 2 and w(t) € R” satisfy (1) and (14) in the above
sense, respectively, if and only if the following equation
holds for every t > 0,

RARCEEE
[ nisa-smis (1[5 9]

This proves the assertions. 0

To complete the sufficiency for the existence of a
stabilizing finite-dimensional compensator for system (1),
we need the following hypothesis.

(H2) Assume that there exist operators F € .Z(X,R/),
L e Z(R™X) and a finite dimensional subspace W C X
such that the following conditions are satisfied.

(1)The feedback quasi semigroup Ry (t,s) satisfying (13)
is uniformly exponentially stable.

(2)The observer quasi semigroup Ry (z,s) generated by
A(t) 4+ LC(t) is uniformly exponentially stable.

(B)Rp(t,s)W C W forall t,s > 0.

(4ranL C W, where ranL denotes the range of L.

If (H2) is satisfied and dimW = n, then there exist
linear maps 1 : R” — X and 7 : X — R” satisfying

Tt=1Ipn, Tx=x, xecW. (15)

Moreover, W C Z(Ar(t)) and mwAF (7)1 is a well-defined
linear map on R”, where Ap(¢) = A(t) + B(t)F. Now, we
consider system (14) in the form:

w(t) = m[AFp(t) + LC(t)]tw(r) — tLy(t),

u(t) = Fuw(), (16)

w(0) = wy.
Theorem 5.If conditions of (HI), (H2) and (16) are

satisfied, then the closed loop system (1),(16) is uniformly
exponentially stable.

Proof. By Theorem 4, the system (1),(16) is well-posed.
Let x(t) € X and w(t) € R" be any solutions of (1) and
(16), respectively. Define

Z(t) =ww(r)—x(t) eX, t>0. (17)

Taking into account the second equation of (1), (17) and
the first equation of (16), we have

w(t) = 1AFp(t)mw(t) + mLC(t)z(1). (18)

We verify that TAp(¢)t generates the Cy-quasi semigroup
TR (t,s)1 on R”. Thus, the mild solution of (18) is given
by

w(t) = wRp(0,1)twy + /Ot TR (s,t —s)LC(s)z(s) ds.
(19)
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Inserting (13) with r = 0 into (19), (17) gives that
Z2(t) = 1nRFp(0,1)1wo+
/0 LR (5,1 — $)LC(s)2(s) ds —x(1)
= R(0,1)two+
[ R0 = 9B Fu(s) +LC(s)2(s)lds

R(0,1)x0— / "Ris,t — 5)B(s)u

+/ 5,1 —$)LC(s)z(s)ds.  (20)

(s)ds

We can verify that z(¢) in (20) is a classical solution of
2(t) = [A(t) + LC(t)]z(¢). This gives z(r) = R.(0,1)z(0).
This together with (18) gives the uniformly exponential
stability of the pair z(¢), w(¢). The uniformly exponential
stability of the pair x(r), z() follows from (17). O

Hypothesis (H2) is often difficult to check in concrete
examples. Schumacher [18] and Curtain and
Salamon [13] have proposed the equivalent conditions.
The basic idea is to approximate L by generalized
eigenvectors of Ar and to show that if A has a complete
set of generalized eigenvectors which is stabilizable
through B, there exists a stabilizing feedback operator F
which does not affect the completeness property of A.
More precisely, we require the following assumptions on
A.

(H3) The resolvent operator of A is compact and the
set A ={A € P6(A):ReA >0} is finite.

(H3) guarantees that the orthogonal projection:

1
PAx:—,/(lI—A)*'xdﬂ,, xeX,
2mi Jr

is well-defined, where I" is a simple rectifiable curve
enclosing A but no other eigenvalue of A. This gives

X =X, ®XA,

where X4 = ranP, and X2 = kerP,. We verify that these
subspaces are invariant under R(¢,s). Furthermore, if
dimX, = ny, we have two maps
1w R -5 X, m:X— R4,
with the properties
TA LA :I, INTTA = Py. (2])

The projection x4 () = max(¢) of the solution to system (1)
satisfies the finite-dimensional differential equation

$a(0) = Aa(0)xa () + Ba(0)ut),  xa(t) = maxo.

ya(t) = Ca(t)xa(t), @2
where

AA(I) = EAA(l)lA, BA(I) = ﬂAB(l), CA(I) = C(l)lA.

Remark.Proposition 2.6 of [13] implies that if (H3) is
satisfied, system (22) is controllable and observable, the
generalized eigenvectors of A is complete in X, and R(z, s)
is exponentially bounded on Xy, then (H2) is satisfied.

Example 2.We will find a stabilizing finite-dimensional
compensator for system (11) in Example 1. We assume
that a heating-cooling device is located over [0.1,0.2] and
a temperature measuring device is over [0.8,0.9].

By the assumptions, we have b(§) = 10%(0.1,0.2(§)
and ¢(§) = 10x0.3,0.9/(§ ), where . ; is the characteristic
function. Since the operators A(r) and B given by Bu = bu
satisfy hypothesis (H1), system (11) is well- posed in X.
Let Xp = {a¢y : o« € R} be the eigenspace of A
corresponding to the unstable spectrum A = {0}. The
spectral projection of X onto X, is given by

1
P10(&) = [ 0(f)ag, 0<E<t.

Choosing {¢p} as a basis of X, (21) gives Py = 14 Tx,
where mp : X — R and 14 : R — X are given by

1
mo= [ 6(E)dE, uxa(@)=xa 0<E<1
The reduced finite-dimensional system (22) is given by

AA(I):O, Ba=1, Ch=1.

This implies that the system is controllable and observable.
As in Example 1, if we set the stability margin § = —0.5
with FA = —1l and Ly = —1, then A5 (¢t)(t) + BAF4 = —1
and A (7)(t) +LaCx = —1. Therefore, the operators A4 (1)
with F = Fyms : X — R is given by

a(t) 9*h

2 Q&Y

D(Ar (1)) = {h € Hy(0,1) /(1) =0,
1 (0) = nzfolh(zg)dé}.

We verify that the eigenvectors and eigenvalues of Ap =
A+ BF coincide with those of A except for o) = 0 which is

A[:(l)h =

now replaced by Az = —1. The corresponding normalized
eigenvector is given by
9r(§) = V2sin(z), 0<E<L.

We note that Ar(t) and Ar have common eigenvectors
even though they have different eigenvalues.
Setting W = span {¢r } and the maps

(rw)(6) = 9r(&)w, 0<E <1,

(7r0)( / or(£)9(8),

we obtain that the map 1rp7mr : X — W is an orthogonal
projection onto W and ipmtp = 1.

weR,

¢ X,
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Since Ly = —1, the operator L : R :— X is given by

[Ly)(&) = [taLay](§) = —y,

This implies

0<E<I

E))(&) = [rmrLy](§) = —2L2y¢p(E), 0<E<T,

whose range is in W. Moreover, since the perturbed
operator A(t) + LC generates a uniformly exponentially
stable Cp-quasi semigroup, it satisfies the spectrum
determined growth assumption at f = —0.5. Thus, the
operators F and L satisfy hypothesis (H2) with the one
dimensional subspace W = span{¢p}. Therefore, the
matrices in the compensator (14) can be counted as

M = 7 (Ap (1) + 1C)1r = —a(t) + 225,
H= ﬂpi,: —M,

T

2/2
K = Fymtptp = —Tf7

where 0 = co0s(0.97) — cos(0.87). These give that the first
order system:

defines a stabilizing compensator for system (11).

If in system (11) we locate the heating-cooling device
over [0.1,0.2] and the temperature measuring device over
[0.8,0.9] as well as add the finite-dimensional
compensator (23), system (11) is stabilizable i.e the
deficient performance of the system can be compensated.
In this case, the compensator (23) is more simple than the
compensator (12) because it only works on the
one-dimensional state space W generated by ¢r.

Remark.(1) We note that the one-dimensional space W is
generated by the eigenfunction corresponding to the
unstable eigenvalue of A. In this context, the compensator
has an order 1. The order of a compensator denotes the
numbers of unstable eigenvalues which are replaced with
stable ones.

(2) All results of Example 2 can be generalized to
arbitrary stabilizable-detectable non-autonomous Riesz-
spectral system.

(3) The compensator design implies that it is possible
to investigate disturbance decoupling problem:

x(r) =A(t)x(t) + B(t)u(t) + D(t)q(t), x(0)=
y(t) =C(t)x(t), t>0.

The disturbance decoupling problem is to find, if possible,
a feedback system u(t) = F(¢)x(t) for the system (24) such
that in the closed-loop system the disturbance input g(-)
has no influence on x(+) for all disturbance signals.

Y00 04

5 Conclusion

The Cp-quasi semigroup approach was applied to design
the stabilizing compensators for the infinite-dimensional
stabilizable non-autonomous linear control systems as a
generalization of the Cp-semigroup for autonomous ones.
We used the uniformly exponential stability of the
Co-quasi semigroup on the state space to identify the
stability of the non-autonomous systems. For the
infinite-dimensional stabilizing compensator design, we
used the Luenberger observer. In the stabilizable-
detectable non-autonomous Riesz-spectral system, there
existed a finite-dimensional stabilizing compensator for
the system. The constructed compensator was based on
the separation of the unstable eigenvalues of the
corresponding Riesz-spectral operator. The numbers of
the unstable eigenvalues was defined to be an order of the
compensator. This compensator is more realistic to be
applied to the real problems of the infinite-dimensional
non-autonomous control systems.
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