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STABILITY OF INFINITE-DIMENSIONAL
SAMPLED-DATA SYSTEMS

HARTMUT LOGEMANN, RICHARD REBARBER, AND STUART TOWNLEY

ABSTRACT. Suppose that a static-state feedback stabilizes a continuous-time
linear infinite-dimensional control system. We consider the following question:
if we construct a sampled-data controller by applying an idealized sample-and-
hold process to a continuous-time stabilizing feedback, will this sampled-data
controller stabilize the system for all sufficiently small sampling times? Here
the state space X and the control space U are Hilbert spaces, the system
is of the form #(t) = Axz(t) + Bu(t), where A is the generator of a strongly
continuous semigroup on X, and the continuous time feedback is u(t) = Fxz(¢).
The answer to the above question is known to be “yes” if X and U are finite-
dimensional spaces. In the infinite-dimensional case, if F' is not compact, then
it is easy to find counterexamples. Therefore, we restrict attention to compact
feedback. We show that the answer to the above question is “yes”, if B is a
bounded operator from U into X. Moreover, if B is unbounded, we show that
the answer “yes” remains correct, provided that the semigroup generated by
A is analytic. We use the theory developed for static-state feedback to obtain
analogous results for dynamic-output feedback control.

1. INTRODUCTION

Consider the following system with state space X and input space U (both
Hilbert spaces):

(1.1) @(t) = Az(t) + Bu(t), z(0)=2"¢€ X,

where A is the generator of a strongly continuous semigroup 7'(¢) on X and B is
a bounded linear operator from U into X_;, where X_; is a certain extrapolation
space with X — X_;. If the input (or control) operator B maps boundedly into
the state space X, then B is called bounded; otherwise B is called “unbounded”
(with respect to the state space X). We give precise details of the set-up in Section
2.

We consider the following fundamental problem: Suppose that the feedback
control u(t) = Fx(t), where F is a bounded linear operator from X into U, is an
exponentially stabilizing state feedback control for (ITT]) in the sense that A + BF
generates an exponentially stable strongly continuous semigroup on X. A natural
implementation of this continuous-time control u(t) = Fz(t) is to use sample and
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hold, so that u is given instead by
(1.2) u(t) = Fa(kr), telkr,(k+1)7).

Here 7 > 0 is the sampling period and ¢t = n7, n = 0,1, ..., are the sampling times.
The control (L2) is called a sampled-data feedback control and the overall system
given by (L) and ([2) is called a sampled-data feedback system. Intuitively, we
would expect that for all sufficiently small sampling periods 7 > 0, (L2) produces
a stabilizing control for (1)) in the sense that there exist N > 1 and v > 0 so that

(1.3) lzt)|| < Ne "H|2°|, Vae X,Vt>0.

Integrating (1)) and (C2) over one sampling interval [k7, (k + 1)7) and setting
x, = z(kT) yields the following discrete-time system:

Tp+1 = Arzg, where A, :=T(1) —I—/ T(s)BFds.
0

It is straightforward to show that A, is a bounded operator from X to X and that
(C3)) holds if, and only if, A, is power stable, i.e., |AF|| — 0 as k — oo (see Section
2). Then the fundamental problem described above becomes that of determining
whether or not A, is power stable for all sufficiently small 7 > 0.

By way of motivation, let us briefly discuss the finite-dimensional case. Then
X =R" U =R"™ A, B and F are real matrices of compatible formats and
T(t) = e, Tt is instructive to sketch a simple argument showing in this case that
the sampled-data feedback (L.2) is indeed stabilizing for (L], provided that 7 is
sufficiently small. Since u(t) = Fz(t) is an exponentially stabilizing static state
feedback control for (L), the eigenvalues of A + BF have negative real parts, or,
equivalently, there exists a positive definite symmetric matrix P satisfying

(1.4) (A+BF)'P+ P(A+BF) = —1I.

Next we observe, using the power series expansion of the matrix exponential e“?,
that there exists M7 > 0 so that

A, =T —7(A+ BF)| < My, V7€(0,1].
Then, invoking (4)), it is easy to see that there exist Ma > 0 and 7* > 0 such that
e"ATPAz — 2" Pz < 272" (A+ BF)Px + Mor?||z||* < —37||z|?, V7 € (0,77).

Therefore, for every 7 € (0,7*), ALPA, — P < 0, or, equivalently, A, is power
stable, showing that the sampled-data feedback (Z2)) is stabilizing for all sufficiently
small 7 > 0. A different proof of this result can be found in Chen and Francis
[1], where, using the power series expansion of the matrix exponential and the
continuous dependence of the eigenvalues of A, on 7, it is shown that the spectral
radius of A, is less than one for all sufficiently small 7 > 0 (which implies power-
stability of A, for all suffciently small 7 > 0).

Whilst this simple observation is easy to prove and well known in the finite-
dimensional control literature, it serves to indicate that extending the above re-
sult to infinite-dimensional situations is far from trivial. Indeed, neither the proof
sketched above nor the proof given in [I] have meaningful generalisations to the
infinite-dimensional case, because they both rely on the convergence of the Tay-
lor series of e’ in the operator-norm topology, which extends to the infinite-
dimensional case only if the generator of the semigroup is bounded, or, equivalently,
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if the semigroup is uniformly continuous. Systems described by uniformly continu-
ous semigroups are not general enough to encompass most interesting examples.

It might appear that the case considered above of sampling a static state or
output feedback control, whilst mathematically significant and simple to describe,
is too restrictive for meaningful applications. However, results for the more practi-
cally relevant case of sampling a dynamic output feedback control can be obtained
from the state feedback case quite easily, as we show in Section 5 (in an infinite-
dimensional context). Such sampling of dynamic continuous-time controllers forms
the basis for a so-called indirect sampled-data design methodology (see Chen and
Francis [2| and Franklin, Powell and Workman [6] for a fuller description of this
methodology in the finite-dimensional case).

Recently there has been increasing interest in sampled-data control of infinite-
dimensional systems; see Rebarber and Townley [15], [16], Rosen and Wang [18] and
Tarn et al. [20]. From these papers a trend emerges: if the underlying semigroup
system is analytic, or the input operator is bounded, then typically the finite-
dimensional sampled-data result generalises to the infinite-dimensional case; if the
input operator is unbounded and the underlying semigroup is not analytic, then the
generalisation fails. It is not surprising that analyticity plays such a key role. In
some sense, analyticity constrains the spectrum of the generator of the underlying
semigroup so as to avoid any losses of high-frequency information when sampling.

We give a brief description of the results contained in this paper. In Section 2
we introduce the class of infinite-dimensional systems to which our results apply
and we present some preliminary basic technical results to be used in the rest of
the paper. In Section 3 we consider the case in which the input operator B is
bounded, but the semigroup generated by A is not assumed to be analytic. We
show that if the feedback operator F' is compact and the semigroup generated by
A+ BF is exponentially stable, then, for sufficiently small 7 > 0, the sampled-data
feedback (I2) is stabilizing. A key element of the proof is the introduction of a
new, equivalent norm on the state space with respect to which the operator A,
is a strict contraction, provided that 7 is sufficiently small. We also give a simple
example which shows that the result is not true if the compactness assumption on
F is removed. In Section 4 we consider the case in which the input operator B
is unbounded and the semigroup generated by A is analytic. We show that for
any compact feedback operator F, the operator A + BF (with suitable domain)
generates an analytic semigroup on the state space X, and if this semigroup is
exponentially stable, then the sampled-data feedback (LZ) is stabilizing for all
sufficiently small 7 > 0. The proof of this result is quite involved and differs
considerably from the argument leading to the result for bounded B. Instead of
trying to estimate the spectral radius of A, directly, we invoke frequency-domain
stability criteria for the power stability of A, making repeated use of the analyticity
of the underlying semigroup. Finally, in Section 5 we show how to use the static
state feedback results of Sections 3 and 4 in the practically more relevant situation
of sampling a dynamic output feedback controller.

Notation: For « € R, r > 0 and z € C, we define
Co:={s€C|Res>a}, B(z,r):={seCl|s—z|<7}.
The exterior of the unit disc is denoted by E, i.e.,
E:={seC]||s| > 1}.
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Let X and Y be Banach spaces. The space of all bounded linear operators from X
to Y is denoted by B(X,Y); we set B(X) := B(X, X). Let A be an operator with
domain and range in X. Then D(A) denotes the domain of A and p(A) denotes
the resolvent set of A, i.e., the set of all s € C such that sT — A : D(A) — X is
bijective and (sI — A)~! € B(X). The spectrum of A, which is the complement of
0(A), is denoted by o(A). Let o,(A4) C 0(A) denote the point spectrum (i.e., the
set of all eigenvalues) of A. If S C X and A : D(A) C X — Y is an operator, then
Als denotes the restriction of A to S, i.e., the operator defined by Alsz = Ax for
all v € D(Alg) :== D(A)N S. For an open set Q@ C C, H*(Q,B(X,Y)) denotes
the set of all bounded analytic B(X,Y)-valued functions f defined on an open set
Qs C Q (depending on f) such that ©\ € is a discrete set[] Clearly, each function
f e H®(Q,B(X,Y)) admits an extension f € H>®(Q, B(X,Y)) defined on Q. For
an arbitrary set A C C, we define

HABX,Y)) = |J H2QBX)Y)).
QDA, © open

2. THE SAMPLED-DATA SYSTEM

We start with a simple lemma which will be useful in the subsequent develop-
ments.

Lemma 2.1. Let X, Y and Z be Hilbert spaces and let L : [0,1] — B(X,Y) be
gien. Iflimy_,o L(t)x =0 for allx € X and if K € B(Z,X) is compact, then

21) tim [[L()K | z.v) = 0.
Moreover, if lim;_o L*(t)y =0 for ally €Y, and if H € B(Y, Z) is compact, then
(22) lim [ HL(1) |3 x.2) = 0.

Proof. Assume that lim;_o L(t)z =0 for allz € X. If K € B(Z, X) has finite rank,
then it is easy to prove that (Z1]) holds. In a Hilbert space a compact operator
can be uniformly approximated by finite rank operators, and a standard argument
shows that (1) is true for compact K € B(Z, X).

Assuming that lim;_,o L*(¢t)x = 0 for all z € X and that H € B(Y, Z) is compact,
(22) can be obtained by an application of (Z1I) to L*(¢) and H*. O

Throughout the paper, X and U denote Hilbert spaces. Let us consider the
following sampled-data system with state space X and input space U:

(2.3a) i(t) = Az(t)+ Bu(t), t>0; z(0) =2"€ X,

(2.3b) u(t) = Fuz(kr), kr <t <(k+1)7, k€ Ng,

where z(t) € X, u(t) € U, 7 > 0 is the sampling time, A is the generator of a
strongly continuous semigroup 7'(t) on X, F € B(X,U) and B € B(U, X_1), where
X1 denotes the closure of X in the norm ||z|_1 = ||[(M — A)~'z| (here | - ||
denotes the norm of X and A is any element in o(A)). Clearly, X — X_;, and
hence B(U, X) C B(U, X_1). We say that B is bounded if B € B(U, X); otherwise
we say that B is unbounded. The semigroup T'(t) extends to a strongly continuous
semigroup on X_;. The generator of T(¢t) on X_; is an extension of A to X

1 This means that either Qp = Qor, if Qf # Q, then for each z € Q \ Qf there exists ¢ > 0
such that B(z,e) N (Q\ Q) = {z}.
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(which is bounded as an operator from X to X_;). We shall use the same symbol
T(t) (respectively, A) for the original semigroup (respectively, its generator) and
the associated extensions. With this convention, we may write A € B(X, X_1).
Considered as a generator on X_7, the domain of A is X. The spectrum of A
considered as an operator on X coincides with the spectrum of A considered as
an operator on X_1; moreover, the point spectra of A and its extension coincide,
including algebraic multiplicities of isolated eigenvalues, We refer the reader to p.
123 in the book [5] by Engel and Nagel for more details on the extrapolation space
X 1.

The derivative on the left-hand side of (2:3al) has to be interpreted in the space
X_1. To solve the initial-value problem (2:3), we define a function z recursively by

(2.4a) z(0) = 20,
t
(2.4b)  a(kr +1t) =T(t)z(kr) —|—/ T(s)BFxz(kt)ds, VYt € (0,7], Vk € Np.
0
It follows from standard results in the theory of strongly continuous semigroups
(applied to T'(t) considered as a semigroup on X_1) that
r€CRy,X) and [ty € CH([kT, (k+1)7),X_1), Vk € Np.
Moreover, x satisfies the following differential equations in X _1:
z(t) = Az(t) + BFz(kT), Vte (kr,(k+1)1), Vk € Np.

It is also clear that x given by (2.4) is the only function with these properties. In
this sense, the function x defined by (2.4) is the unique solution of (23]

We say that ([23) is exponentially stable if there exist N > 1 and v > 0 such
that ||z(t)|| < Ne *|z°| for all initial values 2° € X and all t > 0. To study the
stability properties of the sampled-data system (Z3]) we consider a related discrete
time system. Let x be the solution of (Z3)) given by (2.4) and set

xy = x(kT).
Then, by (2.4b),

(25) Tpy1 = T(T)xk + / T(S)BF{Ek ds = (T(’T) + S-,—F){Ek, Vk € Np,
0
where S; is an operator defined on U and given by
(2.6) Sru = / T(s)Buds, VueU.
0

Lemma 2.2. For any 7 >0, S, € B(U,X), and for any 6 > 0,
(2.7) S [1S7l8,x) < oo

Moreover, if F € B(X,U) is compact, then

(2.8) lim [[S7Flls(x) = 0.

Proof. By standard results from semigroup theory applied to T'(t) considered as a
semigroup on X_1, we know that S;U C X and

AS;u= (T(r) —I)Bu, YueU, V7€ (0,00).
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Hence, for X € g(A), we obtain
Su=(I—T(r))(M — A)~*Bu
(2.9) 4 .
+)\/ T(s)(Al —A)""Buds, YueU, ¥Y7€]0,00),
0

showing that S, € B(U, X) and that (2.7) holds. Moreover, let F' € B(X,U) be
compact. We see from ([Z9) that lim,_ [|S;u|| = 0 for all w € U, and thus 23)
follows from an application of Lemma [2.1] O

Introducing the operator

(2.10) A =T(1)+ S F,
(B3) can be written in the form
(211) Tpt1 = Achk, VkeN.

Note that by Lemma 22 A; € B(X). Recall that an operator L € B(X) is said
to be power stable if ||L¥|| — 0 as k — oo.

The following simple result can be obtained by a slight modification of the proof
of Proposition 2.1 in Rebarber and Townley [16].

Lemma 2.3. For any T > 0, 23) is exponentially stable if and only if A, is power
stable.

Hence, for the remainder of this paper, we study the power stability of A, in
order to study the exponential stability of ([2.3).

3. BOUNDED CONTROL

In this section we assume that the control operator B is bounded. We show that
if the feedback operator F' is compact, then exponential stability of the continuous-
time semigroup generated by A 4+ BF implies exponential stability of the sampled-
data system (Z3) provided the sampling time 7 is small enough. More precisely,
we prove the following result.

Theorem 3.1. Assume that A generates a strongly continuous semigroup T(t) on
X,BeB(UX), FeB(X,U) is compact and the semigroup generated by A+BF is
exponentially stable. Then there exists 7* > 0 such that for every T € (0,7*), there
exist N > 1 and v > 0 such that all solutions of 23)) satisfy ||z(t)|| < Ne "t||2?||
for all 2° € X and all t > 0.

Proof. Denote the semigroup generated by A+ BF by Tgr(t). We start by writing
A, as a perturbation of Tsp(7). By the variation of parameters formula from the
perturbation theory of semigroups (see, for example, [14], p. 79), we have
Ter(m)z =T(1)x —|—/ T(r —s)BFTpr(s)xds, VzelX.
0
Using (2.10) and defining P, € B(X) by
Pz = / T(r —s)BF(I —Tpr(s))xds, VzeX,
0

we see that

(3.1) A, :TBF(T)—FPT.
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By the hypothesis that Tgp is exponentially stable, there exist M > 1 and w > 0
such that
| Tert)z| < Me™“|z||, Vo € X, Vt € R,

Adopting a standard technique from semigroup theory (see, for example, the proof
of Theorem 5.2 on p. 19 in Pazy [14]), we introduce a new norm |-| on X by setting

|z| ;= sup ||[e“" Tpr(t)z|, VreX.
>0

Clearly,
(32) [zl < |z| < Mllz], VzeX,

and, moreover,

Ter(t)z] = sup le**Tpr(s)Tar ()] < e sup e**Ter(s)z||
(3.3) = e “z|, VreX, Vt>0.
Since F' is compact and limg_,o(I — Tpr(s))z = 0 for all x € X, an application of
Lemma 2T yields
(3.9 tim | F( ~ T() | x,0) = 0.

For L € B(X) we denote the operator norm sup,¢ x (|Lz|/|z]) by |L|. Using (B1)-
B3) and invoking the inequality

e T <1l—wre™, VreRy,

we obtain
Al € e [P < e MR
(3.5) < 1l—wr+[wl—e ")+ h(r)]r, VT € Ry,
where
h(t) =M sup |T(r—s)BF(I —Tgr(s))|lsx)-
0<s<t
By (3.3),
lim h(r) =0,
T—0t

and hence it follows from (3.5) that for fixed but arbitrary e € (0,w) there exists
7 > 0 such that

(3.6) Ar]<1l—(w—e)T<1, V7 €(0,7).
Applying B:2), we see that for any 7 € (0, 7.),

|AYz] < |AT2] < [AY|z| < MIA|"|l2]|, Yz e X, VkeN.
Combining this with (3] shows that A, is power stable for all 7 € (0, 7¢). O

Remark 3.2. (1) Examining the proof of Theorem [3.1] we see that for every e €
(0,w), there exists 7. > 0 such that
AR < M1 — (w—e)r)f, VEEN, V71 e (0,7.).
(2) A key element in the proof of Theorem BIlis that lim, o+ h(7) = 0, which
implies that
P

T—0t T

0.
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In the case of unbounded B, this does not seem to be true, even if B is an admissible
control operator for T'(¢) (in the sense of Weiss [21]). <&

The next remark shows that the compactness assumption on F' imposed in The-
orem P.1] cannot be relaxed.

Remark 3.3. It is easy to find counterexamples which show that, in general, The-
orem [3.1I]is not true for non-compact feedback operators F'. Indeed, consider the
case where X = [*(Z), A = diagyc;, (1 + ki), B = I and F = —2I. Then F is
a continuous-time exponentially stabilizing feedback, since A + BF' generates the
exponentially stable semigroup

Tpr(t) = diagyey (e 1T,

However, applying the sampled-data feedback given by (2:3B]) results in the discrete-
time operator

) (14+ki)T _ 1

: )T . €

A= dlagkez(6(1+k ) ) — 2d1agk€z <W>

Since
e(l+ki)7’ -1

. 2
Atki)r _ o2~ “ )| > e — T4+1
¢ ( 1+ ki )‘—e TR
we see that for any 7 > 0, the eigenvalues A, of A, satisfy

liminf |A[| > e > 1,

k| —o00

showing that A, is not power stable for any 7 > 0.

Furthermore, it is possible to find counterexamples which show that, in general,
Theorem B.1]is not true when B is not bounded. In particular, in [I7] an example
is given for which U is one-dimensional, F' is bounded, B is not bounded, A + BF
generates an exponentially stable semigroup, A~*B € B(U, X) for any £ > 0 (so B
is “barely unbounded” by a common measure of unboundedness), and there exists
a sequence of positive sampling times (7,,) such that 7,, — 0 and A, is not power
stable. <&

Remark 3.4. It is important to realise that Theorem [BJ] is completely general
in the sense that it applies to any generator A, any bounded control operator
B and, in particular, any compact stabilizing feedback F. Obviously, in specific
cases, the result could be proved using different, possibly simpler arguments. As an
obvious example, consider the case of a system with a finite-dimensional unstable
part (typically arising from a parabolic PDE) and a feedback that stabilizes the
unstable part and is zero on the stable invariant subspace. More precisely, in this
case there exists a projection operator IT on X such that X; := IIX (the unstable
subspace) and X9 := (I — II)(X) (the stable subspace) are invariant with respect
to the underlying semigroup, X; is finite-dimensional and X; C D(A); moreover,

(A0 _( B
(0 n) oe(B)
where A; := Al|x,, A2 := Alx,, By := IIB, By := (I — II)B and the operator As
generates an exponentially stable semigroup on Xs (see, for example, Lemma 2.5.7

in Curtain and Zwart [3] for more details). If Fy : X; — U is an exponentially
stabilizing feedback for the (finite-dimensional) system (A1, By), then F' := (F},0)
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is an exponentially stabilizing feedback for (A, B). It is obvious from the well-
known finite-dimensional version of Theorem Bl that for this particular feedback
the corresponding sampled-data feedback system (Z3)) is exponentially stable for all
suffciently small 7 > 0. Clearly, one could imagine proofs tailored to other situations
with specific feedbacks, say for example hyperbolic PDEs, retarded and neutral
functional equations or mixed parabolic/hyperbolic systems. However, in many
significant applications there is little scope for actually choosing the feedback. For
example, in static output feedback, the basic structure of the feedback is inherited
from the given observation and the feedback design is limited to choosing feedback
gains. In such cases it is difficult to see the merits of specifically tailored proofs
or indeed how they would be developed. It is therefore an important aspect of
Theorem[3-] that it does not make any assumptions on the specific structure of the
underlying system (A, B) and the stabilizing feedback F'. &

In the next section we show that Theorem [3.1] generalises to the case with un-
bounded B in the special, but important, case where A generates an analytic semi-

group.
4. UNBOUNDED CONTROL AND ANALYTIC SEMIGROUP

In order to formulate and prove the main result of this section a number of
preparations are required. Throughout this section, we assume that A generates
a strongly continuous semigroup T'(t) on X, B € B(U,X_1) and F € B(X,U).
Further assumptions on (A4, B, F') will be introduced when needed. We define an
operator Agr on X by setting
(4.1) ABFJ,‘:(A—FBF)J), V$€D(ABF) = {J)EXHA—I—BF)J?EX}

It is easy to show that App is closed. We carefully distinguish between the operators
App and A + BF, the latter being an unbounded operator on X_; with domain
D(A+ BF) = X. Clearly, A+ BF € B(X,X_1). Note that Agp is the part
of A+ BF in X. The transfer function of the continuous-time system given by
(A, B, F) is defined as follows:

(4.2) G:o(A) = BU), s— F(sI-A)'B.
We introduce the space X, := D(A*), endowed with the norm
]l == |\ = A")z]|,

where A is any element of gp(A). Clearly, X; — X = X*. It is well known that X_
and (X,)* are isometrically isomorphic. Therefore, the triple X, — X = X* —
X_1 is a so-called Gelfand triple. Moreover, if B € B(U, X_1), then B* € B(X,,U).

Lemma 4.1. Under the above assumptions on A, B and F, the following state-
ments hold:

(1) o(A+ BF) N o(A) = {s € o(A) |1 € o(G(5))};

(2) if o(A+ BF) # 0, then o(Apr) = o(A + BF) and

(sI —App) ' =(sI —A—BF)'|x, Vs€o(Apr)=0(A+ BF);
(3) if F' is compact, then
o(Asr) No(A) C o(A+ BF);
(4) if F' is compact, then Ayp = A* + F*B* with D(ALp) = D(A*) = X,.
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Proof. To prove statements (1) and (3), let s € p(A), and write
(4.3) sI —A— BF = (sI — A)[I — (sI — A)"'BF].
It follows that
s€ 0(A+BF) & 1€o((sI —A)'BF) & 1€ o(F(sI —A)™'B),
yielding statement (1). Assume that F is compact. Then, by (£3)),
s€o(A+BF) & 1€o,((sI —A)™'BF).

Therefore, if s € 0(A+ BF), there exists z € X, x # 0, such that (s —A)"'BFx =
x. Hence, (A + BF)z = sz, showing that s € o,(Apr). We may conclude that
o(A+ BF)np(A) C 0(Apr), proving statement (3).

To prove statement (2), let A € p(A + BF') and note that, by Proposition 2.17
on p. 261 in [5], we only need to show that the topology on X given by the norm

2 [a] = [(\ = A= BF)a] 1,
is stronger than the original norm topology. But this follows immediately, since
with

k=M —A-BF) 'gx_,x), l=|M—-A-BF|gxx_,-
we have
[#]] < Kk[|[(M — A= BF)z||—1 = klz|, |z| <I|z|; VzeX,

i.e., the two norms are even equivalent.

To prove statement (4), consider the operator A* + F*B* with D(A*+ F*B*) =
D(A*) = X,. The compactness of F' together with the fact that B* € B(X,,U)
yields that F*B* is relatively compact with respect to A*. Therefore, since A* is
closed, A* + F*B* is closed (see Theorem 1.1 on p. 194 in [§]) and so

(see Theorem 5.29 on p. 168 in []). As a consequence, statement (4) will follow if
we can show that

(A* + F*B*)* = App.
To this end assume that x € D((A* + F*B*)*). Setting o’ := (A* + F*B*)*z € X,
we have that
(4.4) (x,(A* + F*B*)z) = (2/,2), Vze X.,

where (-, -

)} denotes the inner product in X. The duality pairing on X_1 X X,,
denoted by |-

,], is given by
[y, 2] := (M — A) "ty (A — A%)2), V(y,2) € X_1 x X,
where A € p(A). It is straightforward to show that

(4.5)
[y, 2] = (y,2), [Ay,z]=(y,A"2), [BFy,z]=(y,F"B*2); V(y,2) € X x X..

Thus, by (&4,
[#' — (A+ BF)z,2] =0, VzeX,,

and so (A+BF)x = ¢’ € X, proving that x € D(Apr) and Agppz = (A*+F*B*)*x.
This shows that App is an extension of (A* + F*B*)*. It remains to prove that
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D(Apr) C D((A* + F*B*)*). Let x € D(Apr). Invoking (4.5]), we obtain for all
z € Xy,

() (A" + F*B*)2) = (A + BF)z, 2] = (Appe, 2),
showing that © € D((A* + F*B*)*). O
Remark 4.2. Statements (2) and (3) of Lemma are wrong if the operator Agp

is replaced by a proper restriction of Agr. More precisely, consider an operator
Appr on X given by

ABFJ):(A—FBF)J), VI‘ED(ABF)CD(ABF).

If D(ABF) # D(ABF), then
(4.6) 0(Apr) C 0p(Apr) C 0,(A+ BF).
The second inclusion holds trivially. To prove the first inclusion, let A € g(/}B F)-
Then, A\l — Agp : DQABF) — X is bijectivefmd hence, for y € D(Apr)\ D(ABF),
there exists x € D(Apr) such that (A — App)x = (M — Apr)y. It follows that
(M — Apr)(y —x) =0, and since y — x # 0, we see that A € o,(ApF).

Moreover, combining statement (1) of Lemma [f1]and ({6, we see that if Agp

is a proper restriction of App, then I — G(s) is not invertible for any s € o(Apr)N
o(4). &

Lemma 4.3. Assume that F € B(X,U) is compact and that the following two
spectral assumptions hold:

(S].) (CQ C Q(ABF),'

(S2) there exists € > 0 such that o(A) N C_. is bounded.
Then there exists o < 0 such that o(A) N Cy consists of finitely many eigenvalues
of A with finite algebraic multiplicities.

Proof. Since F is compact, it follows from statement (3) of Lemma [£1] and as-
sumption (S1) that o(A + BF) # 0. Hence, combining statement (2) of Lemma
ETl, assumption (S1) and the fact that o(Apr) is open shows that there exists an
open set €2 such that

(4.7) 0o(A+ BF) = o(Agr) D QD Cy.

Recall that the spectrum of A considered as an operator on X coincides with the
spectrum of A considered as an operator on X_; (see [5], p. 261, Proposition 2.17).
Moreover, the point spectra of A and its extension are identical, including algebraic
multiplicities of isolated eigenvalues, For the rest of this proof we will consider A
as an operator on X_; with domain X. Clearly,

(4.8) sI —A=[I+BF(sI —A— BF) '|(s - A— BF), VYsecQ,

and therefore, by the compactness of F,

(4.9) s€o(A) & —1€o0,(BF(sI—A—BF)™"), VsecQ.

Let s € 0(A) N Q. Then, by (@) and ), there exists x € X_;, x # 0, such that
(s —A)(sI —A—BF) 'z =0,

showing that s is an eigenvalue of A, and so

(4.10) (A)NQ=0,(A)NQ.
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Combining (£9), (Z10) and the compactness of F' with Theorem 1.9 on p. 370 in
Kato [8] shows that for any compact set K C €2, the intersection o,(A)NK is finite.
It now follows from assumption (S2) that there exists a < 0 such that o,(A4) N C,
is finite and 0,(A) NC, C Q. It remains to show that each element in o,(A4) N C,
has finite algebraic multiplicity. Seeking a contradiction, let A € o,(A) NC, C Q
and suppose that A has infinite algebraic multiplicity. Then, by Theorem 5.28 on p.
239 in [8], A belongs to the essential spectrum of A (as defined on p. 243 in [§]). As
an unbounded perturbation on X_1, the operator BF is relatively compact with
respect to A (considered on X_1), due to the compactness of F'. By Theorem 5.35
on p. 244 in [8], the essential spectrum of an operator remains fixed under relatively
compact perturbations, and thus, A € o(A + BF) N Q, contradicting (&X7). O

Assume that F € B(X,U) is compact and the assumptions (S1) and (S2) hold.
Then, by Lemma F3, there exists a < 0 such that o(A) N C, consists of finitely
many eigenvalues of A with finite algebraic multiplicities. Hence, there exists a
simple closed curve « in the half-plane C, not intersecting o(A) and enclosing
o(A) N Cy in its interior. The operator

1 -1

is a projection operator, and we have
(4.12) X=X10X,, where X;:=1IX, Xo:=({-I)X.

By a standard result (see, for example, Lemma 2.5.7 in Curtain and Zwart [3]), the
above decomposition has the following properties:
(D1) dim X; < o0 and X; C D(A);
(D2) X; and X, are T'(t)-invariant for all ¢ > 0; B
(D3) o(A|x,) =0(A)NCy and o(A|x,) = (4) N (C\ Cyp).
It is useful to introduce the following notation:
(4.13) Aji=Alx,, Tit)=T{t)|x, j=12.

Clearly, by (D1) and (D2), T1(¢) is a semigroup on the finite-dimensional space X
with generator Aj, i.e., Ti(t) = e1t, and Ty(t) is a strongly continuous semigroup
on X, with generator As. Since the spectrum of A considered as an operator on X
coincides with the spectrum of A considered as an operator on X _1, the projection
operator IT on X defined in (£I])) extends to a projection on X_;. We will use
the same symbol II for the original projection and its associated extension. The
decomposition (#12]) induces decompositions of the control operator B € B(U, X_1)
and the feedback operator F' € B(X,U):

(4.14) By:=1IB, By:=(I-T)B, F :=F|x,, F:=F|x,.

Lemma 4.4. Assume that F € B(X,U) is compact and that assumptions (S1) and
(S2) hold. Then the pair (A1, By) is controllable and the pair (Ay, F1) is observable.

Proof. Seeking a contradiction, suppose that (A, By) is not controllable. Then, by
the Kalman controllability decomposition lemma, we may assume, without loss of
generality, that A; and B; can be written in the form

_ A11 * _ By
a1 e (M) me (%),
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A straightforward calculation combined with an application of statement (2) of
Lemma [£.] shows that

(4.16) (sI—App)~' = (sI—A) ' 4(sI-A)'BF(sI-Apr)™', Vs€ p(A)NCo.

Using the decomposition of A and B and ([@I5), we see that (sI — A)~'BF may
be written in the form

(4.17)
(sI — Aqp)~ 1 * 0 ok %
(s —A)"'BF = 0 (sI — Ajp)7t 0 000
0 0 (sI — Ag)~1! * ok x

Let A € o(Aj2) and let y be a corresponding eigenvector of Ajp. Note that, by
(D3), A € Cp. Setting x := col(0,y,0) € X, we may conclude from (416) and

E1D) that

* * *
(SI — ABF)_lx = (SI — Alg)ily + 0 = (S - /\)71y
0 * *

This shows that ||(sI — Apr)~'z|| — 0o as s — X in g(A4) N Cy, leading to a
contradiction, since by (S1), A € o(Apr).
To show the observability of (A1, F1), note that
(4.18)
(sI —App) ' =(sI —A)"' + (s — A~ BF) " 'BF(sI — A)™", Vs € o(A) N Co,

which can be obtained from a straightforward calculation combined with an appli-
cation of statement (2) of Lemma H.1l Based on the Kalman observability decom-
position lemma and ([£I§)), an argument similar to that establishing controllability
of (A1, By) can be used to prove observability of (A1, F1). We omit the details for
the sake of brevity. O

The next result shows that if A generates an analytic semigroup and if F' is
compact, then Agp generates an analytic semigroup.

Proposition 4.5. Assume that A generates an analytic semigroup T(t) on X,
B e B(U,X_1), and F € B(X,U) is compact. Then Apr generates an analytic
semigroup Tpr(t) on X. Moreover, if Tprp(t) is exponentially stable, then (I —
G)~! € H®(Cy, B(U)), where G is given by ([E2).

Proof. By statement (4) of Lemma 1] A%, = A* + F*B* with D(A%,) =
D(A*) = X;. Clearly, since A generates an analytic semigroup, so does A*. More-
over, by the assumptions on B and F', B* € B(X;,U) and F* is compact, and so
F*B* is relatively compact with respect to A*. By a well-known result from the
perturbation theory of analytic semigroups (see Corollary 2.17 on p. 180 in [5] or
Proposition 1 in Zabczyk [23]), it follows that A% = A* + F*B* generates an an-
alytic semigroup, and hence, so does A}%. By the closedness of Apr, we have that
AYr = App, and thus we may conclude that Apr generates an analytic semigroup
Ter(t).
Assume that Tpr(t) is exponentially stable. Then, by Lemma [Z1]

o(Apr) = 0(A+ BF) > Cy,
and for all s € Cy and for all z € X_; we have that
(s —A—BF) 'z =(A+ BF)(sI - A— BF)""(A+ BF) 'z.
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Since (A + BF)™'z € X, we may conclude, using Lemma ET] that for all s € Cg
and all x € X_1,
(s —A—BF) 'z = App(sl —App) '(A+BF) 'z
(4.19) = (s(sI —App) ' —I)(A+BF) 'x.
A straightforward calculation shows that
(I-G(s) ' =I-G(s)'G(s)+ I =F(sI —-A—BF)'B+1,

and so, by ([I19),
(4.20) (I-G(s) ™' =F(s(sI —App)™' = I)(A+ BF)'B+1.
Since Tpr(t) is an exponentially stable analytic semigroup and since (A+BF)~'B €

B(U, X), the right-hand side of (Z20) is uniformly bounded for s € Cy. Therefore,
(I - G)~' e H®(Cy, B(U)). O

Corollary 4.6. Assume that A generates an analytic semigroup T(t) on X, B €
B(U,X_1), and F € B(X,U) is compact. If the semigroup generated by App is
exponentially stable, then there exists a decomposition X = X1 & Xo such that
(D1)—(D3) are satisfied and, moreover, the following property holds:
(D4) Ty(t) is an exponentially stable analytic semigroup on Xo with generator
Ay, where To(t) and Ay are given by {HI3).

Proof. By the exponential stability of the semigroup generated by App, assumption
(S1) in Lemma [Z3 holds. Since A generates an analytic semigroup, for any 8 € R,
the intersection o(A) N Cg is bounded, and so assumption (S2) in Lemma
is satisfied. Therefore, by Lemma E3, properties (D1)-(D3) hold. Moreover, it
is clear that the semigroup T5(t) is analytic, and therefore satisfies the spectrum
determined growth assumption. By (D3) and Lemma .3, the generator As of Tx(t)
satisfies 0(A2) C C\ C_; for some € > 0. Therefore, we may conclude that T5(t) is
exponentially stable. (I

Consider the discrete-time system (T'(7), Sy, F'), where S is given by (2.6), and
denote the transfer function of this system by H,, i.e.,
(4.21) H,(z) = F(zI = T(7))"*S,.
Then, under the assumptions of Lemma H.3 (i.e., F' is compact and (S1) and (S2)
hold), we may write
(4.22) H, = H! + H2,
where, using the notation of (ET3) and (EI4),

(4.23) Hi(2) := Fj(zI — T;(1))! /OT T;(s)B;ds, j=1,2.

In light of Lemma B3] in order to prove that the sampled-data system (2.3) is
exponentially stable for a given sampling time 7 > 0, we need to show that A,
given by (2.10) is power stable. The following lemma provides a sufficient condition
for the power stability of A, in terms of 7 and H,.

Lemma 4.7. Assume that A generates an analytic semigroup T(t) on X, B €
B(U,X_1), F € B(X,U) is compact and the semigroup generated by Apr is expo-
nentially stable. If T > 0 is such that

(4.24) T(A2 — A1) #2kmi, VkeZ\{0}, VA, €0(4)NCo,
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and if (I —H,)™' € H®(E,B(U)), then A, is power stable.

Note that under the assumptions of the above lemma, [24) is satisfied for all
sufficiently small 7 > 0.

Proof of Lemma[4.7} By Corollary 6} there exists a decomposition X = X; @& X,
such that (D1)—(D4) hold. In particular, using the notation of (ZI3) and (@14,
we have (A1) = o(A) N Co, and, moreover, setting S7 := [ T;(s)B; ds, j = 1,2,
we may write

(425)  T(r)= < Ti(r) i) > S = ( g; ) . F=(F,B).

Assume that 7 satisfies (£24). By Lemma (4] the finite-dimensional controlled
system (A1, By) is controllable, and so, by a well-known result (see [7] or Theorem 4
on p. 102 in Sontag [19]), the discrete-time system (7% (7), S!) is controllable as well.
This implies, in particular, that there exists K7 € B(X;,U) such that the matrix
T1(7)+ S K is power stable. Now T5(7) is power stable (since the semigroup Ts(t)
is exponentially stable by (D4)) and, setting K := (K1,0) € B(X,U), it follows
from @2A) that T'(7) + S; K is power stable, showing that the controlled discrete-
time system (7'(7), S;) is stabilizable. A similar argument shows that the observed
discrete-time system (7'(7), F') is detectable. Hence, if (I —H,)~! € H*(E, B(U)),
we may conclude that A, is power stable (see Theorem 2 in Logemann [9]). O

The following theorem is the main result of this section.

Theorem 4.8. Assume that A generates an analytic semigroup T(t) on X, B €
B(U,X_1), and F € B(X,U) is compact. If the semigroup generated by App is
exponentially stable, then there exists T > 0 such that for every T € (0,7*), there
exist N > 1 and v > 0 such that all solutions of Z3)) satisfy ||z(t)|| < Ne "t||2?||
for all 2° € X and all t > 0.

We see that the above result is of the same form as Theorem Bl In particular,
no assumptions are made on the specific structure of the stabilizing continuous-time
feedback F'. It is therefore clear that Remark [3:4] also applies to Theorem [£8]

The following lemma is the key tool for the proof of Theorem ES.

Lemma 4.9. Forn > 0, define W(n) := {z =¢e* | s € Cy, |s| < n}. Under the
assumptions of Theorem[].8, there exist n > 0 and 0 > 0 such that

(4.26) (I-H,) ' e H®(W(n),B(U)) VY7€(0,0),
where H, is given by ([@21)).
We defer the long and technical proof of Lemma 9 to the end of this section.

Proof of Theorem [[.8 By Lemma 23] and Lemma [.7] it is sufficient to show that
there exists 7* > 0 such that

(4.27) (I-H,)'e H®[E,BU)), Vre 0,717,
To this end, let M > 1 and p € R be such that

(4.28) IT@)| < Met, VteRy.

We split E into three disjoint parts:

(4.29) E=FE(§)UEy(§)UE;3,
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where, for § € (0,1),
Ei(6) = {zeC|l<|z| <4M, |z —1] <8},
Ey(8) = {ze€C|l<|z| <4M, |z —1| > d},
and E3 :={z € C||z| > 4M}. We proceed in several steps.
Step 1: We claim that there exist § > 0 and 7y > 0 such that
(4.30) (I —H,)"' € H®(F,(0),B(U)), Ve (0,7).
By Lemma [ there exist 7 > 0 and 6§ > 0 such that [@26) holds. Choosing
d € (0,1) such that E;1(d) C W(n), we see that (#30) follows with 7 = 6.
Step 2: Let 6 € (0,1) be as in Step 1. We claim that there exists 75 > 0 such
that
(4.31) (I —H,) ' € H®(Fy(0),B(U)), V7e(0,m).
To this end, first note that by (£23))
H(2) = Fi((z — ) — (Ty(7) — 1))*1/ Ty (s)B1 ds .
0
Since T3 (t) is a semigroup on the finite-dimensional space X3, we have

lim [|71() ~ T]| = 0.

Moreover,
.

lin%) I Ti(s)B1ds|]| =0.
T— 0

Since |z —1] > § > 0 for all z € F5(0), a routine argument involving the application
of the Neumann series shows that there there exists 6* > 0 such that

(4.32) ||Hi(z))|| <1/4, Vze Ey),VTe(0,0).

Now we analyze H2(2) on ES!(d), the closure of E2(5). Using analyticity and
boundedness of the semigroup T»(t) (guaranteed by (D4)), an application of Theo-
rem 5.6 (b) on p. 66 in Pazy [14] shows that for each A € ES'(§) there exist 6y > 0
and k) > 0 such that

(4.33) | = To(7) 7Y < kn, V7e(0,0)).
For z, A € E§L(5) we have
(1 = To(m) M < (Ta(7) = ADTHIN = (2 = A)(Te(r) = AD)™H 7.
Combining this with (£33]), an application of the Neumann series yields that for
each \ € E5'(6),
|(zI = To(7)) 71| < 2kx, VzeB(AL/(2ky)), V7 €(0,0)).
Since ES'(8) is compact, we may conclude from a standard compactness argument
that there exist £ > 0 and 6 > 0 such that
(4.34) (2 = To(r)) 7Y <k, YzeE$(6), re€(0,0).
By (@.23),
HY(z) = Fo(To(r) — I)(2I — To(r)) "' A3 ' By,
and since F» is compact, it follows from Lemma X1l and #34) that there exists
6 € (0,0) such that

IH2(2)|| < 1/4, Yz € By(8), 7 € (0,6).
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Combining this with (£32) and (Z22)) shows that
IH,(2)|| <1/2, VYze Ey), 7€ (0,12),

where 75 := min(*, §). Yet another application of the Neumann series yields (31).
Step 3: We claim that there exists 73 > 0 such that

(4.35) (I —H,)"' € H®(F3,B(U)), V7€ (0,73).
By (2:I0) and ([@:28)), together with Lemma 2.2, there exists 75 > 0 such that
ALl <2M, Y7e(0,73).
Defining the open set
E3:={2€C||z| >3M} D Ej3,
a routine argument involving the Neumann series then shows that
(4.36) [|(zI =AY =z"YI —27'A)7 Y <1/M, VzeFEs Y1e(0,73).
Now
(4.37) (I-H,(2) ' =1+F(zI-A;)""S,,

and so (@35) follows from (€30)), (@37) and Lemma 2.2
Step 4: Finally, setting 7% = min(7y, 72, 73), a combination of (€:29)-(#31)) and

H38) yields (£27). O

It remains to prove the crucial Lemma [£.9]

Proof of Lemma[4.9 Recall the definition of G in (2). Appealing to (D1)—(D4),
(EI3) and [{I4), we may write

(4.38) G =G1+ Gy, where Gj(s)=Fj(sI —A;)"'B;, j=1,2.
It is convenient to set
C;:=Co\o(A)=Co\o(41).
For n > 0 and 6 > 0, we define
V(@,n) = {(r,5) € (0,00) xCy | 7€ (0,0), 7|s| <n},

V*0,n) = {(r,s) € (0,00) x C§ | 7€ (0,0), 7|s| <n}.
The idea of the proof is to compare H,(e™®) to G(s) for all (7, s) € V*(0,n), where
n > 0 and € > 0 are sufficiently small. We proceed in several steps.

Step 1: In this step we analyze the term HL(e™®) — G1(s). We claim that

(4.39)  Gi(s) —HL(e™) = Fi(sI — A)"'Q(7,5)B1, V(r,5) € (0,00) x C},
where @ is a matrix-valued function defined on (0, 00) x C§ such that

(4.40) om Bup{[|Q(7,8)]| | (;5) € V*(6,m)}) = 0.

i

Using the finite-dimensionality of X7, we obtain using Taylor expansions
(4.41)

/OT Ty(t)Brdt =7(I 4+ Q1(7))B1, I—e 7Ti(r) =7+ Qa(r,5))(sI — A1),

where
T ke o 7! k-1
@(7) ::];2 AT Qa(rs) ::};2 Ay — D
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Note that Q1 and Q- satisfy
(4.42) lim Q:(7) =0, lim Qqo(r,s)=0.

T—0 (7,78)—0

The first limit follows immediately from the definition of @1, whilst the second limit
follows from the inequality

IQa(r, )] < e HIAD 1,

which is the result of a routine estimate. Using ({41, a straightforward calculation
shows that (£39) holds with

(4.43) Q(7,8) :==T[(1—e ™) —e Q1 (1) + Qa2(7, 8)](s] — Ay) (I —e "*Ty (1)) .

Note that, by the spectral mapping theorem, I — e~ 75T (7) is invertible for all
(1,5) € (0,00) x C§, and so, Q(7, s) is well-defined for all (7, s) € (0,00) x C§. From

(£A41)) we obtain
Q(r,5) =[(1 — e ™) —e7™*Qu(7) + Qa(7, $)[(I + Q2(7,5)) ",

and it follows from (Z42)) that @ satisfies (Z40).
Step 2: We show that

(4.44) (G}EII)ILO(SHP{IIH%@”) = Ga(s)[[ | (m,8) € V(0,m)}) = 0.

In order to estimate the difference H2(e™*) — Ga(s), note that
H2(e™) — Ga(s) = F» [(e7] — Ta(1)) 1 (Ta(r) — 1)A; " — (sI — A3) '] By
=B [(Ta(r) = DA (s] — A) — (€71 — T (7))]

x (€71 — To(1)) " (sI — Ag) "' By.
Setting Ra(s) := (sI — A2)~!, routine algebraic manipulations show that
(4.45) H2(e™) — Ga(s) = Pi(1,8)Pa(7,5),
where

Pi(1,5) = F <6”MA21 - £I> ,
T TS

I —e ™5 (T

s = < >)IRQ(S>BQ.

We first analyze P (7, s). Since the term

S Yoo It (PG Bl
T TS

TS

I

converges strongly to 0 as (7,7s) — 0, the compactness of F; together with Lemma
D] shows that

(4.46) lim ||Pi(r,s)] = 0.

(r,75)—0

Estimating P»(7, s) is considerably more difficult. In view of (£45]) and (£.46), to
establish ({.44), it is sufficient to prove the following claim.
Claim: For any p € (0,7) there exist § > 0 and k > 0 such that

(4.47) |Pe(,8)|| <k <oo, V(r,s)eV(p).
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Proof. Since the semigroup T5(t) is exponentially stable, for fixed s € Cyp and 7 > 0
the spectral radius of e~ "*T5(7) is smaller than 1, and the Neumann series gives

oo
(4.48) (I—e ™ Ty(r) " =) e " Ty(kr).
k=0
Since T»(t) is an exponentially stable analytic semigroup, there exist 8 € (0,7/2),
w > 0 and M > 0 such that
o(A2) D E:={{ € C | Jarg({ +w)| <7/2+ 3}
and

(4.49) [R2(&)] < M/Ig], V&€ EN{0}.

If we note that Ro(€£)By = (€R2(€) — I)A5 ' By, (EZT) shows that for any € > 0
there exists N > 0 such that

(4.50) [R2(§)Bellpwx) <N, VEEE.
Let ¢ € (7/2,7/2+ () and ro € (0,w). Define the contour
D= {re ™ |r>nro}U{roe”| ¢ e t,2r — ]} U{re®™ |r>ro},

oriented bottom to top. Note that by construction I' C = and o(Az) is to the left
of T'; see Figure LT

FIGURE 4.1. The contour I" with o(As3) to the left of T

Invoking (A4])) and using a standard relationship between T3(t) and Ra(s) (see
[14], Theorem 7.7, p. 30), we have

(4.51) (I—e ™Ty(r) =T+ = Z/ e PP ARy (M) d.

By (£29),

M
||67kTS€kT)\R2(>\)” S -

o |eF" A=) yxeTl, VseCy, V7 >0.
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Hence we can use Lebesgue’s dominated convergence theorem to interchange the
order of summation and integration in ([5I)). Evaluating the resulting infinite sum,

we obtain
1 TseT(A=9)
(452) P (7’, S) = TSRQ(S)BQ + % /F mRQ(A)RQ (S)BQ dA.
Setting
T(A—s)
Tse s TS s
(4.53) f(r A 8) = o9 + ey S

and letting p € (0,7) be fixed, but arbitrary, an elementary analysis (see the Ap-
pendix) shows that
(4.54)

sup{|{_g’7i\’/\s))| | (1,4, 8) € (0,00) xT'x Cy s.t. 7|A| < p, 7|s]| <p} < 00.

Define 6 := p/rg and for 7 € (0, ) introduce
I, ={ el |7\ <p}.

Clearly, 'y # 0 for all 7 € (0,5). We decompose the integral on the right-hand side
of @12) as follows:
TseT(A=5)

(4.55)  I(1,s):= /1“ mRQ()\)RQ(S)BQ d\ = I (7, 8) + Iz(7, s)Ra2(s) Ba

where
T(A—s)

TSE TSE
Il(T75).:/FT WRQ()\)RQ(S)BQ d)\, IQ(T, S).: /F\FT WRQ()\) dA

T(A—s)

We first analyze I; (7, s). Using the resolvent identity
(s = A)Ra(A)Ra(s) = Ra(A) — Ra(s),
and invoking (@53), we obtain

(4.56) Iy(r,s) = / Flron )2 = Ra(s) g / S Ry(\Ra(s)Bs .
T, s—A T, s— A
Setting
2\ —
Li(7,8) := / f(r, /\,S)MBQ d\, Iia(r,s):= / 5 Ro(N) dX,
T, s—A T, s—A
we have
(457) Il(’T,S) = 111(7', S) +.[12R2(S)BQ.
Invoking (@50) and (f54) shows that there exists k1 > 0 such that for all (7,s) €
V(,p),
f T7 A, S
il < [ LRI ) Bl + o) Bal)
< ki7 length (T';).

Combining this with
length (I';) < 2(w + 1)p/T
and setting ko := 2k; (7w + 1)p yields

(4.58) 11 (7, 8)|| < kay, Y (7,8) € V(4,p).
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To estimate I12(7, s), we define

k(T) :=2p/T,
and for each 7 € (0,9) we embed I'; into a closed contour
Cr = {re ™ |relro,k(T)}U{roe’® | ¢ € [, 2m — ]}

U{re™ | 7 € [ro, s(m)]} U {k(1)e' | 6 € [0, ¢},
oriented clockwise (see Figure {€.2)). Then

K(T) ) )
Lia(r,s) = / %RQ()\)CZ/\— ° Ro(re')e™ dr
.

s—2A) b 8 — e

w(T) s A . Y isk(T)e® ;

4.59 —— _Ry(re ™)e "d / ———R DYdep.
(4.59) +/p/T pyp— 2(re”")e r+ = 2(k(1)e'?)dg
By construction, for a given 7 € (0,4), any s € Co NB(0, p/7) is inside the contour
C and so Cauchy’s integral formula combined with (£49) shows that there exists
k3 > 0 such that

(4.60) ‘

/ S Ry(N) dAH = 2n||sRa(s)|| < ks, Y(r,s)€V(d,p).
C- (s =)

Moreover, since |s — re'¥’| > r|cos| for s € Cy, it follows from ([E49) that there
exists k4 > 0 such that
o0
|COS1/)| p/m T
kg4

- pleosy

As an immediate consequence we see that

k(1) s ) )
/ ﬁRQ (re“/’)e“/’ dr
p/r S—re’

7ls[, V(r,5) € V(3,p) .

w(7) o
(4.61) / ;RQ(TG’W})GWJ dr|| <ks, V(r,s)eV(,p),
P

/e S —ret

FIGURE 4.2. The contour I'; embedded in a closed contour C,
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for some suitable k5 > 0. Similarly, there exists kg > 0 such that

k(1) s ” "
———R e " d
/p/T s e lalre e dr

(4.62) <ks, V(r,s)€VI(dp).

Trivially, since k(1) = 2p/7,

|s = 5(r)e™| 2 p/7, ¥(r.5) €V(,p), Vo € [-0,¥],
and hence, using (£49), we see that there exists k7 > 0 such that

e < S
(4.63) < 2kep, Y(r,8) €V(4,p).
Combining (£59)-(H.63) shows that there exists ks > 0 such that
(4.64) | 12(T, 9)|| <ks, Y(r,s)€V(p).

By (E50) we may conclude that I12(7, s) R2(s) Bz is uniformly bounded on V (4, p),
and therefore, by (£57) and (@58, we obtain that there exists kg > 0 such that

(4.65) IL(r )l < ko, V() € V(6,p).
To estimate I(7, s), first note that there exists k19 > 0 such that

1—e )| > ko >0, Y(r,\s)€(0,00)xTxCys.t. x\eT\T,.
Combining this with an application of ({£49), we obtain

ok TT COS Y
(4.66) I(r,s)| < =22 [ & dr, Y(r,s)eV(5p),
klO p/T r
for some suitable constant k17 > 0. Since cosvy < 0,
o0 7T Ccosy p cos
/ € dr < T epc‘)swgei<oo
e T prlcos ] plcos ]

Together with (£.66) this shows that there exists k12 > 0 such that
(4.67) Ha2(7, 8)|| < k12, VY (7,8) € V(4,p).
Combining (£52)), [£55), ({.65) and (4.67) and invoking (450) shows that (m

holds, completing the proof of the claim.

Step 3: By assumption, the analytic semigroup generated by Agp is exponen-
tially stable. Therefore, by Proposition [4.3],

(4.68) (I —G)™' € H>(Cy,B(U)),

which, in particular, implies that I — G(s) is invertible for all s € C§. Setting
(4.69) D(1,5) := Ga(s) — HZ(e*), V(1,5) € (0,00) x Cy,

and

@70)  O(rs) = ( Q) 0 ) €B(X_1,X), ¥(rs)e (0,00 xCh,
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with @ given by (43), we obtain from ([38) and (£39) for all (7, s) € (0, 00) x C§

that
I-H. (") = I—-Gi(s)— Ga(s)+ Fi(sI — Al)*lQ(T, $)B1 4+ D(1,s)
= (I—=GG)[I+(I—-G(s) tF(sI — A)~'Q(s,7)B
(4.71) + (I —G(s))"'D(r,s)].

A straightforward calculation combined with an application of statements (2) and
(3) of Lemma Tl shows that

(I —G(s)) 'F(sI — A) 'z

F(sI —A—BF) 'z

(4.72) = F(sI—Agp) 'z, VsecCj, VrecX.
Moreover, by ([{.70),
(4.73) (Q(r,5)B)U C X, Y(r,5) € (0,00) x C.

Combining (L.71)-(ET3) shows that for all (1,s) € (0,00) x C§,

(4.74) I-H,(e™*) = (I—=G(s))[I+F(sI—Apr) ' Q(r,s)B+(I—G(s)) "' D(r,s)] .
By assumption, the analytic semigroup generated by App is exponentially stable.
Consequently, the function s — (sI — App)~! is in H>(Co, B(X)), and thus we
may conclude from (A0) and Q) that

(4.75) (9,17171)110(SHP{IIF(81— Apr)"'Q(1,9)B| | (1,5) € V*(6,n)}) = 0.

From ({Z4)) and (E69) combined with ({68), we obtain

(4.76) o (sup{ll( — G(s)) "' D(m. )]l | (r,5) € V(8,m)}) = 0.
Finally, combining (B74)-(#76) shows that that there exist # > 0 and 1 > 0 such
that (£.26) holds. d

5. EXAMPLES

In this section we give examples which illustrate Theorem [4.8 We consider
a general parabolic partial differential equation with Dirichlet control. For two
different types of stabilizing feedbacks u = Fz found in the literature on control of
partial differential equations, we show that the associated sampled-data feedback
(L2) stabilizes the system for small enough 7 > 0.

Let © be a convex bounded open set in R™, n > 2, with C* boundary I". Let

LED) = S aal(©)d”
laf<2

with smooth real coefficients a,, where 0 is the spatial derivative operator. We
consider the following parabolic system:

(5:1)  FE(4.6) = ~L(E,D)a(t,) in (0,00) x @, (t,¢) = u(t,€) n (0,00) x T

An example of such a system is a heat equation in a disk.

Let X = L%*(Q), U = L*T), and let A be the operator —L(¢,d) with domain
D(A) = {z € H3(Q) | z|r = 0}. It is well known that A is the generator of an
analytic semigroup; see for instance [4]. Define the Dirichlet map D by

x=Dyif L(§,0)r=0in Q and c =y on T
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Feedback stabilization of (5.1]) is studied in Lasiecka and Triggiani [10], [I1], [12]. In
[11] it is shown that (BI) can be written in the form & = Az + Bu with B = —AD.
From standard elliptic theory, D € B(L?(T"), H*/?(Q)) (see for instance [13]); so we
see that B € B(U, X_1).

We now describe two examples of compact feedbacks that exponentially stabilize

Example 1. We first consider the rank m feedback from [I0] of the form

Fa(t,) =Y (w(t,-), w;()) L2 9 (-);

j=1

where w; € L?(Q) and g; € L*(T). Theorem 1.2 from [10] gives conditions on w;
and g; that guarantee that A 4+ BF generates an exponentially stable semigroup.
Since F' is obviously compact, we can apply Theorem to conclude that (C2)
exponentially stabilizes (B1I) for small enough 7 > 0.

Example 2. Here the stabilizing feedback arises from the solution of a linear
quadratic optimal control problem. Consider the cost functional

J(u, ) = /OOO(||U(t)|%2(r) +llz(®)lI720))dt

where x is the solution of (&) corresponding to the control function u. It is shown

in [I1] that the optimal control is given by the feedback

0
Ov A~

where 0/0va- is the co-normal derivative with respect to A* and P € B(L?(2))

is a nonnegative selfadjoint operator which is the unique solution of the algebraic
Riccati equation

(5.2) u Pz,

<x, y>L2(Q) + <PJ?7 Ay>L2(Q) + <A.2?, Py>L2(Q) = <8ViA*Pm, al/;aA*Py>L2(F) .
It is shown in Theorem 2.8 in [IT] that the control (5.2)) can be written as u = F'z,
where F' € B(X,U). Furthermore, it is shown in the proof of Theorem 2.10 in [IT]
that BF can be written in the form AK, where K € B(X) is compact. Hence
we can apply Theorem to £ = Ax + Av with feedback v = Kz, to conclude
that ([CZ) exponentially stabilizes (51) for small enough 7 > 0. In [I2], Galerkin
approximations of the feedback (5:2)) were developed and shown to be exponentially
stabilizing for sufficiently small mesh parameters. These Galerkin approximations
produce finite-rank feedback, and therefore Theorem [£.8] can again be applied.

6. DYNAMIC SAMPLED-DATA FEEDBACK

In this section we apply the results of the previous sections to dynamic sampled-
data feedback. For simplicity and the sake of brevity, we restrict ourselves here
to systems with bounded control and bounded observation. The system to be
controlled, the plant, is formally given by

(6.1a) &(t) Ax(t) + Bu(t), t >0; z(0) =2 € X,
(6.1b) y(t) = Cz(t),
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where A : D(A) C X — X generates a strongly continuous semigroup 7T'(t), B €
B(U,X),C e B(X,Y),and X, U and Y are Hilbert spaces.

Consider a continuous-time controller of the form
(6.2a) s(t) = Aez(t)+ Bev(t), t>0; 2(0) =2 € X,
(6.2b) w(t) C.z(t) + D.v(t),
where A. : D(A.) C X, — X, generates a strongly continuous semigroup 7. (t),
B. € B(Y,X,), C. € B(X.,U), D. € B(Y,U) and X, is a Hilbert space. Using the
output (B:ID) of (6I) as the input for (6.2)) and the output (6.2D)) of (6.2)) as the
input for (6.1I), i.e.,

(6.3) v=y and u=w,
we obtain the feedback interconnection of (G.I)) and (6.2). It is convenient to define

(A0 - (B 0 . [ C 0 - (D, Iy
Ar(()AC>,Br(()BC>,Cr<()C¥>,Kr<]Y 0).

Clearly, A generates the strongly continuous semigroup

(" %)

We say that the continuous-time feedback system given by (6.1)—([6-3) is exponen-
tially stable if the strongly continuous semigroup generated by

A+BD.C BC,
B.C A

A+Bké—(

is exponentially stable.
Let 7 > 0 and consider the following discretization of (6.2)), which is obtained
by applying the standard hold and sampling operations to (62):

(6.4a)  zpy1 = Te(7)zk —|—/ T.(s)Bevpds, k€ Ng; z9 = e X,,
0

(64b) wr = Cezp+ Deovg .

We use the discrete-time system (G.4) to control the continuous-time system (G.1])
by sampled-data feedback, i.e., we consider the feedback interconnection of (6.1)

and (G4) given by
v =y(kt) and wu(kT+t)=w, t€[0,7); k€Np.

Via an application of the variation of parameters formula to (G.Ial), this leads to
the following sampled-data feedback equations:

(6.5a)
z(kr +1t) =T(t)x(kT) + / T(s)B(DCa(kt) + Cozi)ds, t € [0,7); z(0) = 2°,
0
(6.5b)
21 = To(T) 2k +/0 T.(s)B.Cx(kT)ds, k€ Ny; z9= 20,

The sampled-data feedback system (6.5) is called exponentially stable if there exist
N > 1 and v > 0 such that for all initial conditions (z°,2") € X x X,

|(z(kr +1), 2)|| < Ne7?* 74020 20|, Vte[0,7), VEkeNy.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



3326 H. LOGEMANN, R. REBARBER, AND S. TOWNLEY

By a straightforward calculation it follows from (6.4a) that
(#3005 (#00), pen,
Zk+1 2k
where

A X x X, — X x X,, jHT(T):H/ T(s)BKCids.
0

The proof of the following lemma is a routine exercise and is therefore left to the
reader.

Lemma 6.1. For any 7 >0, the sampled-data feedback system (6.5) is exponen-
tially stable if and only if A, is power stable.

We are now in position to formulate the main result of this section.

Theorem 6.2. Assume that the operator KC is compact. If the continuous-time
feedback system (GI)—-(63) is exponentially stable (i.e., the strongly continuous
semigroup generated by A+ BKC is exponentially stable), then there exists T* > 0
such that for every T € (0,7*) the sampled-data feedback system (6.5) is exponen-
tially stable.

Proof. Introducing the operator
S, UXY = X x X, aH/ T(s)Bids,
0

we may write A, = T(7) + S, KC, and we see that A is of the form (210). By
the compactness of KC and the exponential stability of the semigroup generated
by A+ BKC, it follows from Theorem 3.1 and Lemma[2.3] that there exists 7% > 0
such that for every 7 € (0,7") the operator A, is power stable. An application of

Lemma [6.1] yields the claim. O

Trivially, the compactness assumption on K C is satisfied if the observation op-
erators C' and C., are compact. In particular, compactness of KC' is guaranteed if
U and Y are finite-dimensional.

Under suitable assumptions, Theorem [£8] can be used to extend Theorem [6.2]to
systems and controllers with unbounded control operators B and B, respectively,
provided the semigroups T'(¢) and T.(t) are analytic. For the sake of brevity we
omit the details.

APPENDIX: DERIVATION OF (@54l

Let p € (0,7) and consider the meromorphic function g defined on C by

. 14+ € —ef

Clearly, for any € € (0, 2p), the function g is bounded on B(0,2p) \ B(0,e). More-
over, invoking the Taylor expansion of e or using L’Hopital’s rule, we have

lim =-1/2.
51 Og(ﬁ) /
Therefore, we may conclude that

(A1) sup{[g(€)| | € € B(0,2p), € # 0} < 0.
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By a straightforward calculation it follows from (Z53]) that

A sl
o Tl =

|s —

Noting that
sup{|s|/[s = Al | (\,s) €T x Cp} < o0,
we see from ([AZT]) that

sup{|%| | (1, 8) € (0,00) xT x Cyp s.t. T|A| < p, 7|s] Sp} < 0,
(s —

which is (@54).
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