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This paper concerns the relation between exact controllability and stabilizabi-
lity with arbitrary decay rate in infinite dimensional spaces. It appears that in
several cases the notions are equivalent, but there are a lot of situations when
additional conditions are needed, for example in Banach spaces. This is a short
and non exhaustive review of some research on control theory for infinite di-
mensional spaces initiated by V. I. Korobov during the 70th of the past century
in Kharkov State University.
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Pabax Pabax. IIpo ToyHy KepoBaHicTh Ta MOBHY cTabijizariito ajsa Jri-
HITHUX cucTeM. VY Il CTaTTi HAeThCs PO 3B SI30K Mi*K TOYHOIO KEPOBAHICTIO
Ta, cTabLII3aIl€0 3 JOBLIBLHOK IMIBUJAKICTIO CIIAJy B HECKIHYEHHOMIDHUX IPO-
cropax. ¥ KUJIbKOX BUIIAJKAX HMOHATTS € €KBIBAJIGHTHUMU, ajie € 6araTto CuTy-
ariif, Koy mOTPiOHI TOIATKOBI yMOBH, HANPUKJA[A y mpocropax Bamaxa. Lle
KOPOTKUI 1 HEBUYEPITHUI OIJIsi)T JEeSIKUX JIOCJIiIPKEHb Teopil KeEpyBaHHS JIJIs He-
CKiIHYEeHHOBUMIpHUX HIpOCTOPiB, iHiniftoBannx B. I. Kopobosum B 70-x pokax
MHHYJIOrO cTOpiuds y XapKiBCbKOMY JI€p?KaBHOMY yHiBEPCHUTET.

Kmowosi crosa: Touna KepoBaHICTh; ITOBHA, CTabLIi3aIlisl; HECKIHIEHHOBUMIPHI
CUCTEMU; HeUTPAJILHUNA THII.

Pabax Pabax. O TouHO# yIpaBJ/isieMOCTH U MTOJIHOM CTaOMJIN3UPYyEeMOCTH
JUHEHWHBIX cucTeM. B cTtaTbe paccMaTpuBaeTcs CBA3b MEXKIy TOYHOH yIpaB-
JITEMOCTBIO U CTaOMJIN3UPYEMOCTBIO C IIPOU3BOJIBHON CKOPOCTBIO YOBIBAHUA B
0GECKOHEYHOMEPHBIX IIPOCTPAHCTBAX. B HEKOTOPBIX CIyYasiX IMOHATHS SKBUBA-
JIEHTHBI, HO CYIIECTBYET MHOXKECTBO CUTYAINi, KOTJ[a TPEOYIOTCS JOOTHUTE b=
HBIE YCJIOBUs, HATPUMED, B HAHAXOBBIX MTPOCTPAHCTBAX. ITO KPATKUI U HEIOJI-
HBII 0030p HEKOTOPBIX MUCCJIEIOBAHUI 110 TEOPUU YIIPABJIEHUS JJIsI OECKOHEYHO-
MEPHBIX TPOCTPaHCTB, HadaThiX B. V1. KopobosbsiMm B 70-e TOIBI IPOIIIOro BeKa
B XapbKOBCKOM T'OCY/IaPCTBEHHOM YHUBEPCUTETE.

Kaouesnvie crosa: Tounast yrpaBiisieMoCTh; OJIHAs CTAOUIN3UPYEMOCTh; OECKO-
HEYHOMEPHBIE CUCTEMBbI; HEHTPAJIbHBIA THII.
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1. Introduction

We consider linear systems in the general form
& = Az + Bu, (1)

where the state z(t) and the control u(t) take values in Banach spaces X and U.
The linear operator A is the infinitesimal generator of a Cop-semigroup S(t) = et
and B is a linear bounded operator. We consider also the cases of Hilbert spaces
and some situation when B is an unbounded but admissible operator. The function
u(t) is supposed, at least, Bochner integrable.

By exact (null) controllability we mean controllability from any state to any
state (or zero state). By complete stabilizability we mean exponential stabilizabi-
lity with arbitrary decay rate by linear state feedback u = Fxz. Sometimes the
problem is called pole or spectrum assignment.

The well known relation between complete controllability and pole assignment
in finite dimensional spaces X and U may be formulated in the following form.

Theorem 1. Let A and B be (real or complex) matrices of dimension n X n and
n X m respectively, x and u vector functions of suitable dimension. The system

& = Ax + Bu (2)

is completely controllable, i.e. rank[B AB---A""'B] = n, if and only if the
system is completely stabilizable, i.e. for all \1, ..., A, € C, there exists a feedback
u = Fx such that the spectrum of the closed loop system verifies:

o(A+ BF)={A1,..., \n},
i.e. the problem of pole assignment by linear feedback is solvable.

A nice proof in the general case can be found in [33]. If the system is assumed
to be real (matrices are all real), the spectrum is formed by real or complex
conjugate numbers.

Another formulation of the same statement is that all the poles are controllable
(Hautus criteria):

VA€ o(A), rank]\] - A B]=n.

Our purpose is to discuss some important results on the same problems in
infinite dimensional Hilbert or Banach spaces. Since the spectrum is more compli-
cated and the behavior of infinite dimensional systems is not completely determi-
ned by the spectrum, solutions of such problems, when they exist, are not so
simple.

We recall some classical results concerning the relation between exact
controllability and complete stabilizability.
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The first important result in this context was given by Slemrod: if e/ is a
group, then exact controllability implies complete stabilizability. The converse, for
a group, was proved by Zabczyk (see for example [34]). The result was generalized
and precised by several authors for the case of a bounded operator A in Banach
spaces, for the case of a semigroup e and for some classes of systems, governed
by partial differential equations or functional-differential equations.

We discuss more precisely the relations between exact (null) controllability
and complete stabilizability. In general, for linear systems in Hilbert spaces, exact
null controllability implies complete stabilizability, but the converse is not true.
We give more recent results on functional-differential systems of neutral type.

2. Preliminaries

In this section we give some definitions and well known basic results on exact
controllability and stabilizability for System (1). The mild solution (strong for
zo € D(A) and some restrictions on the class of controls u) is given by

z(t) = z(t,u(-),z9) = e xo—i—/eAt ) Bu(r)dr. (3)
0

Definition 1. System (1) is exactly controllable if for all xo,x1 € X, there
exists a time T and a control v € L,(0,7;U),p > 1 (shortly L,) such that
x(T,u(-),z9) = x1. If the same holds for x1 = 0, we talk about exact null
controllability. If et is a group, or if it is formed by surjective operators, then
both notions are equivalent. If necessary, the class of controls L, will be specified.

The notion of stabilizability is based on one concept of asymptotic stability.
In infinite dimensional spaces there are several ones. In this paper we consider
only exponential stability.

Definition 2. The semigroup e, or the uncontrollable system, is said to be
exponentially stable if for some real M > 1, w > 0, and for all t > 0, we have
e < Me—et,

In finite dimensional space exponential stability is characterized by the fact
that the spectrum of matrix A is in the left half complex plane. The situation in
infinite dimensional spaces is much more complicated, see for example [32] and
references therein.

Definition 3. System (1) is said exponentially stabilizable if there exists a linear
feedback control u(t) = Fx(t) such that the closed loop system becomes exponenti-
ally stable, i.e. for some w >0

||e(A+B.7:)tH S Mwe_Wt7 Mw Z 1

The system is said to be completely stabilizable if it is exponentially stabilizable
for all w > 0.



Bicuuk XHY, Cep. «Maremaruka, IpUK/IaJHa MaTeMaTUKa 1 MexaHikas, rom 94 (2021) 7

In some cases the feedback F is allowed to be not bounded but admissible in
some sense.

Complete stabilizability replaces the notion of spectrum assignment which is
difficult to be expressed in infinite dimensional spaces. The first reason is that the
structure of the spectrum may be complicated and the second one is that, what
is noted before, the behavior of the solutions of the systems is not determined by
the spectrum only. However, in some cases it is possible to consider this concept
also, as we will see later.

Let us now give some general characterizations of the given concepts. We
denote by R the "reachability"operator

T
Rru(-) = /eA(TT)BU(T)dT.
0

It is easy to see that this is a linear bounded operator from L, to X. System (1)
is exactly controllable if and only if ImR7 = X, it is exactly null controllable if
and only if Im Ry C ImeAT, for some T > 0.

The surjectivity of the operator Ry in Banach spaces can be characterized by
the following property of the adjoint operator R¥. (see, for instance, [27])

I>0: Vate X', ||Rya| > 82", (4)

where norms are operator or vector norms in the adjoint space. To obtain a more
or less explicit condition of exact controllability we need the expression of adjoint
operator and the norm ||R%.z*||. We have the following expressions [19]:

T
|Ria*|| = (f HB*S*(t)x*qut) , if ue L, p>1, -
0

IRpa*|| = esssup{[|B*S™(t)*[|, ¢t € [0,T]}, if u € L,

where ess sup denotes the essential supremum of a set. In fact, it is possible to show
that the conditions of exact controllability in the class of controls L, for p > 1 are
equivalent and exact controllability in the class L; is essentially different. This
can be summarized by the following formulation.

Theorem 2 ([19]). System (1) is exactly controllable in the class Ly if and only
if
1. For p =1, if lim B*S*(t)z} = 0 uniformly almost everywhere on [0,T]
n—oo
implies lim z) = 0.
n—oo

2. For p > 1, if lim B*S*(t)z} = 0 almost everywhere on [0,T] implies

n
n—oo

lim x; = 0.
n—o0
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This implies a necessary condition of exact controllability in the class Ly, forp > 1:
operators S(t) = et are surjective for all t > 0.

This gives, in particular, the lack of exact controllability in the class L, for
p > 1 for compact or analytic semigroups (see [30, 31, 11]). The following example
shows that there exist systems which are exactly controllable in the class Li, but
not exactly controllable in classes L,, p > 1.

Example 1 ([19]). Let X = U = ¥a, {e;,i = 1,2,...} be the canonical basis in
l5. Let B be defined as the identity operator B = Z, and

0 0 >
Av =3 —ilz.eer, x=) (v.e)er, Y i%{w,e)]* < oo,
=1 i=1 =1

It is easy to see that A is the infinitesimal generator of a Cp-semigroup
oo
S(t)x = Ze*”@:, eijei, t>0
i=1

of compact operators for ¢ > 0. The system is exactly controllable in the class L,
because ||Ryz*||r.. = ||z*||, but not in the class L,, p > 1, the operators S(t)
being not surjective for ¢ > 0. O

Let us now consider the problem of null exact controllability. The characteri-
zation of this concept is not so clear in general Banach spaces. It is more simple
when X and U are Hilbert spaces. This is due to the following classical result.

Theorem 3 (Douglas (1966), [4]). Let C and D be linear bounded operators in
Hilbert spaces: C € £ (Hi,H2),D € Z(Hs,Ha). The following conditions are
equivalent:

1. ImC CImD.
2. There is a linear bounded operator E such that C = DFE.
3. 3u>0: Vo € Hy we have |C*z|? < p?||D*x||?.

This means that in Hilbert spaces the condition of exact null controllability
Im Rr C e*T may be characterized as follows.

Theorem 4. Let us suppose that X and U are Hilbert spaces. Then the system
(1) is exactly null controllable in the class Lo if and only if

T
36>0: Vz e X, /||B*S*(t)a:|]2dt > 82)S*(T)x|?.
0
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As it was pointed out by several authors (including Douglas, see for example
[6]), Theorem 3 is not true in this form in general Banach spaces. Some other
formulations are possible (see, for instance, [6, 1|). We cannot develop this question
here, but we will return to the application of Douglas theorem in Section 4.1.

3. Exact controllability implies complete stabilizability

In the section we will see how exact controllability can imply complete stabi-
lizability. The main framework here is the Hilbert spaces setting.

Consider System (1) in the case of Hilbert spaces X and U. Under the conditi-
on that the operator A is the infinitesimal generator of a group e, B € £ (U, X),
Slemrod [29] obtained the first result in this way:

The condition

T
36 >0, Vr € X : /HB*e—A*Ta:HQdT > §||z||? (6)
0

implies complete stabilizability
Vw > 0,3F € Z(X,U), |eAFBIY < Mye™t, M, >1,

with a linear bounded feedback F given by F = —B*K_1(T), where
T
K,(T)= /eMeATBB*eA*T dr.
0

This operator K, (T) is, in fact, the Gramian of the system

& = Az + wx + Bu,

and the group S,,(t) = e**e** has the infinitesimal generator (A 4 wI).

The inequality in (6) is the condition of exact controllability at time 7' in
the case of a group, and in Hilbert spaces. It corresponds to the Kalman integral

criterion:
T

Ko(T) = / e AT BB e AT dr
0

is bounded invertible. The fact that this is a necessary and sufficient condition
of exact controllability in Hilbert spaces was published first (to the best of our
knowledge) in [14] for the case of a bounded operator A, but the proof, based
on Theorem 3 (see [4]), can easily be rewritten in the case of a group e with
unbounded operator A, or directly from (4).

We can formulate this result as follows.
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Theorem 5. For System (1), where A is the infinitesimal generator of a group,
U and X being Hilbert spaces, exact controllability implies complete stabilizability.

Jlosedenna. This a short proof, see [29] for more details. Let w > 0 be given. Let
us take the feedback control

u(t) = Fx(t) = —B*K; Y (T)z(t).
We obtain then the closed loop system
i(t) = (A+wl — BB*K,(T))x(t),

where Z is the identity operator, and the solution is given by the group S} ~(t)
generated by the operator

A+wZ - BB*K;(T).
Let xy € D(A*), then a simple calculation gives (see Appendix in [29]):

(S b0, K (1) 52 (0)0) =
[l T B e~ TS 2 (t)zol| — |B*Si 7 (t)ol-
By density of D(A*), this implies the uniform boundedness of S, (t)
aAM > 1, ||Swr®)| <M, t>0.
This means that for all w > 0, there exists a feedback law F, such that

1SF@)I| = €A4F57 < Mem", ¢ > 0.

This means that the system is completely stabilizable. O

Following Slemrod and using some results by Lions, Komornik [9] proved an
analogous result for the case when B is unbounded. This was applied to systems
governed by PDE with boundary control.

Shortly, with some conditions on the operator B, complete stabilizability is
obtained from exact controllability and the feedback is

T
F=—JB*K.", K, = / e e AT BB e AT dr,
0

where J is the canonical Riesz isomorphism.
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Example 2. This allows to obtain the complete stabilization of systems like

(i(t,&) — Vw(t,&) =0, (t,£) e RT xQ
w(0,€) = f(§), £eq
w(0,8) = g(§), (e
w(t, &) = ul(t,§) £ € N0

The boundary control is given by the formula
u(t, §) = Fu(t,§) = —JB K (w(t, €), w(t,¢))
defined in the space H_1(€) x Lo(£):

’U,(t,f) = 8,,(Pw(t,§) + Qw(t,g)),

where P and @ are linear and bounded. a

In the general case of a semigroup, we have the following implication:

Theorem 6. For System (1) in Hilbert spaces, with bounded operator B, exact
controllability to zero implies complete stabilizability by bounded feedback F.

This is a consequence of the following result implicitly contained in the paper
by Datko [3] (see also [34, Ch. III. 4]).

Theorem 7. Ezactly null controllable systems are exponentially stabilizable.
The latter and the following remark give Theorem 6.

Remark 1. Controllability of System (1) is equivalent to controllability of the
shifted system.:
i = Az + wx + Bu.

This result may be extended to the case of an unbounded control operator.
We consider the same system (1) in Hilbert spaces, with possible unbounded
B and F, they are supposed to be admissible in a certain sense:

B bounded from U to the space X_; which is the completion of X with the
norm ||(AM — A) "tz

Theorem 8 (|24]). If system (1), in Hilbert spaces, with admissible operator B is
ezxactly null controllable in X _1, then it is completely stabilizable by an admissible

feedback and then, finally, by a bounded feedback F.

The converse is not true, and there are different situations [24].
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Example 3. In the space Ly(0,400), consider the semigroup

2

St fE) =e 2 8f(E+1t), t>0, £>0.

It is not difficult to see that for this semigroup:
Yo >0, IM,>1, [|S{t)]| < M,e v

We have o(5(t)) = {0} and then o(A) = 0.
It is easy to see that, for some f # 0 we have S(t)f # 0 for any ¢ > 0. The
system is completely stabilizable (B = 0) but not controllable. O

Example 4. In the space Ly(0,1), consider the semigroup

SWF(E) = { e ke ostrest

It is not difficult to see that for this semigroup
Yo >0, 3IM,>1, |SO)|| < Mye "

We have o(5(t)) = {0} and then o(A) = 0.

For any initial function f € L9(0,1), we have S(t)f(x) = 0 for t > 2. This
means that S(¢) = 0, for all ¢ > 2. Then, for any control operator B, the system
is exactly null controllable at time T" > 2 with the trivial control u = 0. O

4. Complete stabilizability implies exact controllability

In this Section we consider how complete stabilizability may imply exact (null)
controllability, and is there an equivalence in some situation as in finite dimensi-
onal spaces.

4.1. Banach space, bounded case

Consider System (1) where operators A and B are linear, bounded: A € £ (X)
and B € Z(U,X). This means that it is not the case of partial differential
or functional-differential equations (with delay). Anyway, it is of historical and
theoretical interest.

An important result on complete stabilizability was obtained in [28]. First we
formulate result about exact controllability.

Theorem 9 (Korobov-Rabah (1979), [10]). System (1) is exactly controllable if
and only if there exists k € N such that

Im[B AB --- A*B] = X, (7)

where [B AB --- A*B] is acting from U x --- x U to X and the condition is
independent on the class of controls.
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In fact the exact controllability holds in the class of piece-wise controls, when
the condition of the theorem is verified.

Theorem 10 (Sklyar (1982), [28|). System (1) with bounded operators is
completely stabilizable if and only if the block operator [B AB --- AFB] is
right invertible for some k:

IPie L(X,U), i=0,1,....k:  BPy+ABPi+---+ A*BP,=1. (8)
There is a spectral formulation, which is a consequence of the following result.

Theorem 11 (Kaashoek and al. (1983), [7]). The operator [B AB --- A*B] is
right invertible for some k if and only if operators [NZ — A BJ, from X x U to
X are right invertible for all A € C, i.e.

VAEC, 30,y € Z(X), APy € Z(X,U): (AT —A)Q\+BP,=1I. (9)

This gives a spectral formulation of the characterization of complete stabili-
zation.

Theorem 12. System (1) is completely stabilizable if and only if operators
[\Z — A B are right invertible for all A € C.

If U, X are Banach spaces, not isomorphic to Hilbert spaces, the condition (8)
(or the spectral formulation (9)) is more than exact controllability, it is equivalent
to the following two conditions:

1. Im[B AB --- A*B] = X, i.e. exact controllability by Theorem 9.
2. Ker[B AB --- AFB] is complemented.

This means that in Banach spaces (not isomorphic to Hilbert spaces) there are
exactly controllable systems, generated by a group, which are not completely
stabilizable.

Example 5 (Sklyar (1982)). Consider the Banach space U which has at least a
subspace L which cannot be complemented in U. Let X be the factor space U/L
and B be the canonical projection of U onto X = U/L. The operator B is then
onto (surjective). This means that the system

T =z + Bu,

is exactly controllable because Im B = X (here A = 7). If we suppose that it is
completely stabilizable, then, according to Theorem 8, there exists P € Z(X,U)
such that FP =7, and Ker P = L can be complemented. This is in contradiction
with the construction of L. O
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The result of Theorem 10 was proved in [13] without citing the original result
[28].

The situation is different in Hilbert spaces: every closed subspace can be
complemented and the equivalence between range condition (7) and right inverti-
bility (8) can be given by Douglas theorem.

Remark 2. When this paper was under review, appeared a conference paper [12]
on exact controllability and complete stabilizability (in fact arbitrary assignabi-
lity of the Bohl exponent) of a class of linear non-stationary discrete systems
i Banach spaces. The main result concerns a case when the state operator is
constant, the control operator is periodic, the space X is a reflexive Banach space
and U is a separable Hilbert space: it is claimed that exact controllability implies
arbitrary assignability of Bohl exponents. No proofs are given in this paper.

4.2. Hilbert spaces, bounded case, spectrum assignment

In Hilbert spaces, exact controllability is equivalent to complete stabilizability,
but more precisely we have a pole assignment result which may be interesting, at
least in operator theory.

Theorem 13 (Eckstein (1981) [5]). The system (1) is exactly controllable if and
only if for every nonempty compact set A C C, there is a bounded linear feedback
F, such that

o(A+ BF) = A,

i.e. the problem of spectrum assignment is solvable.

The proof uses explicitly the Hilbert space structure, in particular the fact that
the subspace Ker[B AB --- AFB] can always be complemented. There is also a
dual formulation of this result in [7] and a constructive approach of the dual
operator corresponding to F: let C be an operator from X to the Hilbert space
Y, find K such that o(A+ KC) = A. This appears in the problem of detectability
and construction of asymptotic observers.

To summarize the characterization in Hilbert spaces, when the operators are
bounded, we can formulate as follows.

Theorem 14. Let U and X be Hilbert spaces, A and B be linear bounded
operators. The following statements are equivalent

1. The system (1) is exactly controllable in the class La.

2. For every nonempty compact set A C C, there is a bounded linear feedback
F, such that
o(A+ BF) = A,

1.e. the problem of spectrum assignment is solvable.

3. Im[B AB --- A*B] = X for some k € N,
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4. Im[AT—A B]=X forall A €C.

This is a complete analog of Theorem 1.

4.3. Unbounded case in Hilbert spaces
We return to the system (1) with unbounded A and bounded B.

Theorem 15 (Megan (1975), Zabczyk (1976), see [34]). If et is a group and
the system (1) in Hilbert spaces is completely stabilizable, then it is exactly
controllable.

This result was extended to the case of surjective operators e*, ¢ > 0 by
Rabah & Karrakchou (1997) and Zeng & Xie & Guo (2013), see [23, 35].

We can summarize as:

Theorem 16. The system (1) in Hilbert spaces, with a bounded operator B, is
exactly controllable in the class Lo if and only if

At

1. Operators e are surjective for t > 0.

2. The system is completely stabilizable.

Ezact controllability is equivalent to exact null controllability when e

ve fort > 0.

are surjecti-

But what about exact controllability in the class L1 in this context? Surjecti-
vity of operators e is not needed. Let us return to Example 1.

Example 6 (Example 1 continued). As we saw, the system is exactly controllable
in the class Ly but not in the class L, for p > 1. Let us show that it is completely
stabilizable by a bounded feedback. Let us take arbitrary w > 0 and n € N such
that n > w. Define operator F from X = {5 to U = {5 by

n—1
Fa = Z(z —n)(x,e;)e;.
i=1
Then .
(A+BF)x = Z —n(x,e;) e + Z —i(x,e;) e,
i=1 i=n

which gives for the semigroup Sr(t) = e(A+B7)t

n—1 0
JeCAHERI L2 = 3 &2 (e [+ 3 e () P < 07202
i=1 =n

And this means that

He(AJrB}')H < et < oWt

)

i.e. the system is completely stabilizable. O
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5. The case of neutral type systems

We consider some large class of neutral type systems
2(t) = A_12(t — 1) + Lz(-) + Bu(t), (10)
where

0
Lz(-) = / [A2(0)2(t + 0) + A3(0)2(t + 0)] d6,
-1

with z(¢) taking values in R™ and w(¢) in RP. The system can be written as
& = Az + Bu, (11)

where A is the infinitesimal generator of a Cy-semigroup e given in the product

space Ma(—1,0; R™) def g x La(—1,0;R™), noted shortly Ms, and A, BB are defined

by
Lz(") 2(t) u(t)
dé ) z() 0
with the domain D(A) given by

D(A) = {(v,p) € Mz : p(-) € H',v = ¢(0) = A_1p(—1)} .

The characteristic matrix is noted by

0 0
AgN) =M —A_je™ =\ / As(0)e*0dl — / As(0)e®? do.
—1 —1

The behavior of the dynamical system is described by the spectrum:
o(A) ={A:det Ay(\) =0}.

The set o(A) is formed by eigenvalues of finite multiplicity, see for example [21]
and references therein.

5.1. Complete stabilizability

It is characterized by two conditions: one on the spectrum o(.A) , the second
on the neutral term (here A_1).

Theorem 17 (|20]). The system (10), in abstract form (11), is completely stabi-
lizable if and only if

1. For allx € C, rank [A4(\) B] =n.

2. ForallpeC, p#0, rank [,u[ - A, B] =n.
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The condition 2 may be formulated as Tm A_y C Tm[B A_1B --- A";'B].

Proof. 1t is important to check the meaning of the second condition. A large
part of the spectrum of A may be obtained from the non zero spectrum of the
matrix A_q:

A = log|p| +i(arg pu + 2km) + o(1/|k|), k€ Z.

The eigenvalues are in some circles centered at log 4 with decreasing radii, when
|k| is growing [21]. The pole assignment is possible in the interior of the circles
under Condition 1, which means the controllability of poles.

The spectrum of the operator A is close to some vertical axes defined by the
spectrum of the neutral term, the matrix A_;. We need to move these axes by the
feedback in order to obtain complete stabilizability, and then the corresponding
values p must be controllable. The necessity of both conditions is then clear
enough.

Let us shortly consider the sufficient part. The condition 2 allows to move
arbitrary all the non zeros eigenvalues of A_1, and to make it simple. The condition
1 allows to control an eigenvalue in the interior of circles (for k large). It remains
then to move a finite number of eigenvalues, it is possible as shown in [22, 26].

It is of interest to show the form of the feedback needed for exponential and
then for complete stabilizability:

T
u(t) = Fa(t) = F2(t — 1) + / [E5(0)3( + 0) + F3(0)=(t + 0)] .
0

This means that F is not bounded and domains of A + BF and A are not the
same. However this form is necessary in order to move the spectrum [16, 18].

- %
@
&

log|u| Re

<

Fig. 1. Spectrum of A, for each p € o(A_1), u # 0.
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5.2. Complete stabilizability and exact controllability

The notion of exact controllability for System (10) must be modified. As here
the control u is finite dimensional, exact controllability in the sense of Definition 1
is not possible. In fact it may be shown that, in this case, the reachability set R is
in D(A) [25, 26]. Then by exact controllability at time 7', we mean Ry = D(A),
and exact null controllability means to reach zero from all initial condition in
D(A). Results given in [25, 26] may be summarized in the following theorem.

Theorem 18. If A is the infinitesimal generator of a group or, equivalently, if
the matriz A_1 is not singular, 0 ¢ o(A_1), then exact controllability is equivalent
to complete stabilizability.

Proof. If p = 0 is not in o(A_1), conditions 1 and 2 of Theorem 17 give a
criteria of exact controllability. We refer to [25, 26] for detailed proofs. In our case
of System (10), for exact null controllability we can obtain only a partial result.

Theorem 19. Ezact controllability to zero of System (10) implies complete stabi-
lizability.

Proof. If Condition 1 in Theorem 17 is not verified, it means that some ei-
genvalues are not controllable. Taking a corresponding eigenvectors as an initial
condition, we can see that exact controllability does not hold. To prove Condi-
tion 2 in Theorem 17, we can proceed by derivation of the solution z(t) = 0 for
t > T > n. The calculation gives TmA_; C Im[B A_1B --- A"'B] (see [24]),
which means that Condition 2 in Theorem 17 is verified.

The converse (in fact the criteria of exact null controllability without relation
with stabilizability) has been proved in some particular cases of neutral type
systems with discrete delays [15, 8] and in the case of retarded systems [17]. In
the case of our general system (10), the question is still open, see Conjecture in
[24] and [2].

6. Conclusion

We gave a short review of the relations between exact controllability and pole
assignment (complete stabilizability). There are a lot of papers concerning di-
fferent classes of systems, in particular, governed by partial differential equations.
This paper gives our point of view to some questions concerning abstract infinite
dimensional systems, based on results close to ours, in particular for functional
differential equations of neutral type. Several problems are still open concerning
the general abstract case or some particular classes.
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IIpo TouHy KepoBaHicTh Ta MOBHY cTabijizaliito
JJid JJiHIMHIX cHUCcTeM
Pabax Pabax
HJIIBKH, Buwa zipruva wrosa m. Harnm
eya. Hoe 1, Hanum, @panyia, 44300

V 1iit poboTi MU PO3TJIsAIA€MO JIHIAHI CHCTEMH 3 KEPYBAHHSIM, ONUCAHI PIBHAHHSIM
& = Ax + Bu, ne pyHkuil v ta r npuiiMarorh 3Hadends U ta X Bigmosigao. st Tako-
ro 06’eKTa MOJMAHO KOPOTKMWIA OIJIsi)l Pe3y/IbTaTiB, IO CTOCYIOThCs 3B’sI3KiB MiXK TOYHOIO
KEPOBAHICTIO Ta MOBHOIO crabiiizamiero (crabliizamnia 3 JOBUILHOIO IMBUAKICTIO CIAJLY).
Amnaytiz mpoBOUTHCS B PI3HUX CUTYaIisx: OOMeKeHU! 4u HeoOMe:KeHUH CTaH Ta onepa-
Topu kKepyBanus A Ta B, npocropu Banaxa abo 'isinbepra U ta X.

Jobpe Bimoma eKBIBAJIEHTHICTh MiXK ITOBHOIO KEPOBAHICTIO Ta PO3TAIIYBAHHSIM II0-
JIIOCIB y cHUTyallil CKIHYeHHOBUMIPHUX MPOCTOPIB B 3araJbHOMY BHUIQJIKy HE MAa€ MiCIIS
B HECKIHYEHHOMIPHHUX MTPOCTOpaxX. TOYHOI KEPOBAHOCTI HEIOCTATHLO JIJIsI MIOBHOI cTabLIi-
3amil, gxkmo U 1 X e 6anaxoBumu mpocropamu. ¥ mnoctanosIl ['insbepToBoro mpocropy
el pe3ysbTaT € CIPaBeJINBUM. 3BOPOTHBE TBEPJKEHHsI TAKOXK HE € IPOCTHM: B Jie-
SIKUX CUTYaIigX II0BHa cTabliizanis nepeabadae TouHy KepoBanicTsb (y mpocropi Bamaxa
3 0OMEKEHMMU OIIEPATOPAMU), B IHINIUX CUTYyalidX 11ie He Bianosinae gificaocri. Bimmosi-
Hi pe3yabTaTh HABEJIEHI 3 JEAKUMU i1esIMU TOBeAeHHsI. TexHivuHi JeTasi MOXKHA 3HANTH
B nuroBaHiil siteparypi. HaBeneno kinbka npukirajgis. OcobiauBa yBara TPUILISIETHCS
BUIA/IKY HECKIHUYEHHOBUMIPHUX CHUCTEM, 30y/IOBAaHUX 3a CHUCTEMAMU i3 3aralOBAHHSIMU
HEUTPAJIBLHOTO THUITY i3 PO3IOJIIICHUMA 3aralOBaHHAMU. BiNbII JIeTaabHO JTOCTIIZKYETHCS
MUTAHHS PO 3B 30K MiXK TOYHOK HYJIb-KEPOBAHICTIO Ta MOBHOIO crabimizamiero. 3ara-
JIOM MiK IIMMU TMOHATTAMHI HeMa€ eKBiBajeHTHOCTI. OmHaK I JesTKUX KJIaciB PIBHSIHD
HEeWTPAJIBLHOTO THUITY iCHY€E eKBiBaJeHTHICTh. [IuTamus mpo Te, UM € eKBIBAJEHTHICTD JJTs
O1/IBIIT 3araJIbHUX CHUCTEM, 3aJIUINAEThCA BinKpuTuM. lle KOpOTKMit i HEBUYEPIIHUIT OTJIsT
JesIKUX JIOCJIJIZKEHb Teopil KepyBaHHsl y HECKIHYeHHOBUMIpHUX ITpocTopax. Hari poboru
B 11iit cdepi Oysnm iminiiiosani B. I. Kopoboum mporsirom 70-X poKiB MUHYJIOIO CTOPIYUUst
y XapKiBCbKOMY JIeprKaBHOMY yHiBEpCHTETI.

Karouosi crosa: Touna KepoBaHicTh; TOBHA cTabijli3allisl; HECKIHYeHHOBUMIPHI CUCTe-
MU; HeATpaJbHUR THII.

On exact controllability and complete
stabilizability for linear systems
Rabah Rabah
IRCCYN, Ecole des Mines de Nantes
1 Rue de la Noé, 44300 Nantes, France
In this paper we consider linear systems with control described by the equation
& = Az + Bu where functions v and x take values in U and X respectively. For such
object, a short review of results concerning relations between exact controllability and
complete stabilizability (stabilizability with arbitrary decay rate) is given. The analysis
is done in various situations: bounded or unbounded state and control operators A and
B, Banach or Hilbert spaces U and X.
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The well known equivalence between complete controllability and pole assignment in
the situation of finite dimensional spaces is no longer true in general in infinite dimensi-
onal spaces. Exact controllability is not sufficient for complete stabilizability if U and X
are Banach spaces. In Hilbert space setting this implication holds true. The converse also
is not so simple: in some situations, complete stabilizability implies exact controllabi-
lity (Banach space setting with bounded operators), in other situation, it is not true.
The corresponding results are given with some ideas for the proofs. Complete technical
development are indicated in the cited literature. Several examples are given. Special
attention is paid to the case of infinite dimensional systems generated by delay systems
of neutral type in some general form (distributed delays). The question of the relation
between exact null controllability and complete stabilizability is more precisely investi-
gated. In general there is no equivalence between the two notions. However for some
classes of neutral type equations there is an equivalence. The question how the equi-
valence occurs for more general systems is still open. This is a short and non exhaustive
review of some research on control theory for infinite dimensional spaces. Our works in
this area were initiated by V. I. Korobov during the 70th of the past century in Kharkov
State University.

Key words: Exact controllability; complete stabilizability; infinite dimensional
systems; neutral type.
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